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Digital, aerial orthophotomosaics with 0.5-3.0 m horizontal accuracy, used with NOAA topographic maps 
(T-sheets), document past shoreline positions on Maui Island, Hawaii. Outliers in the shoreline position 
database are determined using a least median of squares regression. Least squares linear regression of the 
reweighted data (outliers excluded) is used to determine a shoreline trend termed the reweighted linear 
squares (RLS). To determine the annual erosion hazard rate (AEHR) for use by shoreline managers the 
RLS data is smoothed in the longshore direction using a weighted moving average five transects wide with 
the smoothed rate applied to the center transect. Weightings within each five transect group are 1,3,5,3,1. 
AEHR's (smoothed RLS values) are plotted on a 1:3000 map series for use by shoreline managers and 
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planners. These maps are displayed bn the web for puhlic reference a t  http~~www.co.maui.hi.us/de~& 
ments/Plannine/erosion.htm. An end-~oint rate of chanee is also calculated usine the earliest T-sheet and 
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the latest collected shoreline (1997 or 2002). The resulting database consists of 3565 separate erosion rates 
spaced every 20 m along 90 km of sandy shoreline. 

Three regions are analyzed: Kihei, West Maui, and North Shore coasts. The Kihei Coast has an average 
AEHR of about 0.3 mlyr, an end point rate (EPR) of 0.2 mlyr, 2 8  8 of beach loss and 19 percent beach 
narrowing in the period 1949-1997. Over the same period the West Maui coast has an average AEHR of 
about 0.2 d y r ,  an average EPR of about 0.2 d y r ,  about 4.5 km of heach loss and 25 percent heach 
narrowing. The North Shore has an average AEHR of about 0.4 ndyr, an average EPR of about 0.3 miyr, 
0.8 krn ofheach loss and 15 percent beach narrowing. 

The mean. ~slnnd-wide EPR of erodine shorel~nes is 0.24 mlvr and the average AEHR oferod~neshorel~nes 
is about 0.3 m/yr. The overall shorelin'change rate, erosion and accretion included, as measured usingthe 
unsmoothed RLS technique is 0.21 d y r .  Island wide changes in heach width show a 19 percent decrease 
over the period 194911950 to 199712002. Island-wide, about 8 km of dry heach has been lost since 1949 (i.e., 
high water against hard engineering structures and natural rock substrate). 

ADDITIONAL INDEX WORDS: Coastal erosion, shoreline change, photogrammetry, setbacks, coastal man- 
agement, coastal geology. 

INTRODUCTION 

Beaches are fundamentally important to the Ha- 
waiian economy, the marine ecosystem, the cul- 
ture, and the lifestyle of island residents. Tourism 
provides over 60 percent of the jobs in the state 
and beaches are a major reason why visitors come 
to the islands. 

Coastal erosion is a source of widespread con- 
cern because of threats to abutting private lands 
and loss of beach resources. Estimates of beach 
loss related to shoreline armoring on chronically 
eroding lands (Figure 1) have entered the public 
dialogue on resource management and protection 
(FLETCHER et al., 1997; FLETCHER and LEMMO, 
1999). 

In its role as a resource management and plan- 

ning agency, the Maui County Planning Depart- 
ment requested that the University of Hawaii con- 
duct a study of coastal erosion rates and patterns 
along the entire sandy shoreline of Maui Island. 
Here we report on the methodology used in that 
study and present the resulting regional-scale sta- 
tistics describing historical patterns of shoreline 
movement. 

PHYSICAL SETTING 

White sand beaches in Hawaii are composed of 
variable percentages of coralline and calcareous al- 
gae, coral, mollusk, and echinoderm fragments 
(HARNEY et al., 1999). Although originating as the 
sedimentary product of reef system metabolism, 
on many low-lying Hawaiian shores the greatest 
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Fiyre  1 T o p K f l u a ~ .  I:hlr)r>~c croslon Lhi-emttlns hoinrs nn 
aH Hawaiian Islands. Bnttom-Mar~r. Fiiatorifi~llp, shoreline 
hardening has been the mnst frequently used tool to manaKe 
chronic erosion. 

accumulation of stored sands are found on former- 
ly accreting coastal phins associated with a late 
Holocene fall of sea level ca. 2000 BB to pre-mod- 
ern era. Radiocarbon dates of carbonate sand from 
coastal plain, beach, and reef environments docu- 
ment late middle to Lak Holocene agea and a ne- 
table lack of modern sands (CALHOUN and 
FI~ETCHER, 1995; F L E T ~ H R R  and JONES, 1996; 
GROSSMAN and FI.ETCHER, 1998; HARWEY et a!., 
1999). Maui's beaches (and other Hawrriian beach- 
es) then, are the exposed erosional edge o f  these 
sand-rich coastal plain deposits (Figure 2). Al- 
though beach dynamics dominated by longshore 
transport charackrize Hawaiian beaches (NOR- 
CROSS et a!., 2002; DAIL pt  ah, 20001 long-term sed- 
iment budge& experiencing chronic deficits rely 
upon erosional release of sand from the adjacent 
coast.al plain. In many cases, chronic deficits are 
widely believed h be the result of historical sand 
mining and other examples of poor sand manage- 
ment. 

F i p r ~  2 V~rticill  a ~ r r a l  pho t r~~rnph  of cnnstal hnrne. I,ow- 
lying coastal p i a i n ~  of  m ~ n y  t t,~wni~nn beaches a m  composed 
of carbonate sand deposited under a higher t han  prenent sea 
level ca. 3000 RP (Cnir~orr~ and FLW~HEH,  199115; FI.FTCII- 
ER and JONES, 1896: GROSSMAN and FLETCHER, 1998; HAR- 
Nev el a!.. 19991. The remon ~mrnediately offshore of most 
heaches 1s b a m n  I~mestone (fossil reen with localized sand 
deposib thnt may or may not he active in the l i t tor~l  sedi- 
ment budget. Nntural sand nourishment on sand deficient 
beaches occurs when cnastal plain mnds are released by ero- 
sion. Sand impoundment behind ueawalla removes this prcn- 
c~pal source af sand to the beaches. 

The Maui wave climate has a distinct seasonal 
~ igna l  that is typical of all Hawaiian Islands. The 
general Hawaiian wave climate consisb of four 
types of waves: northeast tradewind waves, North 
Pacific swell, south swell, and Kona stom waves 
(Figure 3). Tsunami and hurricane waves, both of 
which are potentially erosive, are also known to 
impinge on the Maui shoreline from time to time. 

The winhr months of October through March 
are dominated by high winter swell generated by 
severe storms in the North Pacific and middati- 
tude low pressure areas. Typical heights are 1.5 to 
6 m with periods of 12 to 20 s. North swell are 
incident to shores with a northern exposure. 

South swell is generated by storms in the south- 
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Figure 3. Waves of the Hawaiian Idands. 

em hemisphere over the months of April to Octo- 
ber. These waves tend to be long and low with 
heights of <I to 3 m and periods of 12 to 20 a. 
High summer southern swells influence sand 
transport along south and west shores. Commonly, 
refraction of northern and southern wave types in- 
fluences coastal processes on adjacent windward 
and leeward shores. 

Trade winds generate local seas <I to 3 m in 
height and 6 to 8 s in period over 80 percent of the 
time between April and September. These waves 
are incident to northeasterly and easterly shores 
and run oblique to shores on other reaches of the 
island. Trade wind waves cause changes in beach 
morphology related to short duration increases in 
wind speed that raise wave energy. Such changes 
tend not to have a strong seasonal signal but are 
instead episodic over the April to September pe- 
riod. 

