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Abstract
Most published solutions for aquifer responses to ocean tides focus on the one-sided attenuation of the signal

as it propagates inland. However, island aquifers experience periodic forcing from the entire coast, which can lead
to integrated effects of different tidal signals, especially on narrow high-permeability islands. In general, studies
disregard a potential time lag as the tidal wave sweeps around the island. We present a one-dimensional analytical
solution to the ground water flow equation subject to asynchronous and asymmetric oscillating head conditions
on opposite boundaries and test it on data from an unconfined volcanic aquifer in Maui. The solution considers
sediment-damping effects at the coastline. The response of Maui Aquifers indicate that water table elevations near
the center of the aquifer are influenced by a combination of tides from opposite coasts. A better match between
the observed ground water head and the theoretical response can be obtained with the proposed dual-tide solution
than with single-sided solutions. Hydraulic diffusivity was estimated to be 2.3 3 107 m2/d. This translates into
a hydraulic conductivity of 500 m/d, assuming a specific yield of 0.04 and an aquifer thickness of 1.8 km.
A numerical experiment confirmed the hydraulic diffusivity value and showed that the y-intercepts of the
modal attenuation and phase differences estimated by regression can approximate damping factors caused by
low-permeability units at the boundary.

Introduction
Ocean tides produce a natural forcing at the diurnal

or semidiurnal frequency that affects ground water levels
in coastal aquifers. The amplitude of the harmonic signal
attenuates as it propagates through the aquifer at a rate
that depends on the aquifer’s properties and distance
from shore. Early analytical solutions describing this phe-
nomenon are one-dimensional (1D) and were derived for

a homogeneous, isotropic, confined, and semiinfinite
aquifer with a sharp boundary subject to oscillating head
conditions (Jacob 1950; Ferris 1951). Refinement of the
simplified boundary was achieved by several authors
(e.g., Van der Kamp 1972; Li and Jiao 2001; Chuang and
Yeh 2006). Recently, Li et al. (2007) developed an analyt-
ical solution to include effects of a submarine aquifer
with a sediment-covered outlet, which was expanded to
multilayered aquifers (Guo et al. 2007). The effect of leak-
age at the submarine outlet-capping was investigated by
Xia et al. (2007). Other improvements include addressing
aquifer layering (e.g., Li and Jiao 2002, 2003) and spatial
heterogeneity in a composite aquifer (Trefry 1999). Some
horizontal two-dimensional (2D) analytical solutions incor-
porate the effect of ocean tides in an aquifer with an
L-shaped coastline (Li et al. 2002) and in an aquifer and
estuary perpendicular to the coast (Li et al. 2000).

Hydraulic parameters of an aquifer are essential ele-
ments for models used to manage ground water availabil-
ity and quality. The tidal response in a coastal aquifer is
commonly used to characterize such properties (e.g.,
Erskine 1991; Merritt 2004; Trefry and Bekele 2004).
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The amplitude attenuation and phase lag observed in an
aquifer can be used to estimate hydraulic diffusivity,
which is defined as the ratio of transmissivity to stor-
ativity for confined aquifers and as the ratio of trans-
missivity to specific yield for unconfined aquifers. The
use of tides to estimate aquifer parameters provides re-
sults covering greater areas than conventional aquifer
tests. Additionally, lower costs and simpler logistics are
associated with the naturally occurring tidal forcing. Still,
a combination of the tidal method and other hydraulic
parameter estimation methods is desirable because esti-
mates of diffusivity are more meaningful with indepen-
dent estimates of transmissivity, hydraulic conductivity,
and storage parameters.

Analytical solutions for the head in aquifers influ-
enced by tides mostly focus on the one-sided attenuation
of the tidal signal as it propagates inland perpendicular to
the shoreline. However, island aquifers experience peri-
odic forcing from the entire coast, which may result in
overlapping effects in the center. The radially symmetric
case is applicable to circular islands (e.g., Dale 1974), but
it assumes constant heads in the center (Townley 1995)
and thus ignores potential superposition from opposing
sides. Townley (1995) also provided a solution for
a finite-length aquifer subject to dual loading by tides and
periodic recharge. Trefry and Bekele (2004) applied this
solution to synchronous and symmetric boundary con-
ditions in a finite-length dual-tide aquifer. Interaction of
the tidal responses in the interior of an island is reflected
by hyperbolic attenuations and nonlinear phase lags.
Dual-tide effects are particularly important in small
highly permeable volcanic islands and atolls, where the
tidal signal is measurable kilometers away from the coast.
However, narrow, elongated islands with lower perme-
ability may be similarly affected by dual-tide influences.

Current applications overlook the tidal lag around
a coast. Ocean tides are nonuniform and asynchronous
around the coastline of an island. The amplitude and
phase of the tide may differ significantly on various loca-
tions on the same island. The tide circulates around
amphidromic points, which have almost zero tidal range
(Brown et al. 1989). The time lag depends mostly on the
local bathymetry, although location and orientation of the
island with respect to amphidromic points, as well as size
and shape of the island may also influence the lag. For
example, islands located in shallow seas favor a larger
phase lag because the tidal waves slow down with
decreasing water depth. Moreover, the high-tide lag from
one point on the coastline to another can be different from
the low-tide lag. The high-tide wave efficiently travels in
deeper water and is therefore faster than the low-tide
wave (Brown et al. 1989). The superposition of each tidal
mode can locally result in an asymmetric behavior of the
signal. The effect of dual-tide influence with asynchro-
nous and asymmetric boundary conditions on the head
distribution has not been addressed.

