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KEYWORDS Summary Wave setup is the elevated mean water-table at the coast associated with the
Wave setup; momentum transfer of wave breaking, which occurs generally over several days. Ground-
Aquifer parameter water responses to wave setup were observed as far as 5 km inland in central Maui,
estimation; Hawaii. The analysis showed that at times of energetic swell events wave-driven water-
Groundwater hydraulics; table overheights dominate low-frequency groundwater fluctuations associated with baro-
Wave propagation; metric pressure effects. Matching peak frequencies at 1.7 x 10 ¢ Hz and 3.7 x 10 ® Hz
Coastal groundwater were identified in setup and observed head using spectral decomposition. Similar to tides,

the setup propagation through the aquifer shows exponentially decreasing amplitudes and
linearly increasing time lags. Due to the longer periods of setup oscillations, the signal
propagates deeper into the aquifer (~10 km in central Maui) than diurnal tides (5 km)
and can therefore provide information on greater length scales. Hydraulic diffusivity
was estimated based on the setup propagation. An effective diffusivity of 2.3 x 107
m?/d is consistent with aquifer parameters based on aquifer tests and tides. A one-dimen-
sional numerical model supports the results of the analytical solution and strengthens the
suitability to estimate hydraulic parameters from setup propagation. The methodology is
expected to be beneficial to high-permeability coastal environments, such as on volcanic
islands and atolls.
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Figure 1 Cross-shore profile A—A’ illustrating the effect of

wave breaking, with setdown occurring outside the breaker
zone and wave setup (1) occurring inside the surf zone and at
the coast.

is balanced by a sloping water level, causing setdown out-
side the breaker zone and setup inside the surf zone and
at the coast (Longuet-Higgins and Stewart, 1963). Apprecia-
ble setup at the shoreline can last for several days, depend-
ing on the duration of energetic swell events. Studies
relating wave setup and groundwater table variations are
limited to beaches (e.g., Nielsen, 1989; Gourlay, 1992;
Turner et al., 1997; Cartwright et al., 2004a; Li et al.,
2004) or laboratory experiments (Cartwright et al.,
2004b). Observations of groundwater responses to setup far-
ther than 150 m from the coast are nonexistent.

Wave setup is significantly different from wave runup,
with the latter occurring on a time scale of seconds. Wave
runup on a sloping beach is characterized by instantaneous
swash infiltration, resulting in immediate groundwater re-
sponse (Li and Barry, 2000). The interaction between runup
and the groundwater table in the littoral zone is well known
(e.g., Hegge and Masselink, 1991). The amplitude becomes
increasingly damped inland (Li et al., 1997) and is hardly
detectable farther than tens of meters away from the shore-
line (Cartwright et al., 2006).

Wave runup and setup can induce a hydraulic gradient
that may change coastal groundwater flow, affect water
quality (freshwater/saltwater interface), and contaminant
transport in coastal areas (e.g., Turner et al., 1997; Nielsen,
1999). These dynamics can have important implications for
the local population if it depends on coastal aquifers for
their water supply (Cartwright et al., 2004a).

Ocean tides are commonly used to estimate aquifer
parameters (e.g., Merritt, 2004; Trefry and Bekele, 2004).
The harmonic signal decays as it propagates inland as a
function of the aquifers hydraulic properties and distance
to shore (Jacob, 1950; Ferris, 1951). However, wave setup
has not been directly used to estimate hydraulic parame-
ters, which are essential elements for analytical and numer-
ical models used to manage groundwater availability and
quality. Uncertainty in these parameters is reflected in erro-
neous model estimates and consequently leads to a poten-
tial mismanagement of drinking water supplies. Utilization
of tides or setup to estimate aquifer parameters has an
added advantage over aquifer tests by covering greater

areas. In addition, the use is appealing due to the low costs
and simple logistics involved. Wave buoy data are readily
available, and reliable swell forecasts exist for seven days
in advance through the National Oceanographic and Atmo-
spheric Administration’s (NOAA) WAVEWATCH-III model
(Chao et al., 2003). A benefit of setup over tides is the dee-
per penetration into the aquifer associated with longer per-
iod oscillations.

The objectives of this study were to investigate the influ-
ence of wave setup on water-table elevations in central
Maui, Hawaii, and to utilize setup to estimate hydraulic
parameters. A simple numerical groundwater flow model
was used to evaluate the accuracy of the estimated hydrau-
lic parameters. The results were compared with aquifer
parameters estimated for the same study area using aquifer
tests (Rotzoll et al., 2007), specific-capacity (Rotzoll and El-
Kadi, 2008), and tides (Rotzoll et al., 2008).