Kona waves are generated by intense winds as- 

~ociated with local storms originating from the 
south in most cases. In a recent study, ROONW 
12001) proposes that the Pacific Decadal Oscilla- 
tion (PDO1 modulates the occurrence of southerly 
or Kona storrns which are high intensity, short du- 
ration frontal systems that drive shoreline change 
on exposed beaches. Kona's tend to occur with 
greater frequency during negative phases of  the 
PDO. Hence, shoreline change patterns may re- 
fl ect periods of enhmced storminess on the decad- 
a1 scale in the history of some beaches. Kona 
waves typically range from 3 to 6 rn in height with 
periods of 6 to 10 s .  

A fringing reef abuts many Maui beaches serv- 
ing to modulate and dissipate wave energy and 
provide some storage of sand related to active 
coastal processes. Highly variable reef topography 
exerts localized control over shoreline processes by 
forcing the convergence and divergence of wave 
energy on the adjacent beach. 

Journal of Coastal Research, Special Isme No. 38.2003 
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Kihei 1 + 
coast 

, Figure 4. The study area consists of three coastal segments characterized by sandy beaches: Kihei Coast, West Maui, and 
Yorth Shore; other coastal regions of Maul are characterized by steep mcky shorelines and cliffs. 

METHODOLOGY TSheets 

Maui's sandy shoreline occurs in three geo- 
graphic regions named the Kihei Coast, West 
Maui, and North Shore (Figure 4). A combination 
of historical NOAA NOS topographic maps (T- 
sheets), hydrographic charts (H-sheets), and 
large-scale vertical aerial photographs were used 
In this study to determine historical shoreline po- 
sitions and calculate long-term erosion rates (AN- 
DeRs and BYRNES, 1991). Between six and nine 
historical shoreline positions were defined across 
approximately 90 km of sandy coast and rates of 
shoreline movement calcdated every 20 rn in the 
alongshore direction fos a total of approximately 
3565 rate determinations. A methodology was de- 
signed to provide high-resolution rates of long- 
term shoreline change that are generally statis- 
tically significant and free of the influence of 
storms, tsunami, and seasonally extreme posi- 
tions. 

Historical shorelines were produced using or- 
thorectified, high resolution vertical aerial pho- 
tographs and historical sheets and charts in a 
digital environment. This process is described in 
following sections. PC1 Geomatics, Inc, (http:// 
www.pcigeomatics.comI) photogrammetric mod- 
ules were used for this task and employ US Geo- 
logical Survey (http://www.usgs.gov/) digital ele- 
vation models and differential global positioning 
system (DGPS) surveys in the orthorectification 
process. 

Gorectified digital files (jpg and geotiff) of 
inked mylar T-sheets and H-sheets were provided 
for this project by the NOAA Coastal Services Cen- 
ter (http://www.csc.naaa,gov/). These maps, in 
scales of 1:2,500, 1:5,000, 1:10,000 and 1:20,000, 
carry the surveyed position of the contemporane- 
ous high water mark as measured by plane table 
and alidade in the early 20th century. 

Several workers have addressed the accuracy of 
T-sheets (Figure 5). CROWELL et al. (1991) deter- 
mined that sheets a t  a scale of 1:20,000 carried a 
positional accuracy of 28.9 m. In 1990, the Na- 
tional Academy of Sciences Committee on Coastal 
Erosion Zone Management (N-, 1990) recom- 
mended the use of T-sheets in historical shoreline 
mapping. About T-sheets they said "This high ac- 
curacy makes them quite weful in delineating the 
land-water boundary and particularly for deter- 
mining net changes over the long term." (p. 1231. 
In 1993, CROWELL et al. reported that combina- 
tions of  T-sheets and aerial photographs provide 
useful time series of shoreline positions and that 
the accuracy of such series was improved by the 
extension of the overall length of the study period 
as a result of using T-sheets. DANIELS and Hm- 
FORD (2001) tested the position accuracy of T- 
sheets using differential GPS and derived an ae- 
curacy of 2 3  m at  1:5,000, 5 6  m at 1:10,000 and 
28 m at  1:20,000. National map accuracy stan- 
dards (ELLIS, 1978) prescribe an accuracy of ?10.4 
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/J, 
Figure 5. Portion o f  a 1912 1:20,000 T-sheet, West Maui mash1 segment. 

rn for 1:20,000 T-sheets, 28.5 m for 1:10,000 T- 
sheets, and 2 3  m for 1:5,000 T-sheets. 

We use: on-screen digitizing to define a shoreline 
vector from the T-sheets. Because the Hawaiian 
shoreline is characterized by frequent basaltic 
headlands, these provide a convenient local test of 
T-sheet accuracy. Before accepting a T-sheet de- 
rived shoreline for analysis, we apply two quali- 
tative accuracy tests. First, T-sheet triangulation 
stations marked on the maps are tested for posi- 
tion accuracy against modern orthorectified pho- 
tomosaics. In most (nearly all) cases, surveyor's 
descriptions of triangulation stations allow their 
identification on modern orthophotomosaics. A 
misfit greater than national map accuracy stan- 
dards between station coordinates as digitized 
from a T-sheet and station coordinates on an  or- 
thophotomosaic is grounds for rejection of the T- 
sheet shoreline. Secondly we test the goodness of 
fit of the shoreline around rocky headlands, out- 
cmps and other promontories along the Maui coast 
by overlaying the digitized T-sheet shoreline vec- 
tor on an  orthophotomosaic. 

Where appropriate and when a clear improve- 

ment in the accuracy of a shoreline can be 
achieved, a vector may be shifted to better fit the 
position of mcky features that are assumed not 
subject to  erosion. Since the intent of the original 
survey was to map the high water mark on both 
sandy and rocky shorelines it is assumed this in- 
troduces no bias to the shoreline. In most cases the 
T-sheet shoreline matched mcky features, and 
mapped triangulation stations matched their mod- 
ern position within National Map Accuracy Stan- 
dards. Of 19 T-sheet shorelines used in this study, 
two (portions of the MakenalBig Beach and Olo- 
waln map areas) were rejected based on these 
tests and 8 were s h i h d  to better fit the position 
of rocky features on orthophotomosaics. 

Shorehe Reference Feature 

Early surveyors were trained in recognizing 
shoreline features representing the nonstom high 
tidal wash of the waves. The resulting shoreline, 
the high water line, was placed on maps and 
charts largely to serve as an aid t~ navigation. 
However, in order to track historical shoreline 
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Figure 6. LeRNor th  hanapall  Beach, West Blau~, 1997. A~ght-North Kaanapalr Reach, W ~ s t  Maui, 1988. The low water 
position is used as the shoreline change reference feature. 1t is observed In most aerial photos of Hawaiian beaches whereas 
other features such as the hlgh water line are not apparent due to the lack of debris in the water and the high reflectivity of 
carbonate sands in older historical photographs. Attempts to highlight the h i ~ h  water position on historical photos using 
contrast &retching and brightness controls an image pmcessing software have repeatedly been unsuccessful. 

movements we use the toe of the beach (BAUER 
and ALLEN, 1995) as the shoreline reference fea- 
ture. The toe, or the base of the foreshore, repre- 
sents the approximate position of mllw. Hence, the 
T-sheet shoreline (high tide) must be migrated to 
the contem~oraneous low water position in order 
to reduce the positional uncertainty of our analysis 
(Em 61. 

