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ABSTRACT

CALDWELL, P.C.; VITOUSEK, S., and AUCAN, J.P., 2009. Frequency and duration of coinciding high surf and tides
along the north shore of Oahu, Hawaii, 1981–2007. Journal of Coastal Research, 25(3), 734–743. West Palm Beach
(Florida), ISSN 0749-0208.

Wave run-up along the north shore of Oahu has an annual cycle with a maximum centered on boreal winter. An
understanding of the variability of high wave wash is important for coastal planning, transportation, safety, and
property protection. Wave run-up increases with increasing surf size and tidal height. This study analyzed hourly
historic wave data and predicted tides from 1981 to 2007 to better understand wave run-up potential based on the
frequency and duration (in hours) that high surf and tides coincided as categorized by thresholds of surf and tidal
height.

The Waimea buoy, located just 5 km offshore, was the primary source for deep-water wave height and period.
However, this series only began in 2001. The National Data Buoy Center platform 51001 extends back to 1981. Its
location is sufficiently remote from Oahu to warrant a correction in significant wave height. The correction was made
based on a regression analysis between daily mean wave heights from these two buoys. From the final, deep-water,
nearshore Oahu, hourly series of swell height and period, surf heights were calculated using an empirical transfor-
mation scheme.

Thresholds were defined for four surf heights and three tidal elevations. Recurrence was calculated for each of the
12 categories. Duration was computed by summing consecutive hours for each event above each threshold. Historical
evidence of sand wash onto select portions of the coastal highway was used to qualitatively rank the 12 categories as
marginal, significant, or extreme. One important application of these results would be improvement to surf-related
coastal flood forecasts by the National Weather Service in pursuit of protection of life and property. For future design
considerations, a joint probability model was constructed to better understand the annual average number of hours
exceeding any given paired surf and tidal height.

ADDITIONAL INDEX WORDS: Wave run-up, wave wash, tides, coastal flooding and erosion, buoy data.

INTRODUCTION

An understanding of the frequency and duration of high
wave run-up caused by seasonal large surf is of immense im-
portance to coastal stakeholders. Wave wash resulting from
high breakers presents a danger to people near the shore and
the possibility of damage to infrastructure, including homes,
harbors, and highways, as humans take more risk by building
in the coastal zone. Wave setup associated with large wave
events even influences ground water-table elevations as
much as 5 km inland (Rotzoll and El-Kadi, 2008). Explicit
wave run-up elevation at a specific location depends on var-
ious geophysical factors, such as the coastal shelf width and
slope seaward and landward of the zone of breakers, the lo-
calized refractive characteristics from seafloor and coastline
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shape, and the slope and shape of the nearshore zone land-
ward of high tide. Wave run-up also varies with meteorolog-
ical and oceanic factors, such as magnitude and direction of
coastal winds relative to the shore, the inverted barometer
effect from local air pressure on mean sea level, and anom-
alies of sea level associated with oceanic eddies (Firing and
Merrifield, 2004). This study focuses only on the two most
important components of high wave run-up potential—waves
and tides.

Tsunamis and hurricanes pose the greatest potential for
coastal damage in the Hawaiian Islands. Tsunamis have in-
flicted the most extreme coastal inundation on Oahu, Hawaii.
Curtis (1998) estimated wave run-up to 9 m above sea level
at select locations of Oahu under the strongest tsunami
events of the last century. Hurricanes have also delivered
severe coastal flooding to the Hawaiian Islands, although the
magnitude of run-up on Oahu has been low in recent decades
compared to Kauai, where Hurricanes Dot, Iwa, and Iniki
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Figure 1. Map of study area and locations of tide gauges (circles) and
buoy (triangle).

struck in 1959, 1982, and 1992, respectively (Schroeder,
1998).

