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ABSTRACT 

Increasing demands on coastal areas drive a need for accurate projections of 

coastal erosion hazards. However, our understanding of and ability to predict coastline 

migration on timescales of years and decades remains limited. Historical shoreline 

change is investigated for a study site encompassing 5 km of the Kihei coast on the 

island of Maui in the Hawaiian archipelago. Horizontal movement of the landward and 

seaward boundaries of the beach from aerial photographs and topographic surveys (T

sheets) is used to develop a decade to century scale high-resolution database of sediment 

volume changes. Over the entire period covered by the study (1900-1997) the northern 

portion of the site accreted 4.2 x 105 m3 of sediment, while 1.5 x 105 m3 eroded from the 

southern portion. The database of volume changes is used to develop a time series of net 

longshore sediment transport for periods between historical shorelines, which shows 

significant variation in the direction and magnitude of net longshore sediment transport 

over the past century. The pattern is consistent with, and believed to be largely a result 

of, variations in Kona storm activity. Occasional large Konas storms (rain-bearing 

stormy winds from the southwest) result in high rates of northward longshore sediment 

transport. The more typical trade wind-driven eolian transport is to the south, but at 

much lower rates. Hurricanes, tsunami, and south swell appear to be of secondary 

importance in changing this coastline. The Pacific Decadal Oscillation (PDQ) is 

hypothesized to cause multi-decadal shifts in mean Kona storm activity in the vicinity of 

Hawaii, resulting in the majority of shoreline changes documented at the Kihei site. A 

possible mechanism is by altering the position of the ridge aloft relative to the islands. 

The hypothesis is investigated using models of wave transformation and longshore 
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sediment transport. Statistically significant correlations between the PDO cycle, Kona 

storm activity, and net longshore sediment transport suggest that the PDO does exert a 

strong control on decadal scale changes along this coastline. Consideration of the PDO 

may improve our understanding of coastal sediment dynamics, enhancing existing 

efforts to forecast erosion hazard areas and effectively manage sandy shorelines. 
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PREFACE 

Sandy shorelines are common along many of the world's coastlines. Despite this, 

our understanding of the behavior of beach and nearshore sediment systems on scales of 

years to decades remains limited. The movement of sediment by waves and currents is 

both complex and difficult to measure (e.g., Komar, 1998; NRC, 1995; Weigel, 1992). The 

large number of variables, operating over a range of timescales, and the general inability 

to predict erosion causing forces, confounds our ability to accurately predict beach and 

shoreline dynamics (e.g., Komar et. al., 1991; Libbey et. al., 1998; NRC, 1990; Thieler, et. 

al., 2000). This investigation is intended to enhance our understanding of decadal scale 

behavior of these systems for a study site in the Hawaiian Islands. 

The site encompasses a 5 km long segment of the southwestern or Kihei coast of 

Maui, Hawaii. In contrast with the bulk of research reported on shoreline change and 

coastal sediment dynamics, which has generally focused on continental quartz sand 

beaches, this area is characterized by predominantly calcareous sand beaches in an 

oceanic island setting. It also features a nearshore ocean floor with a high percentage of 

hard bottom rather than extensive sand deposits, and a relatively narrow beach. The 

dynamic nature of this shoreline is demonstrated by the serious erosion in the area over 

the last several decades. Damage to valuable oceanfront real estate and narrowing and 

loss of the beach have generated public concern regarding future changes that may 

occur. 

One primary goal of this investigation is to quantify and characterize, with the 

highest temporal and spatial resolution possible, how this shoreline segment has 
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changed over the past century. One extension of this goal is an effort to project future 

erosion hazard areas, based on historical shoreline change analysis and improved by 

correlation with data on oceanographic forces, as recommended by the National 

Research Council (NRC, 1990). Efforts to meet these goals were reported in a paper 

published in the Proceedings of the Thirteenth Annual National Conference on Beaclz 

Preservation Technology (2000). This work was written by John Rooney and Dr. Charles 

Fletcher and is included here as Chapter One. Additional data, figures, and further 

discussion that did not appear in the original paper have been added where appropriate 

to the chapter. 

The other principal goal of this study is to develop an understanding of why the 

observed changes occurred. One common difficulty with trying to determine causes of 

shoreline change taking place over the course of decades is a lack of oceanographic data 

covering the same temporal and geographic range. Particularly in light of this problem, 

the database of historical shoreline fluctuations developed in meeting this study's first 

goal is a valuable tool for addressing the second. However, patterns of shoreline change 

revealed by this database are heterogeneous, with alternating patterns of erosion and 

accretion that are difficult to interpret. In an effort to better understand the changes 

occurring, a single time series of net longshore sediment transport is developed for the 

site by comparing volumes of sediment that have eroded or accreted on opposite sides 

of features within the site. Changes in magnitude and direction of sediment transport 

revealed by the time series are hypothesized to result from variations in Kona storm 

activity, which in tum are attributed to fluctuations in the Pacific Decadal Oscillation. 

This research is reported in a paper authored by John Rooney and Dr. Charles Fletcher, 
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which was submitted to Marine Geology and is currently in review. This paper, along 

with additional details in a few instances, comprises Chapter 2 of this dissertation. 

In the third and final chapter, the above hypotheses are investigated further 

using wave transformation and sediment transport models, in conjunction with a 

historical record of major Kona storms that have occurred over the past century, and 

directional wave data. Rates of longshore sediment transport for waves from three 

different directions are estimated from model results. These are also used to estimate the 

total volume of net longshore sediment transport resulting from historical Kona events, 

which is then compared to the record of net transport based on differences in 

impoundment and erosion. New data are further presented to better resolve 

contributions of south swell over the past century to the documented shoreline changes. 

Early stages of this effort were presented at the National Conference on Beach 

Preservation in August, 2000 and led to an invitation to submit a paper for a special 

issue of Geophysical Research Letters. This paper, authored by John Rooney and Dr. 

Charles Fletcher, and including additional details and a literature review that are not in 

the submitted paper, comprise Chapter 3. 
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CHAPTER 1. A HIGH RESOLUTION, DIGIT AL, AERIAL PHOTOGRAMMETRIC 

ANALYSIS OF HISTORICAL SHORELINE CHANGE AND NET SEDIMENT 

TRANSPORT ALONG THE KIHEI COAST OF MAUI, HAW AII1 

Abstract 

This study examines historical shoreline change in southwestern Maui, 

Hawaii based on orthophotographs for seven years between 1949 and 1997 and 

NOAA I-sheet shorelines from 1900 and 1912. A reweighted least squares (RLS) 

regression is applied to the most recent trend in the data to calculate average annual 

erosion hazard rates and delineate the 30-year erosion hazard area. Historical 

movement of the vegetation line and beach step crest is used to estimate net 

sediment transport. Between 1912 and 1949 the southern coastline of the study site 

receded rapidly, an average of 1.8 m yr-1
• In successively later time intervals the focus 

of erosion migrated northward. Some of the eroded sediment may have been 

deposited in the northern part of the site, which accreted three times more sediment 

than was eroded from the south. Significant net sediment transport to the north had 

occurred by 1912, prior to extensive known anthropogenic disturbance of the 

shoreline. Net accretion, and timing of the observed changes, suggest natural forcing 

is primarily responsible. An overall shift from accretion to erosion starting around 

1975, and low rates of net sediment transport since then, are at least in part due to 

sediment impoundment from the proliferation of coastal armoring that began in the 

1 Rooney, J. J.B. and Fletcher, C.H., 2000. A high resolution, digital, aerial photogrammetric 
analysis of historical shoreline change and net sediment transport along the Kihei coast of Maui, 
Hawaii. Proceedings of the Thirteenth Annual National Conference on Beach Preservation Technology. 
February 2-4, 2000, Melbourne, Florida, pp. 284-296. 
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early 1970s. Beach erosion is a serious problem in Hawaii, as evidenced by the 44% 

mean decrease in beach width at this site from 1949 to 1997. 

Introduction 

Beaches are a tremendously important cultural, recreational, economic, and 

ecological resource in the state of Hawaii. They are, for example, a vital cornerstone of 

the visitor industry, which has supported 31 percent of the state's gross product since 

1990 (DBEDT, 1999). Despite their importance, beaches on all the main Hawaiian Islands 

are seriously degraded (Makai Ocean Engineering and Sea Engineering, 1991; Sea 

Engineering, 1988). On the island of Maui it has been estimated that one third of the 

original sandy beach has been lost or narrowed over the last half century (Fletcher and 

Hwang, 1994). As a first step toward better protection of their beach resources, coastal 

zone managers need to have accurate, detailed information about historic patterns of 

shoreline change (Fletcher and Lemmo, 1999). The research reported here was designed 

to provide such information for a study site centered on the southwest coast of Maui. 

Techniques and methodologies developed at this site are now being applied to study all 

of the significant sandy shoreline areas on Maui to improve understanding of island

wide coastal sediment dynamics. 

Study Area 

The study area (Figure 1.1) located in the town of Kihei, Maui extends along 5 

km of coastline fronted by a wide fringing reef and terminated to the north by the rock 
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walls of the ancient Hawaiian Koieie Fishpond. The southern end of the reef-fronted 

area is marked by a small natural rocky headland. South of that are a number of pocket 

beaches characterizing the remainder of this coastline. The first of these, Kamaole I 

Beach Park, is also included within our study area. In 1949 the entire stretch of coastline 

except for the rocky headlands had a relatively wide sandy beach. Since then, 1800 m of 

the originally sandy shoreline has been replaced by seawalls and revetments. The site is 

in the lee of West Maui and the islands of Molokai, Lanai, and Oahu, relative to the large 

north pacific swells that impact Hawaii every winter. Likewise it is largely protected 

from chop and swell generated by the brisk northeasterly trade winds, which occur 

about 70 percent of the time, particularly in the summer months of May through 

September (Haraguchi, 1979). The trade winds on Maui tend to accelerate through the 

central valley separating the volcanic peaks of West Maui and Haleakala. The winds 

diverge upon leaving the valley and the air stream that is diverted south along the Kihei 

coast rises up the sun-heated western slope of Haleakala, forming an ascending spiral of 

air know as the "Maui vortex" (Schroeder, 1993). Thus the Kihei coastline does 

experience strong trade winds, but they are usually from the north (alongshore) rather 

than from the northeast. 

Although somewhat protected by the islands of Lanai and Kahoolawe, the study 

site is vulnerable to storm and wave events that approach from the south and southwest. 

South swell, generated by storms in the southern hemisphere, usually impact the 

Hawaiian Islands in the summer and early autumn. These events typically have wave 

heights of about 0.3 m to 1.2 m, periods of 14 to 22 seconds (Armstrong, 1983). 
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Kona winds are stormy, rain bearing winds that blow from the south or south

southwest. They accompany low pressure systems approaching the islands from the 

west, and are most common in the late winter and early spring. Kona events can 

generate wave heights of 3 to 5 m and periods of 8-10 seconds. Although Kona winds 

occur only 10% of the time and are usually light, the occasional strong Kona storms have 

caused extensive damage to south and west facing shorelines, including the Kihei coast 

(U.S. Army Corps of Engineers, 1967; Makai Ocean Engineering, Inc. and Sea 

Engineering, Inc., 1991). 

Methods 

Historical Shoreline Positions 

Historical shoreline positions were acquired from both aerial photographs and 

NOAA T-sheets. Only 1:12,000 scale or larger, vertical, and survey-quality aerial 

photographs were used. Photographs meeting these criteria dated from 1949, 1960, 1963, 

1975, 1987, 1988, and 1997. Scanned images of the photographs were corrected for 

distortion errors (Thieler and Danforth, 1994) and mosaicked together following the 

methodology of Coyne et al. (1999). Approximately five ground control points (GCP's) 

were selected per photograph from the 1997 series. Differential global positioning 

(DGPS) was used to determine the position of each GCP to within a few millimeters. 

Scanned images were imported into commercial rectification software 

(PCI Geomatics, Inc.). Rectification utilizes the GCP's, the principle point of a 

photograph, and information about the camera. The process orients an image so that 

true north is up, assigns it a common map projection (UTM) and datum (WGS84), and 
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rubber sheets it to best fit the GCP's. The middle of a rectified image has better position 

accuracy than the edges, so only the central third of each image was used when joining 

rectified images together. A batch of images joined together in this way is then 

resampled to bring them to a common scale of 0.5 m per pixel. The resulting 

photomosaic is a georeferenced image of a continuous stretch of coastline. 

In rectifying images from years prior to 1997, both GCP' s and pass points are 

used. Pass points are precise features that are visible in both the 1997 photomosaic and 

the historical image to be rectified. A photomosaic was made for each of the earlier 

series of photographs. The rectification process is currently the most time consuming 

part of the entire analysis. We will be investigating an aerotriangulation method and use 

of rectified satellite images as a means to decrease our production time and improve the 

accuracy of our photomosaics. 

We define the crest of the beach step and the vegetation line as the seaward and 

landward boundaries of the beach, respectively (Bauer and Allen, 1995), and the 

horizontal distance between them as the beach width (Figure 3). We track the movement 

of the beach step crest through time to calculate erosion rates. Coyne et. al. (1999) 

defined the shoreline change reference feature (SCRF) as the beach step crest in their 

work for the FEMA "Evaluation of Erosion Hazards" study. 

Where the seaward extent of vegetation is limited by seawalls or revetments, 

the vegetation line is vectored along the seaward side of the structure. The crest of 

the beach step is also delineated along the base of coastal armoring where there is no 

subaerially exposed beach during high tide. On armored shorelines, these features 

follow the estimated position of the mean high water line (MHWL). Following these 
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definitions, the beach width for armored coastlines that are no longer fronted by 

sandy beach is zero. 

Shoreline position error is calculated as the root sum of squares of total 

measurement error, and tidal and seasonal fluctuation of the SCRF. Total measurement 

error is the root sum of squares of rectification error, digitizing error, error due to 

incorrect identification of the shoreline reference feature on a photomosaic, and pixel 

accuracy (0.5 m). Tidal fluctuation is the maximum horizontal movement of the beach 

step crest measured between the lowest and highest tides during a spring tide, at several 

locations (3.0 m). Seasonal fluctuation is calculated as the upper bound of mean 

movement of the SCRF at the 80% confidence level between the 1987 (summer) and 1988 

(winter) photomosaics and is the largest uncertainty term for shoreline positions from 

photomosaics (± 3.7 m). Position uncertainty for the vegetation line is calculated as the 

square root of the sum of squares of total measurement error. 

Topographic Surveys 

Historical shoreline positions are also acquired from U.S. Coast and Geodetic 

Survey topographic surveys, or T-sheets. A T-sheet for the northern half of our study 

site is available from 1900, and one for the southern half, with about 130 m of overlap, 

from 1912. Copies were obtained from a private vendor working with the National 

Archives, and from the National Ocean Service respectively. The mean high water line 

(MHWL) from both surveys was digitized on a Summagraphics Microgrid III digitizing 

pad set at 0.127 mm (0.005 in) resolution, with the operator wearing 2.75 power 

10 



binocular magnifiers. Triple replicates of each shoreline are made, and the median 

shoreline position used for analysis. 

Surveys originally used the Old Hawaiian Datum. Digitized T-sheet MHWLs are 

converted to WGS84 by overlaying with the 1997 photomosaic. MHWLs are shifted 

seaward a distance equal to the median distance between the median MHWL and the 

crest of the beach step, as measured from five years of seasonal beach profiles taken 

within the study site. Uncertainty due to conversion of the MHWL to the beach step 

crest position is set at± 2.8 m based on profile data. Uncertainty associated with the 

plotted position of the shoreline on the T-sheet is set at± 5.1 mas per Shalowitz (1964). It 

is confirmed by measurement of offset between prominent rock outcrops and other fea

tures common to the T-sheets and 1997 photomosaic. T-sheet shoreline uncertainty is 

calculated as the root sum of the squares of the terms above as well as those used to 

calculate photomosaic shoreline position. The most significant of these are digitizing er

ror and T-sheet plotting error. 

Erosion Rates 

To calculate erosion rates, all historical shorelines are overlain on the 1997 

photomosaic and a time series of movement histories calculated every 20 min the 

alongshore direction. We determine an end-point rate (EPR) using the earliest and latest 

shoreline positions (e.g., Foster and Savage, 1989; Dolan et al., 1991). Inspection suggests 

that the entire study site can be described using 13 sub-cells (Figure 1.2). The pattern of 

shoreline change is consistent within a sub-cell, and the pattern is different or distinct 

11 



Figure 1.2. Halama study site sub-cells. 
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from those of neighboring sub-cells. Further inspection of shoreline history reveals that 

several sub-cells display a significant change in shoreline behavior through time. 

Because they are not well characterized by any single erosion rate we calculate a rate 

based on the most recent trend in the shoreline, the projected annual erosion hazard rate 

(AEHR). This is calculated by taking the slope of the reweighted least squares (RLS) 

regression line fit to the data points included with the most recent trend. Details of the 

RLS regression are discussed later. For transects experiencing erosion, the AEHR is used 

to define the 30 year erosion hazard projected from the 1997 vegetation line. The 80% 

confidence interval of the standard error of the AEHR is taken to be the erosion rate 

uncertainty for each transect, while the 80% prediction interval is taken to be the 

uncertainty associated with its 30-year projection. 

Volumetric Shoreline Change 

As mentioned above, a profile line (one of approximately 90 statewide) 

established within our study site was surveyed each summer and winter for five years. 

The profile data are used to develop a model estimating volumetric changes along the 

coast from historical shoreline movement information. The model, modified from Bodge 

(1998), uses the change in beach width (LlX) as a proxy for change in volume under the 

profile(~ V) based on the~ VI LlX relationship determined from our survey data (Figure 

1.3). The slope of a regression line running through the origin and fit to the data yields 

what Bodge (1998) refers to as the "G/' value, expressed here as: 

~ V volume change per unit shorelength 
G,, = - = -------------------

~X change in beachwidth 
(1.1) 
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beachwidth for five years of seasonal beach profile data. The slope of a 
regression line, forced through the origin and fit to these data, yields a value 
for "Gp," the first of two terms in the model developed here to convert linear 
shoreline change to volumetric units. 
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The GI' term has units in this case of m3 per meter of beach width change per meter 

along the shoreline, or m' m-1 m-1
• Given that the profile data was collected each 

summer and winter over a relatively short (five year) timespan, our GI' value better 

reflects seasonal variation than it does a long-term trend. It is multiplied by the 

change in beach width (Ll.X) determined from aerial photo history, to yield a volume 

change for a 1 m wide strip of the active, sandy beach. This comprises the first term 

in our volumetric change model (Figure 1.4). Based on analysis of profile data, 

uncertainty associated with the GI' value is estimated at± 40%. 

The second term accounts for the change in volume associated with 

movement of the vegetation line. It reflects long-term variation in which the 

vegetation line moves significantly (Morton and Speed, 1998), and is calculated from 

two measurements. The first, !iZ, is the elevation difference between the base of the 

actively changing profile (depth of closure) and the average elevation of the 

vegetated coastal plain. Based on an inspection of profile data it is assigned a value 

of 3.4 ± 1.0 m. The second measurement, Ii Veg, is the horizontal distance the 

vegetation line moves over a given time interval. The !iZ and ti Veg measurements 

are multiplied and define the volumetric change under a 1 m wide strip of the 

vegetated profile. A 1-meter shift in position of the vegetation line will therefore 

induce a 3.4 m3 change in volume, versus 0.8 m3 from a 1-meter shift of the crest of 

the beach step, or shoreline. On decadal scales, and in the absence of coastal 

armoring, as the shoreline moves landward or seaward, the vegetation line will tend 

to follow, keeping an approximately constant beachwidth. Large fluctuations in the 
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coastline therefore are associated with large volume changes due to vegetation line 

movement, with much smaller changes due to movement of the shoreline. 

The change in profile volume (Gr * L1X) and the change in coastal plain 

volume (Li Veg* ~Z) together give the total change in volume, Li Vol, under the entire 

length of a 1 m wide shore-normal line. That result is multiplied by 20 m, the width 

of beach represented by each measurement of historical shoreline movement. This 

procedure can be written as: 

Li Vol= [(G I' * LiX) +(Li Veg* LiZ)] * 20, 

in which: 

Li Vol = total change in volume for a 20 m wide shore-normal strip 

GI' = slope of the best fit line from a plot of Li VI L1X 

LiX =horizontal change in beach width 

Li Veg = horizontal movement of the vegetation line 

LiZ =elevation difference between the coastal plain and the depth of 
closure, as seen in profile data 

(1.2) 

Volumetric uncertainty is calculated as the root sum of squares of the uncertainties of 

individual components of the above equation. These include uncertainty of vegetation 

line positions multiplied by the elevation difference, beachwidth multiplied by 

uncertainty of the LiZ term (± 1.0 m), the GP term multiplied by position uncertainty of 

beach step crest positions, and the GP uncertainty(± 40%) multiplied by movement of 

the beach step crest. 

17 



Results from the model for the North Halama sub-cell compared well with field 

measurements of volume change in the area. Using the above equation, volumetric 

changes were calculated for each time increment of our shoreline history at 20 m 

alongshore spacing, and for each sub-cell. 

Sediment Production 

The primary components of the beach and nearshore sediment within the study 

site are calcareous, produced by foraminifera, red algae, mollusks, coral, and echinoids 

(Moberly, et. al., 1963). Since all of these organisms can be seen living in the area today, 

we estimated current rates of in situ sediment production. Two different types of reef 

environment are found at the Halama study site. There is a large reef flat area with low 

percentages of live coral cover, and a smaller reef slope area with high percentages of 

live coral cover. The surface area of each is measured from the 1997 photomosaics. Gross 

calcium carbonate production rates of 1.4 and 7.0 kg m·2 yr·1 respectively are assigned to 

the reef flat and slope environments (Hamey and Fletcher, 1999). They further estimate 

that 50% of the gross CaC0
3 
production is reduced to sediment, and that 50% of that 

sediment is trapped within the reef framework. That leaves the remaining 50% 

potentially available to add to the beach sediment reservoir. The highest production 

rates are found on the reef slope, which is on the outer edge of the reef platform. Once a 

sand grain falls over the outer edge of the reef platform it will be quite difficult for it to 

be redeposited on the reef platform. We estimate therefore that 50% of the sediment 

produced and not trapped within the reef framework is removed from the reef system 

by transport off the edge of the reef platform. The remaining 50%, or 12.5% of the gross 
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CaCO) production, is estimated to be added to the beach system. Total sediment 

production for the entire reef area fronting the study site was estimated for the time 

period between 1900 and 1997 and compared to the volumetric shoreline changes 

estimated above. 

Sedirnentology and Composition 

Surface sediment samples were collected from six locations within the site 

(Figure 1.4). Samples #1 and #6 are integrated beach-wide samples similar to those 

typically used by coastal engineers (K. Bodge, pers. corn.). They consist of equal volume 

sub-samples collected at regularly spaced intervals from the vegetation line across the 

backshore and foreshore to just seaward of the base of the beach step. Sample #1 is from 

the middle of the reef-fronted area while #6 was collected from the Karnaole I pocket 

beach. Samples #1 through #5 form a shore-normal transect, with higher sample 

numbers collected from further offshore locations. Sample #2 is from 6.1 rn water depth, 

collected in a channel on but near the edge of the reef area. Samples #3 and #4 are from 

15.5 rn and 22.9 rn water depth on the relatively flat, sediment covered area seaward of 

the reef slope. Sample #5 is from the side of a steep, sediment-covered slope at 54.9 rn. 

Samples were dried, split, and sieved into eight grain-size classes based on the 

Wentworth (1922) scale. The weight percent of material retained on each sieve is used to 

calculate grain size statistics by graphical means as well as the method of moments (cf. 

Boggs, 1987). 

Other splits were embedded in epoxy, thin sectioned, and examined using a 

petrographic microscope to determine the origins of the sediment. A minimum of 200 
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grains per slide were point-counted and identified as coral, coralline algae, Hnli111eda, 

mollusc, foraminifera, or echinoderm. Nonskeletal particles, including carbonate 

aggregates (classified as intraclasts), and crystalline grains, and non-carbonate grains 

(classified as "volcanic") were also identified. Crystalline grains are defined as carbonate 

particles that have recrystallized to the point that insufficient skeletal structure remains 

to classify them into one of the above groups. 

Results 

Linear distances of shore and vegetation line movement, rates of change, and 

associated volumetric changes are calculated at 20 m spacing. Full tables of these data on 

a transect by transect basis are included in Appendix A. Positions of historical shorelines 

are also delineated on posters of historical shoreline change in Appendix B. For ease of 

interpretation, shoreline change data are tabulated below for the 13 sub-cells within the 

study site. Mean movement of the beach step crest or shoreline for consecutive periods 

of photographic and I-sheet coverage, and mean movement normalized by time, are 

shown in Table 1.1 and Table 1.2 respectively. Mean long-term, or end point, erosion 

rates and annual erosion hazard rates for each sub-cell are shown in Table 1.3. Negative 

values indicate net erosion. Overall means for all transects within the study site are also 

included. Since sub-cells include different numbers of transects, the mean of rates 

indicated for each sub-cell do not equal the overall means shown in the table. Both sets 

of erosion rates are depicted graphically in Figure 1.6. 
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Table 1.1. Mean shoreline movement for each sub-cell and interval 
of time, in meters. Missing numbers indicate lack of T-sheet coverage 
for that sub-cell and time interval. Negative numbers indicate erosion. 

Interval 1900 1912 1900 1949 1960 1963 1975 1988 1900/12 
/ Sub-cell -1912 -1949 -1949 -1960 -1963 -1975 -1988 -1997 -1997 

Koieie -18.1 -3.8 -20.7 3.2 -14.5 0.5 -53.4 

Waipuilani 52.5 52.5 7.6 1 .1 3.0 -8.9 55.6 

Kawililipoa 24.2 18.2 32.5 18.4 1.7 14.5 8.5 2.8 74.4 

Azeka Pl. 9.7 12.5 3.1 -13.5 5.1 4.1 21.5 

St. Theresa 29.6 -7.9 -2.3 -4.5 -1.0 5.3 19.1 

N. Halama 15.6 8.5 4.1 7.0 -9.2 -5.9 20 .2 

S. Halama -2.4 -6.5 1.7 -4.8 -9.3 -1.2 -22.6 

S Hal Node -15.6 -3.0 -0.6 -1.5 -6.4 -2.8 -30.0 

N Kalama -12.1 -5.0 -11 .5 -0.8 -5.9 -3.6 -39.0 

M Kalama -40.2 -12.0 -2.8 10.3 -9.0 -4.1 -57.9 

S. Kalama -66.7 -5.4 7.0 6.1 -8.6 -1.4 -68.9 

Rocky Area -16.6 -5.3 -3.7 5.5 -5.5 -0.7 -26.3 

Kamaole I -1.9 -9.1 -24.1 38.6 -10.0 -3.5 -10.1 

Mean 24.2 -4.2 38.8 9.2 4.8 14.7 2.0 7.1 5.4 
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Table 1.2. Mean shoreline movement, normalized by time, for each sub-cell, 
in meters per year. Missing numbers indicate lack of T-sheet coverage 
for that sub-cell and time interval. Negative numbers indicate erosion. 

Interval 1900 1912 1900 1949 1960 1963 1975 1988 1900 
/ Sub-cell -1912 -1949 -1949 -1960 -1963 -1975 -1988 -1997 -1997 

Koieie -0.37 -0.35 -7.42 0.28 -1.12 0.05 -0.55 

Waipuilani 1.06 4.81 2.73 0.09 0.23 -0.97 0.57 

Kawililipoa 2.02 0.49 0.66 1.69 0.59 1.24 0.66 0.30 0.77 

Azeka Pl. 0.26 1.15 1.10 -1.16 0.40 0.45 0.25 

St. Theresa 0.79 -0.73 -0.84 -0.38 -0.08 0.57 0.23 

N. Halama 0.42 0.78 1.48 0.60 -0.71 -0.65 0.24 

S. Halama -0.06 -0.60 0.61 -0.41 -0.72 -0.13 -0.27 

S Hal Node -0.42 -0.27 -0.22 -0.13 -0.50 -0.31 -0.35 

N Kalama -0.32 -0.46 -4.14 -0.07 -0.46 -0.40 -0.46 

M Kalama -1.08 -1.10 -1 .00 0.88 -0.70 -0.45 -0.68 

S. Kalama -1.78 -0.49 2.52 0.52 -0.66 -0.16 -0.81 

Rocky Area -0.44 -0.49 -1.33 0.47 -0.42 -0.08 -0.31 

Kamaole I -0.05 -0.84 -8.64 3.32 -0.78 -0.38 -0.12 

Mean 2.02 -0.11 0.79 0.84 1.73 1.27 0.16 0.77 0.06 
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Table 1.3. Mean long-term (End Point Rate) and annual erosion hazard rates 
(AEHRs) for each sub-cell, in m y(1

• Negative numbers indicate erosion. 

Interval End Point 
AHERs 

/Sub-Cell Rates 

Koieie -0.475 -0.654 

Waipuilani 0.571 -0.404 

Kawililipoa 0.808 0.525 

Azeka Pl. 0.252 0.415 

St. Theresa's 0.224 0.176 

N. Halama 0.231 -0.746 

S. Halama -0.275 -0.518 

S. Hal. Node -0.350 -0.336 

N. Kalama -0.481 -0.720 

Mid Kalama -0.744 -0.854 

S. Kalama -0.905 -0.107 

Rocky Area -0.311 -0.138 

Kamaole I -0.119 -0.624 

Overall Means 0.030 -0.363 
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Figure 1.6. Mean long-term and annual erosion hazard rates (AEHRs) for each sub-cell, in m yr 1• 
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Kamaole I), with the length of each sub-cell along the X-axis scaled to its longshore extent 
within the site. 



Tracking a single shoreline change reference feature such as the vegetation line, 

mean high water line, or beach step crest, does not necessarily give an accurate picture 

of what is happening to the sandy beach. For example, a number of shorefront property 

owners on Kailua Bay, Oahu, Hawaii have taken steps to encourage growth of 

vegetation on the beach in front of their property. A study of shoreline dynamics in this 

area (Norcross et. al., submitted) has shown that although the beach has experienced net 

accretion over the past century, anthropogenic landscaping efforts have resulted in a 

significant net decrease in the total surface area of sandy beach. Accordingly, the present 

study tracked changes in beachwidth over time within the Halama study site. Mean 

beachwidths for all sub-cells for each year of photographic coverage are shown in Table 

1.4, and beachwidths for each shore-normal transect are included in Appendix A. 

Changes in beachwidth, normalized by time, are shown in Table 1.5. 

To facilitate comparisons with other areas and development of sediment 

budgets, linear shoreline change was converted to volumetric units. Mean shoreline 

volume change for each sub-cell and period of historical shoreline coverage is shown in 

Table 1.6, with volume changes normalized by time included in Table 1.7. The area 

experiencing the greatest erosion rates for each period, or the erosion "hotspot," had a 

tendency to migrate to the north over time, as illustrated in the table by values with a 

shaded background. The two values located inside a box are adjoining sub-cells on 

opposite sides of the shore-normal Halama Street groin and illustrate one example of the 

impact of Kona storms along this coastal segment. 

In estimating sediment production on the surface of the reef, the area of the reef 

characterized as "reef slope" covers 0.459 km2 and is assigned a gross CaC03 production 
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Table 1.4. Mean beach width for each sub-cell and year of 
photographic coverage, in m. 