We use the low water position as a shoreline ref- 
erence feature for several reasons. Past studies of 
Hawaiian beaches reveal a strong geomorphic con- 
h l  related to alongshore, rather than cross-shore 
pmfih adjustment. EVERSOLE (20021, studying 
Kaanapali Beach in west Maui, found a nearly 
closed budget of seasonal longshore sand exchange 
between terminal ends of the beach with little off- 
shere loss. Noac~oss et al. (2002) used Principal 
Component Analysis at Kailua Beach, Oahu and 
revealed two strong modes of profile variability. 
One mode was associated with the berm crest and 
the other with the offshore breaker zone. These: 
two regions changed morphology in phase. That is, 
they increased in elevation and decreased in ele- 
vation simultaneously. Th is  was interpreted to be 
the result of longshore sediment transport while 
the region of the lower foreshore and inner breaker 
zone remained stable. On a seasonal basis, the low 
water position acted as a stable pivot point that 
was relatively immune to geomorphic changes oc- 

curring on the seaward and landward portions of 
the profile. The stable behavior of the toe was ob- 
served on beaches reacting to seasonal, nonstorm 
wave influences. 
The high visual reflectivity of Hawaiian white 

carbonate beaches tends to  mask the visual prorn- 
inence of other types of  reference features such as 
the wet-dry line, the water line, and the high-wa- 
ter line, especialPy in hstorical aerial photos that 
are acquired as contact prints rather than higher 
resolution diapositives. Attempts to highlight high 
water indicators on historical photos using bright- 
ness and contrast controls on image processing 
software repeatedly failed. The vegetation line is 
cultivated on all developed beaches and does not 
represent the natural movement of the shoreline. 

A high degree of water clarity and a typical lack 
of  abundant flotsam in Hawaiian waters allow the 
delineation of the low water position during on- 
screen digitizing activities and prevents a clear de- 
lineation o f  a high water mark on historical pho- 
tos. Hence, we use the low water position as a rel- 
atively stable natural feature that is readily ob- 
tained from historical materials and accurately 
reflects bng-term sand volume changes (because 
it is an actual geomorphic feature) but does not 
introduce significant uncertainty associated with 
short-term morphodynamic processes. 

Journal of Coastat Research, Special Issue No. 38, 2003 
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T-Sheet Shoreline Migration 

In order to mmpare the high water position on T- 
sheets to the low water position on aerial photos, it 
is necessary to know the natural offset between the 
two features on Maui beaches. Knowledge of this 
offset allows software operators to run a mcdule 
that migrates the T-sheet h g h  water position to a 
new position that replicates the contemporaneous 
position of low water. We choose to migrate the sin- 
gle T-sheet shoreline rather than migrate eight low 
water shorelines (from air  phohs) because it intro- 
duces the least e m  of the two options. To assess 
the offset, we use a five-year data set of semiannual 
beach profiIes (GIBBS et al., 2002; Rttpflgeopubs. 
wr.usgs.gov/o~n-fle/oA)130~ to develop site-spe- 
cific geometric models of the ofiet  between the high 
wakr  position and the low water position. Twenty- 
seven beaches on Maui have been profiled during 
winter and summer seasons over five years Its ob- 
tain these offsets. The mean offset calculated over 
the entire profile time series at each beach is ap- 
plied as a correction to the position of the Tsheet 
high water line. Where shoreline movement i s  cal- 
culated on beaches lacking profile data, an offset is 
used from the newest appropriate sik experiencing 
similar littoral prmsses. 

Photomosaics 

Producing historical shorelines from vertical ae- 
rial photography requires that a modern shoreline 
be defined. We contracted two sets of vertical ae- 
rial photos, staged to correspond with the work 
schedule of the analysis. Two sets of photographs 
were flown, a 1997 survey a t  a scale of 1:5,20Q eov- 
@ring the Kihei and West Maui ~ltudy sites and a 
2002 set flown a t  1:19,500 covering the North 
Shore region. The 1997 photos were onIy available 
as contact prints and so a large-scale was news- 
sary to achieve the desired ground resolution of 
0.3-0.5 m. The 2002 photos were available as color 
diapositives that  achieved the desired resolution 
at a smaller scale. 

Flight lines were shore parallel centered on the 
shoreline with a 60 percent overlap between ad- 
jacent frames. Ground control paints (GCPs) were 
collected at prominent geographic and cultural 
features using DGPS within the area of the phohs. 
GCPs were oollected a t  sub-centimeter precision in 
three dimensions. Between two and six GCPs were 
collected for each frame. Color film prints from the 
1997 survey were scanned a t  500 dpi and color dia- 
positives from the 2002 survey a t  2000 dpi. 

Orthorectification and photomosaicing were per- 
formed using PC1 Eeomalties Inc. Orthoengine 
module. Each study region was divided into map 
areas typ id ly  extending between three to seven 
photo frames in the dongshore direction. Within a 
single map area each phoh is opened in Orthoen- 
gine and all GCPs defined. A lead photo for the 
area is identified and matched to the USGS digital 
elevation model (DEM) for the site using rectified 
coordinates. The photo i s  orthorectified using 
GCPs and the DEM (Figure 7). Boot mean square 
(RMS) estimates of orthorectification accuracy are 
used in uncertainty determinations and typically 
range between 0.5 and 3.0 m. All frames in a map 
area are orthorectified in this manner and then 
mosaiced using operator-identified tie points that 
lie within the 20 to 60 percent overlap of adjacent 
frames. This produces a shore-parallel orthorecti- 
fied photomosaic constituting the map area. 

Historical Shorelines 

The PC1 Imageworks module i s  used to con- 
struct a vector of the low water position as pro- 
jected in the photomosaic. Operators employ the 
same methodology to construct orthorectified pho- 
tomosaics of historical aerial photos. Historical 
photos used in this study date from 1949, 1960, 
1963, 1975, 1988, 1987 (used to define seasonal 
uncertainty, not as a shoreline), 1997, 2002. His- 
torical photos are orthorectified using tie points (or 
pass points) from the modern era mosaic, original 
GCP locations where identified, and the ZTSGS 
DEM. All vectors representing photographic shore- 
lines and T-sheet shorelines are used in the cal- 
culation of shoreline change rates. 

Exireme bent Shorelines 

Hawaii experienoed a t  least four major uhms 
or periods of increased storm activity during our 
time series: Hurricane Dot in 1959, early 1960s 
&na storms, 1982 Hurricane Twa, and 1992 Hur- 
ricane Iniki. Damaging tsunamis hit the shoreline 
in 1946, and in the late 1950's and early 1960s. 
Overall, 25 Central, Pacific hurricanes are known 
since 1950 and some 138 tropical cyclones have 
been identified over the period 1910-2000 
(FLETCHER et al., 2002). Because storms and tsu- 
namis usually impact shorelines on one side of m 
island at a time, not all beaches experience all 
events, nor do they react similarly to every event. 
Indeed, because first hand accounts are sparse, it 
is impossible to know which historical shorelines 
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Figure 7. Orthorectification uses ground control points (GCPA, triangles) and tlc points [circles) to correct modern images. 
GCPs proride elevation and position control and b e  po~nts are nscd to create seamless orthorectlfied photomosaics. 

represent extreme event positions. We found that 
the storm history provided insufficient basis for 
eliminating extreme event shorelines a priori. 