The objectives of this study are to present an analyti-
cal 1D solution for the head distribution in a finite-length,
asynchronous dual-tide aquifer, to estimate hydraulic
parameters for an unconfined volcanic island aquifer, and
to examine the accuracy of the dual-tide analytical

solution. The analytical solution allows consideration of
a sediment-damping effect at the boundary. The ampli-
tude reduction at the boundary was verified with a simple
numerical model. Aquifer parameters estimated via the
tidal method were compared with values estimated by
Rotzoll et al. (2007) for the same study area based on
aquifer tests.

Analytical Solution

Dual-Tide Solution
The configuration of an unconfined dual-tide aquifer

is illustrated in Figure 1. The tidal forcing can differ on
each side of the aquifer. Tidal influence from either side
propagates into the interior of the aquifer and creates
a mixed response of the water table. The aquifer is as-
sumed homogeneous and isotropic with a vertical bound-
ary between the land and the ocean. The 1D linear ground
water flow equation reads as follows:

@h

@t
¼ T

S

@2h

@x2
ð1Þ

where h is the piezometric head (m), t is time (d), T is the
transmissivity (m2/d), S is the specific yield for uncon-
fined aquifers or storativity for confined aquifers (dimen-
sionless), and x is the distance from the boundary (m).
The solution, h(x, t), extends over a finite domain x 2 [0,
L]. The subscripts 1 and 2, used for all symbols in this
paper, correspond to one and the opposite side of the
domain, respectively. The Dirichlet boundary conditions
for an asynchronous dual-tide aquifer are given by:

h
�
0; t
�
¼ H1jcos

�
xjt
�

ð2aÞ

h
�
L; t
�
¼ H2jcos

�
xjt 1 hj

�
ð2bÞ

where H1j is the amplitude of the jth tidal constituent of
the harmonic oscillation on side 1 of the aquifer (m), xj is
the angular frequency of the jth tidal constituent (/d), L is
the length of the aquifer (m), H2j is the amplitude of the
jth tidal constituent on side 2 of the aquifer (m), and hj is

Figure 1. Schematic cross section of an unconfined dual-tide
aquifer with sediment cover at the boundary.
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the tidal phase lag of the jth constituent from one coast to
the opposite coast (rad). Suppose that h(x, t) can be writ-
ten as follows:

h
�
x; t
�
¼ Re

�
X
�
x
�
eixjt

�
ð3Þ

where Re denotes the real part of the complex expression,
i ¼

ffiffiffiffiffiffiffiffiffiffi
2 1

p
and X(x) is an unknown complex function of x.

Using the method of Li et al. (2007), one can derive the
differential equation and boundary condition satisfied by
X(x):

T

S
X$
�
x
�
2 ixjX

�
x
�
¼ 0 ð4aÞ

X
�
0
�
¼ H1j ð4bÞ

X
�
L
�
¼ H2j e

ihj ð4cÞ

The general solution of Equation 4a is as follows:

X
�
x
�
¼ Be2axð11iÞ 1 Deaxð11iÞ ð5Þ

where a is the tidal propagation factor a ¼
ffiffiffiffiffiffi
xjS
2T

q
, and B

and D are two complex constants, which may be deter-
mined using Equation 4b and (4c) as follows:

B ¼ H1je
aLð11iÞ 2 H2je

ihj

eaLð11iÞ 2 e2aLð11iÞ ð6aÞ

D ¼ H2je
ihj 2 H1je

2aLð11iÞ

eaLð11iÞ 2 e2aLð11iÞ ð6bÞ

Substituting Equations 5, 6a, and 6b in Equation 3
gives:

which may finally be expressed as follows:

hðx; tÞ ¼
Xn
j¼1

1

�

n�
e2aLcos

�
2aL
�
2 1

�
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1 H1jsinð2aLÞeað2L1xÞsinðxjt 1 axÞ
o

ð8Þ

where � ¼ e4aL 1 1 2 2e2aLcosð2aLÞ (H. Li, written
communication, 2007). Linearity of Equation 1 allows

superimposing n tidal modes. The solution given by
Equation 8 assumes a homogeneous aquifer. However, it
is common that aquifers extend beyond the coastline with
sediment covering the submarine interface. The hydraulic
properties of the sediment can be different from those of
the aquifer and cause a heterogeneous effect at the bound-
ary (Li et al. 2007). If the sediment is less permeable than
the rest of the aquifer, the amplitude of the tidal signal is
reduced by a coefficient C and the phase is shifted by
a value u. To determine both coefficients, the length of
the submarine portion of the aquifer, the dimensions, and
hydraulic properties of the sediment are necessary (Li
et al. 2007). To apply the damping effect, the coefficient
C has to be multiplied by the ocean amplitude H and
the ocean phases must be modified to accommodate the
additional phase shift u.