Tsunamis and hurricanes in Hawaii are rare. On the other
hand, high breakers occur frequently on north shores of Ha-
waii during the high-surf season, which begins in September
and ends in May. North Pacific extratropical cyclones are a
common source for nearshore hazards and elevated wave
wash. Fletcher et al. (2002) ranked the coastal hazards from
high waves for coastlines around Hawaii, and Aucan (2006)
derived a directional wave climatology for the north shore of
Oahu based on 4 y of nearshore, deep-water, directional buoy
measurements near Waimea Bay, Oahu, and 45 y of wave
model reanalysis output. These results agree well with the
surf climatology based on 35 y of visual observations from the
north shore of Oahu (Caldwell, 2005). The dominant wave
direction is from the northwest (315�), and the high season
predominantly occurs from November to March. Every high
season has numerous days of large breakers. The average
number of days per year with surf at least 5 and 9 m based
on 35 y of daily observations is 76 and 21, respectively (Cald-
well, 2005). The interannual variability of the number of days
per year with large to extreme surf is high, up to a factor of
two (Aucan, 2006).

Coastal erosion and wave run-up in areas with energetic
wave climatology have been well studied. Ruggiero et al.
(1997) analyzed the effects of extreme surf on erosion along
the coasts of Oregon and Washington. The aim was to un-
derstand the wave climatology based on four long-term rec-
ords and to derive a 50-y design wave height. Ruggiero et al.
(2001) followed up on this work with a model to evaluate the
susceptibility of coastal properties to erosion based on the
magnitude and duration of extreme water levels and storm
waves. Their article gives a review of similar studies to date
from other regions of the globe. For application to the north
and west shores of Hawaii, Vitousek and Fletcher (2007) pri-
marily used National Oceanic and Atmospheric Administra-
tion (NOAA) Data Buoy Center (NDBC) platform 51001 to
test three approaches in determining the maximum annually
recurring significant height at this deep-water location, re-
sulting in a value of 7.7 � 0.2 m.

The strongest high seasonal wave inundation of the last 50
y on the north shore of Oahu occurred from back-to-back ex-
treme episodes during December 1–4, 1969 (Bottoms, 1970).
In the Sunset Beach area of Oahu on December 1, wave run-
up topped a 7-m-high shoreline embankment, demolishing 14
homes and damaging many other properties. Costs in this
area alone were $535,000, nearly half the $1.27 million (1970
dollars) loss islandwide. This extreme event occurred during
neap tides. The damage would have been more severe if it
had occurred under spring tides.

The 1969 episode was atypical. More commonly, high wave
run-up on the north shore of Oahu is a result of seasonal high
surf from North Pacific extratropical cyclones coinciding with
spring high tides. The NOAA National Weather Service
(NWS) is the responsible agency for issuing high-surf warn-
ings and coastal flood advisories. However, the joint occur-
rence of high surf and tides for establishing thresholds of
flooding potential has not been quantified. This study seeks

to address this need through analysis of historic wave data
and predicted tides.

DATA AND METHODS

Since 1997, the NOAA Pacific Tsunami Warning Center
has maintained a tide gauge in Haleiwa Harbor (Figure 1) in
support of tsunami warning and research (Luther et al.,
1998). The instrument is a shaft-encoder, float-and-stilling-
well–type gauge with samples digitized at 2-min intervals,
from which spot hourly data are acquired. The data have not
been linked to a fixed datum or calibrated to a single refer-
ence level, since the focus is on short-term variability. Due to
the lack of a known datum, a nearby tide gauge augments
this study. The NOAA National Ocean Service has main-
tained an acoustic tide gauge (Gill, Mero, and Parker, 1992)
with 6-min digitized samples in Kaneohe Bay at Mokuoloe
since 1957 as part of the national water-level network. The
data are calibrated and geodetically linked to fixed bench-
marks.

The difference in daily averages (not shown) between Hal-
eiwa and Mokuoloe gauges showed a steady signature in the
mean level from 1998 through 2004, which suggests a steady
reference level for Haleiwa during this period. The 2001–
2002 Haleiwa hourly data were chosen for tidal analysis
(Foreman, 1977), since the interannual variability of Moku-
oloe was low and near the long-term mean (Figure 2). Parrish
(1992) found very high coherence among sea-level stations on
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Figure 2. Plot of monthly sea level (dashed) at Mokuoloe, Oahu. The
solid curve shows the interannual variability with the average annual
cycle and linear trend removed. The plot was downloaded from http://
co-ops.nos.noaa.gov.

Figure 4. Plot of the timing of the peak daily tide relative to daylight.

Figure 3. Plot of 2007 hourly predicted tides for Haleiwa, Oahu.
Figure 5. Plot of the location of buoys showing shadow lines for north
shore Oahu.