A further problem exists in the seasonality of 
beach morphodynamics in Hawaii. Historical 
shorelines may represent seasonal extremes in the 
annual. cycle of a shoreline and as such are not 
desirable in the calculation of change rates. Fur- 
ther, southerly-facing shorelines tend to erode in 
the summer season and northerly-facing shores 
tend to erode in the winter. East and wesbfacing 
shores experience refracted swell from both south 
and north to varying degrees and will react ac- 
cordingly, alternating between erosion and accre- 
tion on an jntraseasonal basis. Hence, isolating 
true storm shorelines in Hawaii is problematic. 

Extreme erosional shoreline pusitions and the pe- 
riod of accretion that typically follows can lead to 
emneom calculation of a long-tern shoreline trend 
(DOUGLAS and CROWFLE, 2000). Therefore it is im- 
portant that extreme shorelime positions be re 
moved from any dataset attempting to determine a 
Iong-term trend. We address this problem with the 
application of the reweighted least squares method 
(ROUSSEEUW, 1990). This two-part technique uses 
a least median of squares (LMS) regression that 
identifies statistical outlier points in the time series 
a t  each transeet. The LMS can identify up to 50 
percent of the population of a random, independent, 

and unbiased dataset as outliers. Historical shore- 
lines that are identjfied as outliem by LEAS are con- 
sidered storm shorelines or seasonal extremes and 
rejected from consideration in the line-fiming pro- 
cedure. By visual inspection, care was given to en- 
sure that any identification of a T-sheet shoreline 
as an outlier was not simply because of the tern- 
poral gap prior to the h t  photo shoreline (1949). 
The LMS technique was only applied to the calcu- 
lation of' an annual erosion hazard rate using linear 
regression. End-point rate calculations were always 
made using the earliest T-sheet or aerial photo and 
the 1997 or 2002 aerial photo. We perform the cal- 
culation to remove extreme event shorelines follow- 
ing the suggestion of DOUGLAS and CROWELL 
(2000) and H O N I T Y C ~  et al. (2002). The trend of 
the resulting, reweighted (outlier points removed) 
dataset is determined using least squares r e p s -  
sien. 

Shorehe Change Rates 

Change rates are calculated a t  shore normal 
transects spaced 20 m alongshore. Measurements 
of shoreline position are referenced to an arbitrary 
baseline located offshore oT the beach. Because the 
baseline does not exactly mimic the meander of the 
shoreline, some transects will cross. These are e h  
ited t o  reduce confusion in the location of shoreline 
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figure 8. Top1975 West Maul. L)ng Dashed-low water I~ne,  Solid-vegeeation line. Uottom-1997 same kach. Long 
Dashed-1975 low water line; Short Dashed--1997 low w a t ~ r  line; Dotted-1997 vcgetat~on h e ;  Solid-1975 vegetatian line. 
Shore normal grid shows transcct lines, spaced 20 m, which defme localions where shoreline changes are measured. 

change measurements. Data tables of shoreline po- 
sition and date are collected for analysis at each 
transect. A vector representing the vegetation line 
is also collected contemporaneous to every low wa- 
ter vector in order to calculate changes in beach 
width through time (Figure 8). 

We calculate two types of shoreline change rate: 
an end-point rate (EPR) and an annual. erosion 
hazard rate (AEHR), The EPR is a simple measure 

oE rate of change between the earliest shoreline, 
usually the 1900 or 1912 T-sheet and the 1997 or 
2002 shoreline vectors. The AEHht is calculated 
using the slope of a straight-line fit to the rew- 
eighted (outliers removed) time series of shoreline 
positions using linear regression following CROW- 
ELL et al. (1997). The AEHR is then smoothed (av- 
eraged) in the alongshore direction using a weight- 
ed, five transect sliding filter. The filter c d c d a t e s  

Journal of Coastal Research, Special Issue No. 38,2003 



Mapping Shoreline Change on Maui 115 

Table 1. Uncertainties relrrted to positional and measlare- 
m n t  errors 

Source Magnitude 

T-Sheem-Sheets 
1 : 5000 z3 m 
1 : 10,000 Z8.5 rn 
1 : 20,000 Z10.4 m 

Photo Measurement Uncertainty 
Onscreen Delineation 53 m 
RMS Orthorectifica- 

tion (includes plxel 
size and DRM 
contour interval) 2 1.75 rn (0.5-3 m) 

Photo Positional Uncertainty 
Tide Stage 23.0 m 
Seasonal Variability 28.6 m (5-20 m) 

TQTAL UNCERTAINTY 
(U, see text) = 14.25 m (for 1 : 20,000 T-sheet) 

ANNUALIZED UNCER- 
TAINTY (97 yr) 20.14 d~rr 

the average rate on five adjacent transects that 
are nominally weighted (1,3,5,3,1) and applies the 
average to the middle transect. The filter then 
slides to the next adjacent transeet and applies the 
same procedure. This continues in the: alongshore 
hrection until a barrier to alongshore sediment 
movement i s  encountered such as a headland or a 
groin. The filter star ts  anew on the other side of 
such a barrier. The AEHR's reported here have 
been smoothed using this technique. 

Several sources of uncertainty (Table 1) impact 
the accuracy of historical shoreline positions and 
the final shoreline change rates. We define two 
types of uncertainty: positional uncertainty and 
measurement uncertainty. 

Positional uncertainty is related to dl features 
and phenomena that reduce the exactitude of de- 
fining the true shoreline position in a given year. 
These uncertainties mostly center on the nature of 
shoreline position a t  khe time the aerial photo was 
col!ected. Influenoes on pos5tion include the stage 
of tide, the recent incidence of storms and the sea- 
sonal state of the beach. Each of these has been 
quantified as an uncertainty. 

The uncertainty related ta the tide stage i s  
quantified through several field measurements of 
the shifking position of the low water mark across 
a spring tidal cycle. We measured this quantity at 
several locations and calculated a mean tidal un- 

certainty of 3.0 m for Maui Island. The seasonal 
uncertainty is defined as the difference jn the low 
water position as measured in  a winter 1988 aerial 
photograph compared to a summer 1987 aerial 
photograph of the same coast. These photos are 
available for almost all Maui study sites (Kuaa, 
Norkh Shore not available) and a measurement is 
calculated for every beach in  the study. The mean 
seasonal uncertainty i s  8.6 rn and ranges from a 
single extreme measurement of 20 rn to a mini- 
mum of 3 m, We also reiterate that the LMS pro- 
cedure effectively removes extreme shorelines that 
fall offtrend due to storm or tsunami impacts, sea- 
sonal processes, and human impacts so that  the 
effect of these uncertainties significantly altering 
an erosion rate is unlikely. 

The measurement uncertainty is related to op- 
erator-based manipulation of the map and photo 
products. For T-sheets, we adopt National Map Ac- 
curacy Standards that provide a measure of both 
position and measurement uncertainties. For pho- 
tos, measurement uncertainty is related to the or- 
thorectification process and onsereen delineation 
of the shoreline reference feature. The M S  report 
relates to orthorectification accuracy. The RMS 
values are measures of the misfit between points 
on a photo and established GCP's. RMS uncertain- 
ties range from 0.5 to 8 m. This also includes un- 
certainties rdated to photo pixel size (0.3-0.5 m) 
and DEM contour interval (10 m). The uncertainty 
related to onscreen delineation of the low water 
mark is  calculated as 3 rn by repeat trials to test 
reproducibility. 