Year I 1949 1960 1963 1975 1988 1997 
Sub-Cell 

Koieie 22.0 55.6 17.6 16.0 4.5 10.0 

Waipuilani 17.5 20.2 17.0 18.8 14.1 14.8 

Kawililipoa 15.7 15.8 14.8 13.8 11.5 11.0 

Azeka Pl. 17.9 12.7 17.0 10.3 13.4 14.9 

St. Theresa 22.6 14.6 16.7 13.1 14.2 15.6 

N . Halama 17.4 16.9 16.6 16.6 11.6 7.0 

S. Halama 16.4 12.6 18.0 10.8 0.1 0.1 

S Hal Node 15.6 13.0 14.3 11.0 5.5 5.8 

N. Kalama 19.0 16.7 12.9 6.8 1.9 0.0 

Mid Kalama 18.2 15.9 19.6 9.5 1.0 0.1 

S. Kalama 14.9 9.9 18.2 9.6 1.5 1.8 

Rocky Area 18.6 10.9 9.8 15.7 3.4 3.5 

Kamaole I 31.3 38.5 14.1 43.0 42.9 35.5 

Mean 19.2 19.9 16.0 16.7 11.8 10.8 
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Table 1.5. Changes in mean beach width for each sub-cell and year of 
photographic coverage normalized by time, in m i 1

• The last column 
shows the overall change in beach width between 1949 and 1997. 
Negative values indicate erosion. 

Year I 1960 1963 1975 1988 1997 1997 
Sub-Cell -1949 -1960 -1963 -1975 -1988 -1949 

Koieie 3.08 -13.62 -0 .14 -0.89 0.60 -0.12 

Waipuilani 0.25 -1.13 0.15 -0.36 0.08 -0.03 

Kawililipoa 0.01 -0.38 -0.08 -0.17 -0.06 -0.05 

Azeka Pl. -0.48 1.56 -0.57 0.23 0.17 -0 .03 

St. Theresa -0.74 0.77 -0.31 0.08 0.15 -0.07 

N. Halama -0.04 -0.12 0.00 -0.38 -0.50 -0.11 

S. Halama -0.34 1.92 -0.62 -0.83 0.00 -0.17 

S Hal Node -0.24 0.46 -0.28 -0.42 0.03 -0.10 

N. Kalama -0.21 -1.38 -0.53 -0.37 -0.21 -0.20 

Mid Kalama -0.21 1.31 -0.87 -0.66 -0.10 -0.19 

S. Kalama -0.46 2.99 -0.74 -0.62 0.03 -0.14 

Rocky Area -0.70 -0.40 0.51 -0.95 0.01 -0.16 

Kamaole I 0.66 -8.72 2.48 -0.01 -0.81 0.04 

Mean 0.06 -1 .40 0.06 -0.38 -0.11 -0.09 
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Table 1.6. Volumetric change, or net sediment transport, for each sub-cell 
time interval, in units of 103 m3

• Shaded entries track movement of an 
erosion "hotspot." Values within the box show one area that illustrates 
impacts of Kona storms. 

Interval 1900 1912 1900 1949 1960 1963 1975 1988 
/ Sub-cell -1912 -1949 -1949 -1960 -1963 -1975 -1988 -1997 

Koieie 0.0 0.0 -10.3 -23.3 8.2 4.8 -5.1 -3.2 

Waipuilani 0.0 0.0 169.4 17.0 17.1 5.5 -19.5 -1 .6 

Kawililipoa 8.2 13.9 30.9 31 .5 4.4 27.4 17.4 5.7 

Azeka Pl. 0.0 8.9 0.0 18.2 -0.8 -8.2 3.2 2.8 

St. Theresa 0.0 28.2 0.0 ·17[d -1.8 -2.2 4.9 

N. Halama 0.0 35.1 0.0 24.7 12.2 19.6 -14.3 -6.2 

S. Halama 0.0 -2.5 0.0 -4.4 -3.3 1.2 -0.8 -1 .5 

S Hal Node 0.0 -6.4 0.0 -0.5 -0.8 0.6 -1 .0 -1.5 

N Kalama 0.0 -16.4 0.0 -5.3 -14.2 7.0 -3.5 -3.6 

M Kalama 0.0 -43.8 0.0 -13.8 -7.7 24.9 -3.0 -4.5 

S. Kalama 0.0 -49;9 0.0 -1.2 0.3 12.3 -2.1 -1.6 

Rocky Area 0.0 -14.6 0.0 0.9 -3.1 0.8 4.9 -0.8 

Kamaole I 0.0 -3.1 0.0 -30.3 -9.0 31.0 -20.2 5.0 

Totals 8.2 -50.7 190.0 12.0 -1.6 125.2 -46.1 -6.3 
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Table 1.7. Rates of volumetric change, normalized by time and longshore 
distance, for each sub-cell time interval, in units of m 3 m·1y" 1

• 

Interval 1900 1912 1900 1949 1960 1963 1975 1988 1900 
/ Sub-cell -1912 -1949 -1949 -1960 -1963 -1975 -1988 -1997 -1997 

Koieie -0.87 -8.89 12.30 1.73 -1 .65 -1.43 -1.24 

Waipuilani 3.57 1.63 6.37 0.49 -1.57 -0.18 2.02 

Kawililipoa 5.73 1.55 2.09 6.57 3.59 5.34 3.06 1.40 3.39 

Azeka Pl. 0.91 6.43 -1.09 -2.70 0.96 1.16 1.09 

St. Theresa 2.69 -0.55 -6.17 -0.56 -0.60 1.91 0.95 

N. Halama 1.38 3.33 6.44 2.48 -1.62 -1.00 1.23 

S. Halama -0.21 -1.26 -3.73 0.33 -0.19 -0.52 -0.42 

S Hal Node -1.42 -0.36 -2.49 0.41 -0.65 -1.39 -0.95 

N Kalama -1.10 -1 .22 -12.74 1.50 -0.68 -0.97 -1.06 

M Kalama -3.44 -3.71 -8.16 6.28 -0.68 -1.45 -1.66 

S. Kalama -4.45 -0.37 0.36 3.52 -0.54 -0.57 -1.66 

Rocky Area -1.51 0.32 -4.22 0.25 1.46 -0.35 -0.54 

Kamaole I -0.14 -4.78 -5.59 4.60 -2.69 0.94 -0.54 

Mean 5.73 -0.36 2.56 0.21 -0.11 2.07 -0.69 -0.13 0.48 
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Table 1.8. Sediment sample characteristics, in units of millimeters. 

Sample Halama 6.1 15.5 22.9 54.9 Kamaole I 
Characteristic Beach msw msw msw msw Beach 
Median grain 

0.33 0.23 0.42 0.67 0.82 0.30 
size 
Modal grain 

0.12 0.12 0.12 0.25 0.50 0.12 
size 
Mean grain 

0.27 0.18 0.61 1.41 0.83 0.22 
size 
Standard 

0.24 0.17 0.97 2.15 1.18 0.18 
deviation 

Skewness 6.4 4.3 3.6 2.3 2.9 7.8 

Kurtosis 59.0 50.8 16.2 5.5 10.8 103.5 

Table 1.9. Sediment sample composition, in percents, from slide point counts. 

Sample Halama 6.1 15.5 22.9 54.9 Kamaole I 
Origin Beach rnsw msw rnsw msw Beach 
Coralline 

41.5 35.0 24.0 22.0 12.5 30.0 
Algae 

Halimeda 1.0 14.0 30.0 24.0 31.5 1.0 

Coral 9.5 15.0 13.0 20.5 8.0 5.5 

Mollusc 13.0 4.0 7.5 9.0 9.0 16.0 

Foraminifera 6.0 6.5 13.0 2.5 16.0 9.0 

Echinoderm 0.5 1.5 3.0 1.5 1.0 4.5 

Bryozoan 1.0 0.0 0.0 0.0 0.0 0.0 

Intraclasts 2.5 1.0 2.0 2.5 3.0 2.5 

Crystalline 14.5 9.5 5.5 13.0 17.0 17.5 

Volcanic 10.5 13.5 2.0 5.0 2.0 14.0 
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rate of 7.0 kg m·2 yr" 1
• The area characterized as "reef flat" encompasses 1.279 km2 and is 

assigned a production rate of 1.4 kg m-2 yr" 1
• Annually the entire reef is estimated to 

produce 0.36 kg m-2
, 2.5 x 10 6 kg, or approximately 530 m' of sediment that is potentially 

available to the beach system. That yields a total production of approximately 50,000 m' 

over the 97-year period covered by this study. 

Results of sediment sample analyzes are shown graphically in Figures 1.7 

and 1.8, as graphs of weight percent per size class and cumulative size distribution. 

Sediment sample statistics, including various measures of grain size and distribution 

are shown in Table 1.8. The composition of each sample, determined from point 

counts of individual grains on microscope slides, is shown in Table 1.9 and 

Figure 1.9. 

Discussion 

SCRF 

We use the crest of the beach toe as our SCRF for several reasons. It is almost 

always present in Hawaiian beach systems and is often the only feature other than the 

vegetation line that is visible in the aerial photographs. Tracking movement of the 

vegetation line along developed shorelines in Hawaii can be problematic. For example, 

at many locations within this study site the vegetation line has been artificially stabilized 

behind coastal armoring while the beach in front has gradually disappeared. Analysis of 

movement of the vegetation line in these areas would erroneously suggest that the 

coastline is stable. It has been recommended (Morton and Speed, 1998) that shoreline 

features sensitive to shore-term fluctuations in sea-level, including the high water line 
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(HWL), not be used to monitor shoreline position. They suggest the use of features 

which more closely follow the long-term movement of the shoreline. For these reasons 

listed above, and because this particular project is geared towards monitoring of the 

condition of the beach as well as overall shoreline movement, we have chosen to use the 

beach step crest as our SCRF. See Coyne et al. (1999) for a further discussion of this topic. 

I -sheets 

There has been discussion in the literature over the advantages and 

disadvantages of including data from I-sheets in studies of shoreline change. The 

primary argument against their use has been that their accuracy is questionable (Smith 

and Zarillo, 1990; Dolan, et. al., 1980). It has been pointed out by others that the modest 

increase in position uncertainty that is incurred by using I-sheets is more than offset by 

the benefits realized from the greater temporal coverage they provide (Crowell et. al, 

1993; National Research Council, 1990). Particularly large position uncertainty, 14.3 m 

for most of the study site, results from digitizing at the 1:20,000 scale of the 1912 I-sheet. 

Position uncertainty from the 1900 I-sheet, at a scale of 1:10,000, is 10.3 m for most of the 

study site, compared to 5.4 m for shoreline positions derived from photographs. 

However, including I-sheets at this site is quite useful as they double the time period 

covered and reveal significant shoreline changes that preceded aerial photographic 

coverage. 

Position error for any point from one of the I-sheet derived shorelines may be 

rather large relative to the datum. However, features in both I-sheets used here testify 

that the large movements of the coast the I-sheets indicate are real phenomena and not 
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simply a result of measurement error. Critical areas for assessing major shoreline 

movement indicated by T-sheets include the south end of Kalama Park, and along the 

south side of Koieie Fishpond. T-sheet shorelines in these locals indicate major erosion 

between 1912 and 1949, and major accretion between 1900 and 1949 respectively. 

Fortuitously, the rocky headland just south of Kalama Park is a prominent and erosion 

resistant feature that is shown in the 1912 T-sheet. Also depicted, right on the shoreline, 

is a small rocky outcrop that today is a few meters away from a popular Kihei surf 

break. The 1900 T-sheet very clearly details the location of Koieie Fishpond, and the 

relative position of the shoreline. It is understandable that surveyors in the early 1900s 

would inaccurately determine shoreline position relative to the datum. It is quite 

unlikely however that they would fail to accurately represent the relative positions of 

these prominent rock features and the shoreline at that time. Given the tens of meters of 

displacement between these T-sheet shorelines and that from the 1949 aerial 

photographs, it is concluded that the shoreline changes they document did in fact occur. 

Erosion Rates 

A number of methods have been used to calculate erosion rates from historical 

shoreline position data. Some of the more complex methods such as the Minimum 

Descriptor Length (MDL) criterion (Fenster et. al., 1993) and the Average of Rates (AOR) 

technique (Foster and Savage, 1989) show promise. However, linear regression has been 

found to be the best overall method by several researchers (Crowell, et. al., 1999; 

Crowell, et. al., 1997) and suggested to be the method of choice in some situations by 
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others (Dean and Malakar, 1999; Dolan, et. al., 1991). Agreeing with their assessments, 

we elected to use linear regression for calculating projected future erosion hazard rates. 

The least-squares (LS) method is by far the most common method of linear 

regression and is the specific technique discussed in the literature referenced above. It 

works quite well for normally distributed data and has a number of statistical tests 

associated with it. However, the susceptibility of the LS method to outliers and point 

clustering or uneven point distribution is well documented with respect to shoreline 

change analysis (Fenster et. al., 1993; Dolan, et. al., 1991; Foster and Savage, 1989). Figure 

l. lOa illustrates this problem using data from Kamaole I Beach Park. The shoreline here 

has experienced a consistent trend of long-term erosion. The 1963 photographs however 

were taken a few months after two major Kona events which eroded most of the sand 

from Kamaole Beach. By 1975, the shoreline had recovered from this episodic erosion 

and its behavior since then has been very similar to its behavior prior to 1963. The top 

plot in this figure shows the least squares regression line, which obviously does a poor 

job of characterizing the shoreline behavior here. To help alleviate this problem we used 

the reweighted least squares (RLS) regression method, described by Rousseeuw (1990) 

and outlined below. The first step involves identifying outliers using a least median of 

squares (LMS) regression. Unlike the trend from LS regressions, which can be thrown off 

by a single bad data point, an LMS regression is very resistant to outliers, with a 

breakdown point of 50%. In other words, half of the data used in an LMS regression has 

to be contaminated before the trend is affected 

Because the LMS method does not explicitly deal with each data point, it is not 

considered to be analytical and does not include a means to calculate statistics such as 
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confidence limits. The RLS technique takes advantage of the robustness of LMS 

regression and the standardized statistical tests available for LS regression. It normalizes 

the LMS residuals by the estimated standard deviation. These standardized residuals, if 

larger than 2.5, are considered to be outliers. Outliers are assigned a weight of zero, and 

the remaining "good" data a weight of one. An LS regression is then fit that minimizes 

the weighted residuals in a least squares sense. It is essentially an LS regression on the 

"good" data only. The bottom plot in Figure l.lOa shows the same dataset from Kamaole 

I, with a reweighted least squares regression line. This regression correctly identifies the 

1963 data point as an outlier, and gives a much better representation of the long-term 

trend of shoreline movement. We calculate uncertainties for RLS-derived erosion rates 

using the 80% confidence intervals for the slope, as suggested by Douglass et. al. (1999). 

As mentioned above, there is a significant change in the shoreline trend for many 

transects. Some, for example, show a moderate trend of accretion followed abruptly by 

erosion. Many researchers recommend using the longest available record for calculating 

erosion rates, provided there have not been physical changes in the system, such as 

construction of coastal armoring or inlets opening or closing (Crowell, et. al., 1997; 

Crowell, et. al., 1993; Dolan, et. al., 1991; Leatherman and Crowell, 1997). It has also been 

pointed out, in particular by Fenster et. al. (1993), Morton (1991), and Foster and Savage 

(1989), that an observed change in trend may in fact reflect a fundamental change in the 

sediment dynamics of the system rather than a short term fluctuation in the long term 

trend. This may be the case, whether or not a specific physical change can be cited to 

explain the change in shoreline trend. 
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The decision was made to use only the most recent trend in the data to calculate 

projected AEHRs for this site. A regression fit to tide gauge data from Kahului, Maui 

shows that the island has been experiencing approximately 2.5 mm y(' of relative sea

level rise (RSLR) for the last several decades. Although local conditions frequently 

overwhelm the effect of RSLR at decadal timescales, net RSLR should at some point lead 

to a shift in the equilibrium position of the shoreline. Also, the armoring of an extensive 

portion of the coastline resulted in artificial impoundment of coastal sand resources. 

This contributes to sediment deficiencies on the shoreface, loss of the beach in front of 

these structures where there is net shoreline recession, and a sediment starved system. 

These physical attributes of the site dictate the need to use only data that reflect the 

current recessional nature of the shoreline when calculating AEHRs. This is illustrated 

by Figure l.lOb. The three plots in this figure show the same set of shoreline position 

data, measured along a transect half a kilometer south of the Halama St. groin. Three 

different regression schemes were used in an effort to characterize historical erosion 

rates and project them into the future. These data show an accretional trend that 

switches abruptly to one of heavy erosion around 1975, precluding the use of a single 

rate to accurately characterize both its past and present behavior. Coastal armoring was 

constructed along most of the reef-fronted shoreline south of this transect in the early 

1970s. Also at this time, at Kawililipoa in the northern portion of the study site, mounds 

of calcareous reef rubble migrated shoreward over the reef flat, getting close enough that 

a localized tombolo began forming. By 1997 these rubble structures had migrated all the 

way to the shoreline, creating a shore-normal rampart extending more than 100 m 

offshore, and greatly interfering with longshore sediment transport. While it is not clear 
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how much of the change in trend seen in Figure l.lOb is due to these modifications to 

the coastline, the fact that a major change in shoreline behavior coincides with two major 

physical alterations there requires that only data from 1975 on be used for projecting 

erosion hazard areas. An end-point erosion rate is also calculated for each shoreline 

change measurement transect, to indicate the net long-term changes as well. 

Coastal Armoring 

In the early 1970s an 800 m long revetment was completed along the entire 

length of Kalama Park (formerly Kalama Beach Park). Prior to this (in 1963 photographs) 

a few scattered properties north of the Park had seawalls, but all had beach in front of 

them. In 1975, most of the shoreline along Kalama Park had some beach in front of the 

revetment, and most of the homes within the 600 m north of the park had seawalls, 

although still with some beach fronting them. The line of privately built armoring 

extended further and became more complete and by 1997 extended in an all but 

unbroken line 900 m north of the park. 

A number of measurement points overlay coastal armoring structures during our 

photo coverage period. We frequently find the dry sandy beach fronting these structures 

has disappeared and did not reappear in subsequent photographs. Data following the 

year when the beach first disappeared were discarded from erosion rate calculations. 

Unless the shoreline trend reverses, the remaining sandy profile will be scoured deeper 

and the area will develop a sand deficit. A sand renourishment effort would then 

require a significant volume of sand to be added to the system before any dry beach at 

all could reappear. 
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Beach Width 

Movements of both the vegetation line and beach step crest are followed to 

examine changes in beach width. Beach widths and changes in beach width normalized 

by time, shown in Tables 1.4 and 1.5 respectively, highlight the severity of the beach loss 

problem on Maui. Between 1949 and 1997 the mean beach width decreased by 55%, with 

the largest decrease, 33%, occurring between 1975 and 1988. The widespread 

construction of coastal armoring in the study site in the early 1970's caused artificial 

impoundment of sediment landward of the structures and is primarily responsible for 

the decrease after 1975. 

When a sub-cell gains sediment at the shoreface, it's beach width increases, as 

can be seen in many instances in Tables 1.4 and 1.5. If the accreted material remains 

there for several years it may stabilize the back beach area enough that the vegetation 

line will be able to move seaward. A similar time lag may occur when a beach is 

experiencing chronic erosion because the vegetation line will not move landward as 

rapidly as the beach step crest (Morton and Speed, 1988). In an undisturbed system the 

beach will eventually return to its equilibrium width (Coyne et. al., 1996). Natural retreat 

of the vegetation line is often impeded in Hawaii by landscaping efforts of property 

owners (Fletcher et. al., 1997) and contributes to long-term beach loss at the site. 

Volumes 

Table 1.6 shows patterns of mean volume change, or net sediment transport, by 

sub-cell and time interval, while Table 1.7 shows volume change normalized by time. 
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The northern half of the study site accreted 4.2 x 105 m3 between 1900 and 1997 while the 

southern half lost 1.5 x 105 m3
• Within the reef-fronted portion of the site there was two 

and a half times more accretion than erosion, despite erosion in the south that was quite 

severe in some areas. The South Kalama sub-cell lost about 5.0 x 104 m3 of sediment 

between 1912 and 1949, or 4.5 m3 per alongshore meter of shoreline per year (i.e., -4.5 m3 

m-1 yr" 1
). We speculate that some of the sediment eroded from the southern end of the 

study site was redeposited in the northern part by Kona storm processes. Redeposition 

may have occurred as far south as the North Halama sub-cell, which accreted 1.4 m3 m-1 

yr" 1 between 1912 and 1949. The area of overlap between the 1900 and 1912 T-sheets in 

the Kawililipoa sub-cell was already experiencing high accretion rates (5.7 m3 m-1 yr" 1
), 

suggesting that the area to the south was also experiencing erosion at this time. This is 

prior to the onset of significant coastal development in the area, or other known 

anthropogenic factors that might contribute to coastal erosion. 

The "hotspot" of erosion at South Kalama gradually moved north, as seen in the 

shaded boxes in Table 1.6. As it migrated, areas close to the hotspot changed mode from 

accreting to eroding. By the late 1960s and especially the early 1970s, as erosion moved 

north, seawall and revetment construction followed. By artificially impounding coastal 

plain sediment, these structures cut off this sediment supply to the beach (Fletcher et. al. , 

1997), resulting in overall erosion and smaller rates of sediment transport throughout 

the site after 1975. Today the focus of erosion is in the North Halama sub-cell, almost 2 

km north of its original location. 

A series of major Kona storms between 1960 and 1963 caused general erosion 

during this time, especially on portions of the study site more exposed to southwesterly 
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waves (National Weather Service, 1960-1963; US Army Corps of Engineers, 1967). The 

Kona events also induced significant south-to-north longshore transport, as evidenced 

by the impoundment of 12.2 x 103 m3 sediment, on the updrift side of the Halama groin 

in the North Halama sub-cell . Concurrent erosion occurred on the downdrift side, in the 

St. Theresa's sub-cell (see boxes outlined in bold in Table 1.6). This geomorphic evidence 

of northward longshore sediment transport is confirmed by reports of northward 

longshore currents of 0.2 m s·1 during the Kona events of January 1963, and northward 

littoral drift during southwesterly wave events (US Army Corps of Engineers, 1967). 

The walls of Koieie Fishpond show a similar pattern during the 1960-1963 period 

of high Kona storm activity, with the southern side accreting about 15 m while the north 

side eroded about 12 m. In 1900 however the situation was reversed, with the shoreline 

north of the fishpond extending about 90 m further seaward than the shoreline to the 

south. This suggests that the dominant longshore transport that shaped that part of the 

coast prior to 1900 was southerly. By 1997 the offset had been reduced to less than 15 m, 

while 200 m south of the fishpond the coastline has prograded 100 m seaward. The bulk 

of accretion on the south side of the fishpond occurred between 1900 and 1949. 

Although southwesterly Kona storm waves move significant volumes of 

sediment northward along the coast, a similar high volume mechanism is not known to 

work in the opposite direction. Within Maalaea Bay on the leeward side of the island, 

the site is not exposed to large waves, except from the south and southwest. The limited 

fetch in Maalaea Bay north and northwest of the fishpond preclude the generation of 

large waves in the Bay itself that could move significant volumes of sediment to the 
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south. Trade wind conditions however can and do move smaller volumes of sediment to 

the south within the site on a day-to-day basis. 

We hypothesize that the patterns of shoreline change reflect a dominant direction 

of longshore transport to the south that persisted for some significant period of time 

prior to 1900. The direction reversed, at least by 1912 and perhaps as early as shortly 

before 1900. We further speculate that some climatic shift, that perhaps affected the ratio 

of trade wind strength and persistence to Kona storm activity, may be responsible and 

may be the simplest explanation that fits these observations. Ongoing research will 

investigate this hypothesis. 

Annual in situ sediment production, 530 m3
, is small relative to the volume of 

sediment transported along the coast. It is only about 3% of the mean volume of 

sediment transported into or out of an average sub-cell over a single time interval. Over 

the 97-year period covered by the study, in situ production accounts for 18% of the net 

sediment accumulation. On time scales of years to a century, sediment transport 

processes are the predominate shapers of the coastline. On scales o'f hundreds to 

thousands of years however, sediment production is responsible for creating the beach 

and becomes a very important geologic process. 

Sedimentology 

The beach sediment samples come from very different beaches. A wide, shallow 

reef flat fronts one while the other is a small pocket beach that has relatively deep water 

fairly close to shore. Despite this however, it is apparent from an inspection of Figures 

1.7, 1.8 and 1.9 that they are quite similar. Their grain size distributions are closely 
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matched, with the modal grain size clearly falling into Wentworth's (1922) fine sand 

category, and comprising more than half of each sample. In general, samples taken from 

offshore show an increasing tendency to have less well sorted sediment that is a more 

evenly distributed in different grain size classes, and a modal value that gradually shifts 

to large grain sizes. The latter tendency appears to reflect the increasing importance of 

Halimeda particles to the overall sediment composition, while coralline algae shows an 

opposite trend, with its percentage decreasing going offshore. 

It appears that there are two different sedimentological environments here. The 

nearshore fringing reef environment is dominated by reef carbonate derived sediment 

and a higher energy regime that is reasonably efficient at sorting the sand, eliminating 

size fractions that are larger or smaller than fine sand, as well as breaking down fragile 

components, particularly Halimeda, and perhaps coral as well. The offshore 

environment is characterized by the increasing importance of Halimeda as a sediment 

producing organism, as well as lower energy conditions that enable the relatively fragile 

Halimeda flakes to survive longer. The beach sediments are quite similar, despite 

significant differences in the beaches themselves. They are also quite different from the 

offshore samples, confirming expectations that this is predominantly alongshore rather 

than cross-shore dominated system. 

Conclusions 

Methodological 

Taken as a whole, we found the methods presented here to be an effective way to 

delineate and analyze shoreline changes on scales of years to a century. A faster way to 
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complete photograph rectification would significantly enhance the overall process and is 

currently being investigated. The use of I-sheets to extend the period covered by the 

study greatly enhanced our understanding of the coastal processes and history, despite 

the greater uncertainty associated with the decrease in position control. 

No single erosion rate statistic was found to do an adequate job of characterizing 

past shoreline changes and projecting future erosion hazards in this area. The RLS 

method of linear regression was found to be more satisfactory than the more common 

LS regression for determining trends. Although returning very similar results in a 

majority of cases, the RLS method was more resistant to outliers while still allowing use 

of the same statistical tests available for LS regressions. 

Tracking of both the beach step crest and vegetation line made it possible to 

measure changes in beach width and use a two-term model for estimating volumetric 

change from historical shoreline positions. The model's second term accounts for 

volume change of the vegetated coastal plain. In conjunction with the first term, which 

considers volume change of the sandy beach, this model is more accurate than the 

single-term version, and useful for seasonal to century timescales. 

Seasonal fluctuation of the shoreline was quantified and found to be the largest 

consistent source of position uncertainty. Seasonal changes along the shoreline were 

found to be too random to be easily compensated for and must be taken into account 

when calculating shoreline position error. 

We agree with other investigators that, given the dynamic nature of the shoreline 

and temporal scarcity of shoreline position data, changes must be carefully analyzed. 

This is true for adequately characterizing past erosion rates, and especially for projecting 
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future erosion hazard areas. Techniques used must be adapted for specific areas and 

data available. 

Area Specific 

A major focus of erosion has been migrating northward along the coast, almost 2 

km over the past 85 years. Unexpectedly, within the reef-fronted area forming the 

primary focus of our study, there has been two and a half times more accretion in the 

northern part than erosion in the south. This behavior started prior to known significant 

western-style alteration of the system, and there has been net accretion, suggesting 

natural rather than anthropogenic forcing is primarily responsible. Climatic changes 

such as the ratio of trade wind to Kona storm activity are hypothesized to be causative 

factors. Net erosion since 1975, and smaller rates of net sediment transport, are primarily 

due to anthropogenic impacts. Specifically, sediment impoundment landward of coastal 

armoring is contributing to a sediment-starved system, which has also resulted in a 50% 

decrease in beach width since 1949. Two different sedimentological environments are 

present within the site. The nearshore one is dominated by coralline algae and well 

sorted fine sand while the offshore environment is dominated by Halimeda sediment and 

is less well sorted. Sedimentological analysis confirms that the area is dominated by 

longshore rather than cross-shore transport processes. 

Future plans include expanding the study to include all the significant sandy 

shoreline areas on Maui. It is anticipated that comparison of changes between different 

areas will help to identify the major processes responsible for the dramatic changes that 

continue to occur along the coast of Maui. 
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CHAPTER 2. SHORELINE MOVEMENT AND CLIMATIC CHANGE 

IN KIHEI, MAUI, HAWAII1 

Abstract 

Increasing demands on coastal areas drive a need for enhanced understanding 

of coastal erosion hazards. Here we analyze a 5 km segment of the Kihei coastline (Maui, 

Hawaii) centered on an area of chronic coastal erosion. A decade to century scale, high-

resolution database of variations in shoreline sediment volume reveals a complex and 

dramatic pattern of changes in the period between 1900 and 1997. These patterns are 

investigated in detail in an effort to determine the magnitude and direction of longshore 

sediment fluxes. In the absence of detailed long-term oceanographic and meteorological 

data for the site, this record of net longshore sediment transport (NLST) is a potentially 

valuable resource for investigating why documented changes have occurred. The 

pattern of NLST is consistent with and hypothesized to be largely a result of variations 

in Kona storm (rain-bearing winds from the southwest) activity. The Pacific Decadal Os-

cillation (PDO) is found to cause multi-decadal shifts in mean Kona storm activity in the 

vicinity of Hawaii. Statistically significant correlations between the PDO cycle, Kona 

storm activity, and net longshore sediment transport in Kihei suggest a cause-and-effect 

relationship. Consideration of the PDO may improve our understanding of coastal 

sediment dynamics, enhancing existing efforts to forecast erosion hazard areas and 

effectively manage sandy shorelines. 

' Rooney, J.J.B, and Fletcher, C.H., submitted. Shoreline change and Pacific climatic oscillations in 
Kihei, Maui, Hawaii: Marine Geology 
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Introduction 

Sandy shorelines are common along many of the world's coastlines. Despite this, 

our understanding of the behavior of beach and nearshore sediment systems on scales of 

years to decades remains limited. The movement of sediment by waves and currents is 

both complex and difficult to measure (e.g., Komar, 1998; NRC, 1995; Weigel, 1992). The 

large number of variables, operating over a range of timescales, and the general inability 

to predict erosion-causing forces, confounds our ability to accurately predict beach and 

shoreline dynamics (e.g., Komar et. al., 1991; Libbey et. al., 1998; NRC, 1990; Thieler, et. 

al., 2000). As recommended by the National Research Council (NRC, 1990) the use of 

high-quality, computer-based historical shoreline change analysis, improved by 

correlation with data on oceanographic forces is the only presently viable means of 

decadal shoreline prediction. The research reported in this paper is part of an ongoing 

effort to implement the NRC recommendation in the Hawaiian Islands. We develop a 

high-resolution decadal to century scale database of historical shoreline fluctuations and 

use it to determine the magnitude and direction of longshore sediment fluxes . These are 

analyzed in conjunction with records of climatic parameters to gain insight to the forces 

responsible. 

Study Site 

The study area (Figures 2.1and2.2) located in the town of Kihei, Maui extends along 5 

km of coastline fronted by a fringing reef and terminated to the north by the rock walls 

of the ancient Hawaiian Koieie Fishpond. The southern end of the reef-fronted area is 

marked by a small rocky headland. South of that a number of pocket beaches 
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characterize the remainder of this coastline. The first of these, Kamaole I Beach Park, is 

also included within our study area. 

Previous Work 

Several previous studies have included relevant findings. Moberly et. al. (1963) 

describe the beach at Kalama Park, near the southern end of the study site, as having a 

21 m (70 ft) width that showed little seasonal change and was chiefly composed of 

poorly sorted calcareous sand and gravel. They also described the shallow fringing reef 

as being about 370 m (1200 ft) wide, with a thin veneer of sand that became large sand 

pockets in places. 

The U.S. Army Corps of Engineers (COE) published a project report for Kihei Beach in 

1967. The report describes wave characteristics and impacts of specific Kona storms on 

beaches in Kihei and notes the presence of a 0.2 m s-1 northwesterly longshore current 

during a particular Kona event. Kona events are stormy rain-bearing winds in Hawaii 

that come from the southwest (Parker, 1997). 

