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-ABSTRACT-
Short-term and long-term shoreline change at WaikikI Beach is analyzed to

enhance resource management. Bi-month1y beach profiles reveal short-term

variations of the shoreline. Increased wave heights from south swells between

May and October often correspond to a period of volume increase, while short

period wind waves predominating between November and April regularly

correspond to volume losses. A total mean volume of 167,000 m3 is estimated for

Waikiki Beach, with an uncertainty of 15 to 40%. A net volume loss of -5,200 m3

is found between October 2000 and May 2002. The Royal Hawaiian littoral cell

accounts for 93% of the loss. Historical aerial photographs and NOAA T- sheets

establish a 76-year shoreline history (1925-2001). The shoreline has migrated a

mean distance of 12 m seaward over this period, reflecting the high level of

human intervention. Likewise, overall beach width has increased by 32% since

1951. Four of seven littoral cells, however, are characterized by erosion over

more recent time scales, showing a mean erosion rate of 0.3 ± 0.1 m/yr. Of the

remaining three littoral cells, two have experienced long-term accretion and one

has exhibited stability. A relationship between beach width and corresponding

sand volume change, established from beach profile data, is applied to historical

shoreline changes to establish a history of sand volume fluctuations. Early

volume fluctuations are traced to beach nourishment, typically with subsequent

beach loss. Volume gains are documented across the entire shoreline between

1975 and 1985. Widespread chronic erosion characterizes the years after 1985.

Despite frequent beach nourishment, a sediment budget for WaikIki reveals a

sand volume deficit of at least 77,000 m3 for the time period between 1951 and

2001, owing to permanent offshore losses.
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-EXECUTIVE SUMMARY-
The image that embodies the old Waikiki consists of taro fields and fishponds,

meandering streams and coconut groves, as well as the fabled continuous, sandy

beach. Today's Waikiki is dramatically different. The former wetland has

developed into the tourism center of Honolulu backed by continually expanding

high-rise construction. The beach is largely a product of human efforts at

building a tropical visitor destination with larger subaerial surface areas, sand

volume, and longshore extension than originally allotted by nature. The

engineered beach was created by placement of natural sands and sand-like

materials from other locations in addition to groins, seawalls, and other

constructed features to stabilize the sand. Despite these efforts, major segments

of the shoreline have little to no sand at high tide and few will disagree that the

beach is in a degraded state.

Waikiki is an 'economic engine'for the State of Hawai'i. Revenue generated

throughout the urban corridor constitutes 44% of $11.4 billion originating from

annual tourism expenditures in Hawai'i and is responsible for 140,000 jobs (Lent,

2002). Directly and indirectly, the thriving economy of Waikiki is dependant on

the recreational, environmental, and aesthetic appeal of the sand beach. For that

reason, it is important to understand the history of erosion problems in Waikiki

to plan for the future. This study was initiated at the request of the State of

Hawai'i to document past and present beach changes in order to enhance

resource management. It was realized that a monitoring program designed to

quantify shoreline change would be necessary to provide a basis for planning the

execution of any major restoration. Here, we integrate -2 years of modern beach
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profile fluctuations with a 50-year sand volume history to describe beach

dynamics on a littoral cell basis for the WaikIkI shoreline.

Bi-monthly beach profiles collected between October 2000 and May 2002 reveal

short-term variations of the shoreline. A net volume loss of ~5,200 m3 is found

for Waikiki Beach between October 2000 and May 2002, with the Royal Hawaiian

littoral cell accounting for 93% of the loss. This is related to the reduced presence

of fringing reef and the dominance of an offshore rip current at the west end of

the cell, evidenced by a large sand shoal offshore.

The seasonal wave regime affecting Waikiki Beach is well defined by the

distribution of wave heights over the study period. A comparison of daily wave

heights to sand volume change at profiles sites reveals a general relationship

between profile volume and seasonal wave behavior. Increased wave heights

from south swells between May and October often correspond to a period of

volume increase, while short-period wind waves predominating between

November and April regularly correspond to volume losses.

Historical aerial photographs and NOAA T- sheets establish a 76-year shoreline

history (1925-2001). According to the T-sheet, the Waikiki shoreline maintained

~0.7 km of beach in 1925, compared to ~2.6 km of beach today. A relationship

between beach width and corresponding sand volume change, established from

beach profile data, is applied to historical shoreline changes to establish a history

of sand volume fluctuations. The shoreline has migrated ~12 m since 1925,

reflecting a high level of human intervention. Likewise, overall beach width has
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increased by 32% and we observe a volume gain of 3,616 ± 461 m3 since 1951.

Four of seven littoral cells, however, are characterized by erosion over more

recent time scales, showing a mean erosion rate of 0.3 ± 0.1 m/yr. These include

Queens Beach, Kuhio Beach, the Royal Hawaiian Beach, and Ft. DeRussy Beach.

Queens Beach is a hotspot of erosion for WaikIkI, retreating at an average rate of

0.6 ± 0.1 m/yr. If erosion continues at the measured rate, Queens Beach may

disappear within 10 years. Kuhio Beach has experienced chronic erosion at an

average rate of 0.2 ± 0.1 mlyr, despite numerous reconstruction and sand

replenishment efforts. The Royal Hawaiian Beach exhibits the most short-term

dynamic behavior in WaikIki, showing significant beach loss at the west end of

. the littoral cell. The mechanism for short-term loss from the Royal Hawaiian

littoral cell is also responsible for historical loss along the shoreline. At Ft.

DeRussy Beach, the dominant mechanism for beach change is northwest

longshore transport. Although there is only a small amount of net change at Ft.

DeRussy, the south end of the beach is eroding at a rate equal to accretion of the

north end of the beach. Of the remaining three littoral cells, two have

experienced long-term accretion. These include Kaimana Beach and Halekulani

Beach. Kaimana Beach has prograded at a rate of 0.7 ± 0.3 mlyr, with the largest

period of accretion owing to Hurricane 'Iwa in November 1982. Halekulani

Beach has experienced accretion at a rate of 0.2 ± 0.1 mlyr, with notable changes

in the distribution of sand within the littoral cell. Finally, one littoral cell,

Kapi'olani Beach, has exhibited overall stability. At Kapi'olani Beach, the

position of the shoreline has remained nearly constant. Volume fluctuations in

this littoral cell are dominated by human-induced changes to the landward edge

of the beach.
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Overall, early volume fluctuations are traced to beach nourishment, typically

with subsequent beach loss. Volume gains are documented across the entire

Waikiki shoreline between 1975 and 1985, suggesting that Hurricane 'Iwa may

have triggered onshore delivery of sand to Waikiki Beach from deeper offshore

regions. Widespread chronic erosion characterizes the years after 1985. Despite

frequent beach nourishment, a sediment budget for Waikiki reveals a sand

volume deficit of at least 77,000 m3 for the time period between 1951 and 2001,

owing to permanent offshore losses. The offshore rip-delivery process at the

Royal Hawaiian Groin is probably responsible for Waikiki Beach loss prior to

more formidable construction of barriers to longshore transport in 1975.

We found the methods utilized in this study to be an effective way to analyze

beach changes on a heavily engineered shoreline. An RLS method of linear

regression was found to be satisfactory for determining shoreline change trends.

Estimating volumetric change using a two-term model was useful to integrate

changes resulting from beach toe movements and fluctuations of the landward

edge of the beach. The second term is especially significant in Waikiki due to the

frequency and magnitude of anthropogenic changes to the landward edge of the

beach. Such changes account for 46% of the net volume change in Waikiki.

Given the engineered nature of the shoreline, occasional discrepancies arise

between historical observations of beach width and the corresponding volume

change. This suggests that volume change calculations must be carefully

analyzed in areas where severe alteration of the shoreline has taken place.
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-Section 1.0 INTRODUCTION-

1.1 Historical Overview

The Hawaiian place name, WaiklkI, translates to 'spouting waters'. The image

that embodies the WaikIkl of old consists of taro fields and fishponds,

meandering streams and coconut groves, as well as the fabled continuous, sandy

beach. Today's WaikIkl is dramatically different. The former wetland has been

developed into the tourism center of Honolulu, backed by continually expanding

high-rise construction. Beach processes are intrinsically tied to the history of the

area in its transformation from coastal wetland to urban beach. To understand

fully the beach as we know it today, it is important to understand the history of

erosion problems at WaikIkI Beach during its developmental years.

1.1 -1 The Wetland Years

WaikIkI was a center of government and culture for the Hawaiian people. The

land where rivers met the ocean was hailed as a place of great spirit, or mana, for

Hawaiians (Fig. 1). The

natural springs provided

irrigation for the taro crop.

Fishponds were created in

the brackish waters as an

ancient form of aquaculture

providing food for the

chiefs, or ali'i. A detailed

history of the Hawaiian Era

Figure 1. A view of Diamond Head with wetlands in

the foreground. Date of photo unknown, probably late

1800s. Photo excerpted from Waikiki: In the Wake of
Dreams (Berry and Lee, 2000).
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in Waikiki can be found in Glen Grant's Waikiki Yesteryear (1996). Approaching

the twentieth century, much of the Polynesian lifestyle began to wane under the

pressure of growing tourism. In the late 1800s, WaikikI bathhouses were some of

the first developments along the beach meant to attract visitors. They serviced

visitors by offering changing rooms, towels, swimsuits, and, of course, beach, all

for a fee. The success of the Waikiki bathhouses caught the attention of Waikiki

businessmen, and soon hotels began to appear. It is reported that the first

shoreline structures - i.e. seawalls, groins, and piers - began appearing along the

beach during this period in the early 1880s (Crane, 1972). Presumably, many of

those structures were meant to protect new buildings from erosion.

By 1906, the President of the Board of Health of the Territory of Hawai'i, Lucius

Pinkham, was endorsing full development of the Waikiki district. In his 1906

report on the "Reclamation of the Waikiki District of the City of Honolulu,

Territory of Hawai'i", Pinkham declared the wetlands of the district "deleterious

to public health - is low covered and partly covered with water - is not drained

at all- is incapable of effectual drainage and - is in an unsanitary and dangerous

condition" (Lum and Cox, 1991). Intending to improve conditions, Pinkham

proposed to create a canal through the district that would drain and divert

streams away from Waikiki. The material dredged from the canal could then be

used to fill the wetland. His plan received consideration only after Pinkham was

elected Territorial Governor in 1913.
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1.1 - 2 The Development Years

During the 191Os, the use of seawalls became a recognized problem. Several

reports indicated beach loss relating to properties' use of seawalls to delineate

seaward boundaries or to protect the property from landward coastal erosion

(u.s. Army Corps of Engineers, 1992). A fragmented shoreline resulted,much

like today, along which "it was impossible for the public to pass without walking

on the top of the walls or across private property." The Board of Harbor

Commissioners responded in 1917 by prohibiting the practice of building

seawalls along the shoreline, but the prohibition was largely ignored.