For large values of aL, Equation 8 reduces to the
superposition of influences from both sides in the form of
one-sided solutions. Values of aL are large when L is large
or T/S is small. The factor aL is closely related to the non-
dimensional aquifer response time, L2S/Ts (where s is the
period of the oscillation), used by Townley (1995). The
theoretical amplitude attenuations (A1j and A2j) and phase
differences (F1j and F2j) for each harmonic component
at a well at distance x (m) from one coast and at distance
L2 x (m) from the opposite coast are as follows:

A1j ¼ e2xa and A2j ¼ e2ðL2xÞa ð9Þ

F1j ¼ xa and F2j ¼
�
L 2 x

�
a ð10Þ

For large values aL, the last four terms on the right-
hand side of Equation 8 approach zero and the first four
terms may be approximated by:

h

 
x; t

!
¼
Xn
j¼1

H1jA1jC1jcos
�
xjt 1 F1j 1 u1j

�

1 H2jA2jC2jcos
�
xjt 1 F2j 1 u2j 1 hj

�
ð11Þ

which includes the sediment-damping factors C and u.

Aquifer Parameters
Equations 9 and 10 may be used to estimate hydrau-

lic diffusivity (T/S, m2/d) based on the one-sided Jacob-
Ferris solution (Jacob 1950; Ferris 1951). As Trefry
(1999) has noted, single or multiconstituent forcings may
result in complex waveforms throughout a dual-tide aqui-
fer. The peaks may add up constructively or interfere
destructively, depending on the phase of the oscillations.
Therefore, it is not warranted to estimate hydraulic prop-
erties from points under dual influence. Those points
were excluded from this analysis. It is, however, straight-
forward to solve for diffusivity, based on the one-sided
attenuation for each harmonic component:

Damp j ¼
x2xj

2
�
lnAj

�2 ð12Þ
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where Damp is hydraulic diffusivity from amplitude atten-
uation of the jth tidal constituent (m2/d) and Aj is the
amplitude attenuation factor for the jth tidal component
(dimensionless), given by the ratio of the amplitude in the
observation well and the amplitude in the ocean. In the
same way, diffusivity from the phase lag for each har-
monic component may be expressed as follows:

Dpha j ¼
x2xj

2F2
j

ð13Þ

where Dpha is hydraulic diffusivity from phase difference
of the jth tidal constituent (m2/d), Fj is the difference
between the aquifer phase and the ocean phase for the jth

tidal component (rad). A linear relationship is commonly
established for each tidal mode between the amplitude
attenuation factor and the distance to shore on a semi-
logarithmic scale plot. A similar relationship is displayed
between the phase difference and the distance to shore on
a normal scale plot. Least squares regression of the atten-
uation and lag was used to estimate a slope for each of the
two lines. The attenuation slope may then be substituted
in Equation 12 and the phase lag slope in Equation 13 to
estimate an effective aquifer diffusivity, rather than esti-
mating diffusivity for each observation point.

Case Study of Central Maui, Hawaii
A recent tide study, conducted on the unconfined

aquifers of central Maui, Hawaii, was suitable for testing
the applicability of the analytical dual-tide solution. The
central Maui Aquifers experience tides from two opposite
coasts, with tidal peaks on the north coast occurring
almost 2 h before the peaks on the south coast.

Hydrogeology
The hydrogeologic features of central Maui are

briefly described. Stearns and Macdonald (1942) pro-
vided a comprehensive description of Maui’s geology,
while Takasaki (1972) reviewed the hydrogeology of cen-
tral Maui. Maui consists of two shield volcanoes, West
Maui Volcano and East Maui Volcano (Figure 2). West
Maui Volcano consists mainly of thin-bedded shield-stage
Wailuku Basalt. The west side of East Maui Volcano is
composed primarily of thin-bedded shield-stage Hono-
manu Basalt overlain by thicker postshield-stage Kula
Volcanics (Langenheim and Clague 1987). The study area
encompasses the isthmus of central Maui, where lava
flows of the two volcanoes coalesced. The isthmus com-
prises Wailuku Basalt overlain by the two East Maui
units. Since lithologic information is scant, the contact
between Honomanu and Kula Basalt in this area is not
well defined. However, the latter volcanic rocks are less
permeable and are potentially thicker on the south than on
the north side of the isthmus, which in turn may have
a larger damping effect on the south boundary. Holocene
marine and terrestrial sedimentary deposits cover the
flank lavas. The sediments on the north side of central
Maui consist of calcareous dune deposits that are mostly
consolidated and well sorted. The sediments on the south
side are composed of poorly sorted alluvium, which

includes calcareous beach sand and talus fan deposits
(Stearns and Macdonald 1942). The thickness of the sedi-
ments ranges from 5 m in the center of the isthmus to
about 25 m at the coasts, where they can form a caprock.

Ground water primarily occurs in the basal fresh
water lens and in dike-impounded systems. The aquifers
in the study area are unconfined (Takasaki 1972). The
Jacob-Ferris tidal method can be applied to unconfined
aquifers if the tidal range is small compared to the satu-
rated aquifer thickness (Erskine 1991), which is the case
in Maui. The depth of aquifers in Hawaii is not physically
defined due to missing geologic information. Souza and
Voss (1987) considered 1800 m below mean sea level as
a reasonable aquifer depth, which coincides with a seis-
mic velocity unconformity in south Oahu (Furumoto et al.
1970).