Study site

The island of Maui consists of two shield volcanoes. West
Maui Volcano is composed mainly of thin-bedded shield-
stage Wailuku Basalt. The west side of East Maui Volcano
consists primarily of thin-bedded shield-stage Honomanu
Basalt overlain by thicker and less permeable postshield-
stage Kula Volcanics (Stearns and Macdonald, 1942). The
study area encompasses the isthmus of central Maui, where
lava flows of the two volcanoes coalesced (Fig. 2). The isth-
mus comprises Wailuku Basalt overlain by the two East Maui
geologic units. Holocene marine and terrestrial sedimentary
deposits cover the flank lavas. The sediments on the north
side of central Maui consist of consolidated and well-sorted
calcareous dune deposits (Stearns and Macdonald, 1942).
The sediments are significantly less conductive than the ba-
salts, and their thickness can reach 25 m at the coast, where
they can form a low-permeability capping unit.

Groundwater in the study area occurs in an unconfined
aquifer, in the form of a basal freshwater lens (Takasaki,
1972). The depth of the aquifer is not physically defined
due to missing geologic information. A reasonable aquifer
depth is 1800 m below mean sea level, which coincides with
a seismic velocity unconformity detected on Oahu (Furumoto
et al., 1970). Rotzoll et al. (2007) analyzed 238 aquifer tests
and estimated a mean hydraulic conductivity of 310 m/d for
the Honomanu/Kula basalts. Using an empirical relationship
between hydraulic conductivity and specific-capacity, Rot-
zoll and El-Kadi (2008) estimated a mean hydraulic conduc-
tivity of 423 m/d for 218 wells in Maui’s dike-free flank
lavas. Rotzoll et al. (2008) used tidal responses and esti-
mated a mean hydraulic diffusivity of 2.3 x 107 m?/d. A spe-
cific yield value of 0.04 is commonly used in numerical
models for basalts in Hawaii (e.g., Oki, 2005).

The coastal regions on the north side of central Maui are
situated in the center of a V-shaped embayment (Fig. 2a).
The wave heights on north-facing shorelines in Hawaii are
characterized by a quasi-normal distribution with a maxi-
mum in January and a minimum in July. From December
to February the large swells experience a shift toward more
west-northwesterly directions, due to the southerly migra-
tion of the north Pacific storm track (Caldwell, 2005). The
coastal bathymetry includes a 1- to 2-km-wide shelf with a
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(a) Map showing the study area and offshore wave buoys. (b) Observation points in the study area, bathymetry of the

coastal region, and trace of cross-shore profile A—A’ shown in Fig. 1, as wells as the trace of stratigraphic profile B—B’ shown in

Fig. 3.

deeper channel at the harbor entrance. A shallow reef,
where waves break, is followed by a steeper reef-face.
The slopes of the reef-face range between 0.014 and
0.032, with an average of 0.02 rad (derived from several
profiles of high-resolution bathymetry data). A typical
cross-shore profile is shown in Fig. 1.

Approaches
Data collection
A 3-month period, starting on 11 December 2004, was cho-

sen for the analysis due to the occurrence of high-energy
swells. Water-level data at four observation points in cen-

tral Maui (Fig. 2b) were collected at 5-min intervals by the
US Geological Survey (USGS) using vented transducers. All
monitoring points are located in Honomanu/Kula Basalt. A
stratigraphic cross section of the aquifer is shown in
Fig. 3a. More details about the field site and measurements
are given in Rotzoll et al. (2008). Ocean water levels were
recorded at 6-min intervals by NOAA (2005) at the tide gage
inside Kahului Harbor. Tides in Hawaii occur as a mixed type
with mean tidal ranges of 0.5 m and spring-tide ranges of
0.7 m. Hourly recorded barometric pressure data taken at
Kahului Airport were available from the National Climatic
Data Center (2005).

The Waimea wave buoy recorded wave energy and
direction at a sampling rate of 1.25 Hz and provided an out-
put of significant wave height, dominant wave period, and
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Figure 3 (a) Stratigraphic cross section of the monitoring

transect B—B’ and (b) schematic cross section representation of
the 1-D numerical model. The cell width is not to scale.

dominant wave direction every 30 min (Coastal Data Infor-
mation Program, 2005). Since the Waimea buoy is 190 km
away from the study area (Fig. 2a), a time shift between
the arrival of the wave energy at the Waimea buoy and
the arrival in the Kahului area was required for the analysis.
For group waves traveling in deep water with a wave period
of 17 s, the time lag is approximately 4 h (Brown et al.,
1989). The study area is sheltered from westerly swells by
the local coastline and by other islands farther to the west
(Thompson and Demirbilek, 2002). To account for the swell-
shadowing effect, a directional correction was applied.
Mark Merrifield (unpublished data, 1995) compared signifi-
cant wave heights and wave direction from Molokai buoy
(NDBC buoy 51026) with bottom pressure measurements ta-
ken outside Kahului Harbor (CDIP gage 77). He analyzed 314
days of data taken during the wintertime from 1993 to 1995.
The corrected wave height for Kahului (Hs) is given by the
regression equation