Consequently, it is reported that seawalls were in place throughout most of

Figure 2. Construction of the Ala Wai Canal.
Date of photos unknown, probably ranging from
1922 and 1928. Photos excerpted from Waikiki:
In the Wake of Dreams (Berry and Lee, 2(00).

report concluded that beach

nourishment and groins could be

used to rebuild the beach (Gerritsen,

pinpointed seawalls as the primary

cause of erosion in Waikiki. The

Engineering Association of Hawai'i

WaikIkl Beach by 1920 (U.s. Army

Corps of Engineers, 1992). In

general, the 1920s brought growing

WaikIkl. A 1927 report by the

concern about beach erosion in

1978; U.S. Army Corps of Engineers,

1992). Over the same time period,

plans were underway to turn the
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Waikiki district wetlands into an urban community. In 1917, Lucius Pinkham

convinced the legislature to appropriate $25,000 for initial work and for surveys

for his proposed canal. Land acquisition began in 1917 and construction finally

commenced in 1922 (Fig. 2). Expansion of the project allowed for an additional

appropriation of $100,000 by the 1923 Hawai'i legislature (Lum and Cox, 1991).

Waikiki was fully transformed into a developed coastline with completion of the

Ala Wai Canal in 1926.

1.1 - 3 The Construction Years

In 1927, the Territorial Legislature authorized Act 273 allowing the Board of

Harbor Commissioners to rebuild the eroded beach at Waikiki. The Act resulted

in the Waikiki Beach Reclamation Agreement of 1928-1929 between the Territory

of Hawai'i and private property owners (Nakamura, 1979). By 1930, the Board of

Harbor Commissioners reported on construction progress, which included 11

groins from Ft. DeRussy to the Royal Hawaiian Hotel. The Royal Hawaiian

Groin was mentioned as the single successful groin in terms of its ability to

maintain sand at the location (Fig. 3) (U.S. Army Corps of Engineers, 1992).

During the depression years between 1929 and the end of World War II, there

was a general lack of interest in beach restoration. Thereafter, the post-WWII

boom period and the introduction of air passenger service to Hawai'i brought

renewed interest in beach improvements over the decades of the 1950's and

1960's. Additionally, when Hawai'i was granted statehood in 1959 and mass

tourism was initiated with rapid jet service from the mainland, restoration once

again became a priority.
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A formal application for a cooperative study regarding beach erosion in Waiki:ki

was made by the Board of Harbor Commissioners, Territory of Hawai'i, in 1948.

Figure 3. WaikIkI in 1927. Note the long, continuous beach fronting the Royal Hawaiian
and Moana Hotels. The remainder of the shoreline no longer supported sandy beach.

The Waikiki Beach Erosion Control Project was initiated in response. The

completed study in 1951 recommended a number of improvements to the shore

at Waikiki Beach from the Natatorium to Ft. DeRussy. Cost sharing for

improvements of publicly owned lots was recommended at the ratio of one-third

Federal and two-thirds Territory of Hawai'i. This project initiated what would

turn out to be a 50-year series of uncoordinated attempts to restore Waikiki

Beach. Table 1 gives a list of engineering events by littoral cell. Many of those

projects will be discussed section 6.0.
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Table 1. Engineering events and anthropogenic activities at Waikiki Beach.

Uttoral Cell
Kaimana

Queens

Kapiolani

Kuhio

Royal Hawaiian

Halekulani

Ft. DeRussy

Year(s)
1927

periodic

1956

1951

1975-1985

1985-1992

2001

1939

1951

1952

1953

1959

1970-1975

1972

1975

1991

2000

2001

1927

1951-1970

1975-1985

19205/19305

1917

1969

1969-1971

1975

1981

Brief Description
Construction of the War Memorial Natatorium (US ARMY CORPS OF ENGINEERS,
1992).

Periodic beach grading by the City and County of Honolulu. Latest grading in February
2002.

Construction of the Queens groin. Construction of a uniform beach from Queens groin
to the Natatorium (US ARMY CORPS OF ENGINEERS, 1963).

Beach construction with 38,000 m3 of sand fill (US ARMY CORPS OF ENGINEERS,
1963) .

Landward shift of the vegetation line.

Seaward shift of the vegetation line.

Seaward shift of the vegetation line for City and County sidewalk improvements and
landscaping.

Construction of submerged offshore breakwater (-1.0 ft @ mllw). Creation of 210 m
beach, forming teday's north basin (GERRITSON, 1978).

Kapahulu storm drain installed. Construction of beach for south basin with 38,000 m3

of sand fill (US ARMY CORPS OF ENGINEERS, 1965).
Installation of t-head groin centered in the southern basin. This was a short-lived
feature (NODA AND ASSOCIATES, 1991).
Southern breakwater (+3 ft @ mllw) installed. Construction of two groins: one centrally
located between basins and a terminal groin in the north basin. Removal of 9,174 m3

of coral by dredging. 3,440 m3 of sand fill added (Department of Public Works
Application, 1951).

14,335 m3 sand fill added (US ARMY CORPS OF ENGINEERS, 1992).

Seaward shift of the promenade.

Improvements to the central groin and the northern terminal groin. 9,174 m3 sand fill
added. Reconfiguration of the sandy beach (GERRITSON, 1978).

Segments of the northern breakwater extended to +3 ft. Additional improvement of the
northern terminal groin. 7,263 m3 sand fill added (GERRITSON, 1978).

Beach area enlarged by 3,981 If with sand fill (NODA AND ASSOCIATES, 1991).

1,066 m3 sand fill added to south basin in demonstration project (NODA AND
ASSOCIATES, 2000).

Seaward shift of the promenade and construction of seawalls on former beach.

Construction of the Royal Hawaiian groin.

Seaward shift of the vegetation line.

Landward shift of the vegetation line with elimination of the Waikiki Beach center.

Experimentation with groins (Department of Public Works, 1931).

Concrete storm drain installed (US ARMY CORPS OF ENGINEERS, 1992).

Storm drain lengthened (US ARMY CORPS OF ENGINEERS, 1992).

Beach expansion/construction with screened,crushed coral. Construction of rubble
mound groin next to storm drain (US ARMY CORPS OF ENGINEERS, 1992).

Additional 0.6 m layer of sand added (US ARMY CORPS OF ENGINEERS, 1992).

Removal of coral fragments from beach. 382 m3 sand fill added (US ARMY CORPS
OF ENGINEERS, 1992).
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1.2 Modern Improvement Efforts

1.2 -1 Funding

The WaikIki Beach Improvement Project was initiated in 1991 by the State of

Hawai'i as the latest attempt to evaluate the problems of maintaining and

improving Waikiki Beach. The fifteenth Hawai'i State Legislature appropriated

funds to the Harbors Division of the Department of Transportation for technical

studies, plans, and preliminary design work for the restoration of the sandy

beach between the Waikiki Aquarium and Ft. DeRussy. Management of the

project was subsequently transferred to the Land Division of the Department of

Land and Natural Resources (DLNR). Initial data gathering and analysis was

extensive in an effort to prepare adequate plans for beach improvement.

However, continual deletion of Waikiki Beach Restoration funds from the State

budget has stalled any implementation of plans.

1.2 -2 Project - related Research

The following list catalogues the existing collection of reports since 1991 that

have been submitted to the State for the WaikIki Beach Improvement Project.

These documents record the data foundation that is available for accomplishing

beach restoration.

• Edward K. Noda and Associates, Inc. February 1991. Current
Measurement Program Offshore WaiklkI Beach (July - November
1990). Report no. EKN-1201-R-1-1.

• Edward K. Noda and Associates, Inc. June 1991. Sand Source
Investigations for Waikiki Beach Fill. Report no. EKN-1201-R-4-1.

8



• Edward K. Noda and Associates, Inc. July 1991. Coastal Processes and
Conceptual Design Considerations for WaikIkI Beach Improvements.
Report no. EKN-1201-R-5-1.

• Edward K. Noda and Associates, Inc. November 1991. Numerical
Model Study of the Circulation Offshore WaikIkI and the Fate of
Turbidity Plumes Generated During Construction. Report no. EKN
1201-R-3-1.

• Edward K. Noda and Associates, Inc. December 1991. Waikiki Beach
Improvement Project, Alternatives and Economic Feasibility

Evaluation.

• Edward K. Noda and Associates, Inc. December 1991. Wave
Measurement Program Offshore WaikIkI Beach, Final Data Report
Guly 26, 1990 - October 25, 1991). Report no. EKN-1201-R-2-2.

• Edward K. Noda and Associates, Inc. January 1992. Typical Wave
Climate Affecting WaikIkI Beaches. Report no. EKN-1201-R-7-1.

• Edward K. Noda and Associates, Inc. April 1999. Final Environmental
Assessment, Kuhio Beach Improvements. Report no. TMK: 2-6-01:19.

• Edward K. Noda and Associates, Inc. April 2000. Small-scale Sand
Pumping Design Effort, Kuhio Beach, After Action Report.

• Bodge, Kevin R. (Olsen Associates, Inc.). April 2000. Independent
Evaluation Study of Proposed Kuhio Beach Improvements.

1.2 - 3 Economic Considerations

Waikiki Beach is an 'economic engine' for the State of Hawai'i. Revenue

generated throughout the urban corridor constitutes 44% of $11.4 billion

originating from annual tourism expenditures in Hawai'i and is responsible for

140,000 jobs (Lent, 2002). Directly and indirectly, the thriving economy of

WaikIkI is dependent on the recreational, environmental, and aesthetic appeal of

the sand beach. Bodge (2000) points out that the cost of beach improvement is

projected to be in the millions, yet is a small percentage of the revenue the beach

generates, as well as a small percentage compared to revenue losses, should
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tourists and conventions leave WaikikI for more desirable options. Accordingly,

the State DLNR hired an economic consultant in 2002 to quantify the economic

value of the WaikikI beach resource. The report gives indicators of tourist

industry underperformance. While worldwide tourism increased by 57%

between 1990 and 2000, WaikikI experienced only 0.3% growth. With Waikiki

housing 87% of

hotel rooms,

0'ahu's occupancy

rates showed a 14%

shortfall of the

desired rate in

1999. The heavily

utilized central

portion of WaikikI

(Kuhio, Royal

Hawaiian, and

Halekulani

Figure 4. Crowding along the narrow beach in front of the Moana
Surfrider Hotel.

Beaches) serves 73% of lodging units, while maintaining a degraded 33% of the

total beach area (Fig. 4). The report estimates that -249,000 WaikikI visitors do

not return to Hawai'i because of crowding and congestion of the beach (Lent,

2002).

1.2 - 4 Current Research

Today's WaikikI Beach is largely a product of human efforts at building a

tropical visitor destination. This concept has dictated larger subaerial surface

10



areas, sand volume, and longshore extension than originally allotted by nature.

The modern environment is an engineered urban beach created by placement of

natural sands and sand-like materials from other locations in addition to

construction of groins, seawalls, and other constructed features to stabilize the

beach.

Because this engineered beach requires maintenance, and since it has been

difficult to maintain funding for beach improvements, the State realized that a

monitoring program designed to quantify shoreline change would be necessary

to provide a scientific basis for planning the execution of any major restoration.