In 1991 Makai Ocean Engineering, Inc. and Sea Engineering, Inc. described 

movement of the vegetation line along shore normal transects with an irregular spacing 

of 200 m to 600 m. In general their results agree with Rooney and Fletcher (2000). 

Methods used to calculate shoreline change were reported earlier in Rooney and 

Fletcher (2000). The median long-term (end-point) erosion rate was found to be 

-0.10 m yr·1
• The median annual erosion hazard rate, calculated as the slope of the 

reweighted least squares regression fit to the most recent trend in shoreline position, 
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Figure 2.1. Location and characteristics of Kihei, Maui, Hawaii study site. 
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Figure 2.2. LID AR bathymetry and photomosaic of study site. High relief features in 
the lower left comer have been identified as drowned reef pinnacles (USGS, 1999). 
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was found to be -0.44 m yr·1
• More strongly negative erosion hazard rates reflects an 

enhanced tendency towards erosion in recent decades. Overall, the southern part of the 

study area showed significant chronic erosion, while the northern portion showed 

significant long-term accretion and light to moderate recent erosion. 

A report produced by Moffat and Nichol Engineers (2000) suggests that eolian 

transport of sand is a significant process in the study area, and that dunes are important 

barriers for preventing sand loss from the littoral system. 

Trade Winds and Swell 

The study site is in the lee of West Maui and the islands of Molokai, Lanai, and 

Oahu, relative to the large north Pacific swells that impact Hawaii every winter. 

Likewise it is largely protected from chop and swell generated by the brisk northeasterly 

trade winds. The very limited fetch between the site and the head of Maalaea Bay ( = 4 

km) precludes the generation of large waves from north or easterly winds within the bay 

itself. Trade winds occur about 70 percent of the year, with typical maximum sustained 

speeds of 8 to 13 m s-1
, particularly in the summer months of May through September 

(Haraguchi, 1979). On Maui, the trade winds tend to accelerate through the central 

valley separating the volcanic peaks of West Maui and Haleakala (Figure 2.3). The winds 

diverge upon leaving the valley and the air stream that is diverted south along the Kihei 

coast rises up the sun-heated western slope of Haleakala, forming an ascending spiral of 

air know as the "Maui vortex" (Schroeder, 1993). Thus the Kihei coastline does 

experience strong trade winds, but they are usually northwesterly rather than from the 

northeast. The trade winds tend to accelerate in the late morning and reach their 
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maximum speed in mid-afternoon. During times when these winds are active, sand can 

be observed moving southward, by saltation along the dry beach and in the swash zone. 

South swelt generated in the southern hemisphere, usually impacts the 

Hawaiian Islands in the summer and early autumn. These events typically have deep

water wave heights of approximately 0.3-1.2 m and periods of 14-22 seconds, although a 

few swells with heights in the 2 m range occur each year (Armstrong, 1983; Caldwelt 

unpub.). The Kihei area is protected from more westerly of south swells by the island of 

Kahoolawe. Wave energy coming from the south, between Kahoolawe and the 

southwest corner of Maui, does reach Kihei. These waves however tend to dissipate, 

giving waves from the south less of an impact along the coastline than those from the 

southwest (COE, 1967). 

Kona Storms 

Although somewhat protected by the islands of Lanai and Kahoolawe, the study 

site is susceptible to damage from Kona storms approaching from the southwest, and to 

a much lesser extent, by the passage of fronts. Kona storms have been defined as "low

pressure areas (cyclones) of subtropical origin that usually develop northwest of Hawaii 

in winter and move slowly eastward, accompanied by southerly winds, from whose 

direction the storm derives its name, and by the clouds and rain that have made these 

storms synonymous with bad weather in Hawaii (Figure 2.4). Kona storms vary in 

number from year to year, some winters have none, others five or more" (Giambelluca 

and Schroeder, 1998). They develop in association with troughs, elongate areas of 
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Figure 2.3. Typical trade wind pattern for the Kihei coast (adapted 
from Giambelluca and Schroeder (1998), and Schroeder, ( 1993)). 
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relatively low pressure that are meanders in the mid-latitude westerlies. These can 

extend south into the tropics and interact with the jet stream to produce an upper level 

cyclone that may propagate to the surface as a Kona low (Morrison and Businger, in 

prep.). On occasions when Kona storms form west of Hawaii they tend to bring wind, 

rain, and large surf to normally leeward sides of the islands. Kona events typically 

generate waves with heights of 3 to 5 m and periods of 8-11 seconds. Although Kona 

winds occur only 10% of the time and are usually light, the occasional strong Kona 

storms have caused extensive damage to south and west facing shorelines, including the 

Kihei coast. Less severe damage has also been recorded due to the passage of unusually 

strong fronts on a few occasions (U.S. Army Corps of Engineers, 1967; Moberly, 1968; 

Makai Ocean Engineering and Sea Engineering, 1991; Rooney and Fletcher, 2000) . We 

use the term "Kona storms" to refer to both true Kona storms and the rare frontal 

passages that also have significantly impacted the Kihei coastline. Geomorphic evidence 

and anecdotal reports show that Kona storms have transported high volumes of sedi

ment northward along the Kihei coast, in addition to causing extensive erosion (Rooney 

and Fletcher, 2000) . 

Trade winds hitting Hawaii originate from the North Pacific anticyclone, or 

ridge, generally located northeast of the islands. Although the ridge migrates to the 

southeast, weakens, and is generally near Hawaii in the winter, variations in its position 

north or south of the islands have a major impact on Hawaiian weather. If the ridge lies 

to the south, it allows more storms and fronts to impact Hawaii. When it lies directly 

over the islands the winds are light and skies are clear, while a position north of the 

islands leads to trade wind conditions (Schroeder, 1993). In addition to seasonal 

changes, other fluctuations in global atmospheric circulation, such as El Nino/Southern 
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Oscillation (ENSO), can impact Kona genesis. During El Nino events, as sea surface 

temperatures (SSTs) rise in the eastern equatorial Pacific, they induce a shift in 

atmospheric convection putting Hawaii in the vicinity of the ridge aloft. This high

pressure center suppresses the development of mid-latitude storms near Hawaii, 

including Konas. As a result, leeward areas in Hawaii that depend on winter season rain 

from Konas for a significant portion of their annual rainfall tend to experience drought. 

Konas and fronts still form, but under these conditions they tend to occur to the east of, 

and not move towards, the Hawaiian Islands. Conversely, during neutral periods and 

La Niii.as, the Hadley Cells shift so that the ridge moves away from the islands, enabling 

Konas and fronts to form or migrate into their vicinity (Diaz and Kiladis, 1992; 

Schroeder, 1993). 

Tsunamis 

Although tsunamis have had a major impact on portions of the Hawaiian 

coastline, the Kihei area seems to be well protected, particularly from tsunamis 

originating in the northern hemisphere. Although there have been 4 tsunamis with 

measurable runup within Maalaea Bay over the past century, only the tsunami of May 

22, 1960, originating in south central Chile, appears to have had a significant impact in 

Kihei (Lander and Lockridge, 1989; Walker, 1994). This event flooded Kalama Park and 

caused light to moderate damage to eleven houses, but there are no reports of beach 

erosion (Maui News, 1960). We conclude that tsunamis have had only a minor impact on 

sediment dynamics in Kihei over the period covered by this study. 
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Hurricanes 

Other natural phenomena known to modify the Hawaiian shoreline include 

hurricanes . The greatest damage in Kihei from any hurricane on record appears to have 

been the result of Hurricane Iniki, which passed about 400 km south of the island of 

Hawaii and then made a gradual turn and headed north to pass directly over Kauai. 

This unusual track subjected the Kihei coast to a particularly long and direct period of 

exposure to hurricane induced wave energy. Iniki is the only hurricane for which beach 

erosion in Kihei is specifically identified, and it appears to have been less than that from 

several of the larger Konas. Damage reports indicate that hurricanes over the last 

century have had less of an impact on the Kihei coast than have Kana storms. 

Anthropogenic Activities 

In addition to the natural phenomena mentioned above, there have been a 

number of human activities along this coastline that may have impacted shoreline 

change. The earliest of these was the construction of several fishponds by the native 

Hawaiian community. The best preserved of these and the only one with significant 

portions of its basalt boulder walls still above sea-level is Koieie Fishpond. Although 

perhaps originally constructed centuries earlier, the first recorded rebuilding of the 

walls occurred in the 1500s, while the last took place in the 1700s (Ryan, 2000). The full 

impact of this structure on the shoreline is not known, but alternating accretion and 

erosion of sediment along its side walls demonstrates that it at least interferes with 

longshore sediment transport (LSI). 
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A drainage outfall protected by a rock revetment and referred to here as the 

"Halama groin" was constructed across the beach in the center of the site between 1949 

and 1960. Reportedly built to trap northward moving sand (Makai Ocean Engineering, 

Inc. and Sea Engineering, Inc, 1991) the structure did exactly that and has resulted in the 

accretion of a wedge of sand extending several hundred meters south. The groin's 

influence is felt to the north as well, where a 300 m segment of the coast has experienced 

erosion since its construction. 

In 1949, a sandy beach fronted the entire stretch of coastline within the study site, 

except for rocky headlands. Over the past century and particularly in the last few 

decades, much of it has been developed. In response to periods of erosion along much of 

the shoreline, seawalls and revetments were constructed between the beach and the 

abutting property. Continued chronic erosion resulted in narrowing and loss of sandy 

beach in front of armored sections. By 1997, 1800 m of originally sandy shoreline had 

been replaced by seawalls and revetments, with little sandy beach remaining. 

It is apparent that, while a number of different factors have some influence on 

sediment dynamics along the Kihei shoreline, only a few have had a major impact. 

Those few include Kona storm activity, which causes heavy erosion and northward LST, 

while trade wind activity results in eolian movement and LST to the south. 

Anthropogenic activities also appear to play a role, particularly in the last few decades .. 

Structures have interfered with LST and caused localized accretion, erosion, sand 

impoundment, and beach loss. 

62 



Longshore Versus Cross-Shore Sediment Dynamics 

In investigating causes of long-term shoreline change it is important to realize 

that beaches are in a constant state of flux, responding to every change in wave, current, 

and wind energy that has enough power to move sediment there. Long-term patterns 

observed from the migration of shorelines are the net result of all changes that have 

occurred from one wave to the next. Although individual grains and bodies of sediment 

may migrate in many directions, studies of littoral sediment dynamics usually simplify 

the net movement into cross-shore and longshore components. Studies of cross-shore 

transport focus on changes in the beach profile, while those investigating longshore 

transport concentrate on displacement of sediment along the shoreline (e.g., Komar, 

1998). Figures 2.5 and 2.6 show five years of seasonal beach profiles from a location 

within the Kihei study site. The long and mostly level area in Figure 2.5 is a fossil reef 

flat in water about 2 m deep. Although pockets and thin veneers of sand are found on 

the reef flat area, most of the variation from one profile to the next is due to movement 

of the beach face, as seen in Figure 2.6. Variations on the reef flat reflect topography of 

the hard substrate more than sediment migration. The one major jump in elevation at 

the upper edge of the reef slope was measured from the top of a coral head that is 

actually off the profile line. Very little change in the profiles over this five-year period 

can be discerned from movement of sediment between shore face and reef flat sediment 

reservoirs. The depth of closure, as illustrated in Figures 2.5 and 2.6, is defined here and 

limited by the depth of the fossil reef substrate. Under most situations therefore, wave 

energy moving across the reef flat towards land will tend to move sediment in that 

direction as well. During high wave events however, sediment may be eroded from the 

shoreface, or perhaps transported in from outside the site, and deposited onto the reef 
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Figure 2.5. Beach profiles from profile line VHLMl-1 in the Halama study site. Almost all of the variation due to 
sediment movement in the profile occurs at the beach face . Variations in the long, low-relief, reef flat area making up the 
central portion of the profile reflect differences in elevation of the fossil reef substrate. Variations at the farright side of the 
profile indicate elevations of different coral heads measured along the reef slope, and not movement of sediment. Also, at 
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platform. As wave energy subsides, smaller waves will tend to once again move the 

sediment onto the shoreface. On many coastlines with unconsolidated sediment 

extending from the beach to out beyond the depth of closure, such cross-shore transport 

has long been recognized to occur, as they respond to variations in wave energy on a 

seasonal basis (e.g., U.S. Army Coastal Engineering Manual, 1998). These deeper 

systems generally recover in a single season. It seems reasonable then to assume that the 

shallow reef flat area of the Kihei study site will recover from most storm related 

sediment deposition within a season. Since the historical shorelines are separated by at 

least several years, it is more likely that the long-term variations in shoreface sediment 

volume they reveal represent net longshore rather than cross-shore processes. The 1963 

photographs may be an exception, as the Kihei area was subjected to several major 

erosion-inducing storms in the few years between the 1960 and 1963 photographs, 

including two large events seven months before the later series were taken. Although 

some cross-shore sediment transport may occur within the reef-fronted area, the lack of 

evidence of it from existing profile data, the shallow depth of the reef flat, 

sedimentological similarities of beach sands and their dissimilarities with offshore 

reservoirs, and geomorphic evidence from historical shorelines of net displacement of 

sediment along the coast all suggest that the site is dominated by longshore transport. 

Accordingly, estimates of net longshore sediment transport (NLST) will assume that all 

movement of sediment is due to longshore transport. The net displacement of sediment 

along the coast can be investigated by analyzing the impoundment of sediment along 

the sides of structures on the shoreline. This method has often been used (e.g., Bruno 

and Gable, 1976; Bruno et. al., 1980; Dean et. al., 1987) to infer the direction and 

magnitude of NLST and will be discussed in detail shortly. 
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Sediment Transport In and Out of the Site 

An important consideration in interpreting both NLST and total volume changes 

is how isolated the area is from other sediment reservoirs. The reef slope at the seaward 

side of the fringing reef complex is steep, dropping abruptly from a depth of 2 m to 8 m. 

It is highly unlikely that a significant quantity of sediment can be imported from 

offshore onto the site. The average width of the reef flat is over 300 m. There is no clear 

evidence of strong currents heading offshore which would be able to transport sediment 

all the way across the reef, particularly against the prevailing towards-shore transport 

induced by incident waves. There are a few shallow shore-normal channels cutting 

across the reef flat, but none have been identified that can provide clear and 

uninterrupted transport of sediment from the reef flat, across the reef slope to the ocean 

outside. It is assumed therefore that the fringing reef complex prevents transport of 

significant volumes of sediment to the open ocean. 

The north and south ends of the reef-fronted area are terminated in rocky 

structures, with Koieie Fishpond to the north and a small rocky headland to the south. 

The fishpond appears to have been a reasonably complete barrier to LST up until at least 

sometime after 1949. Sediment accretions on either side never reach all the way to the 

front wall, and most of the accreted sediment on the south side has remained in storage 

there for decades. The aerial photographs never show a continuous band of 

uninterrupted sediment stretching all the way from one side of the fishpond, across the 

front, and to the other side. There is also what appears to be a small, shallow channel 

that runs from just north of the fishpond's north wall, across the reef flat, to a narrow 

landward indentation in the reef slope. It is hypothesized that during brisk trade wind 

conditions, a southward longshore current is likely to intercept the north wall and tum 
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seaward, creating a rip current that may serve to carry some sediment accumulating 

there out over the seaward edge of the reef. 

The 1900 T-sheet clearly indicates that the fishpond was completely full of sand, 

except around the makaha or opening to the sea, in its southwestern corner. By 1949 

about half of that sediment had washed out of the southern half of the fishpond. The 

walls were still clearly visible above the water and it appears to still be an effective 

barrier to LST. By 1960 however, most of the remaining sediment had washed out, 

leaving a strip of beach on the inside of the fishpond. It appears that the fishpond walls 

were still serving as an effective breakwater however, greatly reducing wave energy, 

and therefore sediment transport through it. The period between 1960 and 1963 is 

characterized by several major Kona storms. Many areas within the site show evidence 

of strong northward NLST, as does Koieie, with a major jump in accretion along its 

southern side, and erosion on the north. This indicates that it was still acting as an 

effective barrier, at least to northward LST, at that time. After 1963 however, it appears 

that some s-outhward moving sediment has been able to move in the swash zone over 

the remnants of the north wall, around a revetment protecting what is now the 

Humpback Whale National Marine Sanctuary building, and into the fishpond. Small net 

gains of sediment between 1960 and 1975 are attributed to this process. However, even 

today the pond's walls are mostly at or above the surface of the water, except near high 

tide, resulting in low wave energy at the shoreline and reduced rates of transport. So at a 

minimum it is likely that the fishpond slows down the transport of southward moving 

sediment. Sand dunes inland of the vegetation line and just north of the fishpond have 

accumulated about 2.3 x 104 m3 of sediment there since 1949 (Moffat and Nichol, 2000). 

The extensive dune development there relative to the rest of the nearby coastline is 
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evidence of greater rates of deposition and or longer residence times of sediment at this 

location. It is expected therefore that LST south of the fishpond will be faster than the 

rate of LST around the fishpond and into the study site during periods of southward 

LST. Assuming this is the case, sediment moving into the site from the north will not 

accumulate in the few hundred meters south of the fishpond as is documented to have 

happened between 1900 and at least 1963. Rather, during periods of southward NLST, 

rates of sediment import from the north should be exceeded by rates of southward 

transport within the site, resulting in either accretion at its southern end, or advection of 

sediment out of the site there. 

The 1987, and particularly 1963 photographs, were taken during large south 

swells and show plumes of fine suspended sediment heading from the southern side of 

the fishpond up towards the same indentation in the reef. It is conceivable that large 

Kona events may be able to move sand sized particles past the fishpond via this 

pathway. The massive volumes of accretion against the south wall of the fishpond 

however suggest that this in not a significant process. Although not conclusive, the 

balance of evidence suggests that it is reasonable to assume that Koieie Fishpond acts as 

a barrier that prevents the transport of significant volumes of sediment into or out of the 

study region. 

The rocky headland at the southern terminus of the reef-fronted area also serves 

as a barrier to LST. The seaward edge of the fringing reef complex turns in towards 

shore and terminates at the base of the headland. The reef slope is therefore closer to the 

shoreline and focuses wave energy from the southwest there. Lacking the protective 

structure of the reef, Kamaole I and the other pocket beaches further south react more 

rapidly to changes in wave climate. In the aerial photographs from 1960 and 1987 for 
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example, the shoreline at Kamaole I is oriented toward the north-northwest and even 

with the seaward side of the headland. These photographs suggest that sediment 

accumulated there until it had overflowed the confines of the headland. An inspection of 

the area using mask and fins in 1997 showed that the ocean at the base of the headland is 

a few meters deep and carpeted with sand. Past the northern corner of the headland the 

bottom slopes up gently toward the beach. Together the site inspections and aerial 

photographs suggest that during periods of strong northward LST, sediment can be 

carried around the headland onto the reef platform and from there to the beach. At other 

times, during periods of trade wind driven southward LST, sediment is carried south 

along the shoreline. However, none of the aerial photographs show a large accumulation 

of sediment along the northern side of the headland. This may suggest that sediment 

traveling southward does not usually get that far down along the coast. It is 

hypothesized that as the shoreline curves in to the east, the longshore current continues 

to head south, tending to move sediment away from the shoreline, across the relatively 

narrow fringing reef, and offshore. 

Although it is assumed that changes in the entire shoreline sediment volume 

reflect removal or addition to the reef-fronted system, it is possible that at least some of 

that sediment is actually being stored on the reef flat. However, the net increase in 

shoreline sediment between 1900 or 1912 and 1997 is 2.7 x 105 m'. This volume, if spread 

evenly over the entire reef flat, would make a layer 0.2 m thick. It seems unlikely that 

such a large volume would be in storage on such a shallow platform, suggesting that 

most of the net increase is in fact due to an influx of sediment into the site, presumably 

from the sou th. 
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Methods 

Historical Shoreline Positions 

We use historical shoreline positions to determine sediment transport. Historical 

shoreline positions are acquired from both aerial photographs and NOAA I-sheets. 

Only 1:12,000 scale or larger, vertical, and survey-quality aerial photographs are used. 

Series of photographs meeting these criteria date from 1949, 1960, 1963, 1975, 1987, 1988, 

and 1997. Scanned images of the photographs from each series are corrected for 

distortion errors (Thieler and Danforth, 1994) and mosaicked together using software 

from PCI Geomatics, Inc., following the methodology of Coyne et. al. (1999). We define 

the seaward and landward boundaries of the beach as the crest of the beach step and the 

vegetation line, respectively (Bauer and Allen, 1995), and the horizontal distance 

between them as the beach width. Both features are digitized on each photomosaic and 

the latter is used as the shoreline change reference feature (SCRF). Movement of these 

features is measured along shore-normal transects nominally spaced every 20 m along 

the shoreline. Further details are available in Rooney and Fletcher (2000). 

Shoreline position uncertainty is calculated as the root sum of squares of total 

measurement uncertainty, and tidal and seasonal fluctuation of the SCRF. Total 

measurement uncertainty is the root sum of squares of rectification error, digitizing error, 

error due to incorrect identification of the shoreline reference feature on a photomosaic, and 

pixel accuracy (0.5 m). Tidal fluctuation is the maximum horizontal movement of the beach 

step crest measured between the lowest and highest tides during a spring tide, at several 

locations (3.0 m). Seasonal fluctuation is calculated as the upper bound of mean movement 

of the SCRF at the 80% confidence level between the 1987 (summer) and 1988 (winter) 
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photomosaics and is the largest uncertainty term for shoreline positions from photomosaics 

(± 3.7 m). Position uncertainty for the vegetation line is calculated as the square root of the 

sum of squares of total measurement uncertainty. 

Topographic Surveys 

Historical shoreline positions are also acquired from National Ocean Service 

(NOS) topographic surveys, or T-sheets. AT-sheet for the northern half of the study site 

is available from 1900, and one for the southern half, with about 130 m of overlap, from 

1912. The mean high water line (MHWL) from both surveys is digitized and converted 

from the Old Hawaiian Datum to WGS84. MHWLs are shifted seaward a distance equal 

to the median distance between the MHWL and the crest of the beach step, as measured 

from five years of seasonal beach profiles taken within the study site (see 

"http:/ /www.soest.hawaii.edu/ coasts/ProfilePage/index.html" for profile data). 

Uncertainty due to conversion of the MHWL to the beach step crest position is set at± 

2.8 m based on profile data. Uncertainty associated with the plotted position of the 

shoreline on the T-sheet is set at± 5.1 mas per Shalowitz (1964). It is confirmed by 

measurement of offset between prominent rock outcrops and other features common to 

the T-sheets and 1997 photomosaic. T-sheet shoreline uncertainty is calculated as the 

root sum of the squares of the terms above as well as those used to calculate 

photomosaic shoreline position. The most significant of these are digitizing error and T

sheet plotting error. 
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Volumetric Shoreline Change 

Five years of seasonal beach profile data are used to develop a model, modified 

from Bodge (1998), that estimates volumetric changes along the coast from historical 

shoreline movement (Figure 2.7) . The model has terms to account for changes in the 

sandy shoreface portion of the profile as well as the vegetated coastal plain. Together 

these terms give the total change in volume, ~Vol, under the entire length of a 1 m wide 

shore-normal line. That result is multiplied by 20 m, the width of beach represented by 

each measurement of historical shoreline movement. This procedure can be written as: 

~Vol= [(Gp* L'.1X) +(Veg* ~Z)] * 20 (2.1) 

in which~ Vol is the total volume change for a 20 m wide strip of beach, GP is the ratio of 

changes in shoreface volume to beachwidth characteristic of this site, L1X is the change in 

beachwidth, ~Veg is the horizontal movement of the vegetation line, and ~Z is the 

elevation difference between the coastal plain and depth of closure. Using Equation 2.1, 

volumetric changes are calculated for each time increment of our shoreline history at 20 

m alongshore spacing. Volumetric uncertainty for a single transect results from 

volumetric uncertainty due to position error of the beach step crest and vegetation line 

positions, error in the ~Z term(± 1.0 m), and error in the GP term (±40%). These are 

assumed to be independent for each transect, so the total volumetric uncertainty of each 

is defined as the root sum of squares of these terms, multiplied by the 20 m longshore 

distance each transect represents. Individual terms used to calculate volumetric 

uncertainties are assumed to be dependent in alongshore direction, so transect 

volumetric uncertainties are therefore summed over the shoreline segment of interest. 

Further details on this method are available in Rooney and Fletcher (2000). 
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Sediment Production 

The primary components of the beach and nearshore sediment within the study 

site are calcareous, produced by foraminifera, red algae, mollusks, coral, and echinoids 

(Moberly, et. al., 1963). Since all of these organisms can be seen living in the area today 

and contributing to the sediment budget, we estimate current rates of in situ sediment 

production. Two different types of reef environment are found at the Halama study site. 

There are low percentages of live coral cover on the large reef flat area, and higher 

percentages on the smaller reef slope areas, at the outer edges of the reef flat. The surface 

area of each is measured from the 1997 photomosaics. Harney and Fletcher (1999) assign 

gross calcium carbonate production rates of 1.4 and 7.0 kg m"yr·1 respectively to 

Hawaiian reef flat and slope environments. They further estimate that 50% of the gross 

CaC03 production is reduced to sediment, and that 50% of that sediment is trapped 

within the reef framework. The remaining 50% is potentially available to add to the 

beach sediment reservoir. The highest production rates are found on the reef slope. The 

steepness of the slope and large coral formations there act as a barrier that reduces the 

flow of sediment onto the reef-flat and towards shore. We estimate therefore that 50% of 

the sediment produced and not trapped within the reef framework is removed from the 

reef system by transport off the edge of the reef platform, forming observed sand fields 

there. These results are similar to Hubbard et. al 's (1990) and have been tested and 

found valid in Kailua Bay, Hawaii by Harney (unpub.). We further estimate that the 

remaining 50%, or 12.5% of the gross CaC0
3 
production is added to the beach system. 

Total sediment production for the entire reef area fronting the study site is estimated for 

the time period between 1900 and 1997 and compared to the volumetric shoreline 

changes estimated above. 
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Calculating Net Longshore Sediment Transport 

Komar (1998) defines net longshore sediment transport as "the summation of the 

movement [of sediment] under all wave trains arriving from countless wave generation 

areas, accounting for the different transport directions." Komar (1998) and the Coastal 

Engineering Manual (CEM) (1998) state that blockages of LST by structures can provide 

the best evidence of the magnitude and direction of NLST, particularly over longer time 

scales. They further report however that structures, by interfering with waves and 

currents, introduce some error into the estimates of NLST. A structure that interferes 

with LST will trap sediment moving along the shoreline on its updrift side, resulting in 

accretion, and induce erosion on its downdrift side. 

Within the Kihei study site are two different features that can be used to infer 

patterns of NLST. Relatively protected from wave energy, the reef-fronted portion of the 

site protrudes further out into the ocean than the rest of the Kihei coastline, except for 

the volcanic cinder cone of Puu Olai. However, when unusually strong wave energy 

does impact the site, the coastline there is out of equilibrium with these conditions and 

reacts, like any other unconsolidated sediment body, by moving along the coast in the 

direction of the longshore current. The other feature is the Halama St. groin, a shore

normal structure that has interfered with LST since its first appearance in the 1960 aerial 

photographic series. Although there are shortcomings with both of these features that 

make them imperfect indicators of NLST, they can be analyzed to learn much about 

littoral sediment dynamics in the area over the past century. Figures 2.8a and 2.8b 

schematically illustrate their use in the analysis of NLST. In both figures the accreted 

areas are larger than the eroded ones. This reflects the fact that erosion and accretion 

will be caused by both the redistribution of sediment from one area to another within 
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Koieie 
Fishpond 

Halama 
Groin 

a. 
b. 

Halama 
Groin 

Figure 2.8. Schematic showing the use of asymmetric patterns of erosion 
and accretion in the Kihei study site to estimate rates of NLST. Black arrows 
indicate the direction of net transport, which is northward in this case. Dark 
shaded areas indicate erosion while light gray ones indicate accretion for 
northward transport. Circled numbers indicate specific areas used in 
calculations of NLST in Table 2.1. Southward NLST results in erosion in 
areas #1 and #4, and accretion in area #3. (a) shows the entire reef-fronted 
portion of the study site. (b) is a closer view showing just the areas of erosion 
and accretion in the vicinity of the Halama St. groin. 
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the site, and by the removal or addition of sediment to the shoreline from other 

reservoirs. The NLST rate is defined here as the net result of sediment redistribution and 

import/ export from the site, expressed in cubic meters per year. Accordingly, it is 

estimated as the absolute value of the larger of the two rates of volume change from 

either side of the feature being used. The patterns shown in Figures 2.8a and 2.8b both 

reflect northward NLST and are assigned positive values. Opposite patterns indicate net 

southward transport and are given negative values. Any impoundment-based method 

for estimating net transport over relatively long periods, and in areas subject to changes 

in transport direction, will misrepresent the magnitude of transport under some 

circumstances. The method used here is designed to minimize errors for situations in 

which there is predominantly longshore versus cross-shore transport from a single 

direction. It will however tend to underestimate NLST in situations in which there is a 

significant component of cross-shore transport, or, if there is a change in the direction of 

transport near the middle of a period being investigated. Furthermore, the features used 

to estimate NLST experience some leakage of trapped sediment, and other error

inducing processes. This is particularly true for the groin, which has a small volumetric 

capacity relative to the entire site. However, rates of NLST can be multiplied by the 

duration of each period to yield volumes of transported sediment. These are compared 

to total volume changes for the reef-fronted area calculated from movement of the 

historical shorelines and vegetation lines, and help to put NLST rates into perspective, as 

shown below. 

Unfortunately, the 1900 and 1912 shorelines are not continuous over the entire 

study site. Since there is such a large gap in time between them and 1949, NLST is 

estimated for the 1900 to 1912 and 1912 to 1949 periods, based on what data are 
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available. Figure 2.9 and Table 2.1 illustrate the details of this effort. The southern two 

thirds of the shoreline are covered by the 1912 and 1949 shorelines. This includes an area 

that experienced accretion during this time, and one that underwent heavy erosion. The 

mean rate of change for each area, in m' y'1
, for the 1912 to 1949 period is assumed to be 

constant for the 1900 to 1912 period as well. 

There is a small (120 m) segment over which all three of the shorelines overlap 

(area #6 in figure 2.9). The rates of change here are found to be 687 m3 y' 1 for 1900 to 

1912, and 131 m3 y' 1 for 1912 to 1949, and 266 m' l for 1900 to 1949, with a ratio between 

them of 5.25: 1: 2.03 respectively. This ratio is used in the area north of the overlapping 

section (#5 in figure 2.9), which has coverage in 1900 and 1949, but not from the 1912 

shoreline. The mean rate for the 1900 to 1949 period is partitioned into 1900 to 1912 and 

1912 to 1949 rates in accordance with the 5.25:1:2.03 ratio. Since sediment is backfilling 

against the fishpond's south wall, it is assumed that accretion rates are likely to be 

higher near the wall, so that the ratio is a reasonable approximation of shoreline 

behavior between the area of overlap and the south wall. Also, since area #6 shows 

accretion for both periods, it is likely that the 1900 shoreline position is at its most 

landward, so that total volume change between 1900 and 1949 is not overestimated, 

even if partitioning between the two shorter periods is not exact. 

However, it is apparent that the ratio does not accurately represent the entire 

study site. If it is extrapolated to the southern area undergoing erosion (area #2 from 

figure 2.9), the position of the shoreline in 1900 is unreasonably far offshore. It is 

assumed therefore that shoreline change in areas south of the 1900 shoreline is better 

characterized using the 1912 to 1949 rates to estimate behavior for 1900 to 1912. The full 

record of NLST discussed here is shown in Table 2.1, and discussed further below. 
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Historical Shorelines 

1900 
1912 
1949 

@ 1900-1949 volume change rate calculations are based on 
historical shoreline positions. They, and the ratio of 1900-1912, 
1912-1949, and 1900-1949 rates (5.25:1 :2.03) from the area to 
the south where all three shorelines overlap are used to estimate 
rates of volume change for 1900-1912 and 1912-1949 for this area. 