Hy = Ho (—3.63 x 100> +7.95 x 1070 + 0.423) (1)

where Hyg is the significant wave height offshore (m) and 0
is the wave direction (deg TN). In the absence of data, the
same wave-height correction is assumed applicable to Wai-
mea buoy wave heights. Such an assumption is reasonable
due to a similar deepwater wave climate (Thompson and
Demirbilek, 2002) and a comparable exposure to westerly
swells (Caldwell, 2005), considering that Kauai blocks west

swells for the Waimea buoy as Oahu does for the Molokai
buoy.

Data filtering

A low-pass filter was applied to the observed head, the tide
gage records, and the barometric pressure time series to
eliminate tidal and semidiurnal atmospheric pressure fluctu-
ations. The daily-moving-average filter was applied twice.
The time series were detrended to eliminate linear drift
during the study period. Barometric pressure was detrended
with a second-order polynomial. All data that were sampled
at intervals longer than 5 min were linearly interpolated to
5-min time steps to allow for a direct comparison with data
at the monitoring points.

For some parts of the analysis, it was also necessary to
remove aperiodic barometric pressure oscillations. Changes
in atmospheric pressure are inversely correlated to ground-
water head (Jacob, 1940). A constant barometric efficiency
factor was estimated for each observation point by least-
squares regression of the filtered barometric pressure (con-
verted to meters of water) and head fluctuations. The use of
a constant barometric efficiency factor was considered sat-
isfactory, considering that semidiurnal fluctuations were al-
ready removed. The barometric efficiency factor was —0.88
for the tide gage, —0.54 for CPP, —0.42 for Pump 5, —0.26
for Pump 6, and —0.21 for Pump 7. The scaled barometric
pressure was subtracted from the observed head, giving
the head corrected for barometric pressure fluctuations.

Wave setup

Wave setup that potentially affects groundwater levels in
the study area occurs in Kahului Harbor and along the 5-
km stretch to the east. The water-table rise at the coast
is correlated with the significant wave height outside the
breaker zone. Numerous studies have defined empirical
relationships among the variables for beaches (e.g., Guza
and Thornton, 1981; Holman and Sallenger, 1985; Hanslow
and Nielsen, 1993; Stockdon et al., 2006), while others have
investigated wave transformation over coral reefs (e.g.,
Tait, 1972; Gourlay, 1996; Gourlay and Colleter, 2005; Vet-
ter, 2007). The approaches proposed by Vetter (2007) and
Stockdon et al. (2006) were applied in this study. Based
on observed setup on the north shore of Oahu, Vetter de-
fined the relationship

ny = 0.11H (2)

where 5y is the setup (m) and H; is the significant wave
height (m). The similarity of reef platform and reef-face
slope suggests applicability to the Kahului area. Stockdon
et al. (2006) evaluated 10 field experiments, including wave
length and foreshore beach slope f (rad), and proposed the
relationship

o355 m.
ns = 0.358 Hsﬁ (3)

where 15 is the setup (m), g is the acceleration due to grav-
ity (m/s?), and P is the wave period (s). Although developed
for beach environments, the formulation is appealing for
reef settings due to the consideration of wave energy and
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bottom slope. Instead of using the foreshore beach slope,
we applied the reef-face slope reflecting the location where
wave breaking occurs. Tidal dependence of setup was ig-
nored in this study due to the lack of field data. Neverthe-
less, the assumption is supported by Vetter (2007), who
concluded that tidal modulation of H; is secondary to strong
wave dissipation.

Setup is site-specific and uncertainty is likely to occur due
to the use of empirical relationships developed elsewhere,
in particular for a three-dimensional domain. Yet, the objec-
tive of the study was to provide a useful approximation in
the absence of detailed field data. A better scaling factor
of wave heights in the Kahului area is still open for investiga-
tion. Setup was estimated with the corrected offshore wave
height, Hy, using Egs. (2) and (3), with a f value of 0.02. The
time series were filtered with a daily moving average.

Cross-correlation and regression analysis

The observation period was split into two sections, termed
SWELL and BARO, to investigate the effects of setup and
barometric pressure on groundwater levels. Observation of
SWELL started on 12 December 2004 and lasted for 41 days,
and that of BARO started on 30 January 2005 and lasted for
35 days. The SWELL subset contains nine swell events, of
which four major storm events are above 4 m (Figs. 4c),
and is characterized by modest barometric fluctuations. In
contrast, the BARO subset shows more significant atmo-
spheric pressure variations while setup is relatively uniform
(Figs. 4a and 4b). Although setup is generally smaller during
summertime due to the lack of large swells, low-frequency
barometric changes are also of smaller magnitude due to
the more stable trade-wind pattern. The time lag for the
SWELL subset was evaluated by cross correlating setup
and observed head, corrected for barometric changes.