The research contained in this report is designed to meet that need. This study is

a cooperative effort between the State DLNR and the University of Hawai'i to

produce a quantitative data set at the highest possible resolution and accuracy to

describe short-term and long-term beach morphodynamics at Waikiki. In order

to enhance the design component of the Waikiki Beach Restoration project, this

research takes advantage of aerial photogrammetry and beach profile techniques

to observe long-term shoreline change patterns and short-term (monthly to

seasonal) shoreline variations, respectively.

This report continues in section 2.0 with a review of previous studies relevant to

beach profiles and photogrammetry. The regional geomorphic and

oceanographic setting and environmental conditions are summarized in section

3.0. Section 4.0 details data sources and methodologies employed in this study.

Section 5.0 presents overall results for the Waikiki shoreline. Finally, detailed

results are presented and discussed by littoral cell in section 6.0.

11



-Section 2.0 TECHNICAL BACKGROUND-

Beach and shoreface profiles exhibit a range of states depending on important

factors such as wave energy and tidal stage. The simple two-dimensional beach

profile can provide a wealth of information about a beach since it will directly

respond to changes in these factors. Consequently, short-term changes (diurnat

seasonat annual) in the beach profile have long been recognized as an effective

means of documenting the variability of the coastal environment (Komar, 1998).

Most models of 'cross-shore and long-shore sediment transport are derived from

two-dimensional studies of the beach profile.

University of Hawai'i researchers established the first beach monitoring sites

during the 1960s to calculate a littoral sand budget for selected Hawaiian beaches

(Moberly and Chamberlain, 1964). Later, a more detailed analysis of WaikIki

Beach was carried out as one component of a comprehensive environmental

study for Waikiki (Gerritsen, 1978). Gerritsen established eleven cross-shore

traverses covering the beach area from Kaimana to Ft. DeRussy. Beach profiles

were measured at various time intervals during the period from 1971 to 1973.

Observing volume changes calculated from beach profiles, Gerritsen concluded

that the beach exhibited a general pattern of relative stability. However, he

noted maximum fluctuations during the winter season, from September 1972 to

March 1973.

A more recent effort by the USGS and the University of Hawaii to establish

baseline beach conditions throughout Hawaii incorporated a monitoring

program utilizing beach profiles (Gibbs et aL, 2001). A database including five

12



years of semi-annual profiles for 42 O'ahu beaches, with two sites in Waikoo,

and 37 Maui beaches can be found online at http://geopubs.wr.usgs.gov/open-

Figure 5. Online map for USGS/University of Hawai'i O'ahu
profile sites. Profile names are linked to site information and
profile data. Maui coverage is also available.
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file I of01-308 I (Fig. 5).

CD's of these data are

available from the

Coastal Geology Group

at the University of

Hawai'i.

The first high-quality

vertical aerial

photographs became

available in the 1930s

(Dolan et al., 1980).

Decades later, after aerial photos were flown consistently for sections of

coastline, researchers recognized a new opportunity to observe and quantify

coastal change. Since then, technical procedures instituting aerial photography

in assessing historical shoreline change have continuously evolved. Stafford

(1971) used aerial photographs to look at coastal erosion on North Carolina's

Outer Banks. That study set the precedent for using the mean high water line as

the shoreline change reference feature (SCRF), a marker that many subsequent

shoreline mapping efforts adopted. Dolan et al. (1978) sustained the mapping

effort using a method called the orthogonal grid mapping system. Continuous

shoreline data were derived using uncontrolled mosaics superimposed on USGS

topographic maps. Once all shorelines were common to a base map, shoreline

13



measurements were taken at spatially dense lOa-meter intervals. A procedure

called Metric Mapping was later introduced that extended data source material

to include National Ocean Survey (NOS) topographic sheets (T-sheets) produced

since 1835, rather than aerial photos alone. The method also presented a

computer-automated technique for shoreline mapping (Leatherman, 1983).

However, the corrections to photo distortion the method offered were only two

dimensional, while actual distortions are three-dimensional.

More recent efforts at historical shoreline mapping have concentrated on

reviewing errors and mapping accuracy. Initially, Dolan et al. (1980) noted two

fundamental concerns in shoreline mapping, (I) mechanical error and ground

resolution, and (2) relationships between measurement error and actual

shoreline change. These topics remain basic issues, but specific matters have

altered to some extent due to evolving computer technology. Smith and Zarillo

(1990) used beach profiles to quantify errors related to short-term variability in

the shoreline position in an effort to make accurate estimates of error in historical

shoreline changes from aerial photographs. Their results showed that short-term

shoreline position-change errors determined the largest errors for long-term

shoreline change rates. Thieler and Danforth (1994) took a Geographic

Information Systems (GIS) approach at shoreline mapping, proposing a method

to reduce and quantify recognized sources of error in addition to offering a

potentially standardized method for historical shoreline mapping. Finally,

Crowell et al. (1997) evaluated the most common algorithms used in historical

shoreline mapping and compared results to sea-level data sampled temporally to

14



simulate shoreline data. They showed that linear regression models tend to

provide the most accurate results.

Researchers have debated whether NOS T-sheets provide data that is accurate

enough to calculate shoreline change rates. Some argue that accuracy is

questionable due to unknowns surrounding field procedures utilized in the data

collection stage. There may also be significant errors regarding datum

transformations. On the other hand, if T-sheets are used to supplement air photo

coverage in a shoreline change analysis, overall errors can be reduced because

the time series may be considerably expanded. Crowell et al. (1993) determined

that shoreline change rates derived from aerial photos supplemented by T-sheets

will generally have lower uncertainties than those derived from historical and

modern aerial photos alone. Additionally, the National Research Council (NRC)

(1990) states that, liThe NOS T-sheets are generally the most accurate maps

available for the coastal zone...This high accuracy makes them quite useful in

delineating the land-water boundary and particularly for determining net

changes over the long term."

Several researchers have worked on historical shoreline mapping and analysis in

Hawai'i. Coyne et al. (1999) conducted end-point analysis of shoreline change on

0'ahu in a Federal Emergency Management Agency (FEMA) sponsored study.

Shoreline change rates were calculated and erosion hazards zones were projected

using the beach toe as the shoreline change reference feature. On aerial

photographs, the crest of the toe is marked by a distinct tonal contrast caused by

the change in water depth over the toe. The contrast is sufficient for positive
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identification of the toe in overexposed and black and white photos. While this

feature is subject to the same seasonal variability as other potential reference

features, such as the high water line, the ability to identify the toe in all

photographs contributed to the decision to use the beach toe as the SCRF for

Hawaiian Beaches. In addition, the beach toe is relatively stable under diurnal

changes such as wave state and tidal stage.

Rooney and Fletcher (2001) used a time-series analysis of aerial photographs and

beach profiles to examine a 5 km segment of the Kihei coastline on Maui,

Hawai'i, to produce a database of historical sediment volume changes. Their

results indicate that sediment movement along the coast is tied to variations in

Kona Storm activity that is in turn controlled by the Pacific Decadal Oscillation

(PDO). Eversole et al. (in review) expanded on this work examining the

Ka'anapali section of coast in northwest Maui, Hawai'i. They show that the

Ka'anapali area is subject to long periods of mild erosion and accretion

punctuated by severe erosional events related to short-period Kona storms and

hurricane winds. Surveyed beach profiles reveal a strong seasonal variability

with net erosion in the summer and accretion in the winter with an alongshore

alternating pattern of erosion and accretion. Results of these studies are housed

on the University of Hawaii, Coastal Geology Group, Maui erosion web site at

www.soest.hawaiLedu!coasts!erosion.html. Norcross et al. (in press)

established a 70-year shoreline history for Kailua Beach, 0'ahu, Hawai'i. Results

showed that Kailua experienced a net accretion over the study period with

seasonal fluctuations in beach morphology dominating variability in response to
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seasonal wave state. All of the above studies established that longshore

sediment transport dominates the morphodynamic state of Hawaiian Beaches.

Edward K. Noda and Associates (1991) conducted a photogrammetric analysis of

the Waikiki shoreline for the Waikik.i: Beach Improvement Project. Aerial photos

covering the 40-year period from 1952 to 1990 were collected and shorelines were

digitized in an arbitrary coordinate system in a computer-aided drafting (CAD)

system. Shorelines were rectified to a Hawaii State Plane coordinate system

using a 1969 City and County of Honolulu orthophotograph. Results of the

effort chronicled historical beach changes on the shoreline. No attempt,

however, was made to calculate detailed quantitative information such as

shoreline change rates and historical volume changes.
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-Section 3.0 REGIONAL ENVIRONMENTAL SETTING

3.1 Physical Description

WaikIki Beach is situated in the confines of Mamala Bay on the southeast coast of

Q'ahu, in the Hawaiian Islands (Fig. 6). Formerly a barrier beach fronting coastal

wetland, the entire area has developed into the tourism center of Honolulu

backed by high-rise construction. Along the nearly 3.2 km (2 mi) shoreline,

Figure 6. WaikIki Beach on the southeast coast of O'ahu.
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physical structures (i.e. groins, breakwaters, storm drain culverts) create

morphologically distinct littoral cells. Hereafter in this report, seven cells will be

referred to from south to north as: 1) Sans Souci/Kaimana, 2) Queens, 3)

Kapi'olani, 4) Kuhio, 5) Royal Hawaiian, 6) Halekillani, and 7) Ft. DeRussy.

The WaikIkI embayment is characterized by a fossil reef surface that extends

offshore about one mile (Gerritsen, 1978). The same reef surface is reported to

extend about the same distance inland, rising several feet above current sea level

(US Army Corps of Engineers, 1963). Reef carbonate sand production and some

minor volcanic sand production are considered the only natural sources of sand

for the beach. Production of most Hawaiian beach sand peaked during the

Kapapa Stand of the sea (+2 m above current sea level) 1,500 to 4,000 years before

present (Fletcher and Jones, 1996; Harney et aL, 1999).

3.2 Wave Environment

A bimodal wave regime with distinct seasonal conditions characterizes the

Waikiki embayment. A seasonal wave summary revealing percent frequency of

occurrence of significant wave heights offshore WaikIkI is given in Fig. 7 (Noda

and Associates, 1991). The shoreline is subject to seasonal variations of northeast

tradewinds, Kona (southwesterly) storm waves, and south swell. During winter

months, locally generated wind waves are the dominant force, due to Kona

winds and northeast tradewinds.
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3.2 -1 Tradewind Waves

Tradewinds may be present throughout the year, but are generally strongest

during summer months. They blow from the northeast over long fetches of

ocean, producing deepwater wave heights of 1-4 m (3-12 ft) at periods from 5-8

seconds (Noda and Associates, 1991; Army Corps, 1992). Although WaikIki is

sheltered from the direct approach of these waves, refraction around Diamond

Head can result in their approach from the south at a highly reduced level of

energy.

Figure 7. Percent frequency occurrence of significant wave heights
offshore Waikiki. [Wave data extracted from: Edward K. Noda and
Associates, 1991. Wave measurement program offshore Waikiki
Beach. Final Data Reoort.l
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3.2 - 2 South Swell

South swell waves

generated by

strong winds over

long fetches in the

southern

hemisphere

predominate in

summer. These

events usually

have deep-water

wave heights of ~1

m (1-4 ft) and

periods of 14-22 s,

although a few



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

Associates, 1991; U.s. Army Corps of Engineers, 1992). Breaking wave height

can be 1- 2 ffi. The direction of approach is from the southeast to the southwest.