@ Rates of volume change for 1900-1912 and 1912-1949 for this 
area are calculated directly from historical shoreline positions. 

(j) Rates of volume change( accretion) are calculated directly 
from the 1912 and 1949 shorelines, and assumed to be the same 
for the 1900-1912 period. 

0 Rates of volume change (erosion) are calculated directly 
from the 1912 and 1949 shorelines, and assumed to be the 

same for the 1900-1912 period. This segment comprises 
the southern and dominantly erosive portion of the 

study site, while the three segments above comprise 
the northern portion, which has experienced net 

accretion. 

Figure 2.9. Schematic illustrating the method used to estimate 
volumetric rates of change for the 1900 to 1912 and 1912 to 1949 
periods for different segments of the study site. Circled numbers 
indicate specific areas used in calculations of NLST in Table 2.1. 
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Table 2.1. Estimation of Net Longshore Sediment Transport (NLST) for the reef-fronted 
portion of the Kihei study site. Units are in m3i 1

• Numbers in the "Areas" column refer 
to areas indicated by circled numbers in Figures 2.3 and 2.4. Numbers in bold-face type 
represent the best estimates of the effects of NLST on the southern and northern portions 
of the site. Values for each portion are compared, and the absolute value of the larger one 
is used as the estimate of the magnitude of NLST. The direction of net transport is 
indicated by the signs of bold-faced values, as explained in Figure 2.3. 

Periods: 1900-1912 1912-1949 1900-1949 1949-1960 1960-1963 1963-1975 1975-1988 1988-19971 

687 131 266 
Northern 9,250 1,769 3,581 
Portion 2252 2252 2252 
of Site 12190 4152 6100 

-158 ·168 534 
Southern -3263 -3 263 -3 263 
Portion 
of Site 1,686 -1104 -680 

NLST: Rates 12190 4152 6,100 3,652 -1 104 -680 
Directio north north north south south 

Color Key 
I I Area of overlap of the 1900, 1912, and 1949 shorelines. This segment of the coast 
experienced accretion, with a ratio of rates in (m" 3/ y) of 5.25: 1 :2.03 for the 1900-1912, 1912-1949, and 
1900-1949 periods. This ratio is used to estimates accretion rates between 1900 and 1949 for area #5. 

The mean accretion rate for area #5 between 1900 and 1949 is calculated from 
historical shore and vegetation line positions. This rate is divided into rates for the 1900 to 1912, and 
1912 to 1949 periods using the 5.25:1 ratio calculated from area #6. 

I The mean accretion rate for area #7 between 1912 and 1949 is calculated from historical 
shore and vegetation line positions, and used to estimate the rate for the 1900 to 1912 period . 

I The above three rows are summed to estimate accretion rates in the northern portion 
of the study site, or area #1 , for comparison with rates estimated for the southern portion . 

Accretion rates for area #1 for the periods indicated are calculated directly from 
movement of historical shore and vegetation lines. 

I Accretion/erosion rates for area #3, just north of the Halama St. groin. Note that 
'-e-ro-s-io_n_o_n_t_h-is_s_.ide of the groin and accretion along its southern side is suggestive of net 

northward transport . 

,__ ____ ___.! Erosion rates for area #2 are calculated from shore and vegetation line positions for 
the 1912 to 1949 period and used to estimate the mean rate from 1900-1912. 

Erosion rates for area #2 for these periods are calculated directly from historical shore 
and vegetation line movements. 

The accretion rate for area #2 for this period is calculated from the total volume 
change minus accretion due to construction of the Kalama Park revetment. 

Erosion and accretion rates are calculated for area #4 directly from movement of 
historical shore and vegetation lines. 

I Site-wide NLST is estimated to be the larger absolute value of the numbers in bold
.... fa_c_e_t_yp_e_f.,..ro-m-th_.e column above. The direction of net transport is based on the sign of the bold-face 

numbers, as shown in Figure 2.3. 
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Kona Storm Time Series 

A record of Kona storms that may have impacted this coast was compiled from 

several published sources, and augmented in a few cases by anecdotal reports (National 

Weather Service, 1959-1998; U.S. Army Corps of Engineers, 1967; Shaw, 1981; U.S. 

Department of Agriculture, 1905-1948). Kona events are cataloged and assigned a 

magnitude from 0 to 4 based on the expected duration of changes they induced on the 

sandy portion of the Kihei coastline, as shown in Table 2.2. Durations are based on the 

multi-decadal persistence of major changes to the shoreline induced by Kona events. A 

description of the Kona storm of January 17, 1963 is included here as an example of a 

Table 2.2. Magnitude assigned to individual Kona storms and passing fronts 

Magnitude, Duration of 
Effects 

0 No effect 

1 A single season 

2 One year 

3 Five years 

4 Twenty years 

, Magnitude assigned to individual events based 
on the estimated duration of their effects on the 
sandy shoreline in Kihei, Maui, Hawaii 
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magnitude 4 Kona event. Described as one of the worst storms on record, it caused 

severe beach erosion as well as damage to houses, trees, crops, power lines, etc. This 

Kona lasted a minimum of 63 hours, and featured winds up to 37 m s·1 (84 mph), with 

sustained winds in the Kihei area in excess of to 18 m s·1 (40 mph) . Waves coming from 

the west-southwest, greater than 3 m high and breaking 300 m offshore were observed 

there as well. In conjunction with a frontal passage on January 17th, this Kona caused 

the shoreline to recede as much as 15 min places, and resulted in homeowner 

expenditures of $50,000 on emergency measures to reduce erosion (National Weather 

Service, 1963; U.S. Army Corps of Engineers, 1967). 

Based on considerations of increased wave height, storm surge, and duration 

typical for each magnitude, we assume that each stepwise increase in event magnitude 

will result in a ten-fold greater impact to the shoreline. In other words, a M3 event will 

induce northward transport of an order of magnitude more sediment than a M2 event. 

There are shortcomings with this record. The details available are frequently sparse, 

leading to speculation about a storm's impact in Kihei. Reporting of events was not al

ways consistent between sources and the overall number of events reported increased 

greatly through time, particularly in the last few decades. Also, until recently, erosion of 

beaches was of relatively little concern and rarely mentioned. We assume that major 

Kona events are reported more consistently than minor ones so only events of 

magnitude 2 or greater are included. 

Given the shortcomings of the Kona storm record, it is desirable to have a less 

subjective measure of Kona activity in the Hawaiian Islands. We use winter season 

precipitation from Waianae, Oahu (National Climatic Data Center, 2000) as a proxy 

record . Note that data are not available for this station for the years between 1982 and 
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1992. Of the hundreds of locations within the state of Hawaii for which there is 

precipitation data available, we judge the record from Waianae to be the best one to use 

in examining effects of Kona storms because it is isolated from orographic rainfall. 

Hence, these precipitation values are more reflective of typical southwesterly Kona 

events. 

Results 

Volumetric Changes 

This coast has been quite dynamic over the past century. Part of the shoreline 

receded almost 100 m while other areas have prograded a greater amount. Due to 

variations in the morphology of the coast, shoreline change is more comparable for dif

ferent areas when expressed in units of sediment volume, rather than as horizontal 

movement. Detailed information on the timing, magnitude, and location of sediment 

volume changes help to characterize the behavior of this coast and yield clues as to why 

the changes occurred. Figure 2.10 gives a complete history of volume changes, based on 

measured movement of the vegetation line and shoreline and Equation 2.1. The 

smoothed surface illustrated in the figure is generated by fitting continuous curvature 

splines to all volume change data for the 1900 to 1997 period, and reflects the net result 

of all sediment transport processes for the entire study site (Smith and Wessel, 1990). 

Estimates of volume change associated with a variety of specific shoreline processes are 

shown in Table 2.3. 

Between 1912 and 1997, the reef-fronted southern portion of the study area lost 

1.7 x 105 ± 4.2 x 104 m3 of sediment. The greatest losses occurred at the southern end of 
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Net Shoreline Sediment Volume Change (m3
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Figure 2.10. Volumetric change within the study site through time, 
and superposition of 1900, 1912, 1949, and 1997 shorelines. Negative 
values indicate erosion while positive values show accretion. 
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Table 2.3. Shoreline sediment volume change, in m3
, due to specific processes 

at the study site. 

Specific Process Volume Volume 
Change • Change• 
1900/12 1949 to 
to 1949 1997 

Accretion in northern half of study site 284,000 132,000 

Erosion from southern half of site -119,000 -28,000 

Sediment production on reef available to littoral system 26,000 25,500 

Accretion south of groin NA -42,000 

Accretion from reef rubble features at Kawililipoa NA -23,000 

Accretion in dunes north of Koieie Fishpondb NA -23,000 

Accretion in dunes near groin ??? -1,400 

' Negative values indicate processes that remove sediment from the system or trap it 
such that it is no longer acted upon by LST-inducing forces. 

b Koieie Fishpond marks the northern terminus of the study site. Although outside the 
study area it is considered likely that trapping of sand in these dunes may have had an 
impact within the site. 
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Kalama Beach Park between 1912 and 1949, with the shoreline receding as much as 90 

m. Net erosion during this period gradually decreased to the north along the entire 

length of Kalama Park as well the southern half of Halama Street. At the middle of 

Halama Street however, the erosion tapered out and was replaced by accretion that 

continued to the south side of Koieie Fishpond. By 1949 the southern end of Kalama 

Park had stabilized and the shoreline there changed little until a revetment was 

constructed along the length of the park in the early 1970s. Between 1949 and 1960 

erosion continued, but the area of greatest erosion shifted to the middle of Kalama Park, 

and then to the north end of the park between 1960 and 1963. Although most of the 

southern half of the site continued to erode, the portion experiencing the highest rates, 

or the "focus" of erosion continued to migrate north and was centered several hundred 

' meters south of the Halama groin during the 1988 to1997 period. The northern half of 

the site has a very different history. Between 1900 and 1997 this area of the shoreline 

prograded significantly, accreting about 4.16 x 105 ± 4.5 x 104 m3
, or about three times 

more sediment than was lost in the south. 

Superimposed on the above major patterns of shoreline change are several 

smaller features that are discernable in Figure 2.10. A series of major storms in the early 

1960s caused widespread erosion, and accretion in a few localized areas, while post

storm recovery induced an opposite pattern between 1963 and 1975. The Halama groin 

had an obvious impact on the coastline, causing about 4.2 x 104 m3 to accrete along its 

southern side while the downdrift or northern side experienced erosion. Localized 

accretion of approximately 2.3 x 104 m3 of sediment in the Kawililipoa area is also 

evident in Figure 2.10. 

87 



Sediment Production 

In estimating sediment production on the surface of the reef, the area of the reef 

characterized as "reef slope" covers 0.46 km2 and is assigned a gross CaC03 production 

rate of 7.0 kg m·2 yr·' . The area characterized as "reef flat" encompasses 1.28 km2 and is 

assigned a production rate of 1.4 kg m·2 yr·1
• Annually the entire reef is estimated to 

produce 0.36 kg m·2
, 2.5 x 10 6 kg, or approximately 530 m3 of sediment that is potentially 

available to the beach system. That yields a total production of approximately 5.2 x 104 ± 

2.5 x 104 m3 over the 97-year period covered by this study. 

Net Longshore Sediment Transport 

Calculations of NLST based on movement of historical shorelines (Fig. 2.11) for 

different periods reveal large fluctuations in both magnitude and direction. Between 

1900 and 1912 we estimate that the rate of NLST was quite high and to the north, at 

12.2 x 103 m-'y"'. Northward NLST dropped significantly between 1912 and 1949 and then 

jumped up again between 1949 and 1963. Since 1963 an increasingly southward trend in 

NLST has been observed, with southward rates as high as -1.1x103 mV'. 

Kona Storm Activity 

The historical record is investigated to develop a record of major Kona storms 

over the period covered by this study. A total of 32 events are found. These are plotted 

against their estimated impact, as dots_in Figure 2.12(a). 
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Figure 2.11. Time series of mean net longshore sediment 
transport between each year of historical shoreline data, 
for the entire site. 
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in Waianae, Oahu, a proxy record for Kona storm and front activity in Hawaii (dots). Data 
is not available for the period between 1982 and 1992. Cumulative residuals are shown 
as a solid line, with values indicated on the scale on the right side of the plot. 



A proxy record of Kona storm activity is also developed based on rainfall records 

from Waianae, Oahu. Total winter rainfall for each year of record is plotted in Figure 

2.12(b) along with their cumulative residuals. Graphs of climatological data such as 

rainfall, sea level, stream flow, etc. often appear very noisy and confused. By expressing 

the data as cumulative residuals, trends become more apparent. This widely used 

method was developed by Hurst (1951, 1957) and is simply the cumulative sum of 

departures of values of a time series from their long-term mean. A period of higher than 

average values for a time series will thus appear as a curve with a positive slope when 

plotted as cumulative residuals. 

Discussion 

Causes of Shoreline Change - Geomorphic Evidence 

Clues to why the shoreline has changed are available from geomorphic evidence. 

The fishponds within the site, at least one of which is at least 500 years old (Ryan, 2000), 

are still located at the waters edge suggesting a long-term balance in sediment dynamics. 

This is despite a relative sea-level rise of 2.5 mm y"1
, according to NOAA tide gauge 

records from Kahalui, Maui. Other evidence however indicates that despite its net 

balance, the system has experienced dramatic changes, at least over the last century. The 

shoreline around Koieie Fishpond in 1900 (Figure2.10) was about 30 m further seaward 

on its north side and 60 m further landward on the southern side relative to the 1997 

shoreline. Such a configuration is indicative of southward NLST prior to 1900. The head 

of Maalaea Bay is only 4 km to the north, so there is limited fetch within the bay for 

wave development at the site. The area is also well sheltered from waves arriving from 
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the northwest, north, east, and southeast. There does not, therefore, seem to be a 

mechanism to move high volumes of sediment to the south. This suggests that the 1900 

shoreline reflects a significant period of dominantly southward, presumably trade wind 

driven, LST. Between 1900 and 1949 however the north side of the fishpond accreted 

about 20 m while the south side accreted about 40 m. Between 1949 to 1960 and 1960 to 

1963 the north side eroded 36 m and 12 m while the south side experienced jumps in 

accretion of 7 m and 15 m. There were a number of major Kona storms in the first half of 

the 1900 -1949 period, as well as between 1949 -1960, and especially during the 1960-

1963 period. This can been seen in Figures 2.12(a) which depicts major Kona storms and 

their estimated impact on the Kihei coast. Movement of the shoreline around Koieie 

Fishpond is indicative of northward NLST during these periods, and is interpreted to be 

a result of intensive Kona storm activity. 

On the north side of the fishpond a sand dune complex has accumulated. It 

appears in the 1949 photograph of the area as if it had been bulldozed to enable the con

struction of several tall antennas that were probably part of the National Weather 

Service installation at Koieie. Since then about 2.3 x 104 m3 (3.0 x 10• yd3
) of wind

deposited sediment has accumulated there, at a mean rate of 480 m3 yr"1 (Moffat and 

Nichol Engineers, 2000). Although deposition is due to natural processes, leveling of the 

previously existing dunes undoubtedly provided an avenue for accelerated loss of sand 

from the beach. This area is actually just outside of our study site. However, storage of 

fairly significant volumes of sediment in this dune complex is likely to have reduced the 

flow of sediment around Koieie Fishpond and south onto beaches within the site. To put 

it in perspective, the volume that accumulated here between 1949 and 1997 represents 

90% of the estimated reefal sediment production available to the beach for the entire 
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study site over the same period. It is also equivalent to 80% of the sediment that was lost 

from the southern half of the site between 1949 and 1997. 

There was significant net accretion along the entire northern half of the study site 

for most of the period from 1900 to 1975. Between 1963 and 1997 however there was 

particularly heavy localized accretion in the Kawililipoa area. The sequence of aerial 

photographs for this area documents gradual shoreward movement of accumulations of 

reef rubble conglomerate. Similar features, described as "coral- conglomerate tongues" 

have been identified along South Pacific island shorelines, and interpreted as reworked 

storm deposits (Richmond, 1997). We hypothesize that the rubble material at this site 

may have been broken off the reef during major Kona storms in the early 1960s and 

gradually pushed towards shore. Whatever their origin, these features have been 

interrupting LSI along the coast here, resulting in the localized accretion of 2.3 x 10' m' 

of sediment since 1975. 

Annual in situ sediment production, 530 m3
, is relatively small compared to the 

total volume of sediment transported along the coast. Over the 97-year period covered 

by the study for example, in situ production accounts for only 18% of the net sediment 

accumulation. On time scales of years to decades, sediment transport processes are 

predominate shapers of the coastline. On the other hand, as the timescale of interest 

becomes longer, in situ sediment production and storage become increasingly important 

components of the sediment budget. Long-term storage of biogenic sediment in 

Hawaiian littoral systems was demonstrated by Harney et. al. (2000), who found that 

fossiliferous sand up to 5,000 years old dominates the surficial sand reservoir at Kailua 

Beach on the island of Oahu, Hawaii. On scales of thousands of years, sediment 
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production and storage are responsible for creating the beach and thus become very 

important geologic processes. 

Causes of Shoreline Change - Modern Anthropogenic Activity 

The processes mentioned above affecting littoral sediment dynamics are largely 

natural. The next set of features or processes within the site to be discussed are 

predominately anthropogenic. The first of these, the groin at the north end of Halama 

Street, was constructed between 1949 and 1960. Between 1912 and 1949, before the groin 

was built, the shoreline had accreted seaward about 40 min this general area. When it 

first appeared in the 1960 photographs, the groin had already caused about 20 m of 

localized accretion on its south side and 20 m of erosion to the north. This trend 

continued during the 1960-1963 period, indicating continued northward NLST, as ex

pected given the high levels of Kona storm activity at this time. About 4.2 x 10~ m' of 

sediment had accumulated on the south side of the groin by 1997. An additional 

1.4 x 103 m3 is trapped in sand dunes inland of the groin, although it appears from the 

1949 photographs that at least part of the dune complex was already there before the 

groin was built (see Table 2.3). 

By 1975 a line of seawalls, unbroken except for a few beach access paths, 

extended over 1400 m from the south end of Kalama Park to the north. Prior to coastal 

armoring sediment was eroding from the backshore along this portion of the coast at a 

mean rate of 3,300 m3 y"1
• After the segment was armored that value changed to 

1000 m3 y" 1
, more than three fold decrease in net sediment transport. This undoubtedly 

reflects a decrease in Kona storm activity as well as impacts of armoring. However, in 
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January 1980 probably the largest Kona storm in our record hit the islands. Despite this, 

the 1975 to 1988 period shows the strongest southerly NLST of any period. The relatively 

minor impact of this event on the site's shoreline is likely due to the presence of coastal 

armoring. The impact of armoring here is particularly apparent in reviewing statistics on 

beachwidths. Between 1949 and 1997, mean beachwidth for the entire study site 

decreased by 44 percent. This primarily reflects a drop in mean beachwidth for the 

armored shoreline segment fronting Kalama Park and Halama Street, from 16.9 m to less 

than 1 m. Kona events and episodes of south swell since the late 1980s would have, in 

the absence of armoring, eroded the vegetation line landward, exposing sand from the 

coastal plain in the southern half of the site to the active littoral system, and helping to 

maintain a healthy beach. 

The loss of beach sand in front of coastal armoring structures on shorelines 

experiencing chronic erosion and recession is often referred to as "passive erosion" (e.g., 

Pilkey and Wright, 1988). Passive erosion, and impoundment landward of armoring 

structures, of sediment that would otherwise be available to the littoral system (e.g., 

Coyne et. al., 1996; Kraus, 1988), are well known impacts of coastal armoring and are 

shown to be occurring at the Halama study site. The contribution of coastal armoring to 

active erosion of sandy shorelines is more controversial and has been the subject of 

considerable debate in the literature (e.g., Kraus, 1988; Kraus and McDougal, 1996; 

Pilkey and Wright, 1996). In their updated literature review of the subject, Kraus and 

McDougal (1996) find that wave reflection "is probably not a significant contributor to 

beach profile change or scour in front of seawalls, at least during storms." It is further 

noted that, during storms, beach profiles are in front of a wall retain about the same 

amount of sand as a beach without walls. However, they point out that if turbulence and 
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sediment suspension in front of a wall increase due to wave reflection, there may be 

enhanced alongshore movement of sediment, and that additional research in this area is 

needed. Miles et. al. (2001) address this need with field measurements of sediment 

dynamics along sandy versus armored shorelines. They report mean suspended 

sediment concentrations up to three times higher in front of seawalls than in front of 

natural beaches, particularly for situations in which waves are large and the water 

shallow. Longshore currents fronting the armored shoreline were also found to be 

enhanced relative to the natural beach, resulting in an order of magnitude greater rates 

of longshore sediment transport. In light of these findings it is not unreasonable to 

expect that, although reducing the volume of sediment available to the active littoral 

system, the presence of coastal armoring in the site will result in faster rates of transport 

along its length. It is possible therefore that the revetments and seawalls in the southern 

portion of the site expedite advection of sediment from the northern portion to the south 

and out of the site during trade wind dominated conditions. 

Net Longshore Sediment Transport 

The record of volumetric changes along the shoreline, based on the model 

depicted in Figure 2.7 and historical shoreline and vegetation positions (and referred to 

for the remainder of this discussion as dVt), is well constrained relative to that of NLST. 

It is useful therefore to compare the two, to ensure that values of NLST are reasonable. 

The NLST record reflects sediment redistribution within the site, as well as total changes 

in volume, which must be taken into account in a comparison. However, it also offers 

the possibility of additional insights regarding sediment dynamics at the site. 
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Figure 2.13(a). Comparison of volume changes from records ofNLST (multiplied by 
the duration in years of each period) and dVt (calculated from movement of historical 
shore and vegetation lines). Cumulative and per period volume changes are plotted as 
dashed and solid lines respectively. Symbols mark the center of the time span they 
represent. (b). Mean rates of volume change for NLST and dVt over each period 
between historical shorelines. Note that the dVt record shows a single estimated 
mean rate of change for the 1900/ 1912 to 1949 period, while the NLST record shows 
different rates for 1900 to 1912 and 1912 to 1949. 
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Figure 2.13 depicts volume changes from both the NLST and dVt records. The 

last points plotted in Figure 2.13a indicate that total volume change from the NLST 

record is 4.4 x 103 m.i, versus 2.4 x 103 m3 from dVt. Since the site has experienced 

significant net accretion, and most of the erosion from the southern portion co-occurred 

with greater rates of accretion to the north, the total volume lost from the south, 

1.7 x 105 m3
, is assumed here to have been redeposited in the north. This redeposited 

volume, if subtracted from the total volume from the NLST record, yields a remainer of 

2.7 x 105 m3
, which is not significantly different from the total volume from the dVt 

record. 

Although the overall volumes of the two records are in reasonable agreement, 

differences in their rates of volume change for different time periods are apparent from 

an inspection of Figure 2.13b. Note that the dVt record shows a single value between 

1900 and 1949, while the NLST record is broken into two different values, as explained 

in Table 2.1, with a markedly higher rate for the 1900 to 1912 period. NLST rates are 

significantly higher than those from the dVt record from 1900 through 1963, reflecting 

the redistribution of sediment from the south to the northern side of the site. 

The largest jump in dVt occurs between 1963 and 1975, immediately after a major 

peak in the NLST record. However the 1963 photographs were taken seven months after 

two major storm events and still show obvious signs of their impacts. Kamaole I Beach 

for example only has sand along half its length. Since these photographs only extend just 

offshore of the shoreline it is impossible to tell if there are significant volumes of sand in 

storage on the reef flat that have not yet been transported to shore. Therefore, the overall 

gain in volume between 1963 and 1975 may be due to sediment transport into the site 

during either the 1963 to 1975, or the 1960 to 1963, periods. Also, the method used to 

98 



estimate NLST will result in underestimations for situations in which similar volumes 

are added to both the northern and southern portions of the site. This is to be expected if 

the direction of net transport changes near the middle of the period under investigation. 

The period after 1963 to 1975 is the first time that net southward transport is observed. If 

the change in direction actually occurred prior to 1975, redistribution of sediment from 

the north to southern areas of the site would act to decrease the measured rate of NLST, 

while dVt remained constant. 

After 1975, absolute values of magnitudes of dVt are consistently larger than 

those of NLST. This is probably due to the use of the Halama St. groin to estimate NLST, 

and reflects leakage of sediment sequestered there. Also after 1975, the records show 

southward NLST, extensive hardening or other stabilization of the shoreline, and loss of 

sediment from the site, precluding the continued use of larger areas within the site to 

estimate NLST. However, the reasonably close agreement between dVt and NLST data, 

after the above considerations have been taken into account, suggests that the NLST 

record adequately characterizes decadal scale sediment dynamics within the site. 

The NLST history shows that there have been significant changes in both the 

magnitude and direction of transport in this area over the past century. The pattern is 

suggestive of a multi-decadal fluctuation of NLST and provides evidence of the forces 

responsible. One possible mechanism forcing LST is hurricanes. However, as discussed 

earlier, reports of damage from specific storms from several sources indicate that 

hurricanes have had less of an impact on the Kihei shoreline over the last century than 

have Kona storms. Additionally, Chu and Clark (1999) show that almost all hurricane 

tracks in the central Pacific between 1.966 and 1997 that reached as far east as Maui pass 

to the southwest of the island. Wave energy they generated while southwest of the 
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island then has a straight-line path to the Kihei coast. Chu and Clark (1999) further 

report a significant rise in tropical cyclone activity (tropical depressions, storms, and 

hurricanes) between the 1966-1981and1982-1997 periods. The pattern of NLST however 

shows an increasing southward component during this time, further reinforcing the 

hypothesis that hurricanes have not been the dominant force inducing shoreline change. 

As discussed previously, a number of lines of evidence suggest that Kona storm 

processes are likely responsible for most of the changes to the shoreline within the 

Halama study site. 

Pacific Decadal Oscillation 

ENSO events, typically occurring every 3 to 4 years (Goddard and Graham, 

1997), exert a significant influence on Kona storm activity in Hawaii. They tend to last 6 

to 18 months, and go from one extreme to the other, e.g., from a strong El Nino to a 

strong La Nina event, in adjacent years (Diaz and Kiladis, 1992). These characteristics 

make it difficult to discern multi-decadal variations in the ENSO signal that might 

correlate with and explain the changes in NLST. The Pacific Decadal Oscillation (PDO) 

however is an ENSO-like climatic fluctuation, with warm and cool phases that generally 

last 20-30 years (Mantua, et. al., 1997; Zhang, et. al., 1997). The terms "warm" and "cool" 

are commonly used to describe phases of both the PDO and ENSO. They refer to SSTs of 

the tropical eastern Pacific Ocean and along the west coast of the Americas (Hare, et. al., 

1999). 

The leading eigenvector of North Pacific monthly sea surface temperatures pole

ward of 20° N for the 1900-1993 period has been established as an index to compare the 
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Figure 2.14. Wann phase PDO surface anomalies: (left panel) sea surface temperature anomaly pattern, 
dashed contours depict cooler than average temperatures, while solid contours reflect warmer than 
average temperatures, contour interval is 0.1 degree C; (center panel) atmospheric sea level pressure 
anomaly pattern, dashed contours depict lower than average sea level pressures, while solid contours 
reflect higher than average pressures; (right panel) wind stress anomaly vectors, the longest wind 
vectors represent a (psuedo) stress of 10 m2 s-2. 
[from Hare et. al. ( 1999). Reproduced with permission from the American Fisheries Society]. 



relative intensity of the PDO (Mantua, et. al., 1997; Mantua, 2000). Positive values of the 

PDO index indicate El Nino-like conditions whereas positive values of the Southern 

Oscillation Index, a common measure of ENSO intensity, are indicative of La Nina-like 

conditions. Anomalies in the mean SST, sea-level pressure (SLP), and wind stress fields 

associated with a positive phase of the PDO are illustrated in Figure 2.14. During a 

positive phase there is a wedge-shaped body of anomalously warm water in the eastern 

equatorial Pacific, surrounded by a horseshoe shaped band of cooler than normal water. 

A drop in sea level pressure centered over the Aleutian Islands is also characteristic of 

this phase, and the pattern reverses during the negative phase. ENSO events exhibit 

patterns that are broadly similar, but of greater intensity than those of the PDO. There is 

strong evidence that the PDO modulates ENSO events such that there is a greater 

tendency for strong El Ninos (La Ninas) during positive (negative) phases of the PDO 

(Gershunov and Barnett, 1998; Gershunov et. al., 1999, McCabe and Dettinger, 1999). 

Although each phase of the PDO lasts 20-30 years, it may contain intervals of several 

years in length in which the sign of the PDO index is reversed. These high frequency 

shifts are difficult to distinguish from actual phase changes of the PDO, except in 

hindsight, and appear to have the same impact on ENSO (Mantua et. al., 1997). 

Independent researchers have evidence for two full cycles of the PDO over the 

past century, with cool phases from 1890-1924 and 1947-1976, and warm phases from 

1925-1946 and 1977 to about 1998 (Mantua et. al., 1997; Minobe, 1997). Documentation of 

two cycles of the PDO however is insufficient to establish it as an oscillation (Hunt and 

Tsonis, 2000). Other researchers have found evidence of PDO-like climatic fluctuations 

extending further back in time, suggesting that the PDO may be a true internal 

oscillation. Using tree ring data and proxy records of SST from corals, Minobe (1997) and 
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Linsley et. al. (2000) find evidence of PDO-like climatic fluctuations as far back as the 

1700s. Baumgartner et. al. (1992) document similar variations extending back to AD 270 

based on scales from anchovy and sardines preserved in Santa Barbara Basin sediments. 

It has further been suggested that we may have recently entered a new cool phase of the 

PDO (e.g. JPL, 2000; Monastersky, 2000). 

In addition to much greater persistence than ENSO events, fluctuations in the 

PDO are focused more in the North and South Pacific while ENSO events have a greater 

impact in the tropics (Mantua, et. al., 1997; Zhang, et. al., 1997). Despite its more 

poleward focus, the PDO has been shown to induce changes in climate in the vicinity of 

Hawaii. Chu and Clark (1999) document an increase in the frequency and intensity of 

tropical cyclones in the central North Pacific between 1982 and 1997. They note that the 

changes appear to be modulated by decadal-scale changes in SST with warmer 

conditions during this period, perhaps leading to stronger El Nino events, as well as 

greater tropical cyclone activity. A negative correlation has also been reported between 

the PDO and precipitation in Hawaii (Mantua, et. al., 1997; Wright, 1979). This is not 

unexpected, given the similarity in patterns of SST for warm and cool ENSO and PDO 

phases. 

Relationship of PDO to NLST 

Positive PDO phases are characterized by a general tendency for anomalously 

warm SSTs in the eastern equatorial Pacific. As with negative ENSO events, we expect 

that the Hadley Cell will shift south and eastward moving the ridge aloft closer to 

Hawaii, thereby suppressing Kona storm activity during these times. Thus we 
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hypothesize that NLST along the Kihei coast during positive PDO phases is 

characterized by a relative lack of Kona storm driven transport, and dominated 

therefore by trade wind driven southward NLST. During negative phases however, we 

expect a greater than average level of Kona storm activity and increased potential for 

northward NLST. To test these hypotheses, we compare our record of NLST in Kihei 

with local climate histories (the precipitation and Kona storm records from Hawaii) and 

the PDO index. 