Rotzoll et al. (2007) analyzed 238 aquifer tests from
Maui to estimate hydraulic properties. The results showed
that hydraulic conductivity estimates were log-normally
distributed and ranged over several orders of magnitude
from 1 to 2500 m/d. The geometric mean value of

Figure 2. Location of the study area and central Maui sur-
face geology map (modified from Stearns and Macdonald
1942) with monitoring points and tide gauges. The dashed
line is the trace of the modeled cross section.
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hydraulic conductivity for the dike-free volcanic rocks on
Maui was 280 m/d. Specific yield estimates for flank
lavas on Oahu range from 0.03 (Rotzoll and El-Kadi
2007) to 0.1 (Oki 1997), whereas the value 0.04 is com-
monly used in numerical modeling applications (e.g., Oki
2005).

Data Collection
Water level data at four monitoring points in central

Maui were collected for varying periods by the USGS
Pacific Islands Water Science Center (USGS) starting
September 30, 2004. Pressure transducers, at an operating
precision of 60.15 mm, recorded water levels every
5 min. Historic water levels exist for two monitoring
points from 1934 and 1983. The heads were continuously
recorded by the USGS and documented in their unpub-
lished well records. Monitoring point locations are shown
in Figure 2. Data regarding the type of monitoring point,
the distances with respect to both coasts, and length of the
records are listed in Table 1. All monitoring points are
situated in Honomanu Basalt. The historic water levels
from 1934 and 1983 were manually digitized from chart
recorder plots, which affected accuracy of data reproduc-
tion. The resolution of the record for Sprecklesville well
was of good quality and allowed determination of water
levels every 2 h. The plot resolution of the record for Puu-
nene was of poor quality and only the high-tide and low-
tide peaks were well defined. Both digitized time series
were interpolated to 5-min intervals using a cubic spline
function. Each long-term record was divided into data
subsets of 32-d periods to ensure that each data set
included at least two spring- and neap tide cycles. The
subsets and the long-term records were used in the analy-
sis to assess consistency of results.

Tides in Hawaii occur as a mixed type between
a strictly diurnal and a strictly semidiurnal type with a
mean tidal range of 0.5 m and spring tide range of 0.7 m.
The tidal wave arrives from the northeast and sweeps
around each island. In particular, the time lag between
the Kahului tide gauge and the Kihei tide substation
(Figure 2) is 1.3 h between high-tide peaks and 1.9 h
between low-tide peaks. Thus, an asymmetric effect
between high-tide and low-tide peaks exists. Water levels
at the north coast of the isthmus were recorded by the
National Oceanographic and Atmospheric Administration
(2005) at the Kahului tide gauge since 1996. Ocean water

levels, recorded in 6-min intervals, were interpolated to
5-min intervals for cross-correlation analyses with the
ground water monitoring points. For the south coast,
observed ocean water levels do not exist. Hence, the
ocean tide was calculated for the Kihei tide substation
using the software package Xtide (Flater 1998). The
tide for 1983 and 1934 was hindcast using T_TIDE
(Pawlowicz et al. 2002) with the time series from 2004.
T_TIDE is a MATLAB routine that performs classical
harmonic analysis using 68 astronomical constituents to
predict the tidal signal.

Data Analysis
The observed water levels were detrended in order to

eliminate any nontidal influence. Low-frequency fluctua-
tions, such as aperiodic atmospheric pressure fluctua-
tions, recharge, and long-period sea level oscillations,
were removed by subtracting the daily moving average.
The filtering degraded the amplitudes of the diurnal fre-
quency on average by 0.41%, which was considered
acceptable for the analysis. Pumping effects in the re-
cords of two shafts were removed from the measured
water levels by eliminating the drawdown during times of
withdrawal. The first two 32-d data subsets from Pump 6
were disregarded because of severe pumping influence,
which could not be successfully removed.

The tidal signal may be decomposed into five major
constituents that contribute about 95% of the signal
(Brown et al. 1989). The diurnal harmonic components
and their frequencies (/d) are O1 (0.9295) and K1

(1.0027), while the semidiurnal components are N2

(1.8960), M2 (1.9323), and S2 (2.0000). The solar compo-
nents (K1 and S2) are influenced by ocean tides and peri-
odic atmospheric pressure fluctuations (Oki 1997; Merritt
2004). Constraining the aquifer parameter estimation to
purely tide-induced oscillations resulted in consideration
of the lunar diurnal (O1) and the lunar semidiurnal (M2)
harmonic components. The lunar elliptic constituent (N2)
has smaller amplitudes and larger standard deviations
compared with the O1 and M2 estimates and was there-
fore disregarded in the parameter estimation. Dale (1974)
concluded that earth tides are insignificant in Hawaii.
Hence, they were ignored in the current study.

Two approaches are generally used for the analysis
of amplitude and phase of harmonic components in mea-
sured water levels: least squares fitting of the major tidal

Table 1
Information About Ground Water Monitoring Points and Time Series Collected in Central Maui, Hawaii

Monitoring Point Distance to Coast Time Series

Name Type North L1 (km) South L2 (km) Start Length (d)

Sprecklesville Tunnel 0.73 13.80 January 13, 1934 125.0
CPP Well sump 1.05 10.98 September 30, 2004 349.9
Pump 5 Shaft 2.08 10.08 September 30, 2004 161.0
Pump 6 Shaft 4.08 9.24 September 30, 2004 424.7
Pump 7 Shaft 4.87 6.02 September 30, 2004 425.0
Puunene Shaft 8.28 2.97 October 1, 1983 382.6
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frequencies (e.g., Merritt 2004) and spectral analysis
using discrete Fourier transformation (e.g., Trefry and
Bekele 2004). Since the frequencies of the tidal con-
stituents are well known, the least squares regression
technique was preferred in this study over spectral analy-
sis. The regression using the five tidal modes was applied
to the entire record and to the 32-d data subsets. The time
lag may be evaluated either for each tidal harmonic or for
the entire signal. The time lag of the whole time series
was determined by cross correlating water levels from the
ocean and the aquifer.