These uncertainties are random and uncorrelat- 
ed and may be represented by a single measure 
calculated by summing in quadrature (the square 
root of the sum of the squares). Hence, where T is 
the T-sheet uncertainty (10.4 rn for 1:20,000), 5 is 
the seasonal positional uncertainty (8.6 m), t is the 
tidal stage uncertainty (3.0 m), RMS (average of 
11.75 m) is the reported uncertainty due to ortho- 
rectification accuracy (includes pixel size and 
DEM uncertainties), and 0 is uncertainty due ~LI 

onscreen delineation of the toe of the beach, then 
U, = &T? -k S2 + t2 f RMS2 + 02. Ut i s  ?14.25 
m. This uncertainty is annualized over the 97 year 
time span of the time series and equals 0.14 d y r  
when 1:20,000 T-sheets are used. It is less for larg- 
er scale T-sheets. 

Because the sources of uncertainty are random, 
unoorrelated and unbiased across the study re- 
gions, they can be abso~bed into the confidence in- 
terval calculated by the linear regression model 
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Papalua 

Figure 9. West Muui study area. Fourteen map areas covering 40 km. 

used to determine the AEfm (NETER and WAS- 
S E R ~ ,  1974). The slope of the straight line fitted 
to historical shoreline data represents a model of 
the long-term trend o f  the shoreline. The residu- 
als, or distances that individual shorelines are sep- 
arated from the line, provide a measure of the 
goodness of fit. We calculate a model uncertainty 
associated with every annual erosion hazard rate 
provjding a confidence interval at the 80th percen- 
tile (DOUGLASS et al. 1999). 

RESULTS 

West Maui 

West Maui (Figure 9) extends from Ukumeha- 
m a a p a l u a  in the south along a shore arcing 
clockwise to the north and ending a t  Honolua Bay. 
The coast. has a generally western exposure with 
more southerly localities exposed to summer swell 
patterns as well as local seas gene~akd by Kana 
storms and hurricanes. Northern localities are ex- 

posed to heavy winter swell. Central regions ex- 
perience refracted energy related to both sets of 
swell patterns. In the lee of the West Maui Moun- 
tains, dominant trade winds generally blow either 
offshore or oblique to the shore. 

The West Maui shore is characterized by heavily 
dissected highIands with watersheds that produce 
large alluvial fans during low sea-level stands. 
Once flooded by rising seas these platforms host 
the accretion of coral reefs often dominated by cal- 
careous and coralline algae growth. Narrow, offen 
sand depleted, beaches Tine the shoreline both 
where reefs are present as well as alang open 
shore. 

The smoothed average annual erosion rate 
IAEHR) for West Maui is 0.21 mlyr, the un- 
smoothed RLS rate is 0.22 15 0.13) d y r ,  and the 
end point rate (EPR) is 0.21 d y r .  EVERSOLE 
(2002) calculated the historical sediment budget 
for Kaanapali and North Beach localities. He 
found erosion over the 48 yr period of study (2949- 
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Table 2. Shoreline changes Wst r U a i r i  

Mean Rates b-dyr, 

WEST MAUI Ri3 Mean Shoreline Reach Width Beach toss 
FOWY Area AEIlR AM Uncert. Change Rate EFR Change (%) tkm) 

Hawea and Honolua -0.12 -0.14 50.14 -0.07 - 0.26 - 22% 0.00 
AlaeIoa -0.29 -0.29 z0.17 -0.29 - 0.29 - 38% 0.08 
Kahana -0.21 -0.23 z0.18 -0.16 -0.27 -233 0.58 
Honokowai -0.29 -0.29 z0.07 -0.28 -0.32 -369 0.68 
North Daanapeli -0 10 -0.10 ?0.10 0.00 - 0.09 - 19% 0.00 
Kaanapali -0.20 -0.21 ?O.ll -0.12 -0.19 -29% 0.10 
Wahikuli -0.20 -0.21 ?0.13 -0.19 -0.20 - 229 0.96 
Lahaina -0.30 -0.32 F0.22 -0.12 -0.11 - 26% 0.68 
Puamana -0.31 -0.35 5O.lfi -0.13 -0.33 - 29% 0.40 
Launiupoko -0.21 -0.22 Z0.12 -0.17 -0.22 -34% 0.54 
Awalua -0.08 -0.09 20.10 -0.05 -0.03 -22% 0.02 
Olowalu -0.13 -0.15 20.W -0.06 -0.04 - 3% 0.00 
Hekili Point -0.21 -0.22 ~0.07 -0.20 -0.25 -359 0.36 
Ukumehame and Papalaua -0.31 -0.32 t0.15 -0.20 -0.41 - 85 0.18 
TOTAL (average) -0.21 -0.22 20.13 -0.15 -0.21 -255 4.48 

1997) was mostly related to the episodic occur- 
rence of Kona storms (early 1960's) and Hurricane 
Iniki (1992). The beach (430,000 m") experienced 
220,000 of gross change over the period. Of 
this, 62 percent was attributed to storm erosion, 
another 33 percent wag accreted, and 5 percent (a 
budget residual) waa attributed to erosion due to 
relative sea-level rise. This residual erosion occurs 
in the form of slow but chronic shoreline recession 
equivalent to 73,000 m9 over the -50 year period. 

Between 1949 and 1997 the average beach width 
narrowed by 25 percent over the West Maui region 
(Table 2). The greatest narrowing was centered on 
the Alaeloa (38 percent), Honokowai (36 percent), 
Launiupoko (34 percent), and Hekili R. (35 per- 
cent) map areas. Map areas with the greatest 
AEHR include Alaeola 10.29 rntyrl, Honokowai 
10.29 dy r ) ,  Lahaina (0.30 mlyr), Puamana (0.31 
m/yr), and UkumehamefPapalua (0.31 dyr) .  End 
point rates in most cases fall within 20 percent af 
the MHRs.  However a t  Hawea/Honolua, Lahaina, 
and Olowalu, the EPRs differ significantly fmm 
the AF,HRs. Visual inspection of individual tran- 
sects in these regions indicates the LMS technique 
identifies the T-sheet shoreline as an outlier point 
and in many cases calculates an erosion rate using 
more recent photo-based shorelines that produce a 
steeper regression line than if the T-sheet were in- 
cIuded, However, the T-sheet shoreline clearly 
falls away from the trend defined by more recent 
photo shorelines. 

Total beach Toss for the region equals approxi- 
mately 4.5 km. The worst cases of beach loss are 

Found a t  Kahana (0.58 km), Honokowai (0.68 km), 
Wahikuli 10.96 km), Lahaina (0.58 kml and Laun- 
iupoko (0.54 krn). The mean shoreline change rate 
at West Maui, including all transects (accreting, 
stable, and eroding) ia -0.15 mlyr (eroding). 

It is interesting to recognize that  measures such 
as beach width changes, erosion rates, and beach 
loss each tend to be worse in different, rather than 
the same, areas. We speculate that these attri- 
butes may measure different phases of the same 
process (sand volume decrease through time) and 
SO the map regions are in various stages of chronic 
sand voIume loss. These stages might include: 1. 
increase of the AEBR if erosion is a relatively re- 
cent process; 2. increase of the EPR if erosion has 
been chronic over a long period; 3. decrease in 
beach width following chronic emaion; 4. threat to 
a highway or building; 5. beach loss due to armor- 
ing to protect a highway or building. The regions 
of Bawea/Honolua, North Kaanapali, Awalua, and 
Olowalu are the most stable of the region, yet still 
show a net erosional trend averaffing 0.10 mlyr 
and average beach loss of 16.5 percent. Both these 
areas are notable for their lack of human impact 
and their retention of a fairly natural character. 