The effects of setup and low-frequency barometric pres-
sure changes on head fluctuations were investigated using a
single-variable regression model. Setup and barometric
pressure were fitted to the observed head for the SWELL
and BARO subsets. In addition, both variables were fitted
by multi-variable regression, since ocean- and groundwater
levels are most likely affected by the combined effects of
barometric and ocean-level changes. The setup time lag
at observation points, specified in Table 1, was included in
the regression analysis.

Aquifer parameters

Li et al. (2004) presented an analytical solution for the prop-
agation of storm-induced pulses through an aquifer. The
water-table response for individual storm events is different
from the response to tidal groundwater fluctuations. Ampli-
tude damping of a pulse is more gradual and the groundwa-
ter response is faster than for tidal propagation (Li et al.,
2004). However, the current study looks at a series of swell
events that follow closely after each other (9 events in 41
days). The setup signal can be decomposed into its domi-
nant frequencies and may be approximated as a harmonic
fluctuation. Therefore, the Jacob—Ferris solution (Jacob,
1950; Ferris, 1951) for tidal propagation was used to
estimate hydraulic parameters from setup propagation.

The one-dimensional groundwater flow equation with a
harmonic oscillating boundary condition assumes aquifer
homogeneity and a vertical boundary between land and
ocean. The equation for hydraulic diffusivity from attenua-
tion, Damp (m?/d), in an unconfined aquifer is

T x2n

Dam =< =
TS T (InA

(4)

where T is transmissivity (m?/d), S is specific yield (dimen-
sionless), x is the distance to the coast (m), A is the ampli-
tude attenuation factor (dimensionless), and t is the period
of the oscillation (d). A is given by the ratio of the amplitude
of the oscillation in the observation well to the amplitude in
the ocean, which was estimated in two ways. The first in-
volved the use of least-squares regression of observed head,
corrected for barometric changes, and setup applied to the
SWELL subset (ysweL ). The second is a more sophisticated
approach involving the use of spectral analysis to find
matching peak frequencies in the setup signal and ob-
served-head responses. Discrete Fourier transforms were
applied to setup and groundwater head data, corrected
for barometric pressure influences. The identified frequen-
cies are, however, only representative of the analyzed
record.

Diffusivity from the phase lag, Dpna (M?/d), may be ex-
pressed as

T Xz
e ®)

where @ is the difference between the phase of the oscilla-
tion in the observation well and that in the ocean (rad). The
time lag from the cross correlation (ysweL) and the phase
difference between matching frequencies in the aquifer
and ocean were evaluated. A relationship between A and
x on a semi-logarithmic scale and ® and x on a normal scale
allows linear regression to fit the data. The attenuation
slope was substituted in Eq. (4) and the phase-lag slope in
Eq. (5) to estimate effective aquifer diffusivities. Sediment
cover at the boundary can cause an additional damping ef-
fect (Li et al., 2007; Xia et al., 2007), which reduces the
amplitude of the signal by a coefficient, C, and shifts the
phase by a value, ¢. The y-intercepts of the modal attenu-
ation and phase differences may approximate the damping
coefficients C and ¢ (Rotzoll et al., 2008).

Dpha =

Numerical model

A one-dimensional groundwater flow model was developed
to assess the accuracy of the estimated aquifer parameters
using MODFLOW 2000 (Harbaugh et al., 2000). The simu-
lated aquifer cross section was 11 km long and extended
vertically from 1.8 km below sea level to 10 m above sea le-
vel. A schematic illustration of the model cross section is
shown in Fig. 3b. The minimum cell size of 10 m was around
the observation points and at the ocean boundary. Cell size
increased gradually to 200 m away from these places. The
model simulated an unconfined homogeneous aquifer with
the adjacent cell to the ocean boundary representing less
conductive sediment cover and Kula Basalt. Rotzoll et al.
(2008) successfully used this approach to account for a thin
low-conductivity zone at the boundary in a tidal simulation
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of the same study area. The same system properties were tion that matches the estimated setup at Kahului was
used in this application. Rotzoll et al. (2008) used a specific applied at the ocean boundary. The landward boundary
yield value of 0.1 and estimated a hydraulic conductivity va- was a constant-head boundary that was estimated based
lue of 0.97 m/d for the sediment. A transient-head condi- on the natural groundwater flow gradient, which is typically
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Table 1 Distance from monitoring points to the coast and
time lag of setup response in the aquifer

Monitoring point Distance to coast (km) Time lag (d)
CPP 0.73 0.134

Pump 5 1.05 0.230

Pump 6 2.08 0.503

Pump 7 4.08 0.611

~0.2 m/km (Lau and Mink, 2006). The model simulated the
SWELL period with 4-h time steps. The hydraulic properties
for the basalt aquifer were estimated by matching observed
and calculated head responses using the automated param-
eter estimation algorithm PEST (Doherty, 2004).