3.2 - 3 Kana Storm Waves

Kona waves are produced by winds generated out of local fronts or tropical

storms. Since they are of local origin, they can be particularly energetic,

generating wave heights of 3 to 5 m (10 to 15 ft) at periods ranging from 6-10 s

(Noda and Associates, 1991; U.S. Army Corps of Engineers, 1992). Although

Kona winds occur only about 9 percent of the time and are usually light,

Figure 8. Wave refraction in the WaikIki: embayment. Red lines depict
idealized wave orthogonals approaching from the south. Yellow lines
depict tradewind waves approaching from the northeast. [After:
Gerritsen, 1978; Noda and Associates, 1991]
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occasionally

strong storms

have caused

extensive damage

to south and west

facing shorelines,

including Waikiki.

Damage has also

been recorded due

to the passage of

unusually strong

fronts (U.s. Army

Corps of

Engineers, 1967;



Moberly, 1968; Rooney and Fletcher, 2000). Kona storms vary in number from

year to year.

Overall, wave energy reaching the nearshore of WaikikI is reduced compared

with wave energy on beaches on the north and windward shores of the island.

Sheltering effects of the island from North Pacific swell prevent the largest and

most energetic waves from reaching the Waikiki shoreline. Additionally, the

broad and shallow fringing fossil reef offers protection by initiating swell

breaking, and thus energy loss, at great distances from the shoreline.

Wave refraction also plays an important role in shaping the nearshore wave

environment along the shoreline. Due to refraction, both wind-generated waves

and swell waves approach nearly perpendicular to bathymetric contours in the

Waikiki nearshore (Fig. 8) (Gerritsen, 1978; Noda and Associates, 1991). Wave

approach for south-facing cells is typically from the south and south-southwest.

Wave approach for west-facing cells is generally from the southwest and west

southwest. Tradewind waves have a relatively small impact on nearshore

processes in Waikiki due to wave energy reduction during wave refraction.

3.3 Currents

Currents in the WaikikI embayment are predominately created by tide.

However, wave-induced currents dominate in the nearshore regions.

Circulation patterns derived from drogue and dye studies (Chave et al., 1973;

Gerritsen, 1978; Noda and Associates, 1990) delineate several current regimes for

the WaikikI embayment. (1) Outside of the embayment (seaward of the 9 m
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depth contour), tidal and background ocean currents dominate. Ebb currents

(approaching low tide) flow to the southeast, while flood currents (approaching

high tide) flow in a northwest direction. However, a strong background current

amplifies the ebb flow constituent while reducing current flow during the flood

tidal stage. Thus, mean flow is toward the southeast at about 27 cm/s (~1 ft/ s).

(2) Within the embayment, current patterns can be variable with regard to speed

and direction due to complex bathymetry over the reef surface. Ebb tide currents

flow to the southeasterly, parallel to depth contours. Flood tide currents show a

weak onshore or northwestward flow. Overall average flow rates are only 6

cm/s (0.2 ft/ s). Small-scale eddies are not unusual. (3) The driving force for

currents in the nearshore and surf zone is wave breaking. Bathymetry and

shoreline configurations result in variable wave approach patterns. Wave

induced longshore currents determine the direction and magnitude of littoral

transport. Net longshore transport for Wai.kIkI Beach is to the northwest.

However, seasonal variations in the wave regime can cause periodic reversals of

the littoral drift patterns. Site-specific details will be discussed in section 6.0.

3.4 Hurricanes

Shorelines in the Hawaiian Islands are vulnerable to hurricane damage.

Hurricanes on record that affected the island of 0'ahu include Hurricane Nina

(November 3D, 1957), Hurricane Dot (August 6, 1959), Hurricane 'Iwa

(Novemver 23, 1982), and Hurricane 'Iniki (September 11, 1992). Damages in

Hawaii are usually caused by winds and storm surges. However, Noda and

Associates (1991) point out that, historically, Wai.kIkI has not been susceptible to

beach erosion during these events.
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~Section 4.0 METHODOLOGY~

4.1 Short-term Shoreline and Volume Change

4.1 -1 Beach Profiles

To document shoreline behavior, a series of twenty-two cross-shore beach profile

transects were established along the Waikil.<I shoreline, and these were numbered

one through twenty-two, from Kaimana Beach in the southeast to Ft. DeRussy in

the northwest (Figs. 9, la, 11,

12). This dense array of sites

was implemented in an effort

to establish a detailed

understanding of both cross-

shore and longshore

transport. In addition,

anticipation of future

engineering and nourishment

programs dictated a need for

numerous sites meant for

potential monitoring efforts.

Attempts were made to

establish sites that would

overlap the two pre-existing

USGS sites, but it was

impossible to identify old

reference point positions.
Figure 9. Waikiki Beach profile locations. Twenty

two cross-shore transects in 7 littoral cells were
surveyed every other month for 22 months.
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An initial survey was completed in October 2000, with subsequent surveys

generally commencing every other month for 22 months (Oct 2000 to May 2002).

Survey data were collected using a Geodimeter laser total station that tracks a

prism on a telescoping rod. The rod and prism are moved across the beach and
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into nearshore waters and measurements are taken at 3 to 5 m (10 to 16 ft)

intervals or at every major break in slope and geomorphic feature. Surveys

typically extend seaward beyond the occurrence of hard substrate at the interface

between sand and reef. However, in the interest of reproducibility, data beyond

the reef-sand interface is ignored for sand volume calculations.

Sand volumes are calculated underneath the profile, extending from the

landward boundary of the beach, which is typically against coastal armoring

structures, to the depth at which the fringing fossil-reef surface is encountered

(Fig. 13). The reef-sand interface may approximate the profile depth of closure.

Sand volume calculations are based on the observation that sand extends

continuously to the depth of the fringing reef along the entire length of the

profile. Volume changes are calculated for each profile assuming aIm

horizontal swath, hence their expression in cubic meters of sediment per meter of

beach length (m3
/ m). Those values are then extrapolated over the length of the

beach in each littoral cell to obtain a net volume change for the study period.

wet/dry line hi h
(high tide line) sw;sh crest of

toe

Figure 13. Beach profile tenninology.
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4.2 Historical Shoreline Change

4.2 -1 Photogrammetry

A high-resolution aerial photogrammetric analysis was conducted for Waiklki

Beach to assess historical shoreline change. The procedure, outlined in Fig. 14, is

described in the following sections.

Data Sources

The historical analysis begins with collection of aerial photography. Only

1:15,400 scale or larger (i.e. lower altitude), vertical, survey-quality photos were

chosen. Under these criteria, photo scanning ultimately determines the

minimum resolvable map unit scale. Each photo series was scanned at a

resolution necessary to achieve a 0.5 m pixel resolution in the final mapping

process. Thus, scanning resolution for each photo series was variable depending

Table 2. Aerial photo mapping criteria.
on photo scale (Table

2). Existing photos

Photo Seal
meeting scale criteria

1:6,000 500 dpi were unexpectedly
11/11/1970 1:12,000 700dpi 0.5m

few for an area as
03/25/1915 1:6,000 500dpi O.5m

08/01/1985 1:12,000 700dpi 0.5m popular as WaikikL

01/17/1992 1:15,400 800dpi 0.5m Correspondence with
1:8,400 50~>dpi 0.5m

1:10,000 600dpi O.5m
Air Survey Hawaii,

Inc., a local aerial

survey firm, indicated lack of coverage possibly because WaikIki is "a corridor

for departing [air] traffic, so it is hard to get clearance for low-altitude flying."

The resulting photo collections are dated from 10 / 02/1951, 11 / 11 / 1970,
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03/25/1975,08/07/1985,01/17/1992,02/17/1999, and 01/06/2001. A set of

photos from 1927 was excluded from the imagery database due to a lack of

camera fiducial marks that prevented image rectification. Partial lack of photo

coverage for the southeastern end of WaikikI in 1951 and 1970 limits calculation

of some parameters in the Sans Souci/Kaimana littoral cell.

Figure 14. Photogrammetry procedures.

National Ocean

obtained from the

Head, was

map was

A digital GeoTiff

file of the 1925

coastal survey

to Diamond

Honolulu Harbor

O'ahu, from

topographic

survey sheet (T

sheet) for the

south shore of

Service (NOS).

This 1:5,OOO-scale

scanscan

ortho- Image to Image

,,"ilk."onI ,,"iI;,,"on

2001 mosaic historical

compiled by the National Geodetic Survey (NGS) to accurately depict the

shoreline and shoreline features, such as harbors, channels, and reef flat. The
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survey delineates the mean high water line (MHWL) and we use it as a proxy for

the shoreline. Sandy beach and hardened shoreline are specifically designated.

Ground Control Survey

A survey of the WaikikI area was completed in April and May 2001 for

acquisition of ground control points (GCPs) utilized in photo rectification.

Twelve GCPs were collected using the Ashtech Locus survey grade differential

global positioning system (DGPS) accurate to ± 2 cm in both horizontal and

vertical dimensions.

Rectification

Scanned images were imported into commercial rectification software (PCI

Geomatics, Inc.). Orthorectification utilizes the GCPs, a Digital Elevation Model

(DEM), information about the camera, and the photo principal point to correct

for distortion errors, orient the image to true north, and assign a common map

projection (UTM) and datum (WGS84). For the most recent photo set (2001), at

least five ground control points were assigned per photo. A mosaic was

assembled using a set of orthorectified images taking care to exploit only the

most accurate central third of each photo. The final orthophotomosaic is a digital

georeferenced image of a continuous stretch of coastline that has been resampled

to a common scale of 0.5 m per pixel.

Orthorectification of historical photo sets involves placing both GCPs and pass

points on each photo. Pass points are easily identified features visible to both the

2001 photomosaic and the historical image to be rectified. In this way, pass
31



points act as GCPs for historical photographs using an image-to-image

registration procedure. The pass points are then incorporated into the same

rectification process as the 2001 photos. In this manner, photomosaics are

created for all historical shorelines.

Shoreline Delineation and Beach Width Calculation

The seaward and landward boundaries of all historical beaches were digitized.

The crest of the beach step, or beach toe, identifies the seaward boundary of the

beach and defines the shoreline change reference feature (SCRF) after Coyne et

a1. (1999). The landward boundary of the beach is typically identified by the

vegetation line. For WaikIki, that boundary is most often defined by the seaward

edge of coastal armoring structures. Either feature is plotted where appropriate

and together produce one continuous line demarking the landward edge of the

beach. All historical shorelines were overlain on the 2001 mosaic to produce a

complete time series of landward and seaward beach boundary positions. Beach

width is determined by differencing the positions of these features (seaward

boundary minus landward boundary) at a 20 m (66 ft) transect spacing. In many

cases, the beach toe may also be delineated along the seaward side of coastal

armoring where there is no subaerially exposed beach. Under these definitions,

beach width for armored shorelines possessing no sandy beach is zero.