Kihei Coastline 

Kihei Coast (Figure 10) extends from Makend 
BigBeach in the south along a linear shore that 
runs due north to Maalaea Bay and arcs sharply 
to the west in a fishhook ending a t  Maalaea Boat 
Harbor. The coast has a generally western expo- 

Journal of Coastal Reeeamh, Special Issue No. 38,2003 



- 

The smoothed average annual erosion rate for 

Figure 10. Kihei Coast  study area Nine map areas mver- 
ing 27 km. 

sure but sits in the wave shadow of Molokai, La- 
nai, and KahooIawe and so mostIy experiences sig- 
nificant swell energy from the south. Along the 
middle reach of the coast north swell energy does 
Iead to seasonal changes in beach configuration. 
Local seas, generated by K m  storms and huni- 
canes, are a significant factor in the historical be- 
havior of the shoreline. Because this shore sits in 
the lee of Haleakda Volcano, dominant trade 
winds generally blow either offshore (northern 
map areas) or strongly paralIe1 to the shore and 
onshore influenced by diurnal heating of the vol- 
canic uplands (central and southern map areas). 

Kihei Coast is characterized by relatively young 
highlands with watersheds that lack heavily dis- 
sected valleys. The coastal p l in  is a flat, sand rich 
terrace with aquatic wetlands fmnted by a calcar- 
eous coastal dune and a coral, calcareous algae, 
and coralline algae-dominated fringing reef in the 
central area. Map areas to the north and south 
host coral growth on the seafloor but lack true 
fringing reef. Narrow, o h n  sand depleted, beach- 
es line the fringing reef while generally wider, 
more sand-rich beaches are found to the south and 
north where human impact is absent. 

Khei is 0.29 m/yr, ~ ~ L R L S  rate is 0.30 ( 2  0.17) 
d y r ,  and the end point rate is 0.20 m/yr. The 
mean shoreline change rate for all transects (ae- 
creting, stable, and eroding) is -0.20 mtyr (erod- 
ing). R o o m  and FLETCHER (2000) calculate the 
historical sediment budget for the Kawililipoa, 
Halama Street, and Kamaole map areas. They 
fd that between 1912 and 1949, the southern 
part experienced erosion while the northern por- 
tion accreted. The most severe erosion occurred 
along the southern portion of M a m a  Beach Park, 
averaging 1.8 d y r .  In suceessiveIy later years the 
focus of erosion migrated to the north end of the 
'Halama Street area while Kawllilipoa continued 
aocreting. k shiR h ~ n  net accretion to erosion 
acmss the entire area started amund 1975. Low 
rates of net sediment transport since 1975 are pri- 
marily due to sediment impoundment by coastal 
annoring. They identify the combined influence of 
coastal armoring and a series of strong Kona 
starms associated with an earlier phase of the Pa 
cific D a d a 1  Oscillation that transported sedi- 
ment to the north, opposite the present regime, as 
being responsible for recent erosion trends. 

Between 1949 and 1997 the average beach width 
on the Kihei mast narrowed by 19 percent (Table 
3). The greatest narrowing was centered at Hala- 
ma Street (34 percent). North Kihei (28 percent) 
and North Wailea (30 percent) map areas experi- 
enoed moderate narrowing of about one third. Map 
areas with the greatest MHR include Kawililipoa 
(0.32 mlyr), Halatna Street (0.46 m/yr), and North 
Wailea (0.32 dyr) .  EPRs in four map areas differ 
significantly from AEBk (Maalaea Harbor, Hal- 
ama Street, Kamaole, and North Wailea). Bow- 
ever the remainder also show significant variation. 
As in the West Maui region, the linear regression 
technique that calculates the M H R  identifies the 
T-sheet shoreline as an outlier point in many of 
these cases. At South Wailea and Makena the 
available T-sheet was f o n d  to be significantly dis- 
torted and so was not used in dculating AEHB 
values. At Kawililipa, the long period of sediment 
accumulation is refleeted in an EPR that shows 
accretion (0.34 d y r ) ,  whiIe the AEHR reflects a 
more recent erosion trend (0.32 m/yr). Total beach 
loss on the KiRei coast is 2.8 h. 

North Shore 

North Shore reaches from Waihee Point in the 
west along a gently curving embayed shore that 
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Mean Rates (dyr) 

KIWE COAST ALS Mean Shoreline Beach Width Beach Loss 
Poster Area AEHRs rtrS U m r t  Change Rates EPRs C h a w  (5%) (km) 

Maalaea Harbw -0.27 -0.28 k0.14 -0.27 -0.52 -11% 0.68 
Kealia Pond -0.21 -0.22 k0.12 -0.18 -0.25 5% 0.00 
North Kihei -0.28 -0.28 k 0.10 -0.25 -0.22 -286  0.14 
Kawililipoa -0.32 -0.30 20.19 0.12 0.34 -21% 0.10 
Halama Street -0.45 -0.49 50.19 -0.17 -0.23 -34% 1.56 
Kamaole -0.21 -0.27 20.36 -0.23 -0.30 -17% 0.14 
North Wailea -0.32 -0.34 20.19 -0.32 -0.22 -30% 0.00 
South Wailea -0.29 -0.29 20.12 -0.28 -0.21 -17% 0.06 
Big BeaEhlMakena -0.22 -0.24 20.13 -0.19 -0.23 -10% 0.12 
TOTAL laverage) -0.29 -0.30 20.17 -0.20 -0.20 -19% 2.80 

extends ta the east ending at Kuau (Figure 11). A 
major cultural feature is Kahului Deep Draft Har- 
bor. The mast has a generally northern exposure 
and receives seasonal winter swell from the North 
Pacific as well as the ever-present trade wind seas 
that persist throughout 75 percent of the year. 
Trades in general blow directly onshore. The 
shoreline is dominated in the west by cobble and 
sand beach, in the centra l  region by sad beach 
interrupted by shoreline structures, and in the 
east by sand beach interspersed with mcky head- 
Iands. 

North Shore region is characterized by heavy 
rainfall and run off from the dissected watersheds 
of the West Maui highlands in nosthem map m a s  
Waihee, Waiehu). Khului area marks the tran- 
sition to low lying hinterlands (Maui saddle re- 
gion) characterized by a sand-rich coastal plain 
with wetlands and frontal sand dunes (Kahului, 
Kmaha, Spreckelsdle, and Baldwin map areas). 
A crustose algae-dominated fringing reef is found 
offshore of both northern m d  central map areas 

but it is relatively deep close to shore in many map 
areas and allows for trade wind waves 0.5 to 1.5 
m In height incident to the shoreline. A steep 
coastal plain associated with the rising slopes of 
Haleakala volcano marks eastern portions of the 
BaIdwin and Kuau map areas. Consequently, 
short, ernbayed pocket beaches and narrow 
perched beaches on low elevation rocky terraces 
characterize the coastline. 