The agreement of diffusivity estimates from attenua-
tion and lag is a valuable quality measure of the 1D tidal
propagation models. The dimensionless slope factor SF
(Trefry and Bekele 2004) from the effective amplitude
and phase diffusivity is determined by:

SF ¼
ffiffiffiffiffiffiffiffiffiffiffi
Damp

Dpha

s
ð14Þ

A slope factor of unity resembles perfect Jacob-
Ferris representation, but significant deviation from unity
is common in practical analysis. For nine tidal applica-
tions (see Trefry and Bekele 2004), estimates of the slope
factor ranged from 0.3 to 3.8. The average of slope fac-
tors above unity was 2.1 (two values) and the average of
slope factors below unity was 0.52 (seven values). Aqui-
fer heterogeneity and layering may cause a deviation
from unity.

Numerical Model
The damping effect at the boundary was tested with

a simple 1D numerical simulation using MODFLOW-
2000 (Harbaugh et al. 2000). The simulated cross section
of an aquifer was 10.9 km long and extended vertically
from 1.8 km below sea level to 10 m above sea level. The
size of the model grid was taken as 10 m around the
observation wells and at the boundaries and gradually
increased to 200 m. A trace of the modeled cross section
is shown in Figure 2. The model simulated an unconfined
homogeneous aquifer with the adjacent cell to the bound-
ary representing a low-conductivity zone (caprock and
Kula Basalt). Transient head conditions that match the
ocean tide signal at Kahului and Kihei were applied at the
respective boundaries. A no-flow condition was set at the
bottom and top boundaries and the initial head was taken
as 0.14 m. The model simulated 10 d starting November
16, 2004, with 1-h time steps. The hydraulic properties
for the basalt are based on the results of the aquifer
parameter estimation via the tidal method. The automated
parameter estimation routine PEST (Doherty 2004) was
applied to estimate hydraulic properties of the low-
conductivity zone on both sides based on observed water
level responses in the aquifer.

Results and Discussion
Results of the aquifer parameter estimation for cen-

tral Maui and the numerical experiment are presented

first. Then, the dual-tide analytical solution is tested
using the estimated hydraulic parameters and compared
against observed tidal response near the center of the
aquifer.

Aquifer Parameters
The amplitude spectra of Fourier transformations for

Kahului tide gauge and Pump 7, which is located roughly
4.8 and 6.0 km away from the north and south coast,
respectively, are shown in Figure 3. Clearly, the major
tidal modes are identified at Pump 7, although the respec-
tive diurnal and the semidiurnal amplitudes are only 2.7%
and 1.7% of the amplitude at the coast. Semidiurnal fre-
quencies are attenuated more easily than diurnal frequen-
cies due to higher internal friction losses, which is
consistent with observations from other studies (e.g., Dale
1974; Oki 1997).

The amplitude attenuation factor and phase differ-
ence estimated from different 32-d data subsets show
insignificant variations for the O1 and M2 modes. The
mean normalized standard deviation (standard deviation/
mean) for the amplitude attenuation factor is 0.09 and
0.03 for the O1 and M2 mode, respectively. The mean nor-
malized standard deviation for the phase difference is
0.05 and 0.11 for the O1 and M2 modes, respectively.
Puunene has the largest deviations due to the poor quality
of the chart recorder plot, especially for the phase differ-
ence of the M2 mode (0.45).

The arithmetic means of amplitudes and phases of
the 32-d data subsets compared to those of the entire time
series also show very little disparities. The largest differ-
ences exist at Sprecklesville (less than 4%) and Puunene
(less than 10%). Differences for the other observation
points do not exceed 1.6% and 0.8% for the estimated
amplitude attenuation and phase difference, respectively.
Regardless of whether the data are analyzed by subgroups
or in their entity, the resulting amplitudes and phases are
essentially identical. For simplicity, only the arithmetic
mean of the 32-d subsets is reported hereafter. The time
lag from the cross correlation, the estimated attenuation
factor, and the phase difference for the O1 and M2 modes
for all monitoring points are presented in Table 2. Pump 7
is analyzed with respect to Kahului and Kihei tides.

The time lags of time series from monitoring points
on the north side of central Maui were used to examine
the dual-tide problem. Figure 4 illustrates the time lag
against the distance from the coast, and the line fitted to
the four points closest to the north boundary. The same
symbols for monitoring points in Figure 2 are used in this
figure. The plot shows that the time lag is not zero at the
boundary, most likely due to the damping influence of the
caprock and Kula Basalt. This damping effect will be inves-
tigated with a numerical experiment (see subsequently).