The 1925 MHWL from the NOS T-sheet was digitized. The plotted position from

the T-sheet was checked against modern data by observing the offset between

seawalls, channel boundaries and other features common to the T-sheet and the

2001 mosaic. Considered reliable data, the MHWL was shifted seaward by a
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distance equal to the median difference between the MHWL and the beach toe

from one year of beach profile data. Shifts were applied only to shoreline

segments designated sandy beach by the T-sheet. Hardened shoreline segments

remained unchanged. In this manner, a beach toe for 1925 was produced.

No vegetation position data are available from the T-sheet; hence, beach-width

calculations cannot be made for 1925. However, the 1925 toe position provides

an important historical reference for shoreline change, especially along sandy

segments. For those segments, the 1925 toe position is compared to other

historical toe positions. Likewise, T-sheet data may be included in shoreline

change rate calculations for some shoreline segments where sandy beach existed

according to T-sheet designations.

Shoreline Change Rates

Statistically robust long-term shoreline change rates were calculated by

analyzing a time series of toe positions from seven sets of aerial photographs and

one 1925 NOS T-sheet. Shoreline change rates were determined at 137 shore

normal transects with a spacing of approximately 20 m (66 ft) along the

shoreline. Transects were numbered 1-137 from south to north.

Rates were calculated using a reweighted least squares (RLS) regression method.

An RLS method is appropriate because it takes advantage of the robustness of a

least median of squares regression (LMS), while retaining the ability to utilize the

standard statistical tests available for the least squares (LS) regression. In

concept, the method alleviates problems associated with uneven point
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distribution (outliers) owing to large events as beach nourishment that are non

representative of the true trend. The RLS method first applies an LMS regression

to the data to identify outliers. The LMS residuals are normalized by the

standard deviation and classified as outliers if the standardized residual is larger

than 2.5. Outliers are assigned a weight of zero. All other data points are

assigned a weight of one. Finally, an LS regression is applied to the weighted

residuals. Rates were determined by taking the slope of the LS regression line,

resulting in a shoreline change rate in units of mlyr for specified time intervals

according to littoral cell. Rates are intended to reflect the most recent trend in

shoreline change for each littoral cell. Uncertainties for RLS-derived erosion

rates reflect an 80% confidence interval for the slope.

4.2-2 Historical Volume Change

Volume Change Model

To facilitate the development of a sediment budget, linear shoreline change is

converted to volumetric units. Tracking a single shoreline change reference

feature, such as the vegetation line or the beach toe, does not yield a complete

picture of what is happening to the sandy beach. Therefore, two components are

considered in calculating beach volume change between consecutive photo

years. The first term evaluates volume change of the beach face relating to

movement of the beach toe. A model relating beach width change to beach

volume change in the profiles is developed and applied to historical toe position

differences to estimate historical volume fluctuations of the beach face. Modified

from Bodge (1998), the model compares changes in volume (~VI) between

consecutive profile surveys to a corresponding change in beach width (~XI).

34



The slope of a linear regression line fit to the data and forced through the origin

yields the dV / dX relationship, or Gp value, expressed as:

Gp = 11~ = volume change per unit shorelength

M I change in beachwidth

The Gp value is applied to historical beach width changes (11 X2) at each transect

to extract historical volume change for aIm wide strip of sandy beach. In

concept, beach progradation will result in an increased beach volume. Similarly,

beach recession will lead to a decreased beach volume. Negatively correlated

o

IV: decreased volume during
beach progradation

I: increased volume during
beach progradation

III: decreased volume during
beach recession
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Figure 15. Hypothetical dV / dX relationship. Change in volume is plotted
. against the corresponding change in beach width from beach profile data. The
slope of a regression line through these data yields a value for GpJ the first of
two terms in the model to convert linear shoreline change to volumetric units.
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data is not included in the calculation of Gp values (Fig. 15). A single Gp was

computed for each littoral cell (Fig. 16).
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Figure 17. Volumetric change model for determining historical beach volume change
between photo years.

A second term accounting for historical volume change relates to movement of

the vegetation line or coastal armoring structure. In other words, it is necessary

to account for any change in position of the landward edge of the sandy beach.

The calculation involves taking the product of the horizontal movement of the

edge of beach (d Veg) with the depth of the fringing reef under the edge of beach

(d Z). The result defines the volumetric change under aIm wide strip of

vegetated (or sea walled) profile.

The two terms are summed yielding the total change in volume under aIm

wide shore normal transect (Fig. 17). Net volume changes for the entire beach or

littoral cell can be computed by multiplying the total volume change by the

transect spacing of 20 m. The final volumetric change model can be expressed

by:
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Ll Vtotal (m3
) = total volume change for 20 m wide, shore normal transect

Gp = slope of least median of squares regression from LlV/ LlX plot
Ll X2 (m) = horizontal change in shoreline position
Ll Veg (m) = horizontal movement of vegetation line

Ll Z (m) = elevation difference between the depth of the fringing reef and the
edge of beach@ the vegetation line or coastal structure (determined from beach
profiles)

Volumetric changes were calculated between successive photo years (i.e. 1951 to

1970, 1970 to 1975, 1975 to 1985, etc.) for each littoral cell and for WaikIkI Beach

in entirety.

Error Analysis

Errors related to the photogrammetry process and data sampling are calculated

following Rooney and Fletcher (2000). Determining these errors is useful to

observe the relative contribution each has to the total uncertainty in shoreline

change rates. Additionally, the total position error is used to extract historical

volume change uncertainties.

Total measurement error (Em) equals the square root of the sum of squares of

rectification error (Er ), digitizing error (Ed), T-sheet error (Et), and pixel accuracy

(Ep). Measurement errors associated with raw GPS data and the rectification

process are calculated by the photogrammetry software and incorporated into a

single RMS error (Er ). Digitizing error is found by comparing toe positions along

multiple digitizing runs for a section of shoreline. T-sheet error is a constant

value comprised of a combination of errors associated with digitization and field
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interpretation of the mean high water line (MHWL). Pixel accuracy is a constant

determined by the overall pixel resolution of the mosaic.

The total shoreline position error (Esp) integrates measurement error with

sampling errors caused by natural fluctuations of the beach toe (the SCRF). It is

calculated by taking the square root of the sum of squares of total measurement

error (Em), plus tidal and seasonal fluctuations of the SCRF (Ets). Those

fluctuations are quantified by determining the maximum range of toe positions

in each littoral cell over one year of profile data. Lastly, two additional terms

account for uncertainty in the position of the toe. Etid is a constant that quantifies

uncertainty associated with visual identification of the toe. Ee covers uncertainty

associated with projection of the MHWL to the toe vector. Thus, total shoreline

position error is expressed by:

A separate Esp is calculated for each photomosaic year. These errors are

uncorrelated, random, and unbiased.

Volume uncertainty by transect is calculated by multiplying the total position

uncertainty (Esp) by the dv / dx slope in each littoral cell. The uncertainty is then

carried through to compute volume per historical time interval as an additive

error defined as the square root of the sum of squares of each uncertainty. Thus,

our total volume change uncertainty for all transects in a littoral cell for each

historical time interval is given by: ~(Transect Uncert t )2 + (Transect Uncert2)2 .
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-Section 5.0 OVERALL RESULTS-

5.1 Historical Analysis

5.1 -1 Erosion Rates

Shoreline change rates are calculated at a 20 m transect spacing (Fig. 19, foldout).

Due to extensive shoreline reconstruction at varying time periods, only the most

recent trend in shoreline position is used to calculate shoreline change rates for

each littoral cell. Two littoral cells, Kaimana and Halekwani, are experiencing
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Figure 18. Mean long-term shoreline change rates by littoral cell. Negative numbers
indicate erosion, while positive numbers indicate accretion. Littoral cells are listed in order
from south to north.

long-term accretion. One littoral cell, Ft. DeRussy, has shown no long-term net

change. Minor to moderate chronic erosion, capable of significant beach loss

over time, characterizes the remaining four littoral cells. These have a mean
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WaiklkT is an urban beach located in the heart of downtown
Honolulu on the southwest shore of the Island of O'ahu. This
study examines the nearly 2.0 mile stretch of beach from
Kaimana to Ft. DeRussy. A former barrier beach fronting a
coastal wetland, the area has developed into the tourism center
of Honolulu backed by high-rise construction.

Along the shoreline, engineering structures such as groins and
breakwaters have created morphologically distinct littoral cells.
Shoreline change rates reflect the most recent trend in shoreline
change, are highly variable, and operate on the littoral cell level.
While 2 of 7 littoral cells have experienced accretion and one has
exhibited stability, the remainder of the shoreline is characterized
by chronic erosion with a mean erosion rate of 0.9 ± 0.6 ftIyr.
Erosion rates range from a minor0.3 ± 0.5 ftIyr to a more
significant 2.0 ± 0.4 ftIyr. Since seawalls stabilize most of the
shoreline, erosion continuing at the measured rates will result in
narrower beaches. Without intervention, chronic erosion may
lead to beach loss.

A net increase in average beach width by -30 It since 1951
reflects the high level of historical intervention along the
engineered shoreline. However, significant narrowing is
observed over more recent time scales. With the exception of
two accreting beaches (Kaimana and HalekOlanij, historical
results show narrow and narrowing beaches.
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erosion rate of 0.3 ±0.1 mlyr (-0.9 ±0.3 ft/yr), with rates ranging from a

minimum of -0.1 ± 0.0 mlyr (-0.3 ± 0.1 ft/yr) to a maximum of -0.6 ± 0.1 mlyr (

2.0 ± 0.4 ft/yr). These are significant values for already narrow beaches that will

only continue to diminish. Shoreline change rates by littoral cell are depicted

graphically in Fig. 18.

5.1 -2 Beach Widths

Movement of both the vegetation line and the beach toe is documented to

examine changes in beach width. Beach width is rarely uniform over the length

of a littoral cell. Therefore, mean beach width is reported to simplify the

discussion of historic beach changes along the Waikiki shoreline. Mean beach

width for all littoral cells for each year of photographic coverage is given in Table

3.. Observations of beach widths over the 50-year study period (1951-2001) reflect

the magnitude of human intervention in WaikIkI, such that the overallmean

beach width has increased by 7 m (23 ft), or 32%. However, erosional littoral

cells show significant decreases in beach width over more recent time scales.
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5.1 -3 Topographic Survey Sheet (T-sheet)

The National Research Council (1990) recommends the use of T-sheets in

shoreline change studies. Uncertainty associated with the plotted position of the

T-sheet shoreline is ±5.1 m as per Shalowitz (1964). Uncertainty due to

conversion of the MHWL to the beach toe is also ±5.1 m, based on beach profile

data. Fortuitously, coastal armoring structures and reef-cut channels provide

prominent erosion resistant features with which to verify the position accuracy of

the T-sheet against the 2001 aerial photos. Based on feature correspondence, it

was concluded that the T-sheet could provide reputable shoreline position data.

Since most of the WaikikI shoreline had been armored by the 1920s, the 1925 T

sheet reflects this armored status. Thus, sandy beach areas are distinguished

from sea-walled shoreline on the T-sheet. Only -0.7 km of beach existed in 1925,

as opposed to -2.6 km today. Sandy beach areas in 1925 included portions of the

Kuhio, Royal Hawaiian, and Halekulani shorelines.