Although no specific research has been pub- 
lished regarding the causes of erosion patterns on 
the North Shore, local residents report that exten- 
sive run-up associated a large tsunami Iast cen- 
tury caused extensive shoreline recession. This is 
consistent with our observations of a large offset 
between the T-sheet shoreline of 1912 and the ear- 
liest photographic shoreline in 1949. Several rocky 
headlands to the east of Baldwin Beach ParR in 
the viYicinity of Paia Beach Park are low lying and 
record a dramatic landward shift in the shorefine 
during this period. The 1946 hummi, which lrilIed 
over 100 people throughout Hawaii, occurred im- 

Figure 11. North Share study area. Sewn map areafi nwering 22 krn 
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Table 4. Shorelin~ changes Nardh Shore 

Mean Rates (m/vr) 

NORTH SHORE RLS Mean Shoreline Beach Width Beach h a  
Poster Area M H R s  RLS Uncert. Change Rates EPRs Change (%I (km) 

Waihee -0.26 -0.26 ? 0.09 -0.19 -0.04 -179 0.00 
Waiehu -0.18 -0.19 20.09 -0.11 -0.08 -32% 0.12 
KahuIui Harbor -0.47 -0.49 20.12 - 0.37 -0.22 -20% 0.30 
Kanaha -0.45 -0.45 Z0.16 - 0.03 -0.26 25% 0.12 
Spmklesville -0.53 -0.53 z0.24 - 0.53 -0.47 -2% 0.12 
Baldwin Park -0.50 -0.51 20.31 - 0.50 -0.68 - 7% 0.08 
Kuau -0.31 -0.32 20.23 -0.30 -0.28 -2% 0.06 
TOTAL (average) -0.38 -0.39 -cO.l% -0.29 -0.29 -15% 0.80 

mediately prior to the 1949 photoseries and is a 
likely candidate for causing the observed reces- 
sion. Additionally, widespread sand mining to fur- 
nish lime for agriculture also took place along the 
North Shore. The limekiln at Baldwin Beach Park 
still stands today as testimony to decades of this 
damaging practice. 

The smoothed average annual erosion rate for 
the North Shore is 0.38 d y r ,  the RLS is 0.39 If 
0.18) d y r ,  and the end point rate is 0.29 rntyr. The 
mean shorefine change rate for all transects (ac- 
creting, stable, and eroding) is -0.29 d y r  (erod- 
ing). Between 1949 and 1997, the average beach 
width on the North Shore narrowed by 15% (Table 
4). The greatest narrowing was centered on the 
Waiehu area (32 percent). At Kanaha map area 
the average beach width increased over the study 
period by 25 percent. The greatest AEHR is found 
in the Spreckelsville map area (0.53 d y r ) .  The 
Kahului Harbor area experienced 0.47 rnlyr ero- 
sion, while Kanaha eroded a t  approximately 0.45 
m/yr. Baldwin map area also experienced pro- 
nounced erosion a t  0.50 d y r .  EPRs differ from 
AEHRs significantly on the North Shore at nearly 
all map areas. This is due to the rejection of the 
T-sheet shoreline as an outlier point by the rew- 
eighted linear regression. Total beach loss for the 
North Shore is 0.80 km. 

DISCUSSION 

For the first time in  the state of Hawaii, a highly 
detltiIed and accurate analysis of historical shore- 
line migration has been oornpleted for all the sig- 
nificant sandy shoreline on an  entire island. Mak- 
ing use of all available maps and aerial photos 
meeting stringent precision and accuracy guide- 
lines, the historical landward and seaward bound- 
aries of the beach have been digitized and their 

movement documented at a n  alongshore spacing 
of 20 m for the significant sandy shoreline of Maui. 
The resulting history of shoreline change has been 
modeled using a reweighted least squares linear 
regression to determine long-term trends and 
rates of chronic shoreline change free from the in- 
fluence of anomalous positions of the coast (e.g., 
s t o m  shorelines). 

Although the process of historical shoreline 
analysis has become digitally-based and software 
dependent, the role of professional judgment re- 
mains important. While the use of T-sheets en- 
hances the find product, their use i s  improved by 
including some form of testing or visual inspection 
to ascertain the validity of the shoreline they pro- 
vide. 

Special effort was made to define the uncertain- 
ties (errors) associated with our methodology. Im- 
portant to this analysis was a network of beach 
profile monitoring stations estabIished in an  ear- 
lier reseamh project. These monitoring stations 
provided accurate measurements of the horizontal 
offset between the high water mark that is 
mapped on T-sheets and the low water position 
used as the shoreline change reference feature. 
The offset is an  average five year value taken from 
the nearest appropriate profile location so that  i t  
represents seasonal, wave state, and tidal inffu- 
enees on the offset. Monitoring stations also acted 
as a reference source when questions arose re- 
garding shoreline features in the onscreen digitiz- 
ing p m s s .  Another source of uncertainty i s  the 
seasonal state of the beach. Aerial photographs 
covering the entire field area from winter 1987 
and summer 1986 were employed to document the 
shift in shoreline position and provided site-spe- 
cific measurements of seasom1 uncertainty. 

The size and scope of the project and the lack of 
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a reliable event history made it necessary to es- 
tablish a methodology of determining the rate of 
shoreline change that was sufficiently robust to 
handle the multiplicity of coastal processes and 
histories that characterize the Maui mast as well 
as maximize the information yield to resource 
managers. Hence, we provide two rates of change 
each of which has their advantages and disadvan- 
tages. The EPR describes the longest possible 
trend in shoreline change and minimizes the po- 
tential for inaccuracies due to short-term shoreline 
fluctuations. However, either (or both) of the two 
shorelines used to debermine the EPR might itself 
be the product of a short-term fluctuation. Addi- 
tionally, EPR relies upon a T-sheet shoreline that 
is less accurate than a photograrnmetricaIly cor- 
rected shoreline. The AEHR utilizes a reweighted 
linear regression to determine a trend in shoreline 
change. Calculating a reweighted dataset is a ro- 
bust method of minimizing variability due to 
short-term shoreline fluctuations. Additionally, by 
modeling the entire dataset, tPle linear regression 
method is more sensitive to significant shifts in 
historical patterns of change as well as more rep- 
resentative of all shoreline positions. However, the 
AEHR may ignore recent accelerations in shore- 
Line emsion due to increased human impacts to 
coastal sediment budgets. The proliferation of 
shoreline amoring and the sand impoundment i t  
causes, as well as a reputed history of sand min- 
ing, have significantly decreased available sand 
sources along all Maui beaches. This, along with 
the inferred role of relative sea-level rise as an 
agent of change, has lead h the complete loss of 
many beaches and nmwing of others. In many 
cases, the AEHR does not reflect accelerated ero- 
sion rates that caused these losses. As such, coast- 
al managers may not be fully informed regarding 
impending beach loss or the full hazard incident 
to landowners. That is, there may be cases where 
the true erosion rate is underestimated. 

Shoreline Change 'Xkends 

The mean, island-wide rate of shoreline change 
using a11 transects (eroding, stable, and accreting) 
is 0.21 m/yryr The mean island-wide rate of erosion 
using the smoothed AEHR method (0.29 d y r ,  ero- 
sion) differs somewhat from the mean EPR rate 
(0.24 dyr) .  Both types of erosion rates on Maui's 
'North Shore are substantia1ly higher than those 
on the Kihei and West Maui sides of the island. 
Island wide beach width decreased 19 percent over 

the ~er iod  1949 to 199712002. We notc that a1- 
though erosion rates are higher, beach widths on 
the North Shore have decreased significantly less 
than those on Ethei and West Maui shores. 