Leeward Rainfall and the PDO 

One proxy for Kona storm activity in the Hawaiian Islands is leeward rainfall, as 

shown by the precipitation record from Waianae, Oahu. As noted earlier, when the ridge 

aloft is in the vicinity of the islands, i.e., during El Nino conditions or positive PDO 

phases, the tendency for Konas or other storms to approach is greatly reduced. Since 

Kona storm activity occurs in the wintertime, only values from the months of October 

through April are included. The cumulative residuals of total winter season rainfall (in 

cm) are shown in Figure 2.15(a). Also included are the cumulative residuals of winter 

season means of the POO index. To more clearly illustrate its relationship to other 

climatological time series, the Y-axis has been reversed so that values become 

increasingly negative moving up the axis in Figures 2.15(a) and (b). Areas on these 

curves with a positive (negative) slope represent periods of lower (higher) than average 

PDO index values. Note that the previously mentioned changes in PDO phase are 

shown in the figure as alternating gray and white backgrounds and appear at basically 

the same time as major changes in slope from the two curves. Winter season mean values 

of the PDO index are shown in Figure 2.15(b) as a gray line. The mean value of the index for 

104 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

-2 
x 
QJ 1 

-0 

s: a ....... ~-+_.. 
0 
~1 

l1J 
c 

2 

~ 2F"-----· 
I 

1924-5 1946-7 

• • 

• 

• • • . ·-

1976-7 1998 ??? 

a. Cumulative Residuals s 

b. PDO 

~-60 Q! 

120 

-0.8 s: 
-0 f'1) 

-0.4 0 ~ 
0-o 

0 5" ~ 
a.. -0 

0.4 ~ ~ 

0.8 

VI 
f'1) 

...... c. Kona Storm Activity so 
• - 40 7'~ 

•• • • 
g3 

- 30 =-~ 
:::;N ,.., ro 

- 201:l CL 
(") V) 

.----•-.• • • I 0 Cf 3 
I I 

14.--~~~~~~~~~~~~~~~~~~~~~~~~-.14 

d. NLST __ r 

I 
z 

10 r;; 
-; 

-6 q 
3 

~ w 
~2-- -2'<, 

z 0------------------------------- - --- -- ---- ~ 

1900 

Figure 2.15 . Climatic records compared to that ofNLST. All sub-plots share a common 
X-axis . Alternating gray and white backgrounds indicate phases of the PDQ identified in 
the literature, with labels for boundary dates between phases written across the top of 
Figure 12.15a. (a) Cumulative residuals of the PDQ (black line) and Waianae rainfall 
(gray dotted line). Their correlation (r = -0.88) is significant at the 95% confidence level 
(CL). (b) Mean winter season values of the PDO index (gray line) and their means over 
each PDOphase black line) The latter correlates to Kona storm impacts summed over the 
same periods(r = -0.80) at the 85% CL. ( c) Relative magnitudes of major Kona stom1s 
(dots) and the sum of their impacts over periods between historical shorelines (gray line). 
(d) Net longshoresediment transport for periods between historical shorelines. This 
correlates with the (gray line in Figure 2.1 Sc) record of Kona impacts summed over the 
same periods (r = 0.53) at the 80% CL. 
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each phase of the PDO is also plotted, as a solid black line. The latter is used to enable a 

comparison with the Kona storm record, which will be discussed shortly. 

The PDO and Waianae rainfall time series each describe or reflect a multi

decadal climatic oscillation, hence there is a tendency for successive measurements to 

have similar values. Reducing the degrees of freedom prior to testing for significance 

can accommodate this non-independence of the data. We use both Chen's (1981) 

technique and another method commonly applied in analyzing climatological data (J. 

Loschnigg, pers. corn.) for reducing the degrees of freedom for the correlation. Both 

methods are based on autocorrelations of the data, but vary as to which is more 

stringent when applied to a given time series. The second method, which we refer to as 

the "1/e" technique involves running an autocorrelation on, for example, annual values 

of the PDO index. Autocorrelations are run for lags from 0 to n-1 and an 

autocorrelograrn is plotted from the results, i.e., values of the correlation coefficient, r, 

are plotted against the number of lags. The number of data points, n, is divided by the 

value from the plotted curve at which r = 1/e, to yield the degrees of freedom. The 

confidence level reported here reflects results from the technique which yields the most 

conservative, or least statistically significant, result. The correlation coefficient, r, for 

overlapping periods of the Waianae rainfall and PDO records has a value of 0.88, which 

is statistically significant at the 95% confidence level. 

Kona Storm Activity 

As seen earlier in Figure 2. I 2(b), the estimated relative magnitude of all major Kona 

storms from the historical record are plotted as black dots in Figure 2. 15( c ). Also shown, as a 

black line, are the sums of estimated impacts of major Konas for each period between historical 

shorelines. This figure suggests that the temporal distribution of phase changes of the PDO better 
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represents variations in Kona storm activity than does the temporal distribution of historical 

shorelines. Thus Kona storm activity is compared to the PDO index over different PDO phases, 

rather than for periods between historical shorelines, as we are limited to for comparisons with 

the NLST record. The correlation of the sum of Kona impacts over different PDO phases with the 

corresponding mean value of the PDO index (r=-0.80) is statistically significant at the 85% 

confidence level. 

The PDO and NLST 

Figure 2.1 S(d) depicts the record of NLST between historical shorelines within the site. It 

is compared with that of Kona storm activity over the same periods, which is plotted as the gray 

line in Figure 2.15(c). Their correlation coefficient, r, is 0 .53, which is significant at the 80% 

confidence level. Under the circumstances we feel that this is about as high a correlation 

as can be reasonably expected. Although one typically expects to see correlations being 

reported at the 95% confidence level, characteristics of what is being correlated must be 

considered. We are investigating an oscillation that operates as a background set of 

multi-decadal relatively low magnitude climatic conditions. It has periods of up to 

several years within a phase in which the sign of the index reverses, and only includes 

two complete cycles over the period for which we have data. Additionally, the 

generation of individual Kona storms is chaotic, they are imperfectly documented, and 

other factors influence NLST. Given these considerations, and the correlations and PDO

ENSO-Kona storm linkage discussed above, we conclude that there is strong evidence that 

the PDO does exert a significant influence on Kona storm activity in Hawaii. By 

suppressing (allowing) Kona storm activity in main Hawaiian Islands when the oscillation 

is in a positive (negative) phase, the PDO is found to reduce (enhance) northward NLST, 

over decadal timescales, within the Halama study site. 
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The PDO and Climate Prediction 

An understanding of the physics driving the PDO is required before we will be 

able to predict PDO-induced impacts to the shoreline on decadal timescales. Debate 

exists as to whether the PDO is even an oscillation of the ocean / atmosphere system or 

simply a manifestation of stochastic external forcing. Hunt and Tsonis (2000) for 

example invoke external forcing, contending that global rises in SST lead to increases in 

equatorial SST. This in tum induces a suite of responses in the ocean-atmosphere 

system, including stronger trade winds and unusually large east-west equatorial sea 

surface elevation gradients . These persist until basin-wide circulation can adjust. Other 

researchers have found evidence that the PDO is an oscillation within the system, but 

invoke a variety of trigger and feedback mechanisms. Zhang et. al., (1997) hypothesize 

that the PDO results from the excitation of Rossby waves that slowly propagate to the 

Pacific's western boundary. As they then reflect back, they change the sign of the 

equatorial thermocline depth, and SST, on scales of decades. The atmosphere rapidly 

responds to changing SSTs by switching the sign of the wind stress curl, inducing 

Rossby waves of the opposite sign. Another mechanism was proposed by Barnett, et. al. 

(1999), who suggest that slow changes in the meridional gradient of SST exert a torque 

on the atmosphere, altering the curl of wind stress. Eventually, the anomalous curl 

changes gyre circulation, and the new circulation pattern then begins inducing the 

opposite signed curl pattern. The 20 year timescale is thought to represent the period 

required for signals to propagate around the gyre, or the response time to change gyre 

circulation plus advection time required to move enough heat to affect the atmosphere. 

Not only the specific trigger and feedback mechanisms, but also where they 

originate, and how they are relayed to other parts of the ocean are currently being 
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actively debated. Some researchers feel that the oscillation-inducing signal originates at 

mid-latitudes and is transported to equatorial regions by oceanic circulation (e.g., Latif 

and Barnett, 1994; Gu and Philander, 1997). Others (e.g., Barnett et. al., 1999; Pierce, et. 

al. , 2000) suggest that mid-latitude disturbances are relayed to the tropics via 

atmospheric responses that alter wind stress there. Chao et. al. (2000) however, interpret 

the cross equatorial symmetry of the PDO signal as strongly suggesting that both 

tropical and extratropical processes are involved. Moving towards the other end of the 

spectrum, Schneider et. al. (1999) find that decadal variability within the tropics is 

dominated by tropical wind forcing and is largely independent of thermal anomalies 

from at least northern mid-latitudes. Garreaud and Battisti (1999) and Linsley et. al. 

(2000) take this a step further, interpreting the synchronicity of PDO type patterns across 

the Pacific as evidence that that the signal originates in the tropics, with mid-latitude 

anomalies forced from there. 

Although the above discussion of PDO origin, feedback, and teleconnection 

mechanisms is by no means complete, it does serve to illustrate the considerable debate 

about every aspect of the physics driving observed PDO variability. The greatest 

challenge to improving our understanding of this phenomenon results from its long 

period and the relatively short duration of instrument records (Cane and Evans, 2000). 

Development of longer observational records cannot proceed faster than real time, so 

there is an emphatic need to develop proxy records to supplement existing instrument 

data. Until we know more about how the PDO operates however, we will be unable to 

use it to make long-term climate predictions. Even then, a high degree of predictability 

will only be possible if the system is shown to be truly oscillatory, with internal 

feedbacks inducing a switch in phase. 
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Although each phase of the PDO lasts 20-30 years, it may contain intervals of 

several years in length in which the sign of the PDO index is reversed (Mantua, et. al., 

1997). It is difficult without the benefit of hindsight to discern if a change in sign 

signifies a true phase shift or merely a shorter period interruption of a phase (Gershunov 

et. al., 1999). This characteristic seriously undermines our ability to use the PDO for 

climatic forecasts at this time (Hunt, 2000). However, despite these shortcomings, the 

PDO has a strong tendency to persist for decades, which gives it some use as a 

predictive tool. Recognition of the present state of the PDO can be used as the basis for 

predicting climate "bias" associated with that phase for at least a few years in the future 

(Latif and Barnett, 1994), as well as for enhancing ENSO predictions, and ENSO-based 

climate and weather predictions (Gershunov and Barnett, 1998; Gershunov et. al. , 1999; 

McCabe and Dettinger, 1999). Answering some of the fundamental questions regarding 

the nature of the PDO will help to enhance our understanding of climatic impacts on 

shoreline change at decadal timescales. 

Conclusions 

Over the period 1900 to 1997, net accretion of 4.2 x l05 m 3 of sediment occurred in 

the north part of the Kihei coastline while the southern part experienced a net loss of 1.5 

x 105 m3
• This pattern suggests that there has been net northward longshore sediment 

transport. The timing of shoreline changes suggest that the bulk of sediment dynamics 

has been due to natural, rather than anthropogenic, forces. Hardening of the shoreline is 

primarily responsible for an observed 50 percent decrease in mean beachwidth between 

1949 and 1997. Production of calcium carbonate on the adjacent fringing reef is 
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estimated to have added about 5.2 x 10• m1 of sediment between 1900 and 1997, 

indicating that it is a markedly less important process than LST at these timescales. 

It has been suggested in the literature (e.g., Mantua et. al., 1997) that the PDO 

modulates aspects of atmospheric circulation in the Pacific, causing ENSO-like 

fluctuations in SST and SLP. We hypothesize that the general tendency for the ridge 

aloft to be located in the vicinity of Hawaii during positive PDO phases causes below 

average Kona storm and activity in the Hawaiian Islands, resulting in trade wind driven 

southward NLST during these times. During negative PDO phases higher than average 

Kona storm activity occurs, resulting in northward NLST. Historical records and 

dissimilarities between patterns of NLST and hurricane activity suggest that hurricanes 

and tsunamis have had a relatively minor impact over the last 150 years. We find 

statistically significant correlations between the PDO index, Kona-related precipitation, 

historical Kona storm activity, and NLST calculated from shoreline movement. 

Historical data appears therefore to support the hypothesis that the PDO exerts a 

primary control on decadal scale fluctuations in shoreline behavior in Kihei . 
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CHAPTER 3. IMP ACT OF PACIFIC DECADAL OSCILLATIONS ON 

SHORELINE CHANGE IN KIHEI, MAUI, HA WAII1 

Abstract 

Major fluctuations in shoreline position along the Kihei coast of Maui, Hawaii, 

result from variations in the direction and magnitude of net longshore sediment 

transport (NLST). Significant correlations between records of NLST, Kona storm activity, 

and the PDO index support the hypothesis that fluctuations in NLST result from 

changes in Kona storm activity induced by the Pacific Decadal Oscillation (PDO) . This 

hypothesis is further investigated using models of wave transformation and longshore 

sediment transport in conjunction with the record of historical Kona storms to predict 

the volume of Kona-driven NLST. New data are also presented to better resolve possible 

contributions of south swell to sediment dynamics. Results indicate that Konas are 

capable of causing the observed changes, and are the most likely agent inducing 

significant movement of the shoreline at this site over decade to century timescales. 

Enhancing ENSO characteristics is one mechanism by which the PDO modulates Kona 

storm activity. 

1 Rooney, J.J.B, and Fletcher, C.H., submitted. Impact of the Pacific Decadal Oscillations on 
Shoreline Change in Kihei, Maui, Hawaii: Geopltysical Research Letters 
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Introduction 

Although the morphodynamics of sandy shorelines have been studied for at least 

the last half-century, most investigations of specific causes of shoreline change have 

focused on relatively short-term dynamics. Mechanisms driving shoreline behavior over 

timescales of decades remain poorly understood. We address this issue for a segment of 

coastline on the island of Maui in the Hawaiian archipelago. 

Work presented here is part of a larger project involving high-resolution 

delineation of historical shoreline change from orthorectified photomosaics, and the 

projection of 30-year erosion hazard areas for all significant sandy shorelines on the 

island. Previous papers (Rooney and Fletcher, 2000, in review) describe these efforts and 

detail our method for estimating volumetric sediment fluxes involved with shoreline 

movement over the past century. Comparisons of sediment erosion and accretion 

around features within the site are used to develop a time series of net longshore 

sediment transport (NLST). Several fluctuations in both the magnitude and direction of 

NLST between 1900 and 1997 are hypothesized to be the result of decadal-scale 

variations in Kona storm activity, which in turn are attributed to the Pacific Decadal 

Oscillation (PDO). Statistically significant correlations between records of NLST, impacts 

of Kona storm activity, and the PDO index support the hypothesis. Although patterns of 

NLST and Kona storm impacts are similar, questions remain regarding the ability of 

historical Konas to cause the shoreline changes documented at the site, and 

contributions of south swell. These questions are investigated here using results from 
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wave transformation and longshore sediment transport models, the historical record of 

major Kona storms between 1900 and 1997, and directional wave data. 

Study Site 

The study site (Figure 3.1) is in the lee of West Maui and the islands of Molokai, 

Lanai, and Oahu, relative to the large north Pacific swells that impact Hawaii every 

winter. Likewise it is protected from chop and swell generated by the brisk northeasterly 

trade winds. Trade winds occur about 70 percent of the year, with typical maximum 

sustained speeds of 8 to 13 m s·1
, particularly in the summer months of May through 

September (Haraguchi, 1979). Due to vortex behind the volcanic peak of Haleakala, the 

Kihei coastline experiences strong trade winds, but usually from the northwest rather 

than the northeast. During times when these winds are active, sand can be observed 

moving southward in the swash zone and by saltation along the dry beach. 

South swell, generated in the southern hemisphere, usually impact the Hawaiian 

Islands in the summer and early autumn. These events typically have deep-water wave 

heights of approximately 0.3 to 1.2 m and periods of 14 to 22 seconds (Armstrong, 1983). 

The island of Kahoolawe and the southern end of Maui afford some protection to the 

Kihei area from south swell (Figure 3.1). 

Several anthropogenic structures within the site have impacted sediment 

dynamics there. The rock walls of Koieie Fishpond at the northern end of the site extend 

out from shore and have interfered with sediment moving along the coast, as evidenced 

by localized accretion and erosion on either side. A rock groin, built near the center of 
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the site between 1949 and 1960, protects a drainage outfall and interupts longshore 

sediment transport. Finally, starting in the early 1960s, revetments and seawalls were 

constructed to protect coastal property in the southern portion of the site. Continued 

chronic erosion resulted in narrowing and loss of sandy beach in front of armored 

sections. By 1997, seawalls and revetments had replaced 1800 m of originally sandy 

shoreline, with little sandy beach remaining. 

The Pacific Decadal Oscillation 

Other climatic phenomena besides ENSO may influence Hadley cell circulation 

and Kona genesis. The Pacific Decadal Oscillation (PDO) is an ENSO-like climatic 

fluctuation, with phases that generally last 20-30 years (Mantua, et al., 1997; Zhang, et 

al., 1997). Independent researchers have found evidence for two full cycles of the PDO 

over the past century, with negative phases from 1890-1924 and 1947-1976, and positive 

phases from 1925-1946 and 1977 to about 1998 (Mantua et al., 1997; Minobe, 1997). 

Winter season values from an index developed for measuring the intensity of the PDO 

are shown in Figure 3.2b. 

During a positive phase of the PDO, a wedge-shaped body of anomalously warm 

water is found in the eastern equatorial Pacific, surrounded by a horseshoe shaped band 

of cooler than normal water. The pattern reverses during the negative phase. ENSO 

events exhibit patterns that are broadly similar, but of greater intensity than those of the 

PDO. There is strong evidence that the PDO modulates ENSO events such that there is a 

greater tendency for strong El Ninos (La Niflas) during positive (negative) phases of the 
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PDO (Gershunov and Barnett, 1998; Gershunov et al., 1999, McCabe and Dettinger, 

1999). Thus we expect that positive phases of the PDO, like El Nino events, will have a 

tendency to move the ridge aloft in the vicinity of Hawaii, reducing Kona storm activity 

there. This is confirmed by records of winter-season precipitation from Waianae, on the 

island of Oahu (Rooney and Fletcher, in review). Isolated from trade-wind-carried 

moisture by two mountain ranges, Waianae gets a high percentage of its wintertime rain 

from Kona storms and fronts. Periods of this record that overlap with the PDO index 

correlate at the 95% confidence level, illustrating the PDO's strong influence on both 

Kona storm activity and leeward rainfall in the Hawaiian Islands. 

Kona Storms 

Although somewhat protected by the islands of Lanai and Kahoolawe, the study 

site is susceptible to damage from Kona storms approaching from the southwest, and to 

a much lesser extent, from the passage of fronts. Kona storms (referred to hereafter as 

Konas) have been defined as "low-pressure areas (cyclones) of subtropical origin that 

usually develop northwest of Hawaii in winter and move slowly eastward, 

accompanied by southerly winds, from whose direction the storm derives its name, and 

by the clouds and rain that have made these storms synonymous with bad weather in 

Hawaii." (Giambelluca and Schroeder, 1998). Occasional strong Konas have caused 

extensive damage to south-facing and west-facing shorelines, including the Kihei coast 

(U.S. Army Corps of Engineers, 1967; Moberly, 1968; Makai Ocean Engineering and Sea 

Engineering, 1991; Rooney and Fletcher, 2000). Geomorphic evidence and anecdotal 
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reports show that Konas have transported high volumes of sediment northward along 

the Kihei coast, in addition to causing extensive erosion (Rooney and Fletcher, 2000). 

Variations in the position of the North Pacific anticyclone relative to the islands 

have a major impact on Hawaiian weather. If this high-pressure ridge lies south of the 

islands, it allows more storms and fronts to impact Hawaii. When it lies directly over the 

islands it suppresses the development of Konas and other mid-latitude storms near 

Hawaii, while a position north of the islands leads to trade-wind conditions (Schroeder, 

1993). Fluctuations in global atmospheric circulation, such as the El Nino/ Southern 

Oscillation (ENSO), can impact Kona genesis by inducing a shift in atmospheric 

convection that puts the ridge aloft in the vicinity of Hawaii. As a result, leeward areas 

in Hawaii that depend on winter-season rain from Konas for a significant portion of 

their annual rainfall tend to experience drought. Conversely, during neutral periods and 

La Niftas, the Hadley Cells shift so that the ridge moves away from the islands, enabling 

Konas and fronts to form or migrate into their vicinity (Diaz and Kiladis, 1992; 

Schroeder, 1993). 

A record of Konas impacting the Kihei coast over the last 150 years is developed 

from several different sources (Rooney and Fletcher, in review). Each Kona event is 

assigned a magnitude from 1to4 based on the expected duration of changes they 

induced on the sandy portion of the Kihei coastline. Effects of magnitude 1 (Ml) events 

are defined here as those that lasting a single season, while M2, M3, and M4 event 

impacts have an estimated duration of 1, 5, and 20 years respectively. Durations are 

based on the multi-decadal persistence of major changes to the shoreline induced by 

Kona events (Rooney and Fletcher, in review). Based on considerations of wave height, 
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storm surge, and duration, each increase in magnitude is assumed to result in a ten-fold 

increase in impacts to the shoreline. Reporting of events was not always consistent 

between sources and details available are frequently sparse, leading to speculation about 

a storm's impact in Kihei. It is assumed that major Kona events are reported more 

consistently than minor ones so only events of magnitude 2 (M2) or greater are included. 

Magnitudes of historical Konas are shown in Figure 3.2b. 

Net Longshore Sediment Transport 

A high temporal and spatial resolution database of shoreline sediment volume 

change at the study site, covering the period between 1900 and 1997, 

shows a heterogeneous pattern of erosion and accretion in adjoining areas through time 

(Rooney and Fletcher, 2000). To facilitate an understanding of this pattern and gain 

insight as to why the shoreline has changed, impoundment and erosion of sediment 

around specific features within the study site are used to infer the direction and 

magnitude of NLST over periods between historical shorelines (Rooney and Fletcher, in 

review) (Figure 3.2c) . We hypothesize that major fluctuations in the magnitude and 

direction of NLST are a result of PDO-driven decadal scale variations in Kona activity. 

This is supported by significant correlations found between records of mean values for 

periods between historical shorelines, of NLST, Kona impacts, and the POO. We further 

investigate this hypothesis using wave transformation and sediment transport models, 

wave data, and the record of historical Kona events. 
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Figure 3.2. (a) Winter season mean values of the PDQ index (gray line) and means per 
PDQ phase (solid black line). Note that the Y-axis is reversed so that positive values, 
indicating periods of the El Nino-like phase of the PDO, are toward the bottom. 
(b) Dates and magnitudes of major Kona events (dots) and the sum of their impacts per 
PDO phase (black dashed line) and per period between historical shorelines, nonnalized 
by the duration of periods between historical shorelines (solid gray line). The "per PDQ 
phase" values of the PDO index and Kona activity (dashed lines) from Figures 3.2a and 
3.2b correlate (r = -0.796) at the 85% confidence level. (c) Time series of net longshore 
sediment transport estimated from impoundment and erosion around features within the 
site. The correlation between NLST and the sum of Kona impacts over periods between 
historical shorelines (gray lines) from Figures 3.2b and 3.2c (r = 0.532) is significant at 
the 80% confidence level. 
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Methods 

Event-Specific Sediment Transport 

The Simulating Waves Nearshore (SWAN) wave transformation model (Booij et 

al., 1999) provides a first order appraisal of wave impacts on littoral processes at the site. 

The mean significant wave height (3.7 m) and period (10.3 s) from a table of deepwater 

wave characteristics of five Konas (COE, 1967) are used as input for each of three runs of 

the SWAN model. Wave direction inputs for the model (180, 234, and 255 degrees) are 

selected that are close to known Kona storm wave directions, and have a straight course 

from well offshore to the study site, running between the southwest corner of Maui and 

the islands of Kahoolawe and Lanai. The model is run with 50 m grid spacing for the 

rectangular area between 20.68° N to 20.68° N and 156.45° W to 156.55° W, which covers 

the study site and extends out past the 200 m isobath. 

The significant breaking wave height and the angle between breaking wave 

crests and the shoreline are estimated from SWAN-model output and used in turn to 

estimate rates of longshore sediment transport. Hawaiian beaches are generally short, 

with relatively narrow steep foreshores and narrow surf zones, relative to continental 

beaches on which sediment transport equations have usually been developed. They are 

also generally composed predominantly of carbonate sediments rather than the quartz 

sand more common on many continental beaches. Accordingly, alongshore sediment 

transport equation was adapted for local beaches (Sea Engineering Inc., 1982), and can 

be written as: 

31 51 
Q = 0.564pg 1 2H 1 2 sin2ah (3.1) 
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in which Q is longshore sediment transport (m3 day"1
), p is the density of seawater (1,025 

kg m-3), g is the acceleration due to gravity (9.8 m s-2), His the significant breaking 

wave height (m), and a is the angle between the breaking wave crest and shoreline. 

Using Equation 3.1 and SWAN model results for different incident wave directions, a 

mean daily volume of sediment transported northward by mean Kona storm wave 

conditions is calculated. This is multiplied by the 3-day duration of a typical M3 Kona to 

estimate NLST resulting from the event, and scaled by a factor of 10 for M2 and M4 

events. 

South Swell 

Although wave data for the Hawaiian Islands are limited, there is a year of 

directional wave data available that can be used to analyze south swell 

(http: / / ilikai.soest.hawaii.edu/HILO/buoys/ndbc.html). The National Data Buoy 

Center's buoy number 51027, located 33 km south of Lanai, is protected from North 

Pacific swells and exposed to those from the south. It collected data, including wave 

direction, from December 1994 through November 1995, during which time there were 

no major Kona storms reported. Wave energy density, calculated from the dominant 

wave direction and significant wave height for each hour, is summed over the entire 

period to determine how much south swell actually impacts the study site. 
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Trade Wind Effects 

A time series of eolian sediment transport, driven primarily by trade winds, is 

estimated. Wind speed and direction, recorded from instruments located on the 

Hickham Air Force Base (HAFB) and Honolulu Airport runways, every four hours 

between 1939 through 1997, are obtained from the Air Force Combat Climatology 

Center. These data are undoubtedly affected to some degree by diurnal heating of the 

island and the ridges and peaks of low mountain ranges there. An inspection of Hawaii 

Weather and Climate Modeling Ohana (HWCMO) wind model output for the island of 

Oahu (HWCMO, 2000), however, suggests that the HAFB wind records are a reasonable 

proxy for the offshore wind field . As mentioned earlier, Maui's terrain does have a 

profound effect on the wind speed and direction in Kihei. Offshore wind vectors are 

compared with those in Kihei, from output of HWCMO's 3 km resolution model for the 

2:00 PM timeframe (when wind speed, and therefore eolian transport, are near their 

peak) for the island of Maui (HWCMO, 2000). Wind speed in Kihei is plotted as a 

percentage of HAFB wind speed, for a range of wind directions from HAFB, running 

clockwise between north and east. A polynomial is fit to these data to relate 

northeasterly wind speed and direction from HAFB to wind speed in Kihei. The latter 

are found to range from less than 10% to 160% of those from HAFB. Mid-afternoon wind 

direction in Kihei is assumed to be largely a function of heating of air on the western 

slopes of Haleakala (Schroeder, 1993). Winds from the southeast and north-northwest 

are blocked by Haleakala and the West Maui Mountains respectively, and are assumed 

to result in negligible wind speeds in Kihei. Those from the southwest are multiplied by 

negative one to indicate that they will tend to cause northward eolian transport. The 
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above considerations are used to adjust the monthly significant wind speed record from 

HAFB to Kihei. Not surprisingly, although long-term means of wind speed from both 

locations are almost identical, the Kihei record shows more variation than does HAFB, 

The monthly mean of the highest one-third of daily wind speeds for Kihei are 

assumed to be blowing for five hours per day (Moffat and Nichol Engineers, 2000). 

These data are used in conjunction with a series of equations from the U.S. Army Corps 

of Engineers (1998) Coastal Engineering Manual (CEM) to make a first-order estimate of 

eolian transport. This rate is multiplied by the mean beachwidth for each month, and 

monthly values are summed to yield annual volumes of wind-driven transport. 

Results and Analysis 

NLST from Konas 

Details for specific storms from the record of historical Kona events are usually 

limited to a brief description of damaged caused, with only occasional references to the 

storm's duration, path, or resulting wave heights. The above method for calculating 

volumes of transport using the models is an effort to estimate the impact of historical 

Konas on the Kihei shoreline, despite the lack of detailed storm data. This requires a 

number of assumptions and is subject to order of magnitude or larger uncertainties. It 

does however give rough estimates of the relative rates of transport due to wave energy 

from different directions. These are probably more reliable than absolute volumes of 

NLST for each historical Kona, which are also calculated. A few of the major 

assumptions required include: 
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a) Wave heights used as input are representative of mean Kona wave conditions. 

b) Wave behavior from each of the three different directions specified is representative 

of their respective "wave windows." 

c) Mean per day transport induced by waves from three different directions, and scaled 

by factors of ten, is representative of the NLST induced by Konas of different 

magnitudes. 

d) The history of major Konas is accurately reported, and scaled, in our record. 

e) The SWAN model accurately transforms waves up to the point where they start to 

break significantly, and wave heights there are reasonable estimates of the significant 

breaking wave height. 

f) After initial breaking at the reef slope and crest, significant wave energy still 

propagates to shore, where it breaks, suspending sediment and inducing a current 

which results in longshore sediment transport (LST). Results from SWAN model runs 

show practically all the incident wave energy dissipating at the steep face of the reef 

slope despite depths of about two meters there. Experienced modelers, however, 

indicate that the energy dissipation mechanism for wave breaking in the SWAN model 

does not handle steep slopes very well and tends to underestimate nearshore wave 

heights (F. Cheung, pers. comm.). Both aerial photographs and field observations 

confirm that significant wave energy propagates to the shoreline, even under relatively 

small wave conditions, suggesting that this assumption is reasonable. 

g) Breaking wave heights and directions indicated by the model are accurate inputs for 

the sediment transport model, equation 3.1. 
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h) Equation 3.1 yields reasonably accurate volumes of sediment transport, despite the 

extensive hard and non-erodable substrate. 

Results of SWAN model runs and sediment transport calculations indicate that 

waves from all possible Kona directions are all found to induce northward LST. Rates of 

transport however are estimated to vary, reaching a maximum of 5.9 x 10' m' day 1 for 

waves from the southwest. Waves from the south are found to dissipate along the coast 

resulting in transport at one-half the maximum LST rate, whereas those from the west

northwest induce transport at 80% of the maximum rate. The mean rate of transport 

from the three different directions, multiplied by a three-day duration, yields 1.36 x 10• 

m3
• This is taken to be the volume of sediment transported by a typical M3 event. The 

total volume transported by all Konas is estimated to be about 8.4 x 10' m3
• This is about 

two times larger than the 4.4 x 10' m3 estimated by multiplying rates from the NLST 

record based on sediment impoundment and erosion, by the duration of each period 

between historical shorelines. The overestimate of total transport based on historical 

Konas, relative to that from NLST based on impoundment and erosion measured within 

the study site, can be partly reduced by considering southerly transport induced by 

trade winds. The order of magnitude uncertainties typically associated with estimates of 

sediment transport, however, and the many assumptions required above, suggest that 

these two values can be considered to be in rough agreement. This method is much too 

crude and subject to error to consider this confirmation of the dominance of Konas in 

shaping the history of NLST in the area. Rather, it suggests that they may be capable of 

causing the changes documented at the site. 
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South Swell 

South swell events, although less energetic than major Konas, occur much more 

frequently. They have the potential therefore to be a dominant force in littoral sediment 

dynamics at the study site. However, assuming that the year of directional wave data we 

have is typical, 68% of the total south swell is blocked by Maui's southern coast, 18% 

passes through the "southern window," 13% is blocked by Kahoolawe, and 2% passes 

through the "western window." It appears that most south swell is unable to impact the 

Halama Study site. Also, wave and sediment transport model results suggest that wave 

energy passing through the "southern window," as most of the south swell impacting 

the site does, will transport 50% less sediment along the coast than do waves of the same 

height approaching from the southwest. 