5.1 - 4 Shoreline Position Uncertainty

Measurement errors related to the photogrammetry process and sampling errors

relating to natural fluctuations of the seRF are given in Table 4. Total shoreline

position uncertainty is recorded in the final column. Mean total shoreline

position uncertainty at the 80% confidence level is 4.5 m.
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*Er=rectiiication error, E.t=digitizing error, Ep=pixel accuracy, Et=T-sheet error, Em=total
measurement error, Ets=error relating to tidal and seasonal fluctuation of the beach toe, Elid=error
relating to visual identification of the beach toe, Ec=error relating to projection of the MHWL to
the beach toe, Eso= total shoreline position error.

5.1- 5 Historical Volume Change

Total Volume Change

Fig. 20 illustrates volume change by littoral cell for each historical time interval.

Large volume fluctuations occur in the years prior to 1975, relating to beach

reconstruction and sand nourishment. These are typically followed by periods of

erosion. A large volume increase between 1975 and 1985 may be related to

Hurricane 'Iwa (see Hurricanes below). Widespread chronic erosion is observed

after 1985. Details of these events will be discussed by littoral cell in section 6.0.

Table 5 lists mean volume change by littoral cell and time interval. A net volume

increase of 3,616 ± 461 m3 (4,730 ± 603 yd3
) is found for the Waikiki shoreline

over the fifty-year photographic history. Heavy nourishment transpiring prior

to 1970 and to a lesser degree inJollowing years led to volume losses on the

order of 6,173 ±405 m3 (8,074 ±530 yd3
) for the time period after 1970.
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Sand volume changes in WaikIkI are best perceived through a simple volume

budget. Sand volume additions resulting from beach construction and

nourishment projects after 1951 total at least 78,000 m3 {Note: some nourishment

sand volumes were unrecorded; therefore, this number should conceivably be

Figure 20. WaikikI Beach volume change between consecutive historical photo years. Volume

fluctuations prior to 1975 relate to extensive beach construction and beach nourishment with a

period of erosion frequently following. Volume gains are documented across the entire

shoreline between 1975 and 1985. Widespread chronic erosion characterizes the years after

1985.
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Table 5. Net sand volume chan e b littoral cell and time interval (m3
).

Time Interval/
Littoral Cell 1951-1970 1970-197-:; 1975-1985 1985-1992 1992-1999 1999-2001

Kaimana 16±15 754±15 242±15 -125±15 -17±15

Queens 8847±23 -1356±23 529±23 -1968±23 ·1901±23 -42±23

Ka j'olanj -1982±13 43±13 6019±13 ·4704±13 408±13 -274±13

KoMa -2668±5 -4344±5 -113±5 248±5 -1926±5 -2405±5

Roval Hawaiian -3139±46 4489±46 5467±46 30±46 -1106±46 -2511±46

HalekOlani 2826±33 -114±33 302±33 1406±33 -814±33 74±33

Ft. DeRussy 5905±20 -3105±20 737±20 -43±20 -766±20 699±20

Entire Shoreline ' 9789±130 -4371±130 13694±130 -4789±130 -6231±130 -4476:1:130
-

larger). Since a volume of only 3,616 ± 461 m3 is remaining since 1951, it can be

recognized that -74,000 m3 of sand is unaccounted for. It is concluded that there

has been a large permanent loss of sand to the offshore. An offshore rip-delivery

process at the Royal Hawaiian Groin is probably responsible for Waikiki: Beach

loss prior to more formidable construction of barriers to longshore transport in

1975.

Anthropogenic Activities

In addition to natural phenomena, there have been a number of human activities

along the coastline that have impacted sand volume change. Historically,

construction and relocation of armoring structures marking the edge of the

beach, or movement of the vegetation line for sidewalk and promenade

improvements, have been common. Surveillance of such changes is crucial

because they can account for large losses of sand from the beach system. Our

volume change methodology dictates that any fluctuation of the edge of the

beach is responsible for a much larger change in volume than movement of the

toe by the same distance. The result is especially pronounced in Waikiki: where
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changes to the vegetation line or edge of beach are frequent, unnatural, and

typically of significant magnitude. These anthropogenic changes account for

46% of the net volume change in WaikikI over the 50-year study period.

Anthropogenic changes will be quantified on a littoral cell level in section 6.0.

Hurricanes

The ability to document the shoreline effects of hurricanes is entirely dependent

upon the photographic time series. Fortuitously, the 1985 photo series was taken

only 2.5 years after Hurricane 'Iwa. Therefore, a volume increase of ~14,000 m3

between 1975 and 1985 suggests that Hurricane 'Iwa may have triggered onshore

delivery of sand to the WaikikI shoreline. This observation is consistent for 4 of 7

littoral cells. However, Hurricane 'Iwa is the only hurricane for which beach

accretion in WaikIkI may be specifically identified. The 1992 photo was taken

prior to Hurricane 'Iniki.

Volume Problems

Occasional discrepancies between beach width change and the corresponding

volume change for a historical time period occur in areas where severe alteration

of the shoreline has taken place. This is because a modern dV / dX relationship,

derived from modern beach profiles, is applied to historical beach width data

despite the fact that shoreline configuration may have completely changed. This

is especially true for Kuhio Beach prior to 1975 and is discussed further in section

6.4.
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5.2 Short-Term Analysis

5.2 -1 Purpose ofthis Analysis

Seasonal and short-term beach changes were studied using beach profiles over a

22-month period from October 2000 to May 2002. The study period nearly

encompassed two complete seasonal cycles. Much of the information obtained

from the beach profiles is directly applied to historical shoreline calculations, as

we have discussed already for historical volume change. Further analysis of the

short-term behavior provides important information that can be used to explain

the mechanisms involved in creating the observed long-term trends. It is

important to weave short-term and long-term observations in preparation for

new beach management programs. General observations will be discussed in

this section, while detailed behavior will be discussed by littoral cell in section

6.0.

5.2 - 2 Profile Wave Response

Wave heights were provided by the University of Hawai'i NOAA data center,

Honolulu, Hawai'i. Wave heights are based on daily visual observations of

breaking wave height from the closest available location to WaikikI, Ala Moana,

located only 3 kIn to the northwest. Since these observations are subjective by

nature, there is a margin of error in each observation, estimated at ± 10% for

waves under 10 ft and ± 20% for those over 10 ft. However, they are found by

Dail et al. (2000) to be significantly correlated with wave-buoy heights at Waimea

Bay,O'ahu.
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The seasonal wave regime affecting Waikiki beaches is well defined by the

distribution of wave heights over the study period (Fig. 21). Wave heights for

the survey period are compared to corresponding beach volume changes at each

Figure 21. Daily waves heights in Waikiki over the study period (October 2000 to
May 2002).

profile site. Increased wave heights from south swells between May and October

often correspond to a period of volume increase, while short-period wind waves

predominating between November and April regularly correspond to volume

losses.

5.2 - 3 Short-term Behavior

Depth of Closure

Profile volumes are calculated from the landward edge of the beach to the reef

sand interface, which approximates profile closure depth (Dc). Closure depth is
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Table 6. Beach Profile Depth of
Closure (m).

Profile Observed 0,. Predicted Dc

1 -1.1 -5.4

2 -1.8 -5.4

3 -1.5 -5.4

4 -1.6 -5.4

5 -1.4 -5.4

6 -0.9 ~5.4

7 -0.8 -5.4

8 -1.2 -5.4

9 -1.5 -5.4

10 -1.3 -5.4

11 -1.2 -5.4

12 -1.6 -5.4

13 -1.6 -5.4

14 -1.4 -5.4

15 -2.0 -5.4

16 -1.5 -5.4

17 -1.3 -5.4

18 -1.4 -5.4

19 -0.8 -5.4

20 -0.8 -5.4

21 -0.6 -5.4

22 -1.0 -5.4

generally defined as the limit of the zone of observable bottom changes for

beaches, estimated by the nearshore storm

wave height that is exceeded only 12 hours

per year and the associated wave period

(Hallermeier,1981). This depth varies along

the WaikIki: shoreline. Table 6 compares

observed profile closure depths to the depth

predicted by Hallermeier. Actual closure

depth for WaikIki: profiles differs

significantly from the depth predicted by

Hallermeier due to the presence of the

expansive reef platform. The actual and

predicted values are closest at the lesser reef

dominated profile 15. The presence and

proximity of the reef dominates the

morphodynamic behavior of many Hawaiian

Beaches, including WaikIki:. Cross-shore

sediment transport is limited by the fringing

reef, except where other avenues for

transport are present, such as channels. As a

result, longshore sediment transport often

controls the morphodymanic state of the

beach, especially in the short-term.
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Volume Spatial Patterns

Mean sand volume for each profile is given in Table 7. Mean profile volumes

range from 23 m3
/ m to 184 m3

/ m, with the greatest sand volumes in the

Kaimana littoral cell and the Royal Hawaiian cell. A total mean volume of

167,000 m3 is estimated for WaikIkI Beach, with an uncertainty of 15 to 40%.

Fig. 22 illustrates volume change relative to the mean for each survey period at

all 22 profiles. Large fluctuations in beach volume at profiles 13 -16 demonstrate

the dynamic behavior of the Royal Hawaiian Beach. This behavior is probably

related to a

Beach Profile Volume Change reduced
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rip currents
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Figure 22. Profile volume change for 22 transects (October 2000 through
May 2002), shOWing the dynamic nature of Royal Hawaiian Beach
(profiles 13 -16).

volume change

at each profile for the 22-month study period. A net volume loss of -5,200 m3 is

found for WaikIkI Beach, with the Royal Hawaiian Beach accounting for 93% of

the loss.
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-Section 6.0 RESULTS BY LITTORAL CELL-

WaikIki's compartmentalized shoreline reflects the high level of human

intervention on the beach. Physical and economical divisions have motivated

previous researchers to observe, quantify, and predict shoreline change on a

compartmental basis (Noda and Associates, 1991; Bodge, 2000). In coastal

literature, these compartments are termed littoral cells based on the idea that

they behave as self-contained pockets or cells. Littoral cells in WaikIkI should be

regarded as semi-contained entities, rather than isolated pockets that would

display no direct or indirect interaction with other littoral cells. Since these are

not necessarily natural divisions, some cells are enhanced by natural forces,

while others are not. For example, Kaimana Beach has benefited by construction

of the Natatorium, as sand impoundment against the Natatorium has allowed for

historical accretion of the beach. On the other hand, updrift sediment starvation

of Queens Beach has created a situation of enhanced erosion in that littoral cell.

However, the magnitude of uncorrelated human intervention along the WaikIki

shoreline has made the littoral-cell approach necessary and appropriate for this

study, since each of seven defined cells is characterized by unique shoreline

change trends.