Results and discussion

Fig. 4c illustrates the corrected wave height for Kahului
(Hsk), as estimated using Eq. (1). Significant wave heights
in the Kahului area are approximately one-third of wave
heights at the Waimea buoy. Most of the large swells during
the observation period came from westerly directions (—60°
to —25° TN), which indicates the importance of the direc-
tional correction (Fig. 4d). Fig. 4a shows estimated setups
based on the two approaches represented by Egs. (2) and
(3). The two estimates are close, with maximum values be-
low 0.2 m. When compared, #s is characterized by longer
setup events than 7y. The elongated events are associated
with consideration of the wave period in the relationship,
which leads to an earlier increase in setup (Figs. 4a and
d). Differences between the two approaches are minimal
in the SWELL subset. On the other hand, larger deviations

are observed in the BARO subset, which is also due to the
influence of wave period on 7s. Both setup estimates are as-
sumed acceptable for the analysis, considering that the
objective of this study was to estimate aquifer parameters
using setup propagation. However, confidence in the analy-
sis would significantly improve with setup measurements in
the Kahului area.

Regression analysis

Influences of wave setup and inverted barometric pressure
on water-table changes were investigated by regression
analysis. Fitted and observed water levels at CPP for the
SWELL subset are shown in Fig. 5a. The correlation coeffi-
cient (R) between groundwater head and #s during this per-
iod is 0.72, whereas barometric pressure shows a weak
correlation with an R-value of 0.08. Including barometric
pressure in the regression improves the fit over using setup
alone, with a change in correlation from 0.72 of 0.81.
Fig. 5b shows fitted and observed water levels at CPP for
the BARO subset. A negative correlation of 0.16 exists be-
tween 7s and groundwater table fluctuations. Barometric
pressure changes are mainly responsible for groundwater
variations during this period with a correlation of 0.80. As
should be expected, no improvement in correlation occurs
by combining the effects of barometric pressure and setup,
due to the negative correlation with ys.

The two examples shown in Fig. 5 are typical of the
groundwater responses for three other locations in central
Maui, which also were correlated with setup and barometric
records. A summary of correlation coefficients for the
SWELL and BARO subsets for each observation point, with
either yy or 5s is shown in Fig. 6. The results are consistent
for both setup estimates. The regression analysis with #s
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Figure 5 Single- and multi-variable regression of filtered water levels at CPP to setup ;s and barometric pressure for (a) the SWELL

subset and (b) the BARO subset.
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shows slightly higher R-values for the SWELL subset (Fig. 6b)
and negative ones for the BARO subset (Fig. 6d). The domi-
nating effect of setup in the SWELL subset and the governing
influence of barometric pressure in the BARO subset are
similar for all groundwater observation points. The correla-
tion in the SWELL subset improves when both variables are
included, but this is not the case with the BARO subset. This
difference is due to the omnipresence of barometric fluctu-
ations in both subsets and the weak presence of setup pulses
in the BARO subset. The correlation with setup decreases
slightly with increasing distance from the coast (e.g., from
CPP to Pump 7). This is expected due to the decaying char-
acter of the propagating signal. However, setup influences
still can be detected as far as 5 km away from the coast,
with amplitudes of approximately 0.014 m. The regression
analysis thus shows that setup could affect and dominate
groundwater fluctuations in a permeable volcanic aquifer
in central Maui in times of energetic swell events.

Figs. 6a and b show a weak correlation between wave
setup and the ocean water level at the tide gage (—0.04
for ny and 0.17 for 5s). The gage seems to experience a dif-
ferent response to wave setup than the groundwater obser-
vation points. Setup is a local phenomenon that is greatly
influenced by the bathymetry of the near-shore area (Gour-
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lay, 1992). The geometry of the harbor, including the deep
channel at the entrance and the protecting breakwaters can
account for a different wave climate inside the harbor com-
pared to that along the rest of the coast.