Published reports (COE, 1967; Makai Ocean Engineering, Inc. and Sea 

Engineering, Inc., 1991) attribute major episodes of shoreline change and erosion to 

Konas, and do not mention impacts of south-swell. In addition, although instrument 

data are lacking, there is a continuous record of south swell wave heights for the island 

of Oahu stretching back to 1972. These data are visual estimates of wave height for 

larger south swells, made by two experienced surfers, and reported as the number of 

"extreme wave events" per month (P. Caldwell, pers. comm.). Shown graphically in 

Figure 3.3, their pattern suggests that south swell is not responsible for most of the 

change observed along the shoreline. They indicate that the 1970s was a period of 

unusually strong south swell activity, which is confirmed by numerous anecdotal 

reports (P. Caldwell, pers. comm.). The record of NLST does show northward transport 
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during the 1963to1975 period, but there was also one M2 and two M3 Konas during 

this time. The NLST record also shows rates that are two and a half times greater 

between 1949 and 1963, when Kona storm activity was particularly strong, and south 

swell activity was presumably less. The record also indicates southward NLST from 

1975 to 1988, despite high south swell activity during the first part of this period. 

Although not possible to prove conclusively with the data available, the balance of 

evidence suggests that south swell has not been a dominant force shaping the coastline 

within the Halama study site over the past century. 

Other possible factors inducing shoreline change at the site include hurricane 

and tsunami waves. However, they are shown to be of secondary importance over the 

past century relative to Konas (Rooney and Fletcher, in review). The site's full exposure 

only to Kona storm waves makes the Kihei shoreline unique within the Hawaiian 

archipelago and an ideal location for investigating their impact on littoral systems. That 

also means this site defines the extreme of Kona impacts and that other shorelines will 

have a smaller percentage of their littoral dynamics dictated by Kona activity. 

Trade-Wind Transport 

The 10-year running means of wind speed in Kihei, and of eolian transport, are 

depicted in Figure 3.4. Although Konas are a wintertime phenomena, trade winds are 

generally stronger during the summer, so the wind speeds shown are from the entire 

year. Mantua et al.'s (1997) work suggests that trade-wind speeds should jump to a 

higher level during negative PDO phases, and drop lower during positive ones. The 
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record from HAFB does not show such a stepwise change. Overall, the wind speed 

shows a long-term acceleration of 0.9 m s·1 yr'1
• It has been suggested that a long-term 

increase in wind speed may result from the rising global mean annual SST (sea surface 

temperature) (Lau and Weng, 1999). Hunt (2000) has proposed that increasing global 

SST leads to increased equatorial SSTs, in turn resulting in increased trade wind speeds. 

Unfortunately, wind data extend only back to 1939, so it is hard to tell if the observed 

net increase in wind speed reflects a long-term trend or shorter-term fluctuation. There 

is also a significant peak in the HAFB wind record in the late 1960s and early 1970s. This 

suggests that wind driven southward NLST during this period was more than two times 

greater than during the preceding and following periods. 

The rate of eolian transport is more than two orders of magnitude less than that 

of NLST calculated from impoundment and erosion. Although this method only 

considers eolian transport, brisk trade-wind conditions also move sediment southward 

in the swash zone. Between 1949 and 1997, a sand dune complex just north of Koieie 

Fishpond at the northern end of this site accreted about 2.3 x 10• m3 of sediment. 

Undoubtedly this accretion was accelerated by sediment moving south in the swash 

zone that accumulated against the northern wall of the fishpond and was blown onshore 

at low tide. There are differences between the study site and the shoreline north of these 

dunes. In particular, the extensive fringing reef complex fronting most of the site tapers 

out north of Koieie Fishpond. However, the rate of accretion in the dunes there suggests 

that the total impact of trade winds may be greater than Figure 3.4 appears to indicate. 
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A PDO-Kona Event Linkage 

As discussed earlier, the El Nino phase of ENSO has been found to inhibit Kona 

activity in Hawaii by changing atmospheric circulation to place the ridge aloft in the 

vicinity of Hawaii. A comparison of mean values of the Multivariate ENSO Index (MEI) 

(Wolter and Timlin, 1993) for months with major Konas, to all winter months in the 

index, corroborates this finding. Negative (positive) values of the MEI indicate El Nino

like (La Nina-like) conditions. Months with major Konas have a mean value of -449.4, 

versus 4.7 for all winter months, which are statistically different at the 90% confidence 

level. Also as indicated earlier, several researchers have found evidence that the PDO 

modulates ENSO, enhancing El Nino conditions during positive PDO phases. Winter 

season means of the POO index and MEI support their findings, correlating at well 

above the 95% confidence level. It is expected therefore that there will be fewer Konas 

during positive PDO phases and more during negative ones. This expectation is 

supported by the correlation, significant at the 95% confidence level, between the PDO 

index and winter season rainfall in Waianae, Oahu, which is heavily dependant on 

Konas. Thus there is plausible evidence for at least one mechanism linking the PDO to 

Kona activity, and therefore, most of the shoreline movement at the Halama study site. 

132 



+-' ... 
0 
a.. 
VI 
c 
cu 
~ 
+-' 
QJ 

z 

4 

3 

2 

" I I 
I I 

I \ I 

I 'n f\N\ 
I I I !'f \ transport 

direction 
I \.' \ 
I I North 

\,_ I I I \ l 
I \ I ---.\ 

7'./---'r-----+-------;:c=.:::;IYf--------
/ \ \ I I I t 0 

-1 

-2 

1900 

v' \, / \ ) South 

1920 

\ I I I 
\ I I I 
\J \ I 

v 
1940 1960 1980 

Time (years) 

2000 

Figure 3.5. NLST estimated from impoundment and erosion (solid line) versus 
NLST predicted from Equation 3.2 (dashed line). Although the predicted NLST 
curve does reflect some of the basic perturbations of the impoundment based 
NLST record, there are significant descrepancies between them as well. These 
may be due to the few data points available from which to establish their 
relationship, the chaotic nature of Kona-storm genesis, changes in the area such 
as coastal armoring, poor resolution of the PDO index for the early 1900s, or 
the influence of other factors on NLST. 
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Predicting NLST from the PDO 

The above discussion presents multiple lines of evidence indicating that the PDO 

is responsible for much of the change in NLST seen at the study site, particularly for the 

period prior to the introduction of widespread coastal armoring. In an effort to develop 

these observations into a predictive model, mean values of the PDO index are plotted 

against mean values of NLST for each period between historical shorelines. A regression 

fit to these data yields the following equation, which predicts the NLST response in 

Kihei to variations in the PDO index: 

Predicted NLST = -420 Ix P DO+ 4625 .2 ± I 1,200 (3 .2) 

The model is "tested" using 10-year running means of the PDO index in conjunction 

with Equation 3.2 to estimate annual predicted NLST. The results, plotted in Figure 3.5, 

show that this crude model captures some of the basic shape of the NLST curve. The 

uncertainty term is calculated as the uncertainty of the slope of the regression at the 95% 

confidence level. Its large magnitude probably reflects the few data points available to 

develop the model, changes at the site such as armoring along the shoreline, possibly 

poorly measured or insufficient data used to resolve PDO index values for the early part 

of the 1900s, the chaotic nature of Kona genesis, and factors affecting sediment transport 

that are not related to the PDO. We also note that the same dataset was used to derive 

and "test" the model. Nonetheless, it provides a quantitative, testable hypothesis for 

future investigation of the influence of the PDO on coastal sediment dynamics in this 

area. Although Equation 3.2 is applicable only to the Kihei study site, a similar approach 

may be usable for other coastlines that are strongly influenced by Konas. 
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Summary and Conclusions 

The influence of the POO on Kona frequency and magnitude is hypothesized to 

be the main factor behind major fluctuations in shoreline position over the past century 

in Kihei. Models of wave transformation and longshore sediment transport are used in 

conjunction with the historical record of major Kanas to predict the total volume of Kona 

storm driven sediment transport along this shoreline. Results suggest that historical 

Konas were capable of causing the observed shoreline changes. Model results further 

show that Kanas from all directions induce northward LST, with southwesterly wave 

energy having the greatest impact and that from the south transporting one-half as 

much. In conjunction with directional wave data showing that only 20% of all south 

swell strikes the study site, this suggests that south swell is less significant there than are 

southwesterly Kona waves. Decadal scale variations in Kona activity can be caused by 

alterations in the position of the high-pressure ridge relative to the Hawaiian Islands. 

This fluctuation is driven, at least in part, by PDQ-modulated variations in ENSO, and is 

found to be a plausible mechanism for inducing the bulk of shoreline change 

documented at the Halama study site. 
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CONCLUSIONS 

Shoreline change over the past century is investigated at a site along the Kihei coast of 

Maui. Hawaii . Historical movement of the landward and seaward boundaries of the beach 

(vegetation line and crest of the beach step respectively) is measured from orthorectified 

photomosaics and T-sheets . Measurements are nominally spaced every 20 m along the coastline 

and based on all available aerial photographs and T-sheets that meet certain criteria. The resulting 

database provides high temporal and spatial resolution information on shoreline change on scales 

of years to decades to a century. A variety of other methodological techniques are employed that 

offer improvements over those used in earlier studies, particularly in Hawaii. These include: use 

of a statistically robust reweighted least squares regression on the most recent trend in shoreline 

position data to project erosion hazard areas, quantification of uncertainty associated with 

seasonal fluctuation of the shoreline, tracking movement of two different shoreline change 

reference features , and development of an improved model to estimate volumetric shoreline 

changes . Methodological improvements not withstanding, conclusions of other investigators that 

no single technique is ideal for characterizing shoreline behavior in all areas still hold true. 

Methods used must be adapted for specific areas and data available. 

This coast has been quite dynamic over the past century, with shoreline recession and 

accretion exceeding 100 m in some areas. Over the period 1900 to 1997, net accretion of 4 .2 x 1 O' 

m' of sediment occurred in the north part of the Kihei coastline while the southern part 

experienced a net loss of 1.5 x 10' m'. The southern end of Kalama Park experienced the highest 

rates of erosion, 4.5 m3 per meter of shoreline per year, between 1912 and 1949. 

Subsequently, the shoreline in this area stabilized while the area of highest erosion rates gradually 

migrated almost 2 km north by 1997. The timing of shoreline changes suggests that the bulk of 

sediment dynamics have been due to natural, rather than anthropogenic, forces. Sediment 
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impoundment due to hardening of the shoreline is primarily responsible for an observed 50 

percent decrease in mean beachwidth and dimini shed rates of NLST. Impoundment has also 

prevented sediment from being eroded from the backshore and added to the active beach system. 

Production of calcium carbonate on the adjacent fringing reef is estimated to have added about 

5.2 x Io• m' of sediment during thi s period, indicating that it is a markedly less important process 

than LST at these timescales. Analysis suggests that two different sedimentological regimes are 

present at the site. A nearshore regime has well sorted fine sand and coralline algae as it most 

common constituent. Offshore sediment is less well sorted and production there is dominated 

more by Halimeda. Results confirm that longshore sediment transport is a more dominant process 

along this coast than is cross-shore transport. 

It has been suggested in the literature (e.g., Mantua et. al., 1997) that the PDO modulates 

aspects of atmospheric circulation in the Pacific, causing ENSO-like fluctuation in SST and SLP. 

We hypothesize that the general tendency for the ridge aloft to be located in the vicinity of 

Hawaii during positive PDO phases causes below average Kona storm activity in the Hawaiian 

Islands, resulting in trade wind driven southward NLST during these times . During negative PDO 

phases higher than average Kona storm activity occurs, resulting in northward NLST. 

Historical records and dissimilarities between patterns of NLST and hurricane activity 

suggest that hurricanes and tsunamis have had a relatively minor impact over the last I 00+ years . 

South swell is investigated as another mechanism forcing decadal scale shoreline change. 

Directional wave data suggest however that 80% of all south swell is blocked from reaching the 

study site. Model results further suggest that 90% of the south swell that does make to the site hits 

the coast at such a steep angle that the energy is dissipated. This results in LST at half the rate 

induced by comparable wave energy from the southwest and suggests that south swell is less 

important as an agent of shoreline change that the more southwesterly major Kona events. 
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Kana storms from all directions are found to induce northward LST in Kihei, with storms 

from the southwest moving the greatest amounts, estimated at 5.9 x 10
1 

m' day"' . Total volumes of 

sediment estimated to have been transported northward by all major Kana storms over the past 

century further suggest that historical Kanas were capable of causing the shoreline changes 

measured at the site, at the 90% confidence level. Statistically significant correlations are found 

between the PDO index, Kana storm activity, and a proxy record for Kana storms. suggesting that 

the PDO does modulate Kana activity in the main Hawaiian Islands. Shifting the position of the 

ridge aloft to the immediate vicinity of the islands, which reduces Kana activity there, appears to 

be a viable Kana-modulation mechanism. Significant correlations between Kana activity and 

NLST add support for the hypothesis that decadal scale variations in NLST are induced by Kana 

storms. The above findings reinforce expectations that Kana storms are the predominant process 

shaping this coastline over the period studied. Historical data and model results therefore support 

the above hypotheses invoking the PDO as the controlling factor behind decadal scale 

fluctuations in shoreline behavior in Kihei. 
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APPENDIX A. Historical Shoreline Change Data 

Table A.l. Shoreline position for shore-normal measurement transects. Distances are in 
meters between an arbitrarily drawn offshore baseline and different historical shorelines 
along shore-normal measurement transects nominally spaced every 20 m along the 
coast. Transect numbers, originally generated by PCI Geomatics Inc. software, are listed 
in order running from north to south. Due to size constraints, processing using PCI was 
done in two different segments. Original transect numbers generated by PCI are kept 
intact throughout processing, so many transect numbers are the same, although they 
refer to different transects, from different segments of the study site. 

no. 1900 1912 1949 1960 1963 1975 1988 1997 
7 131.3 0.0 111.1 142.l 159.4 148.3 160.7 157.3 
8 131.3 0.0 112.0 132.0 146.6 139.9 146.9 146.l 
9 99.8 0.0 105.9 108.7 135.3 132.9 133.9 135.l 

10 91.8 0.0 100.3 88.8 136.4 135.8 133.4 132.8 
11 89.6 0.0 104.0 84.9 141.0 149.1 163.2 165.l 
12 89.2 0.0 114.6 84.4 141.5 143.3 160.7 161.7 
13 90.l 0.0 126.4 119.3 142.3 137.l 160.4 158.7 
14 89.7 0.0 136.5 151.6 143.4 138.7 161.5 160.0 
15 94.9 0.0 144.4 161.6 147.3 144.2 164.5 164.0 
16 112.3 0.0 145.9 166.0 153.3 144.8 174.0 173.l 
17 250.3 0.0 221.0 160.2 192.7 182.1 200.1 193.7 
18 259.0 0.0 224.7 216.3 198.8 201.4 211.7 201.9 
19 264.9 0.0 226.2 219.1 201.5 203.6 215.3 204.3 
20 270.9 0.0 227.2 220.3 200.7 201.8 214.4 202.7 
21 276.4 0.0 226.4 219.4 199.2 197.9 211.6 199.3 
22 280.0 0.0 225.1 215.7 196.2 193.2 207.1 196.2 
23 280.9 0.0 220.7 210.6 191.4 187.9 201.4 191.3 
24 279.4 0.0 213.8 201.8 183.5 181.5 195.1 185.8 
25 277.9 0.0 203.9 192.6 175.l 174.2 188.7 179.2 
29 270.3 0.0 186.2 159.8 160.0 154.4 167.8 160.8 
30 264.9 0.0 183.0 158.4 162.l 155.7 161.9 157.7 
31 259.6 0.0 180.7 162.7 162.2 158.1 159.l 157.2 
32 259.1 0.0 180.7 163.9 163.1 158.8 156.9 156.4 
33 257.4 0.0 179.8 162.3 163.9 157.5 153.4 155.l 
34 254.l 0.0 180.5 162.7 166.3 157.0 152.1 156.4 
35 253.6 0.0 184.4 167.4 169.2 157.5 155.2 160.7 

36 254.9 0.0 188.5 174.3 173.1 160.3 161.1 167.0 
37 256.1 0.0 192.5 179.9 177.5 165.8 168.6 175.0 
38 256.4 0.0 195.7 187.9 181.9 171.7 176.2 183.3 
39 254.6 0.0 198.8 191.8 185.6 177.8 182.0 189.2 
40 253.0 0.0 200.4 193.2 188.l 183.9 186.8 194.3 
41 249.6 0.0 202.0 194.8 190.4 187.0 191.l 196.9 
42 248.9 0.0 202.2 195.7 192.0 189.0 195.l 199.5 
43 248.l 0.0 201.7 195.4 193.5 190.4 199.3 202.6 
44 246.9 0.0 201.2 194.5 194.8 190.3 201.9 203.4 
45 245.7 0.0 199.4 192.5 195.5 189.8 201.6 202.8 
46 245.1 0.0 197.4 189.9 195.7 188.7 199.8 200.3 
47 244.7 0.0 195.4 188.2 194.9 187.4 196.2 199.2 
48 244.4 0.0 193.8 188.3 193.9 186.l 196.5 199.0 
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49 244.2 0.0 194.l 189.4 192.9 185.7 197.5 201.8 
50 245.3 0.0 195.8 192.8 193.8 185.4 199.9 203.1 
51 244.3 0.0 197.6 194.9 196.8 187.4 203.3 207.l 
52 248.l 0.0 199.5 199.l 200.1 192.0 208.3 209.9 
53 250.0 0.0 200.9 202.0 203.7 197.7 213.4 214.0 

54 252.2 0.0 202.2 203.1 207.7 201.5 218.3 218.3 

55 255.2 0.0 207.9 206.2 213.1 206.0 224.6 224.6 
56 258.6 0.0 215.6 213.8 220.2 216.0 234.6 235.0 
57 260.3 0.0 218.0 220.3 225.9 224.8 241 .4 238.8 
58 266.0 0.0 217.8 222.8 227.2 229.3 244.0 242.6 
59 268.5 0.0 216.6 223.5 227.5 231.7 244.6 244.6 

60 270.l 0.0 216.3 223.4 226.5 233.3 243.8 243.7 

61 268.0 0.0 216.2 222.5 225.8 232.5 242.5 243.2 
62 263.7 0.0 217.1 221.9 225.4 232.0 240.5 241.8 
63 261.1 0.0 219.0 222.l 225.0 232.5 238.2 240.8 
64 256.l 0.0 221.1 221.3 224.6 233.9 237.0 239.3 
65 255.5 0.0 223.7 219.6 224.3 233.2 236.1 237.5 
66 256.4 0.0 226.4 220.6 224.3 231.9 233.1 233.3 
67 257.8 0.0 228.7 223.9 224.6 230.7 227.3 229.5 
68 261.5 0.0 231.3 225.2 225.7 227.9 221.0 226.0 
69 264.5 0.0 236.3 225.1 227.8 225.4 214.0 218.0 
73 267.0 0.0 238.0 221.3 226.8 219.8 202.3 170.4 
74 271.7 0.0 241.3 223.7 224.9 215.6 201.4 180.4 
75 274.9 0.0 246.6 226.7 227.0 212.5 199.6 183.4 
76 278.2 0.0 251.2 230.4 227.7 - 209.6 195.2 182.8 
77 284.4 0.0 255.5 234.l 227.8 205.2 188.8 177.9 
78 288.9 0.0 259.3 235.l 226.8 195.8 181.4 170.l 
79 290.0 0.0 259.6 231.6 225.7 184.8 174.3 171.9 
80 289.7 267.3 256.5 228.2 223.6 182.4 173.6 181.0 
81 288.5 261.9 251.1 225.9 220.8 187.7 175.3 184.7 

82 285.5 258.5 245.9 221.5 218.9 192.6 185.2 194.7 

83 283.5 258.4 240.9 222.2 218.8 200.6 193.9 201.6 
84 279.7 259.3 239.2 220.3 219.7 205.8. 200.8 206.0 
88 0.0 257.4 234.8 218.4 217.0 205.l 205.4 207.3 
89 0.0 254.7 229.6 211.9 212.7 202.3 203.9 204.4 
90 0.0 251.4 226.6 209.8 208.7 199.6 200.2 200.8 

91 0.0 248.3 224.5 207.3 206.9 201.4 199.5 198.8 

92 0.0 242.5 223.1 210.1 206.8 207.4 202.1 200.5 

93 0.0 237.7 221.5 208.8 208.0 211.6 204.9 203.9 
94 0.0 233.6 219.7 209.0 209.6 214.8 206.2 206.2 
95 0.0 231.0 218.2 209.9 211.0 217.2 208.3 207.6 

96 0.0 228.5 217.9 209.2 210.9 218.8 209.5 208.0 

97 0.0 228.9 218.7 209.1 210.9 220.2 210.7 209.5 

98 0.0 230.9 220.8 208.2 211.1 222.7 212.8 210.3 

99 0.0 232.0 224.8 210.8 211.6 226.2 215.2 209.9 

100 0.0 234.5 228.7 215.7 212.3 224.7 218.3 213.6 
101 0.0 238.3 232.2 217.5 212.3 225.9 222.5 218.6 

102 0.0 242.6 234.4 219.9 211.8 227.7 226.2 222.1 

103 0.0 243.3 234.2 221.7 211.6 229.2 229.1 223.0 

104 0.0 243.8 233.6 221.0 211.5 231.6 230.2 223.4 

105 0.0 243.7 231.9 218.6 211.5 230.l 230.1 223.2 

106 0.0 244.3 229.7 213.0 211.4 225.4 225.0 219.6 

107 0.0 243.4 223.8 208.8 211.9 222.4 222.7 215.0 
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108 0.0 243.2 218.5 211.6 213.6 222.7 223.8 214.3 

109 0.0 241.7 217.l 218.2 215.6 223.1 226.2 220.0 
110 0.0 240.2 217.8 222.l 217.9 224.2 228.3 221.8 
111 0.0 239.l 218.1 224.0 220.3 224.5 230.4 223.7 
112 0.0 238.1 216.0 224.4 221.2 225.4 230.9 224.8 
113 0.0 237.1 211.5 221.6 222.0 226.5 229.6 225.l 

114 0.0 236.3 206.5 217.9 221.0 225.l 227.0 221 .7 

115 0.0 229.5 201.1 214.1 218.6 221.0 221.1 216.2 
116 0.0 228.8 195.6 210.5 215.0 218.2 217.l 213.3 
117 0.0 226.8 189.8 206.4 211.4 213.4 212.8 206.6 
118 0.0 223.8 183.8 199.5 207.7 207.5 207.5 203.8 
119 0.0 221.7 178.4 193.3 203.2 204.5 201.4 198.7 

120 0.0 216.0 173.2 190.0 195.9 199.l 192.8 192.5 
159 0.0 303.l 257.6 235.0 227.0 216.5 220.8 223.3 
158 0.0 301.5 253.1 232.0 222.4 215.0 217.9 220.7 
157 0.0 296.3 248.2 231.2 218.2 214.7 218.2 219.1 
156 0.0 294.5 249.8 232.2 218.9 214.5 219.3 219.9 
155 0.0 291.3 248.9 233.2 218.6 214.1 220.1 219.5 
154 0.0 284.8 249.7 232.5 218.9 212.5 219.9 219.3 
153 0.0 279.l 249.1 231.2 217.7 210.4 217.3 218.3 
152 0.0 276.8 244.5 229.2 216.0 210.5 214.2 215.8 
151 0.0 272.2 243.2 229.3 215.2 207.5 214.2 215.2 
150 0.0 269.7 242.0 231.0 215.6 207.3 214.5 216.2 
149 0.0 264.4 243.0 234.0 218.2 208.6 216.9 218.8 
148 0.0 259.2 244.7 237.2 221.5 213.0 221.0 221.9 
147 0.0 255.7 244.1 237.9 225.0 216.4 221.9 224.9 
146 0.0 251.4 243.l 236.8 226.3 215.7 222.3 227.1 
145 0.0 249.2 239.7 233.6 226.7 214.1 221.1 228.9 
144 0.0 244.9 237.5 229.7 227.9 211.1 219.3 227.5 
143 0.0 241.9 236.0 225.l 227.8 211.3 218.8 229.4 
142 0.0 240.2 232.4 224.2 227.2 212.8 220.5 231.6 
141 0.0 237.2 229.8 225.2 226.6 213.8 221.7 233.5 
1-10 0.0 233.0 227.2 222.6 224.6 215.0 225.3 234.3 
139 0.0 229.0 221.0 219.6 221.0 214.2 225.8 235.9 
138 0.0 228.5 217.8 214.6 216.8 211.9 223.7 238.8 
137 0.0 225.5 215.2 212.6 212.1 209.5 221.1 238.4 
136 0.0 224.3 211.0 206.4 207.0 205.2 221.1 234.9 
135 0.0 224.1 209.5 204.0 206.7 204.6 219.6 233.5 
134 0.0 219.4 209.6 212.5 208.4 207.1 219.1 233.0 
133 0.0 219.9 211.9 211.5 213.6 209.3 229.9 229.1 
132 0.0 218.l 214.l 209.7 216.4 214.4 230.6 230.9 
131 0.0 213.2 216.8 212.2 219.4 217.8 233.8 233.2 

130 0.0 214.0 220.5 216.0 222.2 220.1 234.5 234.4 

129 0.0 214.7 221.5 218.0 225.0 220.5 228.4 239.0 

127 0.0 204.6 220.0 214.8 222.7 217.7 225.5 238.6 

126 0.0 202.3 215.9 213.0 220.1 212.3 224.0 232.6 
125 0.0 202.6 213.9 211.0 216.5 210.6 222.2 225.4 
124 0.0 200.7 210.0 206.3 211.8 210.2 221.5 223.1 
123 0.0 200.6 205.3 205.5 209.4 207.8 221.8 222.4 

122 0.0 200.2 203.4 205.7 207.0 207.6 220.9 220.8 

121 0.0 198.9 199.2 202.5 203.8 206.7 219.6 218.6 

119 0.0 197.4 195.4 202.7 197.1 207.1 211.5 212.2 

118 0.0 198.l 194.6 202.0 196.7 206.7 211.9 217.4 
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117 0.0 199.4 191.8 200.9 197.3 206.7 211.9 219.l 

116 0.0 192.6 190.6 198.3 195.9 205.2 211.6 213.7 

115 0.0 190.2 190.7 197.4 194.5 203.1 209.3 211.6 
114 0.0 188.8 190.0 199.2 195.8 202.7 209.l 212.2 
113 0.0 186.7 190.l 201.1 197.5 204.0 215.2 215.0 
112 0.0 188.1 191.7 204.1 198.5 206.2 217.9 216.4 
111 0.0 190.8 195.7 209.5 205.1 209.l 220.0 217.5 
110 0.0 190.9 200.0 213.8 207.9 212.7 221.9 218.9 
109 0.0 195.6 204.2 214.l 209.4 215.0 223.l 224.8 
108 0.0 193.6 206.6 214.9 212.6 215.7 225.6 228.5 
107 0.0 197.2 210.0 215.5 215.6 216.6 221.6 222.9 
106 0.0 199.0 214.9 216.9 218.l 217.2 221.8 223.5 
105 0.0 198.5 219.6 216.8 220.8 220.7 226.2 226.l 
104 0.0 200.7 223.0 217.9 223.4 223.7 229.2 238.7 

99 0.0 194.8 212.2 208.1 214.0 219.3 227.0 227.8 
98 0.0 190.0 206.3 199.5 210.5 216.2 226.0 228.8 
97 0.0 187.7 199.4 195.9 208.4 219.2 227.0 227.8 
96 0.0 185.5 194.3 193.6 208.4 213.7 215.4 216.3 
95 0.0 184.7 190.3 195.9 209.4 214.9 210.5 21 6.8 
94 0.0 182.7 189.9 195.4 209.0 214.3 201.5 217.6 
93 0.0 178.8 189.4 195.5 209.7 208.0 203.5 211.7 
92 0.0 174.9 188.l 193.8 208.0 206.6 209.1 212.4 
91 0.0 168.3 188.4 194.6 205.8 203.2 209.2 212.3 
90 0.0 169.5 189.0 189.3 204.3 203.6 209.3 212.1 
88 0.0 175.4 188.2 190.3 205.7 201.4 210.6 212.6 
85 0.0 173.8 177.3 187.7 200.6 195.l 207.l 208.9 
84 0.0 170.5 173.7 181.0 195.7 191.7 204.5 206.8 
83 0.0 165.9 172.6 178.7 191.5 188.9 202.5 204.6 
82 0.0 163.6 170.2 179.9 189.9 187.0 201.1 204.6 
81 0.0 163.6 170.6 180.l 189.5 189.9 199.9 202.9 
80 0.0 162.3 171.1 181.9 189.8 191.5 199.9 202.6 
79 0.0 158.4 175.1 183.7 190.9 190.5 200.9 204.0 
78 0.0 157.0 177.2 186.8 194.4 194.7 201.2 204.8 
77 0.0 154.l 179.6 190.8 197.6 199.4 202.2 205.6 
76 0.0 152.6 182.5 194.9 199.9 200.6 202.5 207.0 
75 0.0 150.3 184.8 197.4 202.7 201.8 203.5 208.2 
74 0.0 149.2 187.1 199.1 204.7 203.4 205.4 209.2 
73 0.0 149.2 187.4 199.9 204.2 205.2 206.0 210.0 
72 0.0 149.7 186.7 199.2 202.9 201.8 207.l 211.8 
70 0.0 150.9 186.3 197.6 200.9 194.5 216.l 216.5 
69 0.0 152.6 185.7 197.7 203.2 192.5 204.4 207.6 
68 0.0 150.9 185.8 197.6 203.4 191.4 202.l 205.9 
67 0.0 149.9 186.0 198.5 203.0 187.8 200.0 204.0 

66 0.0 145.5 187.4 199.0 204.l 187.5 199.2 202.5 

65 0.0 149.8 189.1 201.9 205.6 188.2 199.5 203.9 

64 0.0 150.9 191.4 205.5 206.8 189.3 197.9 204.3 

63 0.0 152.0 195.5 211.3 208.4 191.5 196.9 206.1 

58 0.0 159.l 208.7 221.5 219.4 201.9 215.5 218.3 
57 0.0 157.2 209.6 219.0 217.8 200.5 214.l 217.7 

56 0.0 152.7 211.8 218.3 216.0 200.7 213.0 216.2 

55 0.0 152.l 213.6 220.0 215.2 204.2 213.0 216.2 

54 0.0 148.8 216.5 222.4 214.6 208.4 211.9 217.2 

53 0.0 151.9 218.3 224.6 214.0 213.1 214.9 219.0 

142 



52 0.0 151.4 220.4 227.9 216.7 217.6 217.0 220.9 
51 0.0 158.4 222.8 230.3 218.9 219.5 219.3 222.6 
50 0.0 154.5 225.0 232.0 221.7 221.7 222.2 224.2 
49 0.0 155.4 226.9 233.1 224.1 222.9 224.3 226.2 
48 0.0 149.8 231.7 237.8 228.1 221.7 232.6 226.4 
47 0.0 169.3 257.4 261.6 260.8 256.0 265.8 265.4 
46 0.0 197.6 258.6 255.7 258.7 238.6 267.1 266.3 
45 0.0 213.7 245.0 250.1 245.3 227.3 256.9 256.7 
44 0.0 208.6 201.7 206.6 214.4 205.5 214.6 219.0 
43 0.0 210.5 211.7 218.0 231.5 213.7 227.8 222.6 
42 0.0 210.3 215.1 221.1 230.8 216.6 227.8 225.6 
41 0.0 186.4 212.4 221.4 222.2 213.2 218.5 221.4 
40 0.0 157.4 202.4 209.0 203.6 193.8 212.0 214.2 
39 0.0 154.2 200.5 201.5 201.9 201.6 205.1 212.2 
38 0.0 158.6 205.4 211.2 203.0 205.3 204.4 205.2 
37 0.0 166.4 198.1 200.6 202.2 196.5 202.6 201.0 
36 0.0 178.8 204.7 207.9 213.6 204.4 214.5 208.4 
35 0.0 203.1 202.2 207.3 214.1 213.8 214.0 216.1 
34 0.0 223.7 206.5 225.6 223.0 220.3 225.2 228.9 
30 0.0 214.7 219.7 221.9 228.3 234.7 226.4 227.l 
26 0.0 208.1 215.5 213.4 225.0 223.2 220.8 221.1 
25 0.0 221.9 217.2 211.8 233.7 222.7 232.0 224.3 
24 0.0 225.5 211.4 209.7 236.4 218.9 223.9 222.2 
23 0.0 224.5 206.0 206.6 240.6 212.9 214.8 218.9 
22 0.0 209.0 189.9 198.6 250.1 200.2 201.7 208.9 
21 0.0 204.7 192.l 201.4 237.0 191.6 199.2 209.9 
20 0.0 204.2 191.6 203.0 239.3 190.2 201.2 212.2 
19 0.0 205.7 195.1 204.6 240.6 190.0 200.0 213.7 
18 0.0 206.0 199.0 206.3 237.l 190.7 204.8 214.5 
17 0.0 204.8 203.2 208.2 235.6 192.1 206.8 214.8 
16 0.0 204.0 204.8 210.5 235.9 194.7 207.0 215.3 
15 0.0 203.2 206.l 212.1 240.9 196.0 209.4 217.2 
14 0.0 202.3 207.4 212.4 241.2 197.7 210.1 217.5 
13 0.0 202.6 208.6 214.2 243.0 198.4 210.6 217.0 
12 0.0 203.8 209.9 216.2 244.3 198.8 208.9 215.4 
11 0.0 202.6 210.4 217.8 243.2 201.5 212.2 214.9 
10 0.0 201.2 210.8 221.1 241.7 201.6 213.0 215.7 
9 0.0 202.5 211.2 223.9 240.5 200.5 213.8 216.l 
8 0.0 202.2 212.0 227.1 241.6 201.4 211.5 215.l 

7 0.0 201.5 212.l 230.3 243.6 205.2 214.4 215.8 
6 0.0 200.5 213.6 232.6 244.7 208.4 219.9 215.5 
5 0.0 200.7 214.4 234.8 245.3 206.3 217.6 214.4 
4 0.0 199.8 214.5 236.7 246.2 207.3 217.7 215.2 
3 0.0 198.9 218.8 238.6 250.1 210.2 219.3 214.5 

2 0.0 202.2 220.4 221.2 225.6 214.1 222.7 218.0 
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Table A.2. Vegetation line position for shore-normal measurement transects. Distances 
are in meters from an arbitrarily drawn offshore baseline. Note that historical vegetation 
line positions are only available from aerial photographs, and not from topographic 
survey charts. 