6.1 Sans Soud (Kaimana) Beach

6.1 -1 Modern Environmental Setting

The section of beach called Kaimana by local residents extends approximately

130 m (426 ft) from the Kaimana Hotel to the Natatorium wall at the south end of

the WaikIkI shoreline (Fig. 24). Three profile sites were established in this cell to

document changes in beach morphology. Subaerial beach widths range from
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about 11 m (36 ft) at the narrow south end to 39 m (128 ft) at the north end,

reflecting stabilization by the Natatorium. Sand is generally composed of

medium sized grains with a median diameter ranging from 0.57 mm in

Figure 24..Sand volume behavior at Kaimana Beach observed from beach profiles. Net
longshore transport is to the north.

backshore regions to a coarser 0.71 mm in the swash zone (Noda and Associates,

1991). Foreshore slopes average 1V:8H. The Kapua channel, created by fluvial

input at a time of lower sea level, dissects the reef and reaches the shoreline

between profiles 1 and 2. Wave direction in the nearshore is oblique to the coast,

55



approaching from the SW to WSW. Longshore transport of sand to the north is

directly related to the direction of wave approach.

6.1 - 2 Human Impacts

Kaimana Beach is frequently altered

by the City and County of Honolulu.

Impoundment of sand against the

Natatorium by littoral drift to the

north has resulted in sand loss from

the beach to the walkway within the

Natatorium. City workers

responded in February 2002 with a

beach-grading project whereby lost

sand was returned to the subaerial

beach and the surplus was bulldozed

toward the narrow southern end.

Historically, no major restoration

projects have been completed along

this section of shoreline. However,

construction of the Natatorium

(1928) has been ultimately

responsible for impounding

sediment at Kaimana beach.

Figure 25. Beach changes at Kaimana between
1970 and 1985.
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6.1 - 3 Historical Shoreline Change

Kaimana Beach is one of only two littoral cells in WaikIki characterized by

accretion of sand (Table 8). The once narrow beach has widened 16 m (53 ft)

since 1970 at a rate of 0.7 ± 0.3 mlyr (+2.4 ± 0.9 ft/yr). The 1970 shoreline

provides the baseline for comparison, since

photos dating 1951 failed to capture the Table 8. Long-term shoreline change

trends at Kaimana Beach.

southern end of the Waikiki shoreline. Accretion Rate 0.7± 0.3 m/yr

However, Noda and Associates (1991)

estimated an average beach width of 5 m (17 ft)

in 1951, indicating a possible expansion of

more than 30 m (100 ft) since that time. A

second data gap occurs in 1975, where a partial

lack of aerial photo coverage prevents

Average Beach Width

1970

1975

1985

1992

1999

2001

22m

33m

39m

39m

38 m

calculation of the average beach width and

skews volume-change data toward a lower magnitude for that time period as

well. Still, beach progradation with a sand volume increase of 770 ± 21 m3 (1,007

± 27 yd3
) occurred between 1970 and 1985 (Figs. 25,26). Aerial photos reveal that

most of the accretion occurred between the years of 1975 and 1985. Hurricane

'Iwa (November 23-24,1982) provides a possible explanation. The hurricane was

responsible for damage to south- and west-facing shorelines throughout the

islands, but no wave damage was reported in Waikiki. Indeed, the wide and

shallow reef plays a large role as a barrier against beach erosion from the energy

of large storm waves. Therefore, resulting nearshore waves may have triggered

onshore delivery of sand to the Kaimana cell from deeper offshore regions.

Beach progradation is observed for the 1975-1985 time interval in other littoral
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beach toe continued until

accumulating primarily at

the north end. However,

cells, revealing a consistency of this trend along the shoreline. Noda and

Associates (1991) noted the same trend, stating that some beach areas were wider

in December 1982 than at many other times recorded by their aerial photo record.

Seaward progression of the

1992, producing an

additional 5 m (19 ft) and
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Figure 26. (a) Average beach width change between
consecutive photo years at Kaimana Beach. (b) Net volume
change between consecutive photo years at Kaimana Beach.

6.1 - 4 Short-term

Shoreline Change

Volume Change

Table 9 gives net volume

change for profiles 1 - 3

and the total value for Kaimana Beach. Due to a beach grading effort in February

Kaimana's accretionary

behavior.

may signal a change in

of the toe (1992 to 2001)

2002, a discussion of volume change is simplified by observing trends over time

periods that distinguish natural behavior from artificial behavior. Volume

changes prior to the February 2002 beach grading (October 2000 to January 2002)
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are included in column 1 to reflect changes influenced by natural beach processes

alone. Column 2 lists values including survey data directly subsequent to beach

grading (October 2000 to March 2002). These are included to show the

magnitude of change imposed by the beach grading. Finally, column 3 presents

net volume changes for the entire study period of October 2000 to May 2002.

Prior to the

beach grading,

a net loss of

250 m 3 (327

yd3
) is

observed on

Kaimana Beach, accounted for by profile 2. Profile 3 demonstrates an increase in

volume indicative of net impoundment at the north end of the cell. Recalculating

net change to include volume-change data subsequent to beach grading, a net

volume gain of 130 m3 (170 yd3
) is recorded on Kaimana Beach, reflecting the

addition of sediment from within the Natatorium walkway. The net gain can be

traced to profile 1 (+12.7 m3
/ m), since the replenished sand was applied

primarily to the narrow southern end of the beach.

A net sand loss of 131 m3 (171 yd3
) is observed by the end of the study. This

would seem to indicate loss of recently replaced sediments. However, the loss

may be fabricated by shifting sediments as the beach attempts to re-equilibrate

following beach grading. In that case, sediment moving between profiles can

remain undetected to our data collection efforts. A second alternative suggests
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that sediment placed at the south end of the beach during beach grading may

have moved offshore through the channel.

Soatial and Temooral Trends
.... ....

Vertical and horizontal changes in the profiles occur from the berm crest to the

beach toe. Beyond the toe, beach response is limited by the presence of fringing

reef. Subaerial and subaqueous portions of the profiles fluctuate in unison,

suggesting sand transport occurs in 3 dimensions. Thus littoral transport is not

dominated by a

cross-shore or Profile Volume Change. Kaimana Beach
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two.

A wider beach

longshore

combination of the

component, but

rather a

configuration at

the north end of

Figure 27. Profile volume change, relative to the mean, for Kaimana
Beach.

the beach implies net north longshore transport. This observation is supported

by net volume gains at profile 3 prior to the February 2002 beach grading. The

Kapua channel provides an avenue for cross-shore sand transport and likely

serves as the conduit whereby Kaimana Beach has experienced historical

accretion. A net volume decrease at profile 2 prior to beach grading, suggests

large fluctuations in the littoral budget may be controlled by profile 2. Likewise,
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profile 2 comparatively exhibits the greatest variation in the elevation of the

berm crest. Since profile 2 is located at the mouth of the Kapua Channel, this

implicates the channel's role in littoral transport.

Variation in volume change with time and season is illustrated in Figure 27.

Sand losses tend be largest during winter months, an indication that the winter

wave regime may be most responsible for beach erosion. This process is

exemplified by especially large volume fluctuations in January 2002 following a

weeklong period of kona winds and waves. Gerritsen (1978) showed similar

results with beach profiles, generally noting the stability of Kaimana Beach, but

also pointing out volume losses during winter months. Recovery is observed

during the summer season. Large deviations in March 2002 are influenced by

the February 2002 beach-grading project.

6.1 - 5 Summary

• Average shoreline change rate: 0.7 ± 0.3 mlyr since 1970 (accretion).
• The beach has widened by an average of 16 m since 1970.
• A large amount of accretion occurred between 1975 and 1985;

Hurricane 'Iwa may be a contributing factor to this growth.
• Most beach change occurs along the central portion of the beach at

the mouth of the Kapua channel.

• Winter loss and summer recovery are common.
• Shoreface response is greatest in the winter season.
• Beach profiles document a net loss of 131 m3 over the 22-month

study period.
• Shoreface transport is three-dimensional (cross-shore and longshore).

61



6.2 Queens Beach

6.2 -1 Modem Environmental Setting

The Queens Beach littoral cell extends approximately 381 m (1250 ft) from the

north wall of the Natatorium to the Queens groin, but only the northernmost 136

m (446 ft) supports sandy beach (Fig. 28). Two profile sites were established

along the sandy portion to document changes in beach morphology. Subaerial

Figure 28. Sand volume behavior at Queens Beach observed from beach profiles. Net

longshore transport is to the north. Interruption of longshore currents by the Queens groin
during high wave events can create a rip current, which may be responsible for sand loss
from this littoral cell.

beach widths range from about 4 m (13 ft) at the narrow southern end to 13 m (43

ft) at the northern end, reflecting sand impoundment at the Queens groin. Sand
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is generally medium sized with a median diameter of 0.41 mm (Noda and

Associates, 1991). Foreshore slopes average 1V:8H. A nearly 200 m (656 ft)

dredged, sand-filled channel cuts through the reef parallel to the sea-walled

shoreline in the southern section of the cell. Dredging has also altered the reef

surface near profile 4. Nearshore wave approach is predominately from the SW

in winter when shorter period waves dominate and from WSW in summer due

to greater refraction effects on swell-generated waves (Noda and Associates,

1991). Net longshore transport is to the north.

6.2 - 2 Human Impacts

A uniform beach was constructed in 1956 during the installation of

recommended WaikIki: beach improvements from 1951 to 1957 (Fig. 29) (U.s.

Average Beach Width

Table 10. Long-term shoreline
change trends at Queens Beach.

Army Corps of Engineers, 1965 and 1992). The

Queens groin was constructed to stabilize the

sand. No reconstruction has occurred since that

time.

6.2 - 3 Historical Shoreline Change

The Queens Beach shoreline is an erosion hotspot

on the WaikIki: shoreline, retreating at an average

rate of 0.6 ± 0.1 mlyr (2.0 ± 0.4 ft/yr). The beach

has narrowed ~11 m (35 ft) since 1970 (Table 10).

Erosion Rate

1951

1970

1975

1985

1992

1999

2001

0.6 ±0.1 m/yr

3m

17m

16m

11m

9m

6m

6m

This analysis is limited to photo coverage, but a more severe loss would likely be

reflected if beach width directly following the 1956 beach construction could

have been assessed. Sand loss since 1970 has been chronic, but limitations in
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photo coverage make it impossible to quantify the exact level of erosion

occurring just after beach construction

between 1956 and 1970. However, an

aerial photo of Queens Beach in 1962

depicts a very narrow and

undernourished beach along the southern

240 m of shoreline. By 1969, all of the

sand along that same section (between

the old Kapi'olani Beach Center and the

Natatorium) had disappeared.

Changes in Queens Beach sand volume

closely follow fluctuations of the beach

width (Fig. 30). A sand-volume increase

of 8,847 ± 23 m3 (11,571 ± 30 yd3
) between

1951 and 1970 is a record of the 1956

beach-construction project. Sand volume

losses during subsequent time periods

have contributed to continual narrowing

of the beach. Net volume loss since 1970

is 4,738 ± 52 m3 (6,197 ± 68 yd3
), revealing

that over half of the sand volume of

Figure 29. Queens Beach before
construction and 3 years after construction.

The Natatorium and the Kapi'olani Park
tennis courts can be used for reference.