A detailed study of wave responses in Kahului Harbor
showed that wave heights outside the harbor at Gage 77
have an amplification factor of 0.25 at the west side of
the pier, where the tide gage is installed, and a factor of
0.1 on the east sides of the pier (Thompson et al., 1996).
Assuming a wave setup of 0.17m, the setup would be
0.042 and 0.017 m on the west and east side of the pier,
respectively. In fact, the amplitudes during swell events
at the tide gage do not exceed 0.05 m (Fig. 4e). Regressing
ns on the filtered and detrended tide data, corrected for
barometric changes, yields an amplitude coefficient of
0.23, which supports the observation of reduced wave en-
ergy in the southeast corner of the harbor. Additionally,
the matching amplitude reduction in the harbor strengthens
the confidence in the magnitude of the setup estimations
outside the harbor. Although small waves break in the
northwest corner (Thompson et al., 1996), it can be con-
cluded that significantly less energy is transferred to the
water column in the harbor. Hence, the water level at the
tide gage is not representative of setup along the coast.
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Aquifer parameters

Hydraulic parameter estimation requires quantification of
time lag and amplitude attenuation of the propagating
setup signal. The tide gage data are not included in the
estimation for the reasons stated above. The time lag of
groundwater head to setup is identical for 5y and #s
(Table 1). The average duration, including rise and fall of
the ocean water level to complete a quasi-sinusoidal oscil-
lation, of four major swell events in the SWELL subset, is
6.4 days for ny and 6.9 days for 5s. As noted earlier, s
is characterized by longer setup events. The average peri-
ods were used to convert the time lag to phase differences.

Amplitude spectra of setup and head time series show
peak frequencies in the low-frequency bandwidth from
3x1077 to 1x107°Hz, which correspond to periods of
38.6 and 1.1 d, respectively (Fig. 7). Peak frequencies that
occur in the setup signal and in observed-head responses
were 1.7x107®Hz, 3.1x10°Hz, 3.7x10°Hz, and
6.2 x 10"® Hz. The matching frequencies in both signals
are not as distinct as the tidal signature. However, the
objective is to estimate the attenuation of oscillations at
certain frequencies. The two most dominant frequencies
in all time series were 1.7x107®Hz and 3.7 x 10~¢ Hz,
which correspond to periods of 6.83 and 3.15d, respec-
tively. Although the 6.2 x 10~® Hz frequency is also consid-
erable, the oscillation is too short (1.9 d) compared to the
observed length of setup events (> 5d) and is therefore
not evaluated.

The amplitudes and phases of setup frequencies identi-
fied in the spectral analysis can be used to synthesize the
signal. Fig. 8 shows the estimated setup based on the Vetter
approach and the synthesized setup signal using amplitudes
and phases of six dominant periods. Fig. 8 shows reasonable
match, indicating that a series of storm events can be trea-
ted as a harmonic signal. The harmonic fluctuation is only
representative for the chosen time frame, yet the results
are expected to be generally valid as long as the swell
events occur consecutively. For isolated storm events, the
approach of Li et al. (2004) is more applicable.

The amplitude attenuation for both setup estimates is
shown in Fig. 9a and b. Attenuation factors with respect
to ny and ys are comparable due to similarity in magnitude
of the estimated setups. The phase differences between
aquifer and both setup estimates are shown in Figs. 9c
and 9d. The aquifer response to the entire setup signal
nsweLL agrees with those from the decomposed oscillations.
Results from tidal propagation at the same observation
points (Rotzoll et al., 2008) are shown for comparison in
all plots. Similar to transmitted tidal fluctuations, the
amplitude of setup propagation decays exponentially and
the phase lag increases linearly with distance from the
coast. This indicates that the setup signal propagation also
occurs as a diffusive process and implies that there is poten-
tial to use setup in hydraulic parameter estimation by apply-
ing the same analytical solutions derived for tides.

Fig. 9a and b show that setup attenuation has milder
slopes than tidal attenuation and that the setup oscillation
with the longer period of 6.8 d has milder slopes than the
fluctuation occurring every 3.2 d for both setup estimates.
The slopes of phase difference behave in the same way,
showing a gentler gradient for the longer period oscillations
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Figure 7 Amplitude spectra of the SWELL subset for (a) setup
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based on six dominant periods.

(Figs. 9c and 9d). The milder setup slopes are consistent
with observations from other tidal studies (e.g., Merritt,
2004), which indicate that longer periods benefit from less
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in the aquifer. The tidal propagation at the same observation points is for comparison (Rotzoll et al., 2008).

frictional effects, leading to a stronger penetration into the
aquifer. Waves of higher frequencies, such as wave runup,
are preferentially damped by the aquifer within tens of me-
ters away from the coast (Cartwright et al., 2006). The
characteristic length scale (zT/5)°° describes the distance
of diffusive wave propagation (Turcotte and Schubert,
2002). For the central Maui hydraulic diffusivity, the pene-
tration length for semidiurnal and diurnal tides, as well as
for the 3.2-day and 6.8-day setup oscillation is 3.4 km,
4.9 km, 8.5 km, and 12.5 km, respectively. Thus, setup sig-
nal propagation has the advantage over tides by providing
information on greater length scales.