Oahu for variations with 3- to 180-d periods. Thus, hourly
tidal predictions made for 1981–2007 are assumed to be rel-
ative to an unknown long-term mean for the north shore of
Oahu. In this study, variability of the tides is the focus. The
exact height of the tide relative to a known datum is not
approached. Heights of the tide in this study are relative to
the standard deviations (�) of the predicted tide. The inter-
annual variability has low magnitude (Figure 2) and is not
taken into consideration for influence on wave run-up.

Tides in Hawaii are mixed semidiurnal, where the most
extreme ranges occur near and following the solstices (Figure
3). Heights above 1, 1.5, and 2� occur 15.6%, 7.2%, and 2.5%
of the time, respectively, and define the tidal thresholds for
this study. The hour of the day for the daily maximum semi-
diurnal peak has an annual cycle, with wintertime peaks
overnight and summertime peaks during daylight (Figure 4).
During the high-surf season, the largest run-up events occur
mostly at night or in the early morning hours.

Since December 9, 2001, the Department of Oceanography

at the University of Hawaii (UH) in collaboration with the
Coastal Data Information Program (CDIP) of the Scripps In-
stitute of Oceanography has maintained a Datawell direc-
tional waverider buoy roughly 5 km northwest of Waimea
Bay, Oahu (Figure 1) at roughly 300-m ocean depth. The sam-
pling rate is 1 Hz, and the acquisition time is 20 min. Sig-
nificant wave height (Hs), dominant wave period (Td), and
dominant direction are digitized on 30-min cycles. To create
an hourly series in this study, the 30-min sample closest to
the hour was chosen. The series for this study ended on
March 31, 2007. The Waimea buoy is the primary source for
wave data in this study. For gaps and time periods before the
Waimea series, wave data from the NOAA NDBC buoy 51001
were utilized (Figures 5 and 6).

As part of a permanent national network, the NDBC main-
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Figure 6. Plot of data availability (vertical lines) for buoy 51001 and the
Waimea buoy.

Figure 7. Plot comparing the daily averaged Hs for buoy 51001 and the
Waimea buoy.

tained a nondirectional wave sensor on environmental buoy
51001 in the northwest Hawaiian Islands from February
1981 to May 2005. The location of buoy 51001 is approxi-
mately 274 km west-northwest of Kauai and about 407 km
west-northwest (295�) of Waimea Bay, Oahu. In May 2005, a
directional wave sensor was added to the platform.

Buoy 51001 data are available hourly, except during peri-
ods of low battery voltage, in which case the reports are given
every 3 h. There were seven time segments during high-surf
seasons of 1981–2007 lasting a few weeks to a few months
each with three-hourly recording. There are nine extended
periods with no data available in the buoy 51001 wave time
series (Figure 6), ranging from 1 to 9 mo, or 4 mo on average.
The entire high-surf season centered on October 1982–May
1983 is missing. This is significant, since occurrence of large
to extreme surf episodes is higher during an El Niño event
(Aucan, 2006; Caldwell, 2005; Rooney et al., 2004), and 1982–
83 was one of the strongest El Niño events on record (Smith
and Sardeshmukh, 2000).

An hourly time series of deep-water Hs and Td data offshore
northern Oahu is essential for this study. The Waimea buoy
is ideally situated. However, buoy 51001 is sufficiently dis-
tant to warrant a correction in Hs. The primary reason for
the Hs difference (buoy 51001 minus Waimea buoy) is the
distance to the wave generation zone. Pierson, Neumann, and
James (1955) showed that dispersion of seas results in a rap-
id drop in Hs over the first several hundred miles away from
the generation area, beyond which the decay in heights is
more gradual. Extreme surf episodes in Hawaii typically co-
incide with the genesis region being closer. This would ex-
plain the increase in the difference with increasing Hs at buoy
51001, since this would be in the area of rapid Hs attenuation
due to dispersion; Td is assumed to be conserved during the
travel from buoy 51001 to Waimea.