The time lag near the center of the aquifer (Pump 7)
may be estimated by using tide information from either
Kahului or Kihei. Figure 4 clearly shows that neither esti-
mated time lag at this point coincides with the predicted
time lag from the regression line, which assumes homo-
geneity throughout the entire isthmus. The discrepancy
thus could reflect heterogeneity of the volcanic portion of
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the aquifer. However, this factor seems unlikely, consider-
ing that the four other points show excellent correlation
with a correlation coefficient of 0.99. In addition, the time
lags of Puunene and Pump 7 with respect to the south
boundary do not fit well on a potential regression line for
the south side. It is thus possible that Pump 7 is affected
by tidal influences from both sides of the aquifer

A number of factors influence applicability of 1D
solutions. Horizontal 2D effects are not included: neither
is the coastline straight nor are the observation points

located on a straight line perpendicular to the coast. The
horizontal variation in thickness of coastal sediments and
lava flows is therefore disregarded. Additionally, the
phase shift of the ocean tide from the coast at Spreckles-
ville to Kahului tide gauge is overlooked. The tidal lag is
considered insignificant because the distance along the
coast (6 km) is relatively short compared to the distance
from Kahului to Kihei (140 km clockwise and 70 km
counterclockwise around the island), which shows a
time lag of 1.6 h. The tidal lag between the coast at
Sprecklesville and Kahului tide gauge is estimated to
range between 5 and 10 min, assuming a linear behavior
of the time lag with distance. Assuming a sharp boundary
in the 1D analytical solution is reasonable considering
that the horizontal distance from the water line at low
tide to high tide is small compared to the length of tidal
influence in the aquifer. Using beach slopes derived from
profiles in central Maui (Gibbs et al. 2001) and a spring
tide range of 0.7 m, the width of the intertidal zone is 4 to
8 m on the north shore and 5 to 10 m on the south shore.
However, the offshore tidal loading on the island aquifer
is neglected because of the sharp interface assumption.

Results from the estimated tidal propagation in the
aquifer are shown in Figure 5. The left and right sides of
the ordinate in both figures represent Kahului and Kihei,
respectively. In agreement with the theory, the amplitude
attenuation decreases exponentially while the phase dif-
ference increases linearly with increasing distance away
from the boundary. The diurnal component (O1 mode) has
higher amplitude ratios and smaller phase lags than the
semidiurnal component (M2 mode) because higher fre-
quencies are preferentially damped by the aquifer. The
solid black lines are fitted lines corresponding to the
one-sided propagation on the north side. Due to the
dual-tide influence stated previously, data from Pump 7
are excluded from the regression analysis. In theory, the
amplitude attenuation factor at the tide gauge is one and
the phase lag is zero. However, the aquifer is hetero-
geneous due to the presence of sediments and less-
permeable Kula Basalt at the boundary, which is indicated
by the y-intercept considerably less than 1 in Figure 5a and
greater than 0 in Figure 5b (Table 3).

Only one monitoring point, Puunene, is located in
the southern half of the isthmus (Figure 2). It is not
meaningful to fit a line through one point. Hence, two

Table 2
Estimated Tidal Responses Based on the Arithmetic Mean of 32-d Time Series

Monitoring Point With respect to Time Lag (d)

Attenuation Factor A (—) Phase Difference, F(rad)

O1 M2 O1 M2

Sprecklesville Kahului 0.065 0.227 0.191 0.568 0.680
CPP 0.072 0.155 0.128 0.670 0.704
Pump 5 0.106 0.089 0.065 0.961 1.021
Pump 6 0.204 0.046 0.024 1.728 2.043
Pump 7 0.292 0.024 0.010 2.178 2.769
Pump 7 Kihei 0.223 0.027 0.009 2.031 1.941
Puunene 0.277 0.030 0.019 1.884 3.194

Figure 3. Amplitude spectra at a 5-min sampling interval
(a) for a 425-d ocean tide time series from Kahului Harbor
and (b) for a 425-d monitored head time series in Pump 7.
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scenarios were tested. Scenario 1, denoted Sc1, uses the
same y-intercept from the north side (Table 3), assuming
similar boundary-damping effects. This case seems rea-
sonable considering that the seabed slope and the coastal
caprock thickness on either side (25 m) are comparable.
This scenario yields a different diffusivity on the north
and south side of the central Maui Aquifer (Table 4).
Scenario 2, denoted Sc2, assumes the same diffusivity
throughout the Honomanu Basalt reflected by equal
slopes, which in turn produces different y-intercepts
(Table 3). This can be explained with different damping
effects at the south boundary. Although the sediment
thickness is the same on both sides, the type of sediment
is different. The consolidated alluvium on the south side
is less permeable compared to the well-sorted dune
deposits on the north side. Moreover, the portion of the
less-permeable Kula Basalt that is below sea level is
potentially thicker on the south side of the isthmus. Both
factors could result in a larger damping effect on the
south side. All monitoring points are situated in the same
formation, which suggests that effective aquifer parame-
ters should be similar. Therefore, Sc2 is more reasonable
based on available geologic evidence. However, more
monitoring points on the south side would facilitate the
hydrogeologic understanding.

Aquifer diffusivity values and slope factors for the
aquifers of central Maui are summarized in Table 4. The
mean diffusivity D*, estimated from attenuation and
phase lag for the O1 and M2 modes, is 2.3 3 107 m2/d
from Sc2. The mean slope factor is 0.73 for Sc2. The
deviation from unity supports the hypothesis that the
aquifer system cannot be fully characterized by the ana-
lytical solution developed under simplified conditions.
Although the manual digitization of the paper chart for
Puunene was performed in a meticulous and diligent way,
the semidiurnal peaks were often unrecognizable. It is ex-
pected thus that the confidence in the estimated amplitude
attenuation is higher than that in the phase differences,
especially for the M2 mode.