Research efforts conducted in parallel with the 
mapping effort along the Kihei coast (southwest 
Maui) suggest that much of the decadal to century 
scale shoreline sediment dynamics are driven by 
variations in the Pacific Decadal OscilIation 
(PDO). Positive or El Nino-like phases of the PDO 
appear to inhibit b n a  storm activity, resulting in 
predominantly southward, trade-wind driven net 
longshore sediment transport (NLST). Duringneg- 
ative PI30 phases, occasional severe Kona storms 
induce high rates of northward NLST. Analysis of 
the historical pattern of emsion and accretion in 
Kaanapali on the west coast of Maui reveals that 
the area is subject to long periods of mild erosion 
and accretion punctuated by severe erosional 
events related to short-period Kona storms and 
hurricanes. Like Kona storms, hurricane activity 
in Hawaii is moddated by the PDO and the El 
NindSouthern Oscillation (ENSO). However, dur- 
ing positive phases of the PDO (and negative 
ENSO phases), there is a tendency for enhanced 
hurricane but reduced Kona storm activity in the 
idands. Although not necessarily representative of 
all sandy shoreline areas on this or other islands, 
results suggest that interannuaI to century scale 
shoreline sediment dynamics are strongly influ- 
enced by PDQ and ENSO-related storm variabili- 
ty. Other factors, such as human impacts, are like- 
ly to be important as well. 

Human impacts are often more difficult .t qquan- 

tify. However, the incidence of such damaging 
practices such as impounding coastal plain sand 
with armoring, directly removing beach sand for 
lime production, and clearing drainage canals that 
have filled with beach sand are widespread along 
the Maui shoreline, and i t  is unlikely that the cu- 
mulative impact would be insignificant. These are 
likely to be important given the slow rate of sedi- 
ment production associated with fringing reefs 
(HAFWEY et al,, 1999; EYERSOLE, 2002). Radiocar- 
bon dates of carbonate sands from reef top and 
shoreline environments reveal their fossil origin 
(ca. 1500 to 4000 years Before Present) even on 
accreting beaches. As shown by ~ROONEY (20011, 
NORCROSS et al. (2002) and EVERSOLE (20021, Ha- 
waiian beaches tend to be dominated by longshore 
sediment transport rather than cross-shore trans- 
port. This indicates that beaches are not sustained 
by prolific delivery of offshore sands. Rather they 
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are likely the eroding h n t  of an extensive deposit 
of fossil beach and dune sands that blanket the 
coastal plain. This deposit dates from the late mid- 
dle Holocene sea-level highstand which stood some: 
2 m higher than present (HARMEY et al, 1999; 
FLETCHER and JONES, 1996) and was a time of 
enhanced sediment production on the fringing wef 
surface. The sediment reservoir characterizing 
most Hawaiian beaches is not actively fed by or- 
shore delivery, it dates from a former time of high- 
er production under conditions that do not exist 
today, and the largest and most actively accessed 
sediment stores lie immediately landward of 
beaches on the coastal plain. Given these condi- 
tions, i t  seems reasonable to infer that sand irn- 
poundment and sand mining (including drainage 
clearing) act to destabilize Maui beaches rendering 
them vulnerable ta storm impacts governed by re- 
gional-scale climatic processes. 

Tourism provides over 60 percent of jobs in Ha- 
waii, and beaches are a major reason why visitors 
come to the islands. The problem of coastal erosion 
is a source of widespread concern because of 
threats to abutting private lands and loss of beach 
r e s o w s .  A combination of NOAA T-sheets and 
large-scale, orthorectified vertical aerial photo- 
graphs with ground resolution of 0.3-0.5 m were 
used to determine historical shoreline positions. 
This dataset is characterized by: 

1. Statistically signifrcanlt long-tern trends (un- 
certainties are typically less than trends); 

2. Measurements representing long-term shore- 
line change (influence of extreme events is 
minimized); 

3. High-resolution historical shoreline positions 
(movement of the low water position i s  sen- 
sitive to changes in beach volume); 

4. High precision data sources (photographs are 
orthorectified and positional uncertainties 
are tracked); and, 

5. High spatial density (every beach in the 
study area is described with an alongshore 
sampling of 20 m). 

T-sheets, provided by the NOAA Coastal Servic- 
es Center at  national map accuracy standards, 
considerably enhanced the temporal and spatial 
coverage of the study as well as the accuracy, pre- 
cision and significance of the resulting database. 
Triangulation stations on georectified survey 

sheets were tested against modern orthorectified 
photornosaics, a misfit greater than national map 
accuracy standards lead to rejection of the T-sheet 
shoreIine. On some maps passing these tests, 
shoreline vectors were corrected using stable 
shoreIine features to improve their fit. 

Because the position o f  mllw i s  the most appro- 
priate reference feature for documenting hstorid 
shoreline movement in Hawaii, T-sheet shorelines 
representing the high water mark were horizon- 
tally migrated to match the contemporaneous po- 
sition of mllw. This was achieved using spatial 
models derived from a five-year series of beach 
profiles. Time series of shoreline positions were 
evaluated using least median of squares regres- 
sion to remove or   educe the influence of outliers 
produced by storms, seasonal swell, or other tem- 
porary state not related to Iong-term trend. Rates 
of shoreline change using the reweighted data 
were calculated using end point and linear regres- 
sion methodologies. Overall, the methodology 
yields measurement and position uncertainties 
less than or equal to 0.14 m/yr. However, because 
these are random, uncorrelated, and unbiased, the 
linear regression model absorbs all positional and 
measurement uncertainties such that the final er- 
ror is reported as the 80th percentile confidence 
interval of the regression procedure. 

The AEHR and EFR for West Maui bath average 
approximately 0.2 rnlyr. Between 1949 and 1997 
the average beach width narrowed by 25 percent. 
Total beach loss for the region equals approxi- 
mately 4.5 km. The worst cases of beach loss are 
found a t  Kahana (0.58 km), Honokowai (0.68 km), 
Wahikuli (0.96 km), Eahaina (0.58 km) and Laun- 
iupoko (0.54 km). 

The AEHR for Khei is approximately 0.3 d y r  
and the EPR i s  0.2 m/yr. Between 1949 and 1997 
the average beach width on the Khei coast nar- 
mwed by 19 percent. The greatest narrowing was 
centered a t  HaIama Street (34 percent). The North 
Khei (28 percent), and North Wailea (30 percent) 
map areas experienced moderate narrowing of 
about one third. Map areas with the greatest 
AEHR include Kawililipoa (0.32 m/yr), Halama 
Street (0.46 m/yr), and North Wailae (0.32 m/yr) 
and South Wailea (0.29 mtyr). A shift from net ac- 
cretion to erosion across the entire area started 
around 1975. Total beach loss on the Kihei coast 
is 2.8 km. 

The AEHR for the North Shore is about 0.4 ral 
yr and the EPR is about 0.3 m/yr. Between 1949 
and 1997 the average beach width on the North 
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Shore narrowed by 15 percent. The greatest nar- 
rowing was centered at Waiehu (32 percent). Total 
beach loss for the North Shore is 0.8 km. 

The mean, island-wide EPR is 0.24 d y r  and the 
AEHR i s  0.29 rntyr. Both types of erosion rates on 
Maui'a North Shore are significantly higher than 
those on the Kihei and West Maui coasts. Island 
wide changes in beach width show a 19 percent 
decrease over the period 1949 to 199712002. Al- 
though erosion rates are higher, beach widths on 
the North Shore have decreased less than those on 
Kihei and West Maui shores. Island-wide, over 8 
km of beach has been lost since 1949. 

Several natural and anthmpogenie causes of 
erosion are known on Maui including shms, sed- 
iment impoundment, sand mining and relative 
sea-level rise. Data presented in this study docu- 
ment chronic erosion. Actual erosion on any given 
beach may be greater than documented as the re- 
sult of episodic erosion associated with seasonal 
and other short-term phenomena. Joined with 
chronic erosion this can lead to accelerated rates 
of shoreline change. 
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