A linear fit of daily means from these two buoys (Figure 7)
was used to define the Hs correction for buoy 51001. Daily
pairs were only included if buoy 51001 Hs was greater than
2.5 m and if all available hours or half-hourly data were
available from buoy 51001 and the Waimea buoy, respective-
ly. Prior to the linear fit, the buoy 51001 hourly data were
shifted forward 8 h to compensate for the travel time, which
varies between 5 and 12 h for the 14–25-s Td within 295–
355�—the most frequent high-season directional band. Ex-
treme surf episodes from the north to northeast are infre-
quent.

A test was undertaken to see if a travel time based on Td

at buoy 51001, assuming a swell direction of 315�, the high
season average, would add less error than the fixed 8-h travel

time. Coefficients of correlation of hourly Hs between buoy
51001 and Waimea buoy pairs were calculated for both cases,
yielding 95% confidence intervals of 0.8127 to 0.8318 and
0.8303 to 0.8477, respectively. The 8-h travel time has a mild-
ly higher coefficient of correlation because of the swell direc-
tion; when it is less than 315�, Td is more often longer for
high-surf episodes, coinciding with a travel time closer to 8
h; when the swell direction is greater than 315�, Td tends to
be lower, also making the travel time closer to 8 h. The de-
crease in Td with increasing northerly dominant swell direc-
tion can be seen in the wave climatology for a location im-
mediately north of Oahu (Figure 8). For the case with travel
time as a function of Td from 315�, longer period energy with
more westerly component would result in an erroneously ear-
ly arrival, while shorter period energy from more northerly
directions would give a false late arrival. Td tends to be longer
for more westerly swell component because the genesis region
has a potentially longer fetch to allow development of longer
Td, and the longer travel distance leads to modulation of Td

to longer periods (Munk, 1949).
A comparison of the corrected buoy 51001 Hs and the Wai-

mea buoy Hs is shown in Figure 9. The error is primarily
caused by (1) limitations of the 8-h travel time assumption,
(2) west-to-east gradients in Hs between buoy 51001 and the
Waimea buoy under more northerly swell directions, and (3)
shadowing of Oahu by Ni’ihau and Kauai for wave energy in
273–295� directional band. These issues underline the impor-
tance of directional wave sensors for forecasting and re-
search. A linear fit of the hourly pairs shows a bias of the
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Figure 8. Plot giving the number of occurrences (log 10 units) of Td as
a function of dominant swell direction at six-hourly intervals with Hs

�2.5 m over the period 1957–2002 at 22�N/158�W from the ERA-40 wave
reanalysis of the European Centre for Medium-Range Weather Forecasts.

Figure 9. Plot showing (a) the scatter and (b) frequency distribution of
the difference of Hs between the corrected buoy 51001 and the Waimea
buoy.

correction to underestimate the Waimea buoy Hs when less
than 4 m and to overestimate when greater than 4 m. How-
ever, this linear fit is more greatly weighted for Hs less than
4 m since there are more data points. For Hs greater than 5
m, the linear fit is nearly 1 to 1. Since the focus of this study
is extreme events, this correction is sufficient for the present
application.

ANALYSIS AND DISCUSSION

The hourly composite Waimea buoy/corrected buoy 51001
time series of deep-water Hs and Td spans from February
1981 through March 2007, with the gaps described previous-
ly. Hourly breaker height estimates were made using the em-
pirical transformation described in Caldwell and Aucan
(2007). The surf heights refer to the average of the highest
1/10th heights (H10) in zones of high refraction at the moment
and location along the wave front of maximum cresting. For
surf heights greater than 9 m, such zones are on outer reefs
well away from shore.

Daily averages and hourly maxima of the highest 10 esti-
mated surf episodes based on the corrected buoy 51001 Hs

and Td are given in Table 1. Swell direction was derived from
the Waimea buoy when available; otherwise, the NOAA Cen-
ter for Environmental Prediction’s historic six-hourly surface
pressure charts, which show the size, strength, and track of
extratropical cyclones, were utilized to infer the swell direc-
tion. The hours with maximum heights (Table 1b) highlight
the dominance of long-period northwest swell, supporting the
8-h time correction applied to the buoy 51001 data. An epi-
sode on November 5, 1988, the day of the highest hourly Hs

reading at buoy 51001 of 12.4 m with Td of 14 s, was elimi-
nated from the list because the swell direction was hindcast-
ed to north-northeast, mostly missing Oahu to the west.