Hydraulic diffusivity curves for plausible ranges of
aquifer thickness, hydraulic conductivity, and specific
yield values are presented in Figure 6. The mean hydrau-
lic diffusivity, D* from Sc2, was used to generate the
curves. Specific yield values, between 2% and 10%, are
within the expected ranges; aquifer thickness is likely not
to exceed 1.8 km; and hydraulic conductivity for dike-
free basaltic rocks ranges between 1 and 2500 m/d. All
the hypothetical diffusivity curves fall within the ex-
pected ranges for unconfined aquifers. Assuming that the
tidal signal propagates through the entire aquifer thick-
ness of 1.8 km and the specific yield is 0.04, then the
resulting hydraulic conductivity would be 500 m/d. Oki
(1997) used the tidal response in aquifers of northern
Oahu and estimated hydraulic diffusivity to be about
2 3 107 m2/d. Rotzoll et al. (2007) estimated a geomet-
ric mean of 280 m/d for Maui, which is consistent with
hydraulic conductivity estimated from tides under the
assumptions mentioned previously. The one-sided analyt-
ical solution thus provides meaningful diffusivity esti-
mates for central Maui.

Figure 5. (a) Estimated modal attenuation and (b) phase dif-
ference against distance from Kahului. The black solid lines
are the north-side regressions, from which Pump 7 (in paren-
thesis) is excluded. The dashed lines are the scenarios for the
south side and the gray lines are the dual-tide solutions.

Figure 4. Time lag for the monitoring points calculated
from cross correlation. The black and the white symbols rep-
resent the correlation to Kahului and to Kihei, respectively.
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Numerical Model
The heterogeneity effect at the boundary in the Sc2

was tested with a numerical experiment. The hydraulic
conductivity and specific yield of the basalt were taken as
500 and 0.04 m/d, respectively. A specific yield value of
0.1 was used for the low-conductivity unit (Oki 2005).
The PEST routine (Doherty 2004) estimated hydraulic
conductivity of this unit to be 0.97 and 0.35 m/d on the
north side and south side, respectively, which fall within
range of values for capping units (e.g., Oki 2005). How-
ever, such values are meaningless unless accurate di-
mensions and geometry of the sediment layer and the
Kula Basalt are incorporated. Nevertheless, simplified
geometry and approximate dimensions were used here to
address the great significance of the low-conductivity
zone and validity of the assumptions adopted in the
absence of appropriate data on the south side.

Figure 7 illustrates simulated and observed water
levels for a 2-d period, which is a typical subset of the
simulation. The model shows immediate responses to the
head change at the boundary. Figure 7a shows water
levels in the ocean and in the cell adjacent to the low-
permeability unit, which reveals a large amplitude damp-
ing and phase shift. The tidal amplitudes in the ocean are
reduced by 75% and 90% on the Kahului and Kihei side,
respectively. The phase lag introduced by the heteroge-
neous boundary is 0.37 and 0.92 rad on the north and
south side, respectively. The amplitude-damping co-
efficients are within 10% and the phase lags of the O1

component are within 20% of the y-intercepts from the
regression analysis listed in Table 3. As mentioned earlier,
the confidence in the phase lag of the M2 component on the

south side is low. The y-intercepts of the modal attenuation
and phase differences estimated by the regression can there-
fore approximate the sediment-damping factors.

Figure 7b shows the simulated and observed water
levels in the aquifer. The calculated water levels match
the observed ones using one hydraulic diffusivity value
for the basalt aquifer, except for the semidiurnal low-tide
peaks for Specklesville. The overall good match suggests
that the assumptions of a different damping effect at the
boundaries and of a homogeneous aquifer are acceptable.
The existence of lower conductive units at the boundary
justifies the use of certain values for the damping co-
efficients needed for the analytical dual-tide solution.

Dual Tide
The amplitude attenuation for the dual-tide analytical

solution is plotted as gray lines in Figure 5a. The dual-
tide relationship shown in Figure 5a applies only to cases
in which the tidal signal from one side is in phase with
the signal from the other side at a given location (con-
structive interference). For cases in which the signal from
one side is out of phase with that from the other side
(destructive interference), the superimposed dual-tide sig-
nal amplitude is smaller than the values given by the gray
lines. This phenomenon is more obvious when comparing
theoretical tidal responses near the center of the aquifer to
observed head fluctuations at Pump 7.

The applicability of the dual-tide solution is exam-
ined by various combinations. Six estimates for head re-
sponses to tidal influences are compared based on the
one-sided Jacob-Ferris solution from the north side, the
one-sided Jacob-Ferris solution from the south side (Sc1

Table 4
Estimated Hydraulic Diffusivities and Slope Factors for One-Sided Tidal Propagation Scenarios

Side O1 M2 Mean of O1 and M2 D*

North and South Sc2 Damp 1.53 107 1.73 107 1.63 107 2.33 107

Dpha 2.43 107 3.53 107 2.93 107

SF 0.78 0.70 0.73 —
South Sc1 Damp 5.53 106 7.83 106 6.63 106 7.53 106

Dpha 1.03 107 6.33 106 8.33 106

SF 0.73 1.11 0.89 —

Note: Damp and Dpha (m2/d); SF (—); D* ¼ arithmetic mean of Damp and Dpha.