7 158.7 250.4 172.2 172.8 179.4 179.0 
8 125.5 252.6 161.3 162.6 158.5 171 .9 
9 118.6 155.5 135.2 132.7 133.8 136.l 

10 115.6 135.6 135.8 135.7 133.4 136.1 
11 132.7 129.l 150.3 158.2 165.7 173.8 
12 159.0 147.2 155.3 158.9 168.1 178.6 
13 147.4 167.0 177.5 159.3 160.7 173.6 
14 153.9 172.4 176.2 158.3 161.4 161.4 
15 161.5 245.7 188.3 161.1 164.3 165.0 
16 159.6 187.2 172.3 168.4 174.l 173.7 
17 231.2 168.5 208.0 203.9 208.9 208.3 
18 236.6 230.3 221.8 213.3 223.1 218.0 
19 243.l 236.5 226.8 217.7 226.8 221.9 
20 248.1 248.6 227.8 217.9 227.l 224.3 
21 245.6 235.0 221.7 216.3 225.8 225.l 
22 245.9 236.9 217.7 211.9 222.8 231.0 
23 246.4 226.5 213.9 206.2 221.3 241.4 
24 243.3 219.l 206.7 200.3 226.4 243.1 
25 229.8 209.8 197.2 194.1 207.5 207.2 
29 213.l 192.l 181.9 181.6 184.3 185.2 
30 210.4 185.8 178.4 173.7 177.6 180.4 
31 210.0 185.6 178.3 173.6 177.4 176.9 
32 210.0 186.5 179.4 175.4 178.6 17-l.O 
33 208.5 186.7 180.2 176.8 177.9 172.0 
34 205.5 188.5 184.6 178.2 178.4 173.8 
35 207.3 193.0 190.0 179.1 179.5 173.2 
36 211.2 200.2 195.8 182.4 183.3 179.9 
37 208.3 205.9 201.1 186.2 187.5 187.l 
38 208.9 209.7 206.0 191.9 193.9 198.3 
39 211.8 214.3 209.4 196.9 198.6 198.2 
40 212.8 214.5 213.2 201.1 202.3 201.8 
41 214.1 218.2 226.7 205.7 206.2 203.2 
42 214.9 238.6 233.0 216.4 216.5 215.l 
43 215.6 217.2 224.4 210.2 212.2 208.6 
44 215.0 219.9 214.4 208.5 211.9 210.1 
45 216.5 215.2 212.0 207.6 211.5 209.8 
46 215.2 215.7 212.0 207.5 208.4 208.0 
47 211.6 216.5 210.1 205.5 204.8 207.7 
48 210.0 210.5 207.3 203.3 204.5 208.7 
49 211.0 217.6 207.9 203.5 205.6 210.1 
50 209.2 210.0 211.9 203.8 208.6 214.6 

51 213.1 210.3 210.0 205.4 210.5 217.6 
52 212.7 215.5 208.6 207.9 216.3 221.7 
53 212.6 213.6 210.6 217.9 223.5 225.3 
54 214.9 214.6 212.6 223.5 229.l 230.7 
55 220.8 216.2 219.6 228.4 235.3 234.5 
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56 228.3 226.7 224.2 238.6 244.4 241.2 

57 234.7 233.3 231.2 243.9 250.5 246.6 
58 235.2 235.0 229.7 246.9 253.0 251.1 
59 228.7 236.0 228.1 250.0 254.8 252.6 
60 229.2 236.5 229.3 251.1 255.3 253.3 
61 229.4 236.9 231.0 251.9 255.l 253.6 

62 229.7 236.3 237.7 253.8 253.8 251.8 

63 231.2 236.5 238.l 253.7 251.4 253.3 
64 234.l 238.2 238.2 248.0 251.0 250.9 
65 237.8 239.4 238.7 250.0 243.7 249.5 
66 241.5 239.4 239.5 247.3 241.4 243.5 
67 243.8 240.8 240.3 244.9 239.1 238.2 

68 248.1 241.7 240.6 242.6 232.7 232.2 

69 252.8 243.7 241.0 241.5 226.2 224.l 
73 253.5 242.3 238.5 237.0 216.9 201.9 
74 254.7 242.l 238.6 231.5 213.9 192.2 
75 259.6 243.1 239.6 226.2 210.2 192.4 
76 264.5 246.l 242.2 224.1 205.5 192.3 
77 268.4 246.9 245.7 218.7 198.9 185.0 
78 270.0 246.8 243.9 210.6 190.9 179.5 
79 270.3 245.8 241.9 202.6 182.5 180.2 
80 268.6 245.7 239.4 200.l 180.l 194.l 
81 265.l 242.7 236.4 200.2 186.5 193.2 
82 261.2 239.3 233.6 207.2 197.9 201.0 

83 257.5 236.9 232.0 212.7 207.l 208.3 
84 256.6 236.4 232.6 217.6 213.0 214.0 
88 255.5 233.0 231.0 217.9 216.l 217.5 
89 250.8 228.8 227.5 215.6 215.7 215.7 
90 246.2 224.8 224.5 213.6 212.7 213.6 
91 243.1 223.3 222.7 213.8 213.1 212.2 

92 241.5 221.3 222.7 216.1 215.1 214.0 
93 239.7 223.0 223.2 219.3 218.3 220.4 
94 238.2 225.8 224.7 223.4 221.5 220.9 
95 239.7 224.6 225.9 225.8 223.1 223.5 
96 236.0 224.5 226.2 227.0 225.6 223.5 
97 237.0 222.6 225.4 228.9 224.9 223.0 
98 237.8 222.5 227.4 230.9 226.3 224.8 

99 240.5 222.9 226.0 231.7 228.5 226.0 

100 244.6 226.7 227.2 235.2 232.0 224.4 
101 246.4 228.6 229.4 238.5 237.2 233.3 
102 250.6 231.7 231.2 242.5 238.7 238.7 
103 253.l 231.6 231.9 244.1 242.0 239.8 

104 256.6 232.8 232.1 242.2 239.3 238.9 

105 253.2 228.6 231.7 240.3 240.0 238.5 

106 243.9 225.5 229.6 238.3 238.9 233.7 

107 245.8 224.l 228.2 235.6 238.2 235.8 
108 241.2 224.6 228.5 236.6 239.1 234.l 
109 241.7 227.7 235.2 237.7 243.4 238.8 
110 241.3 230.8 236.1 238.0 244.5 235.4 

111 240.6 233.2 235.7 241.0 244.2 240.9 

112 242.3 243.8 237.5 242.1 246.8 249.2 

113 236.4 235.6 237.4 240.3 245.6 236.0 
114 228.5 229.8 235.3 234.7 239.4 232.9 
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115 220.1 229.9 233.0 233.5 234.1 230.7 
116 214.4 227.5 239.2 230.8 232.6 224.6 
117 210.4 222.l 237.l 226.4 227.7 220.3 
118 204.6 215.7 220.8 214.8 215.4 217.8 
119 200.3 213.3 215.9 213.0 211.3 210.4 
120 200.8 207.9 209.5 216.9 207.8 208.7 
159 277.3 251.9 249.0 239.3 243.1 236.4 
158 282.2 252.8 242.5 235.3 231.5 233.7 
157 272.8 256.3 239.2 235.8 232.2 234.3 
156 271.8 255.8 240.4 235.3 233.5 234.7 
155 271.3 256.4 240.9 236.2 233.3 234.2 
154 264.0 255.0 241.0 233.3 232.8 232.1 
153 262.0 258.1 240.0 232.8 233.2 230.5 
152 258.5 252.2 239.8 228.5 229.9 229.4 
151 258.2 251.5 240.5 230.5 229.1 228.4 
150 260.5 252.7 239.8 229.6 229.0 229.7 
149 259.8 255.4 241.4 230.2 234.4 234.2 
148 260.7 250.3 244.1 232.4 234.5 234.8 
147 259.1 249.6 244.9 232.2 235.l 233.7 
146 258.7 249.7 244.4 232.2 235.0 235.0 
145 254.7 246.3 243.1 229.7 233.6 237.8 
144 255.8 246.1 241.7 226.5 232.8 237.5 
143 255.1 241.6 240.3 225.4 231.6 238.4 
142 253.1 243.4 238.l 227.5 233.4 241.7 
141 248.4 236.7 237.3 227.1 233.9 244.4 
140 245.4 236.3 235.1 228.6 234.5 234.9 
139 239.4 234.6 232.5 227.1 234.5 236.0 
138 239.4 229.7 229.5 225.1 234.0 238.9 
137 231.8 228.0 226.7 222.6 232.9 238.5 
136 228.8 222.4 223.2 219.l 231.6 235.0 
135 230.5 221.5 221.5 221.3 229.3 233.6 
134 223.9 222.5 221.7 221.5 233.5 233.1 
133 227.0 224.2 226.7 222.3 231.8 229.2 
132 229.7 226.2 228.7 226.5 230.5 231.0 
131 233.3 227.1 231.1 227.9 233.6 233.2 
130 231.9 228.2 233.6 233.0 234.8 234.4 
129 235.8 230.6 235.7 233.4 241.2 239.0 
127 230.0 224.1 233.6 229.1 237.9 238.6 
126 231.3 229.4 231.5 228.9 231.9 232.7 
125 226.1 225.5 227.1 226.1 222.2 225.4 
124 222.3 224.4 226.3 223.8 221.5 223.l 
123 219.6 221.1 223.6 223.8 221.9 222.4 

122 216.5 218.1 220.8 221.5 220.9 220.7 

121 213.6 217.6 218.3 221.4 219.8 218.8 

119 210.5 211.6 214.l 213.4 211.6 212.2 

118 207.9 214.2 218.6 213.5 212.0 217.5 
117 207.9 213.2 217.1 213.8 211.9 219.2 
116 208.6 212.1 215.6 214.0 211.5 213.8 

115 208.7 210.8 215.5 213.7 209.5 211.6 

114 209.l 211.6 216.2 213.2 208.9 212.2 

113 210.7 213.1 219.3 211.9 215.3 215.1 

112 212.8 215.4 221.9 220.0 218.0 216.5 
111 215.8 218.9 225.3 219.l 220.l 217.7 
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110 217.9 221.7 224.7 219.7 221.9 218.9 
109 220.S 223.9 223.8 222.8 223.l 225.0 
108 222.3 224.7 228.9 225.8 225.8 228.S 

107 227.2 229.3 231.5 229.9 230.7 234.8 
106 230.9 228.5 232.l 229.1 230.9 234.6 
105 234.2 233.9 233.8 232.3 234.2 237.S 
104 236.7 234.0 235.7 235.3 235.9 238.8 

99 226.5 223.8 226.8 226.7 227.0 227.9 
98 220.7 219.9 222.2 226.4 226.l 228.9 
97 218.8 217.8 220.6 227.4 226.8 227.9 

96 214.4 213.9 214.8 213.6 215.3 216.4 
95 213.3 214.6 216.6 215.l 216.5 216.9 
94 212.2 212.3 216.7 214.6 218.2 217.6 
93 213.7 211.7 217.0 207.6 218.2 211.8 
92 206.6 205.6 218.0 207.0 209.3 212.6 
91 211.5 217.4 217.6 208.7 209.3 212.3 
90 205.0 204.6 217.8 208.6 209.4 212.l 
88 203.1 209.4 218.9 209.6 210.7 212.6 
85 198.2 198.7 214.0 206.l 207.2 209.0 
84 196.0 197.4 210.8 205.l 204.6 206.8 
83 189.l 194.9 207.3 202.7 202.6 204.7 
82 183.l 195.4 204.8 200.5 201.2 204.7 
81 186.9 196.8 204.8 200.5 200.l 202.9 
80 191.4 197.9 206.0 200.3 199.9 202.S 
79 195.2 199.7 208.9 201.0 201 .0 204.0 
78 197.0 201.6 210.7 201.1 201.4 204.9 
77 199.8 203.4 216.3 201.2 202.3 205.7 
76 202.l 205.2 220.5 201.2 202.7 207.l 
75 198.0 207.5 222.9 202.5 203.7 208.2 
74 210.1 209.4 224.2 203.6 205.5 209.3 
73 208.4 217.5 223.6 204.6 206.2 210.0 
72 207.5 226.3 223.4 206.8 207.3 211.8 
70 204.0 227.0 227.6 218.l 216.4 216.7 
69 202.8 211.6 219.3 204.6 204.6 207.8 
68 202.9 211.7 219.0 202.0 202.1 205.9 

67 203.6 214.8 219.0 200.4 200.2 204.0 

66 206.9 215.6 220.1 199.0 199.2 202.4 

65 208.6 217.6 223.4 199.0 199.6 204.0 
64 210.2 214.6 224.0 201.5 203.1 204.4 
63 212.4 224.l 229.2 204.0 204.9 205.9 

58 226.4 237.0 241.6 214.8 215.8 218.4 

57 225.8 233.7 239.3 213.9 214.3 217.7 

56 227.l 239.3 238.9 213.8 213.3 216.3 

55 230.3 235.9 237.8 213.8 213.9 216.3 
54 233.8 234.8 234.4 213.6 216.9 217.2 
53 234.5 236.0 236.0 213.4 218.7 219.l 

52 237.8 237.5 240.2 216.0 217.2 220.9 

51 238.6 241.0 238.3 219.0 219.6 222.6 

50 240.9 245.7 242.5 221.3 222.3 224.3 

49 240.2 248.5 242.8 222.7 224.5 226.3 
48 245.7 242.3 247.8 246.9 236.2 246.l 
47 268.2 262.6 267.l 263.6 268.3 265.4 

46 272.4 264.6 269.3 267.0 267.2 266.4 
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45 258.0 255.2 262.0 256.3 256.8 256.7 

44 218.9 221.5 218.9 225.5 214.8 219.0 

43 239.7 232.3 231.8 232.0 227.8 231.5 
42 229.3 230.2 233.6 230.2 232.4 228.9 
41 226.4 223.7 227.0 225.5 226.1 221.6 
40 216.2 217.6 217.l 219.9 218.8 214.3 
39 210.6 214.3 217.5 218.l 212.4 214.0 
38 207.9 213.6 211.1 208.8 210.6 207.l 
37 206.3 202.8 206.4 201.0 204.6 203.4 
36 222.2 219.6 224.4 214.4 214.8 214.9 
35 228.0 228.5 226.l 230.6 214.8 223.7 
34 244.4 240.l 251.8 244.4 226.2 230.3 
30 247.7 233.0 244.6 251.5 229.6 235.8 
26 240.0 230.5 230.9 245.3 225.l 223.3 
25 232.8 229.6 238.8 247.6 235.2 233.6 
24 240.5 238.3 245.0 243.9 229.7 242.4 
23 242.5 243.2 249.7 249.4 243.4 243.7 
22 232.5 250.9 256.9 247.6 255.8 252.7 
21 225.9 241.2 252.4 233.6 255.4 248.8 

20 226.5 240.9 251.2 236.6 254.9 247.0 
19 227.7 241.7 249.9 234.9 261.0 253.6 
18 233.3 244.3 241.4 240.2 259.l 246.5 
17 230.7 240.6 244.8 244.1 252.7 247.7 
16 233.8 246.9 251.7 241.5 256.5 254.9 
15 234.7 246.3 257.2 240.0 261.4 252.7 

14 238.0 243.6 257.3 242.l 261.3 250.3 

13 247.4 244.0 258.6 241.7 259.6 255.9 
12 250.7 252.6 260.2 245.l 254.5 253.1 
11 272.2 256.1 260.0 249.9 257.7 245.5 
10 246.5 294.3 259.2 245.5 257.7 248.5 

9 241.8 263.9 259.4 245.9 257.1 255.3 

8 234.5 291.4 260.6 246.5 261.1 258.9 

7 238.4 262.9 261.6 246.5 257.8 248.5 
6 236.9 264.6 262.6 246.5 259.5 254.9 
5 241.1 266.5 264.7 251.7 264.0 266.l 

4 239.6 266.1 265.9 253.5 265.0 261.9 

3 244.5 263.9 263.0 265.4 258.8 258.0 

2 238.5 289.6 245.3 243.5 243.2 248.4 
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Table A.3. Erosion rates for shore-normal measurement transects, in meters per year. 
"EPRs" refers to end-point erosion rates, or the net change in shoreline position divided 
by the time in years between the earliest and latest shoreline position. AEHRs, or annual 
erosion hazard rates, are calculated as the slope of the reweighted least squares 
regression line fit to the most recent trend in shoreline position data. These values are 
multiplied by 30 years. The resulting distance is used to project the landward boundary 
of the 30-year erosion hazard area, inland from the current vegetation line. AEHR 
uncertainty is calculated as the standard error of the slope of the regression at the 80% 
confidence level. The 30-year projection uncertainty is the 80% prediction interval for the 
estimated response. 

Trans AEHR 30 year 
no. EPRs AEHRs uncert. uncert. 

7 -0.267 -0.276 0.407 24.8 

8 -0.152 -0.246 0.310 18.9 
9 -0.386 -0.758 0.620 42.1 

10 -0.472 -1.039 1.084 73.6 

11 -0.776 -1.230 0.415 27.8 

12 -0.745 -0.964 0.284 19.0 

13 -0.705 -0.817 0.345 24.1 
14 -0.813 -0.470 0.362 15.9 
15 -0.790 -0.334 0.410 18.0 

16 -0.700 -0.476 0.512 22.4 

17 0.581 -0.584 2.013 45.7 

18 0.586 -0.071 1.916 43.4 
19 0.622 -0.089 2.028 46.0 
20 0.700 -0.101 2.101 47.6 

21 0.792 -0.127 2.177 49.4 

22 0.860 -0.200 2.106 47.8 

23 0.920 -0.212 2.040 46.3 
24 0.961 -0.250 2.010 45.6 
25 1.014 -0.287 2.051 46.5 
29 1.125 -0.338 1.883 42.7 

30 1.101 -0.115 1.565 35.5 
31 1.051 0.033 1.439 32.6 

32 1.054 0.109 1.428 32.4 

33 1.051 0.122 1.465 33.2 

34 1.003 0.052 1.540 34.9 

35 0.954 -0.122 1.522 34.5 

36 0.903 -0.288 1.480 33.6 
37 0.833 -0.402 1.464 33.2 
38 0.751 -0.511 1.456 33.0 

39 0.672 -0.501 1.462 33.1 

40 0.602 -0.454 1.486 33.7 

41 0.540 -0.440 1.443 32.7 
42 0.506 -0.476 1.427 32.4 
43 0.468 -0.559 1.445 32.8 
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44 0.447 -0.612 1.513 34.3 
45 0.440 -0.607 1.520 34.5 
46 0.459 -0.546 1.527 34.6 
47 0.467 -0.539 1.446 32.8 
48 0.466 -0.600 1.470 33.3 

49 0.436 -0.735 1.459 33.l 

50 0.433 -0.820 1.522 34.5 
51 0.382 -0.913 1.535 34.8 
52 0.393 -0.837 1.607 36.5 
53 0.369 -0.765 1.630 37.0 
54 0.348 -0.795 1.682 38.l 
55 0.314 -0.882 1.733 39.3 
56 0.242 -0.894 1.713 38.8 
57 0.220 -0.679 1.787 40.5 
58 0.241 -0.637 1.675 38.0 
59 0.245 -0.608 1.579 35.8 
60 0.271 -0.493 1.534 34.8 
61 0.255 -0.498 1.503 34.l 
62 0.226 -0.455 1.470 33.3 
63 0.208 -0.381 1.431 32.4 
64 0.172 -0.245 1.427 32.3 
65 0.184 -0.195 1.427 32.4 
66 0.236 -0.065 1.427 32.4 
67 0.290 0.064 1.467 33.3 
68 0.364 0.115 1.605 36.4 
69 0.478 0.368 1.684 38.2 
73 0.992 2.172 2.035 46.1 
74 0.938 1.558 1.642 37.2 
75 0.940 1.296 1.521 34.5 
76 0.979 1.201 1.436 32.6 

77 1.094 1.234 1.428 32.4 
78 1.220 1.160 1.429 32.4 
79 1.212 0.595 1.477 33.5 
80 1.116 0.104 1.751 39.7 
81 1.065 0.188 1.975 44.8 

82 0.933 -0.052 1.795 40.7 

83 0.842 -0.007 1.699 38.5 
84 0.756 0.017 1.571 35.6 
88 0.587 -0.096 1.432 32.5 
89 0.589 -0.099 1.427 32.4 

90 0.593 -0.057 1.427 32.4 

91 0.580 0.119 1.427 32.4 
92 0.491 0.316 1.436 32.6 
93 0.396 0.361 1.454 33.0 
94 0.320 0.403 1.498 34.0 
95 0.274 0.450 1.484 33.6 

96 0.240 0.505 1.474 33.4 

97 0.228 0.500 1.483 33.6 
98 0.241 0.572 1.464 33.2 
99 0.259 0.747 1.439 32.6 
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100 0.244 0.500 1.427 32.3 
101 0.231 0.326 1.431 32.5 
102 0.239 0.243 1.444 32.7 

103 0.237 0.258 1.496 33.9 

104 0.238 0.350 1.491 33.8 
105 0.240 0.292 1.516 34.4 
106 0.289 0.244 1.477 33.5 
107 0.333 0.310 1.545 35.0 

108 0.338 0.349 1.615 36.6 

109 0.254 0.114 1.558 35.3 

110 0.215 0.076 1.589 36.0 
111 0.181 0.004 1.645 37.3 
112 0.155 -0.004 1.606 36.4 
113 0.141 0.045 1.511 34.3 

114 0.171 0.136 1.511 34.3 

115 0.155 0.200 1.472 33.4 

116 0.181 0.212 1.443 32.7 
117 0.237 0.288 1.489 33.8 
118 0.233 0.152 1.453 33.0 
119 0.270 0.262 1.427 32.4 

120 0.276 0.314 1.460 33.l 

159 0.914 -0.310 0.387 10.0 
158 0.915 -0.254 0.390 10.0 
157 0.900 -0.204 0.399 10.3 
156 0.887 -0.251 0.426 11.0 
155 0.794 -0.259 0.501 12.9 

154 0.769 -0.325 0.547 14.1 

153 0.686 -0.368 0.462 11.9 

152 0.686 -0.240 0.391 10.l 
151 0.675 -0.359 0.457 11.8 

150 0.663 -0.411 0.445 11.5 

149 0.567 -0.472 0.469 12.l 

148 0.413 -0.418 0.494 12.7 

147 0.333 -0.386 0.390 10.0 
146 0.258 -0.514 0.386 9.9 

145 0.241 -0.664 0.429 11.l 
144 0.184 -0.730 0.419 10.8 

143 0.168 -0.804 0.522 13.4 
142 0.105 -0.835 0.535 13.8 

141 0.043 -0.871 0.563 14.5 

140 -0.027 -0.866 0.404 10.4 

139 -0.097 -0.974 0.407 10.5 

138 -0.112 -1.195 0.584 15.0 

137 -0.168 -1.279 0.705 18.2 

136 -0.112 -1.332 0.423 10.9 

135 -0.105 -1.296 0.437 11.3 

134 -0.168 -l.152 0.525 13.5 

133 -0.112 -1.591 1.242 37.3 

132 -0.168 -1.250 1.242 37.3 

131 -0.258 -1.234 1.242 37.3 
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130 -0.258 -1.111 1.242 37.3 
129 -0.258 -0.818 0.505 13.0 
127 -0.404 -0.922 0.628 16.2 
126 -0.333 -0.915 0.386 9.9 
125 -0.249 -0.288 0.280 10.8 
124 -0.258 -0.453 0.210 8.1 

123 -0.258 -0.512 0.240 9.2 
122 -0.258 -0.517 0.205 7.9 
121 -0.258 -0.598 0.162 6.2 
119 -0.184 -0.428 0.115 5.4 

118 -0.176 -0.458 0.111 5.2 

117 -0.168 -0.521 0.089 4.1 

116 -0.249 -0.551 0.071 3.3 
115 -0.249 -0.476 0.065 3.1 
114 -0.258 -0.506 0.063 2.9 
113 -0.387 -0.608 0.111 5.2 
112 -0.391 -0.683 0.100 4.7 

111 -0.387 -0.610 0.093 4.3 
110 -0.404 -0.558 0.068 3.2 
109 -0.333 -0.255 O.Q18 1.9 
108 -0.404 -0.354 0.013 1.3 
107 -0.316 -0.312 0.016 2.0 

106 -0.316 -0.377 0.027 2.7 
105 -0.325 -0.349 0.030 3.7 
104 -0.404 -0.369 0.008 1.0 

99 -0.404 -0.391 0.113 5.0 
98 -0.477 -0.512 0.107 4.8 
97 -0.496 -0.738 0.069 3.1 

96 -0.404 -0.820 0.312 13.9 
95 -0.387 -1.019 0.257 11.5 
94 -0.404 -1.009 0.259 11.6 
93 -0.387 -0.782 0.320 14.3 
92 -0.496 -0.781 0.314 14.1 

91 -0.557 -0.547 0.048 2.2 

90 -0.496 -0.547 0.229 10.0 

88 -0.477 -0.612 0.190 8.7 

85 -0.404 -0.744 0.175 8.0 

84 -0.477 -0.801 0.168 7.6 
83 -0.488 -0.775 0.183 8.4 

82 -0.488 -0.770 0.189 8.6 

81 -0.477 -0.754 0.157 7.2 

80 -0.488 -0.738 0.170 7.7 

79 -0.558 -0.648 0.166 7.6 
78 -0.577 -0.613 0.171 7.8 
77 -0.685 -0.798 0.253 11.3 

76 -0.768 -0.721 0.267 11.9 

75 -0.793 -0.678 0.293 13.1 

74 -0.885 -0.651 0.293 13.1 

73 -0.886 -0.707 0.260 11.6 
72 -0.768 -0.410 1.242 37.3 
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70 -0.885 -1.669 1.242 37.3 
69 -0.675 -0.917 1.242 37.3 
68 -0.675 -0.824 1.242 37.3 

67 -0.662 -0.946 1.242 37.3 

66 -0.685 -0.899 1.242 37.3 

65 -0.662 -0.873 1.242 37.3 
64 -0.577 -0.680 0.667 17.1 
63 -0.662 -0.640 0.752 19.3 
58 -0.768 -1.048 1.242 37.3 

57 -0.768 -1.045 1.242 37.3 

56 -0.791 -0.947 1.242 37.3 

55 -0.768 -0.552 0.698 17.9 
54 -0.793 -0.387 0.690 17.7 
53 -0.793 -0.141 1.242 37.3 
52 -1.047 0.161 0.320 14.3 
51 -0.913 0.184 0.324 14.5 

50 -1.050 0.178 0.303 13.6 
49 -1.050 0.198 0.282 12.6 
48 -0.900 0.115 0.222 15.5 
47 -1.209 -0.207 0.063 3.0 
46 -0.662 -0.263 0.141 6.7 

45 -0.768 -0.469 1.485 44.5 

44 -0.112 -0.294 0.174 12.2 
43 -0.168 -0.175 0.308 21.5 
42 -0.176 -0.159 0.240 16.8 
41 -0.404 -0.079 0.176 12.3 

40 -0.665 -0.233 0.089 4.5 

39 -0.675 -0.106 0.039 1.7 

38 -0.557 -0.007 0.045 2.1 
37 -0.404 -0.046 0.096 6.7 

36 -0.333 -0.079 0.174 12.2 

35 -0.168 -0.247 0.129 9.0 

34 -0.043 -0.110 0.157 6.3 

30 -0.168 -0.142 0.197 13.8 

26 -0.168 -0.114 0.171 11.9 
25 -0.035 -0.115 1.323 58.7 
24 O.Q35 -0.165 0.483 21.4 

23 0.043 -0.262 0.255 11.3 

22 0.027 -0.373 0.569 25.2 

21 -0.043 -0.808 0.499 22.1 

20 -0.097 -0.986 0.301 13.3 

19 -0.097 -1 .049 0.609 27.0 
18 -0.105 -1.077 0.032 1.4 
17 -0.112 -1.035 0.232 10.3 

16 -0.112 -0.931 0.041 1.8 

15 -0.168 -0.963 0.166 7.4 

14 -0.176 -0.900 0.126 5.6 

13 -0.169 -0.847 0.203 9.0 

12 -0.112 -0.752 0.059 2.6 

11 -0.168 -0.618 0.442 19.6 
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10 -0.176 -0.653 0.497 22.0 
9 -0.168 -0.726 0.668 29.6 
8 -0.168 -0.629 0.331 14.7 
7 -0.168 -0.494 0.480 21.3 
6 -0.176 -0.358 1.167 51.8 
5 -0.168 -0.400 1.114 31.2 
4 -0.176 -0.386 1.070 30.0 
3 -0.184 -0.231 1.114 31.2 
2 -0.184 -0.208 0.742 19.l 
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Table A.4. Total volume change for shore-normal measurement transects, in cubic 
meters. 