The hourly estimated breakers, H10, were matched to the

hourly predicted tides with emphasis on tidal levels above 1,
1.5, and 2� relative to the mean (Figure 10). The occurrence
of coinciding high surf and tides has a marked decrease as
thresholds of surf height and tidal elevation increase. The
year-to-year variability of the joint occurrence is very high,
stressing the need for coastal planners to emphasize long
timescales in deciding on placement and design of nearshore
infrastructures. This figure includes height scaling in Hawaii
scale feet (Hsf), which historically has been the most common
units for visual breaker observations on the north shore of
Oahu. This method relies on bench marks of nearshore wave
energy, such as location of breakers parallel and perpendic-
ular to the reef. Under high-surf conditions, this scaling sys-
tem provides a more consistent method of validation and
means for intercomparison among events. Caldwell (2005)
presented a thorough explanation of Hsf observations and
showed them to be temporally consistent with a 10–15% mar-
gin of error based on a comparison with historic buoy 51001
data.

To better understand the frequency of occurrence above the
various thresholds of surf and tidal height, a tally of events
was made (Figure 11). Annual recurrence, in units of years
per event, was calculated for each joint threshold by dividing
the series length (27 y) by the number of events over the
length of the series. The lowest threshold, surf �9 m and tide
�1�, is common with an annual recurrence of 0.1, or 10
events per year. The threshold defined by surf �12 m and
tide �1.5� closely represents the once-a-year event. There
was only one event for surf �18 m and tide �1� during 1981–
2007.

The magnitude of coastal erosion is strongly dependent
upon the duration of extreme run-up (Ruggiero et al., 2001).
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Table 1. (a) 24-h average and (b) 24-h maximum for top 10 highest estimated (Est.) surf episodes based on corrected buoy 51001 Hs and Td data. Waimea
Hs is given in parentheses as available. Maximum daily tidal height (�) is given in b.

Year Month Day
Hour

(GMT)
Est. Surf

(m)
51001 Hs

(m)
Est. Oahu Hs

(m)

51001
Peak Period

(s)

Est. Swell
Direction
(16-point)

Hour
Peak Tide

(GMT)

Height
Peak Tide

(�)

a) 24-h average
1986 2 23 14.4 7.3 5.4 16 WNW 13 1.9
1999 1 1 14.1 6.7 5 17.9 NW 13 2.2
1985 12 10 14.1 6.6 4.9 17.9 NW 13 2.1
1985 1 15 14 7.2 5.4 14.9 WNW 12 1.1
2003 1 5 13.8 7 5.2 (5.4) 15.6 NW 16 1.9
2002 11 26 13.4 6.3 4.7 (4.1) 17.7 NW 19 1.5
1986 2 16 13.3 6.5 4.8 16.5 NW 12 0.9
1989 1 29 13.2 6.3 4.7 15.9 NW 14 0.9
2005 1 17 13 6.4 4.7 (4.4) 16.4 NW 16 0.9
2002 1 7 12.9 6.2 4.6 (5.1) 16.8 NW 12 0.9

b) 24-h maximum
1986 2 23 16 19.6 9.5 7.1 20 WNW 13 1.9
1985 1 15 4 19.2 10.1 7.6 16.7 NW 12 1.1
1999 1 1 6 19.1 9.2 6.9 20 NW 13 2.2
2003 1 5 15 (11) 17.9 9.3 7 (7.2) 16.7 NW 16 1.9
1998 1 29 4 17.7 8.4 6.3 20 NW 14 2.1
1989 1 29 11 17.7 8.4 6.3 20 NW 14 0.9
1986 2 5 20 17.1 8 6 20 NW 12 2
2005 1 17 20 (17) 16.9 7.9 5.9 (5.6) 20 NW 16 0.9
1985 1 19 5 16.9 7.9 5.9 20 NW 13 2.1
1985 12 10 19 16.7 7.8 5.8 20 NW 13 2.1

Figure 10. Plot showing all hourly surf estimates �9 m (small gray dots)
coinciding with categories of the tide (large black dots) for (a) tide �1�,
(b) �1.5�, and (c) �2�. Corresponding surf heights in Hsf are in paren-
theses on right margin.