Table 3
Estimated y-Intercepts and Numerically Estimated Sediment Damping Factors for One-Sided

Tidal Propagation Scenarios

Side

y-intercept Damping Factor

O1 M2 Mean of O1 and M2 Numerically (PEST)

North and South Sc1 Amplitude 0.27 0.26 0.26 C1 ¼ 0.25
Phase 0.29 0.28 0.29 u1 ¼ 0.37

South Sc2 Amplitude 0.11 0.11 0.11 C2 ¼ 0.10
Phase 0.85 1.95 1.40 u2 ¼ 0.92
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and Sc2), the simplified dual-tide solution proposed in
this study (Sc1 and Sc2), and the exact dual-tide solution
(Sc2). The y-intercepts, reflecting the damping effect
(Table 3) and the estimated effective hydraulic diffusivity,
D* (Table 4) for Sc2, were used to generate harmonic
fluctuations for Pump 7 using Equations 8 and 11 with
five tidal modes. Head values were calculated for the

entire duration of the observed time series (425 d) and
a representative shorter period of 6 d, which is shown in
Figure 8. The observed time series was detrended and
smoothed using a 2-h moving average to facilitate the
comparison. Table 5 lists error statistics. The results are
consistent for the short and long periods. The one-sided
tidal propagation from the north side fits reasonably well
the observed data but overestimates the amplitude. Such
an overestimation is evident in Figure 5a, which shows
that the estimated amplitude attenuation of Pump 7 is sig-
nificantly lower than the prediction determined by the
regression line at this location. Not only does the south-
side tidal propagation have the highest error and the low-
est correlation coefficient but also it is completely out of
phase with the observed head (Figure 8), which is indi-
cated by a negative correlation coefficient (Table 5). The
amplitude is underestimated because of the significant
lower hydraulic diffusivity value (Sc1) or the greater damp-
ing effect (Sc2) and the larger distance to the boundary.

In general, the one-sided north and the dual-tide sol-
utions exhibit large R values above 0.85. The simplified
dual-tide solutions provide a better fit to the observed val-
ues for both scenarios than the one-sided approaches. Due
to the phase-shifted response from the south side, the
dual-tide signal matches the observed head better in
amplitude and phase. Sc2 fits the observed data better
than Sc1 and improves the correlation coefficient to 0.95
for the data subset, supporting the use of Sc2. For central
Maui, the values of aL are large enough to warrant the use
of the simplified dual-tide solution. The values of aL are
3.9 and 5.7 for the O1 and M2 mode, respectively. The
exact dual-tide solution has the best fit of any solution to
the observed data for both data sets in Table 5, as indi-
cated by the lowest error.

The results show that the monitoring point near the
center of the aquifer is influenced by tides from both
sides and that the common one-sided Jacob-Ferris solu-
tion may not be sufficient to describe tide-induced head
fluctuations in a coastal aquifer with two boundaries.
Equation 11 provides a suitable solution to characterize
the head distribution in such an aquifer. However, a better
fit is achieved with the exact solution provided by Equa-
tion 8. Similar results were obtained for Puunene and
Pump 6. However, because the tidal amplitude decays
exponentially with distance, the influence from the side
that is farther away becomes insignificant at some point.
For example, the theoretical O1 amplitude at Pump 6 is
4.4% compared to the ocean tide from the north side and
0.03% from the south side using Sc2.

Conclusions
Tidal responses in the unconfined central Maui Aqui-

fer were analyzed. The monitoring point near the center
of the aquifer is influenced by asymmetric and asynchro-
nous tides from opposite sides. The validity of the analyt-
ical dual-tide solution is confirmed by comparing
theoretical tidal responses near the center of the aquifer
to observed head fluctuations. The one-sided Jacob-Ferris
solutions do not adequately reproduce observed water
levels. The simplified dual-tide solution (Equation 11)

Figure 7. Numerical simulation of the capping boundary
effect. Plot (a) showing calculated water levels in the ocean
and the cell adjacent to the capping unit at each boundary.
Plot (b) showing observed and calculated water levels on the
north side.

Figure 6. Hydraulic diffusivity curves of 2.3 3 107 m2/d for
plausible ranges of aquifer thickness, hydraulic conductivity,
and specific yield values.
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provides a better fit and the exact dual-tide solution
(Equation 8) offers the best fit for the head responses in
the center of the aquifer.

As expected, the tidal response shows exponentially
decreasing amplitudes and linearly increasing phase lags
with increasing distance away from the coast. The effec-
tive hydraulic diffusivity estimate based on the Jacob-
Ferris model is 2.3 3 107 m2/d for the volcanic aquifer,
which agrees with previously published values based on
tides on Oahu and values based on aquifer tests on Maui.
Assuming that the tidal signal propagates through the
entire aquifer thickness of 1.8 km and the specific yield
is 0.04, the resulting hydraulic conductivity is about
500 m/d. The tidal analysis yields reasonable hydraulic
diffusivity estimates for central Maui.

A 1D numerical simulation was applied to test a damp-
ing effect at the boundary caused by overlying low-perme-
ability units. The calculated and observed water levels in
the aquifer match using one effective hydraulic-diffusivity
value for the basalt aquifer. The low-permeability cap re-
sults in a significant amplitude damping and phase shift,
which is comparable with the y-intercepts of the modal
attenuation and phase differences estimated by the regres-
sion. The y-intercepts may therefore approximate the sedi-
ment-damping factors.
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