In theory, the value of the amplitude attenuation factor
at the coastline is one while that of the phase lag is zero,
but the regression lines intercept the y-axis at considerably
smaller values than one in Figs. 9a and 9b and at larger val-
ues than zero in Figs. 9c and 9d. This probably reflects, at
least in part, aquifer heterogeneity, especially due to the
presence of less-permeable sediments and Kula Basalt at
the boundary. The regression intercept depends on dimen-
sion and hydraulic properties of the capping unit (Rotzoll
et al., 2008). The magnitude of the estimated setup is
uncertain and therefore plays an additional role affecting
the y-intercept in this case. With slightly greater estimated

setup amplitudes, the intercept would match the one from
tidal propagation. Higher setup estimates were also sup-
ported by the study by Hanslow and Nielsen (1993). How-
ever, regardless of the value of the intercept, the aquifer
parameter estimation of the basalt only depends on the
slope of the regression line and therefore not on the accu-
racy of the wave-height scaling factor for Kahului.

Aquifer parameters were estimated with Egs. (4) and (5)
using the corresponding setup periods for the SWELL subset
and those identified in the spectral analysis. The results are
listed in Table 2 and compared with results for the same
study area using aquifer tests (Rotzoll et al., 2007), a spe-
cific-capacity relationship (Rotzoll and El-Kadi, 2008), and
tides (Rotzoll et al., 2008). Hydraulic diffusivity estimated
from the decomposed setup signal yields identical results
for s and 7y, with an effective diffusivity of 2.3 x 10’ m?/d.
Diffusivity can be converted to hydraulic conductivity (K),
by assuming typical values for aquifer depth (b) and specific
yield through the relationship K = DS/b. Assuming the setup
signal penetrates the entire aquifer thickness of 1.8 km and
using a specific yield of 0.04, hydraulic conductivity would
be 520 m/d. The attenuation of the entire signal nsweiL
gives similar results as the decomposed signal. In general,
Dpha is greater than D,n,,, which may reflect heterogeneity
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Table 2 Hydraulic diffusivity and conductivity estimated analytically and numerically from setup using discrete frequencies and

the complete time series, compared to previous studies

Signal Estimation method/source Damp (M?/d)  K* (m/d)  Dpha (M*/d)  K* (m/d) D™ (m?/d) K* (m/d)
Setup* Mean of Fourier transform 1.9 x 107 415 2.8 x 107 620 2.3x10” 520
7=6.83 Fourier transform 2.8x107 620 2.4x107 540 2.6x107 580
7=3.15 Fourier transform 9.4 % 10° 210 3.2x 107 700 2.0x107 460
7y SYELL Regression/cross correlation 1.0 x 107 230 2.9%x107 650 2.0x107 440
75 SYELL Regression/cross correlation 1.2 x 107 260 2.3x107 520 1.8x10” 390
v MODFLOW/PEST 2.9x107 650
s MODFLOW/PEST 2.1x107 460
Aquifer tests Rotzoll et al. (2007) 310
Specific capacity Rotzoll and El-Kadi (2008) 423
Ocean tides Rotzoll et al. (2008) 1.6 x 107 350 2.9 x 107 655 2.3x10” 500

@ Estimated from diffusivity using S of 0.04 and b of 1.8 km.
b D* — arithmetic mean of Dmp and Dppa.
€ K+ — arithmetic mean of hydraulic conductivity estimates.

within the basalt aquifer. A larger Dy, is common in tidal
propagation studies, resulting in a slope factor (Trefry and
Bekele, 2004), (Damp/Dpha)®>, below unity of 0.82. The
effective diffusivity, D+, estimated from setup is identical
with the ones estimated from ocean tides and close to the
aquifer parameters estimated from aquifer tests and spe-
cific-capacity in the same study area. Therefore, setup
propagation is suitable to estimate hydraulic parameters.

Numerical model

A numerical groundwater flow model was used to evaluate
the accuracy of the estimated hydraulic parameters. In
two simulations, the estimated setups sy and 5s were set
at the boundary and the model was calibrated with the ob-
served heads, corrected for barometric pressure fluctua-
tions. The model provided the best results with a specific

yield value of 0.04 and a hydraulic conductivity value of
650 m/d for the basalt using v and 460 m/d using #s (Table
2). The average diffusivity D* from the analytical method
translates to a hydraulic conductivity of 520 m/d. Both
numerically estimated conductivities are close to K* based
on the analytical solution. Moreover, the matching hydraulic
parameters indicate that the amplitudes of the estimated
setup signal at the coast were reasonable.