Figure 11. Plot showing counts of events over the 27-y period reaching
at least the given surf size and tidal height category. Annual recurrence
(years per event) is in brackets. Surf height as Hsf is in parentheses in
legend.

For each episode within each joint category, the duration in
hours was calculated, and the number of events lasting a giv-
en number of hours was tallied (Figure 12). The threshold for
surf �18 m is the exception, with only one event for two of
the tidal thresholds. For all the other surf categories, there

is a distinct bimodal pattern with a maximum of events last-
ing one to two hours and a secondary maximum between
three to six hours duration, which can be explained as fol-
lows: High-surf episodes �9 m are short-lived, commonly less
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Figure 12. Plot showing the number of events with specific duration for
each of the 12 paired surf/tidal categories over 1981–2007. Surf height as
Hsf is given in parentheses in titles.

Figure 13. Plot showing paired surf and tidal heights at the episode
wave run-up maximum for events with visual observations (Table 2).
Qualitative descriptive ranking of wave run-up potential is overlaid. Surf
height as Hsf is given in parentheses on right margin.

than a day, and decrease in duration for increasing surf
height. High-surf episodes tend to last longer from extratrop-
ical cyclones that form in the far northwest Pacific, have a
slow east-component track speed, and typically coincide with
an occluded low-pressure system about 1500 km northwest
to north of Hawaii. Surf episodes are shorter in duration
when the genesis is near the International Dateline and the
extratropical cyclone tracks steadily past Hawaii to the north
into the Gulf of Alaska. Thus, the maximum number of
events (Figure 12) with short durations of 1–2 h reflects the
tendency for the maximum of the short-lived surf episodes to
be out of phase, on the order of a few hours, from the time of
the daily maximum high tide, which would be shorter-lived
and lower in magnitude the further away from the date of
the spring tidal maximum (Figure 3). The secondary peaks
in Figure 12 suggest the favoring of longer-lived, high-surf
episodes occurring near the spring tidal maximum.

As an independent check on the effects of high wave run-
up, descriptions of property damage and sand wash onto
coastal highways were examined in two sources: the NOAA
National Weather Service Storm Data reports (1996–2007)
and the Hawaii Department of Transportation (HDOT) daily
road clearance logs (1992–2006). The former had fewer
events logged. For one of the largest surf episode, January
28, 1998, during the overlapping periods, the Storm Data se-
ries describes property damage and sand/debris on the Ka-
mehameha Highway on the north shore of Oahu. However,
the HDOT did not file a report for that day. The HDOT had

several days listed when the surf was commonly high, around
4 m, on days with neap tides. The haphazard nature of these
reports creates more questions than answers.

Greater confidence in cross-referencing effects of high wave
wash can be found in a select set of visual observations (Fig-
ure 13 and Table 2). The lead author was the primary ob-
server, consistently viewing the same locations and ensuring
the episode maximum was captured. Information was derived
from historic newspaper articles on the coastal inundation
resulting from the highest event in the time series (Table 1)
on February 23, 1986. Mr. Dolan Eversole of the State of
Hawaii Division of Land and Natural Resources (DLNR) pro-
vided photographic evidence and a visual description for the
January 30, 2007, episode. This data set is used to qualita-
tively define high wave wash potential into three categories—
marginal, significant, and extreme. The lines depicting these
categories (Figure 13) were subjectively drawn by the lead
author. This information can serve as guidance for NWS
coastal flood forecasts.

Marginal episodes are common and occur 10 times per sea-
son on average. Such episodes do not pose a threat to coastal
properties unless the duration is exceptionally long, such as
having back-to-back episodes of similar magnitude. Signifi-
cant episodes represent nominally the average highest epi-
sode occurring once a year. Data points for December 7, 2006,
and December 4, 2007, were used to define this threshold.
Visual observations revealed very similar vertical reach of
the wave wash on these two episodes of differing surf and
tidal heights, emphasizing the importance of the joint occur-
rence of the two phenomena. Significant episodes pose dam-
age only to the lowest-lying coastal properties yet present
grave danger to people in the wash zone. Finally, extreme
episodes occur on interannual timescales, every 7 y on aver-
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Table 2. Qualitative description of maximum reach or effects of wave wash at select locations within 2 km from Waimea Bay based on visual site surveys
(with the exception of February 23, 1986, which was derived from historical newspaper accounts).