Trans 1900- 1912- 1900- 1949- 1960- 1963- 1975- 1988-
no. 1912 1949 1949 1960 1963 1975 1988 1997 

7 0 0 1,371 -6,747 5,037 139 -650 81 
8 0 0 1,315 -8,968 5,968 22 161 -897 
9 0 0 -413 -2,555 943 210 -87 -179 

10 0 0 -579 -1,172 -789 17 193 -172 

11 0 0 -978 560 -2,356 -668 -740 -582 
12 0 0 -1,725 1,298 -1,484 -271 -910 -736 
13 0 0 -2,472 -1,214 -1 ,094 1,326 -474 -849 
14 0 0 -3, 182 -1,503 -125 1,292 -583 24 
15 0 0 -3,365 -6,007 4,136 1,902 -547 -42 

16 0 0 -2,282 -2,200 1,219 405 -867 45 
17 0 0 1,994 5,250 -3,217 458 -637 148 
18 0 0 2,333 568 861 535 -834 508 
19 0 0 2,631 561 946 587 -813 519 
20 0 0 2,968 80 1,732 656 -828 377 
21 0 0 3,397 839 1,229 389 -868 251 
22 0 0 3,735 766 1,623 444 -964 -384 
23 0 0 4,094 1,518 1,167 577 -'l ,242 -1,202 
24 0 0 4,457 1,842 1,138 471 -1,999 -985 
25 0 0 5,035 1,545 1,140 229 -1,147 177 
29 0 0 5,720 1,861 689 113 -404 56 
30 0 0 5,571 2,070 447 424 -365 -127 

31 0 0 5,362 1,957 502 386 -276 69 

32 0 0 5,332 1,869 497 347 -190 320 

33 0 0 5,277 1,763 416 338 -8 374 

34 0 0 5,001 1,449 208 584 70 245 

35 0 0 4,707 1,251 175 931 15 335 

36 0 0 4,518 977 321 1,119 -78 135 

37 0 0 4,326 366 367 1,205 -135 -75 

38 0 0 4,122 74 350 1,122 -207 -414 

39 0 0 3,795 -52 433 979 -186 -92 

40 0 0 3,574 2 168 890 -129 -86 

41 0 0 3,234 -164 -504 1,481 -100 109 

42 0 0 3,170 -1,505 442 1,175 -102 17 

43 0 0 3,155 -1 -457 1,015 -283 189 

44 0 0 3,108 -224 370 478 -423 96 

45 0 0 3,150 197 170 394 -462 100 

46 0 0 3,243 84 161 418 -238 16 
47 0 0 3,350 -213 324 430 -91 -250 

48 0 0 3,439 57 130 400 -250 -332 

49 0 0 3,410 -374 605 411 -330 -375 

50 0 0 3,365 -3 -145 684 -562 -461 

51 0 0 3,174 230 -6 468 -609 -544 

52 0 0 3,305 -184 453 183 -841 -390 

53 0 0 3,337 -86 176 -399 -639 -135 

54 0 0 3,398 5 60 -645 -650 -113 
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55 0 0 3,214 340 -345 -481 -772 51 
56 0 0 2,924 137 64 -910 -697 212 

57 0 0 2,874 59 48 -842 -719 305 
58 0 0 3,279 -66 292 -1 ,205 -656 155 
59 0 0 3,529 -602 468 -1,556 -538 148 
60 0 0 3,665 -614 441 -1,593 -458 136 
61 0 0 3,520 -610 351 -1 ,533 -384 94 
62 0 0 3,172 -525 -152 -1 ,201 -143 119 
63 0 0 2,859 -412 -156 -1,180 63 -171 
64 0 0 2,379 -283 -54 -816 -254 -30 
65 0 0 2,159 -42 -24 -915 381 -419 
66 0 0 2,041 237 -70 -654 381 -146 
67 0 0 1,976 284 24 -414 452 28 
68 0 0 2,051 534 66 -171 789 -48 
69 0 0 1,921 798 142 4 1,225 78 
73 0 0 1,968 1,040 168 216 1,652 1,537 
74 0 0 2,069 1,142 216 638 1,429 1,814 
75 0 0 1,923 1,446 227 1,152 1,296 1,477 
76 0 0 1,830 1,591 310 1,526 1,495 1,102 
77 0 0 1,966 1,807 187 2,208 1,614 1,117 
78 0 0 2,014 1,976 329 2,769 1,579 955 
79 0 0 2,065 2,123 359 3,340 1,537 196 
80 1,518 737 2,255 2,018 509 3,344 1,500 -1,073 
81 1,807 734 2,541 1,935 511 3,001 1,132 -609 
82 1,833 863 2,696 1,883 432 2,222 751 -363 
83 1,706 1,191 2,896 1,703 390 1,607 494 -207 
84 1,381 1,368 2,749 1,681 271 1,246 394 -151 
88 0 1,541 0 1,798 161 1,082 11 9 -128 
89 0 1,707 0 1,785 76 974 -30 -11 
90 0 1,690 0 1,725 43 889 50 -75 
91 0 1,619 0 1,626 45 698 75 73 
92 0 1,319 0 1,582 -39 439 155 99 
93 0 1,105 0 1,342 4 204 173 -123 
94 0 944 0 1,020 66 2 273 41 
95 0 866 0 1,167 -107 -94 323 -14 

96 0 719 0 925 -145 -187 251 167 
97 0 697 0 1,135 -215 -392 427 150 
98 0 685 0 1,245 -380 -429 473 149 
99 0 489 0 1,426 -224 -625 393 261 

100 0 395 0 1,427 19 -742 317 595 

101 0 418 0 1,453 33 -844 141 331 
102 0 557 0 1,521 163 -1 ,027 280 66 
103 0 614 0 1,670 141 -1,116 144 248 
104 0 691 0 1,819 207 -1,016 217 136 
105 0 803 0 1,891 -94 -890 23 210 

106 0 986 0 1,526 -256 -816 -32 436 

107 0 1,331 0 1,717 -329 -674 -183 292 
108 0 1,676 0 1,238 -296 -697 -187 490 
109 0 1,674 0 933 -468 -291 -439 415 

110 0 1,519 0 645 -287 -235 -508 727 
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111 0 1,427 0 409 -105 -430 -314 331 

112 0 1,504 0 -241 483 -378 -413 -64 

113 0 1,736 0 -109 -132 -269 -409 721 
114 0 2,024 0 -275 -422 -27 -355 535 

115 0 1,928 0 -882 -282 -79 -38 308 

116 0 2,260 0 -1, 136 -864 514 -99 604 

117 0 2,518 0 -1,065 -1,098 690 -76 603 
118 0 2,715 0 -1,009 -482 413 -44 -103 
119 0 2,948 0 -1,129 -341 179 165 103 
120 0 2,911 0 -760 -201 -556 723 -61 

159 0 3,094 0 2,101 328 829 -333 414 

158 0 3,288 0 2,344 859 611 209 -192 

157 0 3,274 0 1,400 1,376 290 184 -154 
156 0 3,043 0 1,370 1,267 417 45 -91 
155 0 2,880 0 1,268 1,297 394 101 -52 
154 0 2,386 0 892 1,179 623 -85 55 

153 0 2,042 0 559 1,453 605 -141 167 

152 0 2,195 0 681 1,055 861 -154 5 

151 0 1,978 0 679 982 805 -15 31 
150 0 1,886 0 703 1,129 831 -73 -81 
149 0 1,454 0 448 1,207 917 -420 -15 

148 0 991 0 829 679 933 -276 -32 

147 0 790 0 752 528 1,005 -286 46 

146 0 568 0 720 532 997 -295 -76 

145 0 641 0 668 334 1,113 -376 -417 

144 0 505 0 790 330 1,306 -562 -456 
143 0 399 0 1,102 41 1,281 -542 -638 

142 0 529 0 793 314 954 -527 -747 

141 0 504 0 871 -63 897 -585 -908 

140 0 392 0 693 45 598 -563 -182 

139 0 542 0 352 115 483 -697 -268 

138 0 728 0 715 -24 378 · -799 -575 

137 0 706 0 304 96 319 -889 -660 

136 0 909 0 511 -69 314 -1,113 -452 

135 0 994 0 701 -44 52 -794 -515 

134 0 670 0 48 120 36 -1,017 -194 

133 0 541 0 194 -205 372 -981 189 

132 0 274 0 314 -279 177 -535 -37 

131 0 -243 0 493 -389 241 -648 39 

130 0 -443 0 324 -464 70 -353 25 

129 0 -459 0 409 -462 231 -658 -25 

127 0 -1,052 0 489 -780 392 -731 -261 

126 0 -928 0 178 -258 306 -400 -189 

125 0 -768 0 87 -199 164 75 -267 

124 0 -633 0 -79 -220 192 -25 -139 

123 0 -326 0 -108 -230 12 -99 -46 

122 0 -221 0 -146 -205 -60 -174 13 

121 0 -16 0 -327 -72 -256 -100 85 

119 0 133 0 -195 -76 -116 47 -52 

118 0 242 0 -551 -211 184 18 -463 
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117 0 518 0 -512 -209 73 47 -615 
116 0 134 0 -360 -205 -37 62 -187 
115 0 -28 0 -250 -273 -18 182 -182 
114 0 -81 0 -321 -259 95 185 -276 

113 0 -230 0 -348 -362 397 -415 23 
112 0 -239 0 -382 -347 3 -58 131 
111 0 -335 0 -434 -360 355 -246 203 
110 0 -618 0 -480 -106 257 -301 254 
109 0 -583 0 -396 87 -24 -156 -158 
108 0 -880 0 -296 -252 162 -161 -231 
107 0 -867 0 -239 -146 93 -142 -299 
106 0 -1,082 0 131 -265 219 -198 -275 
105 0 -1,430 0 70 -58 102 -220 -223 
104 0 -1,519 0 265 -202 17 -132 -347 

99 0 -1 ,185 0 249 -297 -82 -148 -71 
98 0 -1,106 0 169 -341 -371 -144 -233 
97 0 -794 0 124 -395 -636 -86 -85 
96 0 -600 0 45 -297 -5 -142 -93 
95 0 -380 0 -178 -358 10 -24 -130 
94 0 -495 0 -99 -524 62 -38 -221 
93 0 -725 0 32 -590 664 -643 301 
92 0 -897 0 -24 -1,076 773 -196 -284 
91 0 -1,372 0 -503 -193 646 -135 -258 
90 0 -1,322 0 18 -1,139 633 -141 -234 
88 0 -869 0 -466 -894 699 -223 -157 
85 0 -240 0 -200 -1,252 624 -268 -153 
84 0 -213 0 -213 -1,155 454 -175 -184 
83 0 -453 0 -497 -1,052 355 -212 -177 
82 0 -449 0 -992 -807 345 -281 -290 
81 0 -473 0 -825 -699 285 -135 -242 
80 0 -599 0 -618 -682 363 -109 -218 
79 0 -1, 140 0 -443 -744 542 -169 -254 
78 0 -1,373 0 -472 -744 651 -125 -301 
77 0 -1,728 0 -429 -989 995 -113 -293 
76 0 -2,031 0 -409 -1,124 1,302 -136 -368 
75 0 -2,348 0 -851 -1,134 1,404 -111 -385 
74 0 -2,580 0 -148 -1,100 1,423 -162 -322 
73 0 -2,598 0 -823 -482 1,274 -118 -324 

72 0 -2,515 0 -1,481 132 1,149 -122 -382 
70 0 -2,408 0 -1,752 -95 755 -239 -25 

69 0 -2,252 0 -791 -615 1,173 -191 -270 
68 0 -2,370 0 -792 -593 1,350 -181 -316 
67 0 -2,460 0 -964 -355 1,511 -184 -324 
66 0 -2,855 0 -782 -389 1,702 -201 -275 

65 0 -2,672 0 -819 -456 1,947 -228 -370 

64 0 -2,750 0 -527 -657 1,812 -249 -193 

63 0 -2,960 0 -1,055 -300 1,986 -145 -223 
58 0 -3,375 0 -930 -282 2,112 -290 -224 
57 0 -3,564 0 -691 -361 2,015 -251 -289 
56 0 -4,020 0 -937 64 1,960 -168 -254 
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55 0 -4,183 0 -480 -55 1,816 -156 -212 

54 0 -4,605 0 -1 64 154 1,519 -287 -104 

53 0 --1,516 0 -205 175 1,549 -387 -93 
52 0 -4,693 0 -106 -1 1,634 -76 -315 
51 0 --1,384 0 -287 370 1,305 -44 -254 
50 0 -4,796 0 -444 386 1,442 -76 -1 64 
49 0 -4,861 0 -667 534 1,384 -145 -151 
48 0 -5,568 0 133 -213 167 547 -570 
47 0 -5,988 0 312 -300 318 -474 201 
46 0 -4,146 0 579 -371 487 -476 69 
45 0 -2,128 0 104 -378 679 -519 8 
44 0 466 0 -260 55 -309 584 -357 
43 0 -81 0 401 -188 278 57 -168 
42 0 -323 0 -161 -389 469 -332 268 
41 0 -1 ,771 0 40 -238 247 -126 263 
-10 0 -3,062 0 -204 120 -26 -223 269 
39 0 -3, 152 0 -264 -230 -30 325 -223 
38 0 -3,185 0 -481 308 115 -106 222 
37 0 -2,155 0 195 -270 460 -346 105 
36 0 -1,758 0 123 -417 830 -195 93 
35 0 59 0 -117 53 -302 1,069 -640 
34 0 1,172 0 -24 -754 548 1,161 -342 
30 0 -343 0 968 -894 -576 1,624 -435 
26 0 -507 0 683 -220 -948 1,416 113 
25 0 316 0 302 -977 -425 695 230 
24 0 964 0 180 -893 359 885 -836 
23 0 1,259 0 -60 -997 470 378 -84 
22 0 1,299 0 -1 ,391 -1 ,252 1,446 -580 90 
21 0 856 0 -1 ,195 -1 ,339 2,018 -1,609 278 
20 0 857 0 -1 ,166 -1,297 1,795 -1,422 358 
19 0 723 0 -1,112 -1,145 1,847 -1,940 286 
18 0 476 0 -868 -302 842 -1,520 700 
17 0 108 0 -759 -731 757 -824 208 
16 0 -55 0 -980 -746 1,368 -1,218 -33 
15 0 -197 0 -882 -1,212 1,903 -1,680 471 

14 0 -347 0 -465 -1,404 1,749 -1 ,511 625 

13 0 -409 0 140 -1,462 1,872 -1,412 146 
12 0 -410 0 -230 -978 1,768 -800 -10 

11 0 -529 0 979 -682 1,365 -700 783 

10 0 -653 0 -3,414 2,050 1,582 -1 ,010 581 

9 0 -591 0 -1,715 37 1,570 -978 82 

8 0 -666 0 -4, 115 1,855 1,613 -1, 152 90 

7 0 -719 0 -1,959 -133 1,654 -914 605 

6 0 -890 0 -2,194 -61 1,686 -1 ,073 386 

5 0 -931 0 -2,064 -48 1,525 -1,026 -89 

4 0 -996 0 -2,168 -142 1,483 -956 255 

3 0 -1,353 0 -1,640 -125 488 297 136 

2 0 -1 ,239 0 -3,488 2,938 309 -117 -275 
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Kawililipoa Area, Maui, Hawaii 

HISTORICAL SHORELINES 

~ 1800 

- 1912 
- Nov 1949 

- oct 1HO 
- Aug 1963 
- Mar 1175 
- Aug 1917 

- Mat 1918 
- Mly 1997 

- Profedld 30-year erosion haunt line 

- Erosion rate measurement locdona 
(shore normal tranMcta) 

Hlatorlcal beach position•, color coded 
byJNr, are determined ualng rectttied 
an c:irerenced Hrlal phot~aphs 

i~r::.:1:=; :~rv;: ~ J,.., of 
th• beech toe I• ueed as the hlatortcal 
ahorellne, or ahorellne change reference 
future (SCRF). Th• beech toe, also 

f~':,d,..";P~~ :~~ ~=rr.::c 
beaches. The crest or the beach toe 
approximately marks the position ot 
maan low water. 
For aHudont In which there It coutal 
armoring or rocky thoreUne seaward of 
any vegetaitlon, the vegetlltlon line It 
drawn along the ... ward tide of the rock 
or annortng. H there la no aandy beach In 
th .......... both the vegetation llna and 
the SCRF ara dellnated along the mean 
high waler line. 
Movement of th• beech toe or SCRF la 
used to celculllt• eroalon rates along 

~~:~=g~:S,W:fr!~~very 20 
projected »year erosion hazard llne ~ 
deHne1ted by multlptylng the Annual 
Erosion Huard Rate by 30 yMra. H 11 
profected Inland from the poaltlon or the 
vegetation llne, as ... non th• 1H7 H rtal 
photographs. 

EROSION RATES 

• Annual Erosion Haztrcl Ratel (AEHR) 

• Endpolnt ~wotlon-(EPR) 

Historical eroalon r1tn are meaaured 
every 20 m along the 1horellne. TheH 
sites are denoted by yellow shore 
nonnal tranaecta:. Two typee of 
erosion are calculated: the Annum 
Erosion Haurd Rat• (red), generalty 
b...cl on the moat NCent t,.nd In 
• horeUne poattlon ; and the endpoint 
erosion rate (1900 - 1997, purple). 
TheM rmtea are •hown In the aho,..... 

40" 

30" 

20· 

parallel graph•. Colored bars on the 1a· 
graphs corrHpond to thor.-r'IOrmal 
transectt; approximatety every fifth 
trtinsect and ber ta numbered. Where 
nece ... ry, some tranHCtt have been 
purpoHty de..._ed during data 
proce11lng; 1t a result , the tranMC:t 
numbering la not consecutive 
everywhere. Where complete beach 
loaa hu occurred, ero•lon rate 
calculatlon• eppty only to the ttme 
period wh9r'I the btl9ch H iited. 
By 1963, coastal armoring had 
replaced some of the natural 
shorellne within Koleie Fishpond 
requiring the uu of hlt tortcal 
1horellne1from 1949onfor 
caJculatlng AEHRa within tta connne1. 20°45' N 
For th• rut of this are11 however, only 
the ahorellnu Including •nd •fter 
1975 •re uMd In c•lculatlng AEHR1. 
A distinct change In 1hoellne 
movement for theu years 11 shown 
along many of the t hor.normal 
tnnMCta •nd 11 bel~ed to reflect 
two aJgnlttc.nt ~·to thl• 
coastal sediment system. One I• the 
trapping of sediment moving along 
the •horetlna by elongate 
coni;rJomeratlon• of reef rubble 
material which extend out from the 
ahorellne In the center of this area. 
The other change 11 the lmpoundment 
of uncl behind H1wall1 and 
revetments. Extensive armori ng of 50" 
the coastline occured in the early 
1970. just south of this area, at and 
north of Kalama Park. Thia armoring 
preV9nta: aand atorad behind It from 
being washed Into tha nN.rshore 
sediment system during htgh wave 
eventa and replenlthlng the beech. 
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The Kawililipoa area contains a 1.3 mi beach 
segment, fronted by a wide fringing reef. It is 
bounded to the north by the basalt boulder walls of 
Koieie Fishpond and to the south by the "Halama 
St. · groin . Accumulations of reef rubble materia l in 
the center of the area can first be clear1y seen 
offshore in aerial photographs from 1975. Since 
then this material has gradually moved towards the 
shoreline and now forms a series of curvilinear 
deposits , the longest of which extends from the 
shoreline to 100 yds offshore. These features have 
resulted in localized accretion along 400 yds of 
shoreline at least since 1975, and divide the area 
into north and south sections. Overall there has 
been net accretion in the area, giving rise to an 
average EPA of 1.4 tvyr. In recent decades this 
trend has changed to one of erosion, resulting in an 
average AEHR of -a .8 (± 4 .9) tvyr. The average 
beachwidth has gradually decreased a total of 25 
percent, from 59 ft to 45 ft between 1949 and 1997. 

In 1900, Koieie Fishpond was comple1ely lilied with 
sediment. Since then sediment has gradually 
washed out. For the segment of coast between the 
fishpond and reef rubble features there has been 
significant net accretion, with an average EPA of 1.8 
tt.tyr. This segment has generally experienced 
erosion since 1975, leading to an average AEHR of 
-1.3 (± 5 .3) ft/yr. The average beachwidth reflects a 
similar trend, showing an overall decrease of 24 
percent from 58 ft In 1949 to 44 ft in 1997, with most 
of the decrease occurring after 1975. 

The segment south of the rubble features has also 
shown net long term accretion , with an average EPR 
of 1.6 ft/yr. Bounded by the rubble features to the 
north and Halama St. groin to the south, it has been 
relatively stable in recent decades. with an average 
AEHR of a.a(± 5.0) ft/yr. Despite its recent stability, 
beachwidths here show a pattem similar to that of 
the northern segment with an average decrease of 
26 percent, from 61 ft in 1949 to 45 ft in 1997, 
reflecting seaward movement of the vegetation line. 
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Appendix B. Historical Shoreline Change Posters 

Halama Street/Kalama Park Area, Maui, Hawaii 
40' 

The Halama Stl Kalama Par1< area is composed of two 
beach segments separated by a rocky headland. 
Physical characteristics and shoreline histories for each 
segment are quite different. The northern segment is 
arcuate, convex seaward, fronted by a fringing reef, 
and about 1 .4 miles long. The southern segment, 
Kamaole I Beach, Is a 700 yards long pocket beach 
bounded by small rocky headlands. It has a 
moderately sloping and predominatety sandy bottom 
lacking significant reef structure. Overall the Halama 
StJ Kalama Park area has experienced enhanced 
erosion since 1975. This Is reflected In the average 
AEHA, which Is -2.0 (± 2.0) ft/yr, versus the average 
EPA, which is only -0.9 ft/yr. The average beachwidth 
has decreased 57% between 1949 and 1997, from 65 
tt to 28 tt . 

Lacking the protectlon of an offshore reef, J<amaole I 
Beach is fairty dynamic, but with an average EPA of 
only -0.4 ft/yr. Kona storms In the early 1960s washed 
most of the beach away but tt recovered by 1975. The 
average AEHR, calculated using shoreline positions 
since then, is -2.0 (± 1.7) ft/yr. The average 
beachwtdth at Kamaole I has increased 14% between 
1949and 1997, going from 103ftto116tt. 

The northern segment Is significantly longer 1han 
Kamaole I, dominating the overall shoreline change 
statistics. It has experienced erosion, with an average 
EPA of -1 .0 tt/yr and an average AEHR of -2.2 (± 2.2) 
fl/'yr. The behavk>r of this beach has been significantly 
impacted by the proliferation of revetments and 
seawalls here in the late 1960s and early 1970s in 
response to a period of erosion. As erosion continued, 
significant beach narrowing and loss occurred along 
the 70% of this segment fronted by armoring 
structures. This is reflected in the 83% decrease in 
average beachwidth between 1949 and 1997, from 57 
tt to 1 Oft. The largest drop in beachwidth for any 
period, 24 tt, occurred between 1975and1987, 
following construction of most of the coastal armoring 
located here. 
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- Ercnlon rate rftffluremenl loclltion• 
(shor9 nom* tnnMCts) 

Hlatortcal bMch potltlons, coJor coded by yw, 
.,. determined using '9Cttfled and 
~ eerlai photographli and Nation.I 
OcMn Survey (NOS) topographic: •urwy chllr1s. 
The crest ot the beech toe• uMd u the 
hlstof1cal •hoNllne, or •horellne ct\ange 
ret.r.nce fNture (SCRF). The bMch toe, alllO 
called the bMch step, la•~ fMtur9 
typically pt"M«tt on Hawaiian bMchH. The 
ctnt of the buch toe approxlmaitafy marU the 
po$1t10n ot mean low ....... 

For attu.tlons In which thef9 la coastal 
armoring or rocky ~lne IMWWd ot any 
v.getatlon, the vegetation llne la drawn ah>ng 
tM INW8td sldl of the rock or armoring. tt 
U.. lt l10 ulld)' bnch In theM .,...., both the 
~on llM and the SCRF.,.. cMllMllt.d 
along the mMn high wat9r liM. 

MoV91Mnt of the bMch toe or SCRF Is uHd 
to calculate erosion nn.. along mor.nomtal 
tranMCU spaced ev.ry 20 m (16 n) along the 
ahorellne. The protect9d 30-)'Nr ero•lon 
hazard llne Is ct.tlnut9d by muttlplylng the 
Annual Erosion Huard Rate by 30 years. It is 
protected Inland from the ~of the 

. .. wgetatlon llM, u...., on the 1117 Mrial 
photographs. 
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• Annual Erosion Hazard R1tff (AEHR) 

- End---lotl-(EPR) 

Historical9t'OSlonrat•.,..mNSUrecl 
W9fY 20 m along tM shorellne. TheM attn 
.,.. drMofltd by yellow shore normal 
tr1nsects. Two typa of erosk>n are 
cak:ula1od: the Annual Etoslon Hazard Raio 
(red), gene<alty- on the moot ,_.t 
trend in ahortlint position ; Ind the 
endpolntetOSlon m.(1904-1997, purple). 
These mes are shown In thl 1hore-p1raUel 
gr1phs. Cok>red t.ra on the grapht 
corrupond to lhot'H'lorrn1I tranMCtl; 

. approJdmn.ty every fifth tranMCt and bar 
. .., Is numbered, Where MCIUll"f, some 

trlnMCta hlW been purpoMty dlleted 
during dltii proceNlng; •a f'NIUlt , the 
trlnaect numbwing Is not conuc:llttve 
everywhere. Where complete belch loss 
hu occurred, erosk>n rate calcul1tion1 
opplyonlytothe tlmt perlod whon the 
boochexlobld. 
In generW, only the ahoreUnea lnctuding 
and after 1975 are UMd In calculltlng 
AEHRa. A distinct change In ahoNllne 
rnowment fortheM YNl'S la shown ak>ng 
many of the ahore-nonnW tranMCta and la 
br91ie\"ldtoreftecttwoalgnlflcant 
pmuro.tions to lhla coutal Mdlment 
system. One Is the lmpounchn.nt of Nnd 
behind ..... us and revetments, which 
proUttf'lted In tht Nrty 1970's at and north 
of Kalama PSl'it. The armoring praventa thl 
a.and behind tt from being washed Into the I 
newahora Mdlment system during high 
wave ewnta: and rep....Wthlng It. The other 
change It thl trapping of Ndlment moving 
along the ahorellne by 8'ongata 
conglomel'ltlon1 or rwr rubt>Jt ottahort of 
the VFW bulldlrtg In Klhtl, tNt extend Ollt 
from the ahor•Hne about • mU• north c;t 
this--. For •reas In which the bNch h9d 
washed ... )' in front of coutal armoring 
by 1975, hlslorlcallhoreflnesf'rom 1Mlup 
to the first )'Ml ot armoring appMrtng at 

~ ~=!'u:::::.=:HRt. 
sandy and not rocky ahor9Unea. tt wu 
uoodhowover,fo<theroclcy .... -
Kam.ole I and KaJam.1 Parts. Within this 

MrlSi~!'!L.I :=:.0=.:::~MI 
cues, the aandy belch pve way to rock 
bytMll. Accordlngty,AEHRatorthll 
~lnontty rockyohorellne ohowvery 
low erosion mes. 
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APPENDIX C. Major Kona Storms in the Historical Record 

Brief Description 

This three-day event had south to south-southwest gale force winds, and dumped 50 cm of rain on 
Honolulu and destroyed or damaged a number of houses on Molokai. 

A very severe Kona, lasting three days, attended with destructive southerly winds and general rain . Most 
destructive in northern portions of Hawaii and Maui. 

This unusually severe southerly to westerly storm impacted the main Hawaiian Islands on March 7-8 and 
was particularly destructive on the windward sides of Hawaii and Maui . 

This was considered to be the most severe storm in many years, with high surf, gale force winds, 
excessively heavy rains, resulting in major damage over the main Islands. 

This southerly storm had heavy rains and an unusually large number of thunderstorms, most of which 
were severe. Leeward areas on several islands were most affected. 

Heavy rains accompanied this 2-day Kona event that swept over all the main Hawaiian Islands, 
particularly impacting Oahu and Kauai. 

This was the worst storm in decades, killing 13 people and destroying more than 50 homes. Massive 
flooding occurred as well as a full day of winds from the southwest at 40 ms·' (80 kts). 

High southerly and southwesterly winds accompanied this storm which moved from west to east across 
the state over the course of 5 days, causing wind and flooding damage. 

This Kona lasted 3 to 4 days, ending a period of drought and establishing 24-hour rainfall records at some 
locations, including Waipahu, in leeward Oahu. 

Kona winds were unusually frequent over the entire month . 

Kona conditions prevailed from late November into early January as a series of low pressure areas moved 
through the state. 

South and southwesterly Kona winds blew for an unusually large number of hours during March, setting a 
monthly record for the percentage of wind from this quadrant. 

Kona winds prevailed, with twice the normal percentage of southerly winds recorded in Honolulu. 

A particularly long period of Kona weather lasted from the 6th through the 15th. 

This Kona is described as causing heavy beach erosion along Kihei Beach, and eroding parts of the 
highway. 

This Kona approached from the west-southwest, lasted a minimum of 33 hours, and had wind speeds of 13 
ms·' (25 kts) and deepwater wave heights of 4.1 m . 

This severe frontal passage approached from 247degrees with deepwater wave heights of 4.3 m, strong 
winds with gusts to 45 ms·' (100 mph), and caused erosion damage to Kihei Beach. 
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Brief Description 
A severa l day Kona, this event brought heavy rain and high winds to the islands, causing extensive 
damage to the islands of Maui, Lanai, and Molokai. 
This Kona had deepwater wave heights and periods of 4.1 m and 11 seconds, approached from the 
southwest, and lasted for a minimum of 25 hours. 
Very strong winds, rain, and waves were reported for this frontal passage that caused erosion to Kihei 
Beach as well as extensive damage to roads, buildings, trees, crops, and power lines. 
This several day from the south-southwest is described as one of the worst storms on record. It caused 
severe beach erosion in Kihei, as well as damage to houses, trees, crops, power lines, etc. 
Strong winds associated with a frontal passage damaged trees and some buildings. Boats were damaged 
by wind and waves, even in the well-protected Keehi Lagoon on Oahu. 
Strong southwest winds, recorded as high as 28 ms·', from a slow moving cold front damaged trees, 
buildings and crops. Wind-blown surf rolled into the Kona Hilton Hotel and sank a boat. 
Severe south to southwest winds, up to 41 ms·' (93 mph), in front of a cold front caused the greatest 
dollar damage ever reported in the state up to that time for a single weather event. 
An Kona storm accompanied by high wind and surf, and flooding featured large southwesterly waves 
that caused damage in Kihei and other leeward shorelines had waved damage. 
Sometimes referred to as a 100-year storm, this event caused extensive beach erosion and other damage in 
Kihei. Wave heights greater than 6 m were reported for the southwest facing Kona coast of Hawaii. 
This two day Kona storm caused minor wind and flooding damage to all the major islands. Surf damage 
and oeach erosion were reported from Oahu's north shore. 
An eastward moving low north of the islands caused strong southerly winds but mostly minor damage. 
Several buildings and crops were destroyed. 
This low-pressure system developed west of the islands and remained there for a week, causing shower 
bands to move into the state, and scattered wind damage from strong upper southwesterlies. 
This Kona moved back and forth across the state, causing strong southerly and southwesterly winds, 
which resulted in damage along some leeward coastlines and flooding occurred on Maui and Kauai. 
A Kona developed west of the islands and moved eastward, causing flooding and road closures on West 
Maui and in Kihei. Strong southerly winds caused minor damage along leeward coasts. 
A Kona developed close to the main Hawaiian Islands, producing locally heavy rains. Gusty southwest 
winds accompanied the storms passage and southwesterly winds continued for most of the month . 
A several day event, this Kona storm had locally heavy thunderstorms and showers and high winds. It 
caused damage from Kauai to Hawaii, especially on the southern islands. 
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