Fig. 10 shows observed and calculated water levels for
the SWELL subset. The water levels are shifted along the
y-axis to enhance visual clarity. The amplitudes of the cal-
culated heads match at all observation points (Table 3),
although local differences exist. The largest deviation is
for CPP with 14% overestimation of the calculated response.
The amplitudes at other monitoring points do not exceed 6%
difference. Local differences that appear in all observation
points (31 December 2004 and 15 January 2005) may be
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Figure 10 Observed (symbols) and calculated (lines) water levels using 1-D MODFLOW modeling to simulate wave setup

attenuation in the aquifer.
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Table 3 Error summary of observed against calculated setup responses

Monitoring point R (-)

Sum of squared error (m?)

Root mean square error (m?)

Difference between calculated
and observed

Amplitude (%) Time lag (d)
CPP 0.89 0.0119 0.0070 14.4 0.01
Pump 5 0.88 0.0092 0.0061 5.7 0.11
Pump 6 0.85 0.0061 0.0050 0.9 0.11
Pump 7 0.75 0.0076 0.0056 -1.8 —-0.09

attributed to inaccuracies of the estimated setup signal as a
source. The time lag of the setup pulses in the aquifer is
adequately calculated and does not differ more than
2.7 h. The correlation coefficient between observed and
calculated water levels ranges from 0.75 for Pump 7 to
0.89 for CPP, with an average correlation of 0.84. The high-
er correlation compared to the regression analysis (see Sec-
tion ‘‘Regression analysis’’) is attributed to the removal of
barometric effects and the simulation of attenuation into
the aquifer. A stronger attenuation of shorter-period setup
oscillations can be seen around 5 January 2005 in Fig. 10.
Here, two swell events occur immediately after each other
and are both detectable at CPP, but show only as one dis-
tinct peak at Pump 7.

The use of setup as a source for transient heads at the
boundary, a low-permeability unit at the boundary, and an
effective diffusivity for the basalt aquifer that is consistent
with the analytically estimated value, results in calculated
setup responses that match the observed water-table fluc-
tuations. This supports that setup propagation can be suc-
cessfully used in hydraulic parameter estimation.

Conclusions

The influence of wave setup on coastal groundwater eleva-
tions and the possibility of using the propagating setup sig-
nal in aquifer parameter estimation were investigated for
central Maui. The setup signal is detectable at observation
points as far away as 5 km from the coast. The regression
analysis shows that correlation coefficients between setup
and groundwater fluctuations are as high as 0.73. Baromet-
ric influence is insignificant (<0.1) in the SWELL subset.
However, the correlation coefficients improve using setup
and barometric changes together. In contrast, in the BARO
subset, correlations with setup are weak and the influence
of barometric pressure variations is strong, reaching corre-
lations up to 0.81. Therefore, setup can significantly affect
groundwater elevations in costal aquifers and can over-
shadow barometric influence in times of large swell events.
At other times, the barometric loading dominates.

Setup propagation through the aquifer is similar to that
for tides with exponentially decreasing amplitudes and line-
arly increasing time lags between setup and observed
groundwater responses. The average duration of swell
events in the SWELL subset is approximately 6 days, and
spectral analysis shows matching peak periods at 6.8 and
3.2 days in setup and groundwater observations. The longer
periods explain the milder amplitude attenuation and
milder phase-lag gradients of setup compared to tidal prop-

agation. This can be very useful, because setup signals prop-
agate deeper into the aquifer (~10 km in central Maui) than
diurnal tides (5 km) and can therefore provide information
on greater length scales.

Aquifer parameters were estimated from setup attenua-
tion using the analytical solutions of tidal propagation. The
results are consistent with parameters estimated from aqui-
fer tests, a specific-capacity relationship, and tides in the
same study area. Mean hydraulic diffusivity from setup
attenuation is identical for »#s and 5y and is estimated as
2.3x 10" m?/d. Assuming that the setup signal travels
through the entire aquifer thickness of 1.8 km and the spe-
cific yield is 0.04, the hydraulic conductivity is 520 m/d.

A one-dimensional numerical model reproduced the re-
sults of the analytical solution. The best fit was achieved
with a hydraulic-conductivity value of 650 or 460 m/d, based
on s or ny, respectively. The model simulated groundwater
responses that match the head at observation points reflect-
ing the amplitude attenuation and the time lag of setup
pulses. The mean correlation coefficient is 0.84 for all obser-
vation points. The setup propagation was successfully used
to estimate hydraulic parameters. The technique is ex-
pected to be beneficial to many high-permeability coastal
environments, such as volcanic islands and atolls, and will
provide a practical approach for aquifer parameter estima-
tion as an important step toward managing valuable ground-
water resources.
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