Date Source Comment

February 23, 1986 Honolulu Advertiser Extreme damage to coastal properties on Ke Iki Road and Kam Highway at Waimea Bay.
January 28, 1998 P. Caldwell Extensive amount of sand on Kam Highway at Laniakea; wave wash reaches into field on landward side

of highway.
December 07, 2006 P. Caldwell Wave wash one-third up rock revetment at Chuns; wave wash tops revetment on southern end of Lani-

akea, 1 m onto highway.
January 30, 2007 D. Eversole, DLNR Extensive amount of sand on Kam Highway at Laniakea; wave wash reaches into field on landward side

of highway.
December 01, 2007 P. Caldwell Wave wash beyond 3 m seaward of revetment at Chuns.
December 04, 2007 P. Caldwell Wave wash one-third up rock revetment at Chuns; wave wash tops revetment on southern end of Lani-

akea, 1 m onto highway.
January 13, 2008 P. Caldwell Wave wash tops revetment at Chuns reaching 1–2 m inland; at Laniakea, wave wash crosses highway at

select areas.

Figure 14. (a) Plot giving the marginal distribution of the Haleiwa pre-
dicted tides. (b) Plot of the marginal distribution of the estimated north
shore surf heights. (c) Plot of the joint exceedance distribution of tide (x-
axis) and surf heights (y-axis). The contours represent hours/year that
the combination of tide and surf height is exceeded, and the points rep-
resent the hourly paired surf/tidal data.

age, (Figure 11, surf �15 m and tide �2�), create widespread
flooding, strong erosion, and high damage potential in the
coastal zone.

The final analysis of this study on the 1981–2007 surf/tide
hourly series focuses on the joint probability of occurrence,
which provides critical insight for coastal design. In the fol-
lowing discussion, wave height refers to the H10 breakers. A
joint probability distribution, p(H, T), gives the probability
that the wave height, H, is at a particular level, H0, and the
tide, T, is at a particular level, T0:

p(H, T) � Pr(H � H0 & T � T0). (1)

This relationship is perhaps more useful when given in terms
of how often thresholds are exceeded. A joint exceedance dis-
tribution, q(H, T), gives the probability that the wave height,

H, is greater than a particular level, H0, and the tide, T, is
greater than a particular level, T0:

q(H, T) � Pr(H � H0 & T � T0). (2)

Empirical probability distribution functions (PDF) of the surf
and tidal data sets were constructed individually from the
observed data. Cumulative distribution functions (CDF) and
exceedance distribution (computed as 1 � CDF) were con-
structed from the empirical PDFs. The empirical PDFs and
exceedance functions were then used as marginals of joint
probability and exceedance distributions (Figure 14a and
14b). Joint probability distributions were constructed on the
assumption that wave height and tide are independent. If the
two processes, with individual PDFs pH(H) and pT(T), are in-
dependent, then their joint probability, p(H, T), is easily con-
structed by multiplying the probability of one process by the
other:

p(H, T) � pT(T)pH(H). (3)

Similarly, the joint exceedance distribution was constructed
by multiplying the individual exceedance probabilities, qT(T)
and qH(H):

q(H, T) � qT(T)qH(H). (4)

Davidson, O’Hare, and George (2008) found evidence for tidal
modulation of incident wave power on macrotidal coasts.
However, the assumption of independence of wave height and
tide is quite acceptable for microtidal coastal waters, similar
to Hawaii, where the wave heights are large in comparison
to the tide, and the tidal currents are relatively weak to min-
imize wave-current interaction.

The joint probability model (Figure 14c) for the 1981–2007
north shore Oahu estimated surf and tides shows the concen-
tration of the individual data pairs around the mean tidal
elevation at times with the most frequently occurring surf
heights. However, the pairs in the highest surf and tidal
ranges are the occurrences that result in high wave run-up.
The widespread nature of these highest pairs underlines the
high variability of the historic joint occurrence. The joint ex-
ceedance distribution can be modified to give the typical
number of hours per year that any particular combination of
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surf and tidal height are exceeded (contours in Figure 14c).
Such information gives greater insight into future run-up po-
tential with application to coastal planning and design. The
significant case (Figure 13), or average once-a-year episode,
is short-lived, 2.5-h average duration, as seen in Figures 14
and 12b (1.5�). This emphasizes the rarity of high wave wash
episodes, yet, as with other extremes in nature such as wind,
one must acknowledge that vast impacts can occur over short
time spans.

SUMMARY AND FUTURE WORK

An understanding of the nature of high wave run-up is vi-
tally important for safety, property protection, coastal plan-
ning, and research. Tsunamis and hurricanes pose the largest
potential for coastal damage, although these events are rare.
More commonly, coastal inundation results from seasonal
high surf generated by North Pacific extratropical cyclones
coinciding with spring high tides. For the north shore of
Oahu, an estimate of the frequency and duration of events
categorized by surf and tidal height has been made using
historical hourly buoy measurements and predicted tides
during 1981–2007.

The Waimea buoy was the primary source for deep-water
Hs and Td data. However this series only began in 2001.
NDBC buoy 51001 data sets extend back to 1981. The loca-
tion is sufficiently remote from Oahu to warrant a correction
in Hs, which was based on a regression analysis between the
Hs daily means of the Waimea buoy and buoy 51001. From
the 1981–2007 hourly series of measured and estimated deep-
water Hs and Td values off northern Oahu, surf heights were
calculated using an empirical transformation scheme. This
resultant long time series of estimated H10 breakers is one of
the important contributions of the present study, and it has
broad potential for future research and engineering applica-
tions.

For thresholds of surf and tidal heights, 12 categories were
defined to quantify the frequency and duration of coinciding
events. The results show decreasing occurrence and duration
with increasing surf and tidal heights, and a high year-to-
year variability. Using ancillary information on the physical
effects of select episodes at specific locations, the joint rela-
tionship of surf and tidal variations was qualitatively cate-
gorized into marginal, significant, and extreme events, cre-
ating a guidance product for NWS coastal flood advisories.
For coastal design application, a joint probability model was
derived that allows an estimate to be made of annual average
time (in hours) exceeding any given paired surf and tidal
height. Although it is shown that the significant and extreme
cases of high wave run-up are infrequent and short-lived, the
coastal impacts and safety concerns are great. In summary,
results from this article provide important insight into miti-
gating coastal vulnerability from high wave run-up through
a better understanding of the historical variability in the
joint occurrence of high surf and tides.

Future work is needed to acquire the optimal historical es-
timated deep-water Hs and Td values off northern Oahu for
time periods when Waimea buoy data were not available.
CDIP maintained a deep-water (1100 m) wave rider gauge

off Barking Sands, Kauai, from 1982 to 1983, a span when
buoy 51001 was out of service. Output from wave model re-
analysis projects, such as the U.S. Army Corps of Engineers
Wave Information Studies (Aucan, 2006), could extend the
series backward by as much as 25 y, as well as provide esti-
mates to fill gaps in the buoy 51001 series.

The article does not attempt to define the vertical wave
run-up relative to a datum, which needs to be established for
future work. First, the Haleiwa tide station needs a fixed
reference level linked to geodetic benchmarks for clearly de-
fining the sea-level elevation relative to digital elevation
maps. Secondly, direct, geodetically surveyed observations of
run-up at select locations should be undertaken to evaluate
conditions leading to the greatest coastal erosion and the tim-
ing of that erosion with respect to the phasing and duration
of the high surf and tides. Once a referenced vertical run-up
estimate can be confidently modeled for given surf and tidal
heights, the ranking of joint occurrences (Figure 13) could be
refined, allowing more precise coastal flood forecasts. Related
models could also include sea-level rise associated with global
climate change to better predict future extremes for each sec-
tor of the coast, greatly serving coastal planning and miti-
gation.

The deep-water estimated and measured Hs and Td values
near north shore Oahu are ripe for a study similar to Rug-
giero et al. (2001), which defines return periods based on the
data series length and models the combined effect of surf,
tides, and interannual sea-level variability. In the present
study, interannual variation of sea level was not taken into
consideration because the signal was small. However, for ex-
plicit elevation reach, this information would add value. Oth-
er components to total run-up, such as wave setup and Eck-
man pumping caused by regional winds, merit further inves-
tigation.
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