Queen's Beach has disappeared. If erosion continues at the measured rate,

Queen's Beach may disappear within 10 years. The position of this beach is

detrimental to its existence, since it is updrift of the Natatorium and the
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Figure 30. (a) Average beach width change between
consecutive photo years at Queens Beach. (b) Net volume
change between consecutive photo years at Queens Beach.

increase of 212 m3 (217

yd3
) is observed at Queens Beach over the study period. This may be related to a

reduced presence of Kona fronts over the study period or a short-term pattern

unrelated to long-term trends.

Svatial and Temporal Trends..
Vertical and horizontal changes in the profiles occur from the berm crest to the

beach toe. Beyond the toe, beach response is limited by the presence of fringing
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reef. Fig. 31 illustrates volume fluctuations,

relative to the mean, for Queens Beach over

the 20-month study period. Despite

showing a lesser net volume change, profile

5 records dynamic changes, implying that

most beach change occurs in close proximity to the groin. A net loss for winter

months contrasts a net gain for summer months, suggesting that winter

environmental conditions control erosion at Queens Beach. It is notable that a

substantial erosional event ensued during winter 2002 after persistent kona

conditions. A volume deficit of about 7 m3
/ m (18 yd3

/ ft) at profile 5 after this

period (Jan. 2002) equates to a 1.5 m (5 ft) decrease in beach width. The sand loss

may be related to the presence of a rip current created by deflection of longshore

currents by the Queens groin. Recovery at profile 5 began immediately, but

significant progress toward recovery was achieved after a large summer swell

event with wave
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heights up to 2 m (7

ft). The beach nearly

transport to the north
Figure 31. Profile volume change, relative to the mean, for
Queens Beach.
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is evidenced by a beach configuration where the north end of the beach is wider

than the south end. Patterns of longshore transport are confirmed by profile

volume changes. Profile behaviors in the volume change time series consistently

act out of unison, suggesting alongshore delivery of sand between profiles.

The longshore effect has implications for observations of historical beach

narrowing by indicating a mechanism for offshore sand transport. Longshore

currents deflected by the Queens groin and the formation of a rip current during

high surf activities may be responsible for transporting suspended beach

sediments offshore. On the other hand, a net volume gain for the entire beach

over the study period suggests recovery ability via onshore sand transport.

6.2-5 Summary

• Queens Beach is a hotspot of erosion.
• Shoreline Change Rate: 0.6 ± 0.1 mlyr since 1970 (erosion).
• The beach has narrowed by an average of 11 m since 1970.
• Chronic erosion has contributed to sediment starvation due to

interruption of longshore transport of sand from the south. In

addition, a rip current created by deflection of longshore currents by
the Queens groin may be the cause of offshore sand losses.

• Most beach change occurs along the north end of the beach closest to
the Queens groin.

• Winter loss and summer recovery is common.
• Beach profiles document a net gain of 212 m3 over the 22-month

study period.
• Shoreface transport is three-dimensional.
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6.3 Kapi'olani Beach

6.3 -1 Modem Environmental Setting

Kapi'olani Beach extends approximately 315 m (1033 ft) from the Queen's Surf

groin to the Kapahulu storm drain (Fig. 32). Three profile sites were established

to document changes in beach morphology. Subaerial beach widths range from

less than 13 m (43 ft) at the south end to 47 m (153 ft) at the north end. The beach

Figure 32. Sand volume behavior at Kapi'olani Beach observed from beach profiles. Net
longshore transport is to the north. Profile data indicate a relatively stable beach setting.

Interruption of longshore currents by the Kapahulu storm during high wave events can
occasionally create a rip current at the north end of the beach.

is generally composed of medium-grained sand with a median diameter ranging

from 0.57 mm in the backshore areas to a much coarser 1.15 mm in the swash
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zone (Noda and Associates, 1991). Foreshore slopes average 1V:7H. The reef is

flat and continuous in this section and is encountered only slightly seaward of

the beach toe at all profiles. About 190 m across the reef surface a submarine

channel created by freshwater incision at a time of lower sea level exists between

the Kapi'olani cell and the Kiihio cell. Because the channel creates a gap in the

reef, waves break relatively close to shore in the northern section. Wave energy

reaching this portion of the beach is higher, generating steeper slopes, averaging

1V:6H at profile 8. Nearshore wave approach is predominately from the WSW,

directly perpendicular to the beach configuration (Noda and Associates, 1992).

There are no clear patterns of longshore transport.

6.3 - 2 Human Impacts

Kapi'olani Beach was created in 1951 when 100,000 yd3 (76,000 m3
) of sand fill

was divided between Kiihio Beach and Kapi'olani Beach on either side of the

Kapahulu storm drain. No sand has been added since that time. However,

human induced shifts to the edge of beach or Table 12. Long-term shoreline
change trends at Kapi'olani Beach.

vegetation line by landscaping projects and Erosion Rate 0.1 ±0.0 m/yr

sidewalk improvements are partially responsible Average Beach Width

for changes in beach width at various times.

6.3 - 3 Historical Shoreline Change

Kapi'olani has exhibited overall stability since its

construction. The position of the beach toe

today is slightly landward of the 1951 toe
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39m

26m
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35m
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position, contributing to a narrowing of ~5 m (16 ft) (Table 12). The erosion rate

reflecting trends in beach toe movement is 0.1 ± 0.0 m/yr.

Volume change trends follow fluctuations of

beach width (Fig. 34). An average beach

narrowing of 13 m (43 ft) from 1951 to 1970

corresponds to a volume loss of about 1,982 ±

13 m3 (2,592 ± 17 yd3
). This can probably be

credited to an initial loss of sediment following

beach construction. One report in fact

confirms substantial erosion after the 1951

nourishment (U.S. Army Corps of Engineers,

1992). It was reported that erosion continued

until a position approximating equilibrium

was attained.

Since 1970, beach toe position has been fairly

static, excepting the period from 1975 to 1985.

A 6 m seaward migration of the toe position is

partially responsible for a wide beach in 1985

(Fig. 33). Hurricane 'Iwa, of November 23-24,

1982, again surfaces as a possible explanation

for triggering natural beach replenishment

with onshore sand transport. Additionally,
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human-induced

landward movement

of the vegetation line

along transects 33 to

41 (see Fig. 19, fold

out) by an average of

17 m (56 ft) accounts

for 83% of the 6,019 ±

13 m3 (7,873 ± 17 yd3
)
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Figure 34. (a) Average beach width change between consecutive
photo years at Kapi'olani Beach. (b) Net volume change between
consecutive photo years at Kapi'olani Beach.

direction account for

beach narrowing and

sand volume loss. The 4,704 ±13 m3 (6,153 ±17 yd3
) volume loss from 1985 to

1992 is, in fact, entirely attributed to a seaward shift of the vegetation line along

transects 33 to 41. An August 2001 City and County of Honolulu landscaping

project furthered seaward encroachment of the vegetation line (Fig. 35). The

most recent aerial photos were flown prior to the project; thus, the 2001 shoreline

does not reflect current vegetation line changes. However, beach profiles show

that the addition of new sidewalks and grassy berms is responsible for a seaward
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shift of the vegetation line of 4 m (13 ft) at profile 6 and 30 m (98 ft) at profile 7.

This contributes to a 23% to 63% reduction in beach width, respectively. Sand

loss along this 210 m of shoreline results in a volume decrease of up to 9,100 m3

(11,900 yd3
) for

Kapi'olani Beach.

6.3 -4 Short-term

Shoreline Change

Volume Change

Table 13 records net

volume change for

profiles 6 - 8 and the

total for Kapi'olani

Beach (NOTE'

Figure 35. City and County construction at Kapi'olani Beach
(August 2001).

Volumes are calculated using the May 2002 beach configuration/ Therefore/

volume changes resulting from the August2001 City and Countyproject are not

reflected.). A 513 m3 (671 yd3
) net gain in sand volume is observed for this cell

over the 20-month study period. Loss is experienced only at the centrally located

profile 7. Beach profile changes are nearly imperceptible, implicating a relatively

stable setting. Gerritsen (1978) noted

similar results from profile data,

observing neither nourishment nor loss of

beach sands and concluding stability in

the Kapi'olani segment.
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Spatial and Temporal Trends

Fig. 36 shows volume change at Kapi'olani Beach for the 20-month study period.

Despite minimal and nearly imperceptible changes in the profile plots, vo1ume

change trends reveal spatial patterns of beach change. Profiles 6 and 8 exhibit

vohune changes

that are in phase Profile Volume Change - Kapi'olani Beach

-1 +--hr--------''\--+--~---'----T_----II-

E 2.,----~--'~-"..- -.--

I'>E.....
across the time

profile 7 often

displays the

series, while

seasonal trend is

opposite

behavior. No

apparent. Figure 36. Profile volume change, relative to the mean, for Kapi 'olani
Beach.

6.3 - 5 Summary

• Kapi l o1ani Beach has exhibited overall stability since its construction.
• The beach has narrowed only 5 m since 1970.
• Significant accretion bewteen 1975 and 1985 may be related to

Hurricane IIwa.

• Landscaping projects have caused a history of beach narrowing and
sand volume loss.

• Beach profiles document a net gain of 513 m3 over the 22-month
study period.
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6.4 Kiihio Beach

6.4 -1 Modem Environmental Setting

Kuhio Beach extends about 445 m (1,460 ft) from the Kapahulu storm drain

northwestward to a short concrete groin seaward of the Kuhio Beach stage near

the Duke Kahanamoku statue (Fig. 37). Seawalls mark the landward edge of the

Figure 37. Sand-volume behavior at Kuhio Beach observed from beach profiles. Net
longshore transport is to the north. High flow scour zones are created at narrow gaps in

the breakwaters during high wave events. These can be responsible for sand loss from the

basins.

beach and are reached by waves under during high waves events. Groins and

offshore breakwaters (cribwalls) create two distinct beach basins. Four profile

sites, two per basin, document changes in beach morphology over the study

period. The non-uniform configuration of the beach within each basin reflects
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the impact of structures on beach morphology. Accordingly, subaerial beach

widths are variable along the shoreline. In the Diamond Head (south) basin,

widths range from a minimum of about 7 m (25 ft) near the southern end to a

maximum of 27 m (89 ft) near the northern end. The Ewa (north) basin retains a

similar range of widths where the central portion is 7 m (24 ft), while both ends

reach nearly 28 m (90 ft) in width. The beach is composed of fine to medium

sand grains with finer sands found in the south basin. Median sand diameter in

the south basin ranges from 0.21 mm in the backshore areas up to 0.41 mm in the

swash zone (Noda and Associates, 1991). Sands in the north basin have median

diameters of 0.35 mm in the backshore and 0.50 mm in the swash zone. The

beach is relatively flat with foreshore slopes averaging 1V:llH. Reef that once

existed in the area was blasted out when the beach was created. Therefore,

sandy substrate characterizes the length of the profiles to the breakwaters. Reef

is encountered seaward of the breakwater. Nearshore wave approach is

predominately from the SW regardless of season but distinguished by shorter

periods in winter and longer periods in summer (Noda and Associates, 1992).

Wave fronts approach the shoreline at an angle of ~20° to the offshore

breakwaters, inducing net longshore transport to the north.

6.4 - 2 Human Impacts

Ku'ekaunahe Stream once emptied into the ocean along the shoreline near the

existing location of the Kapahulu storm drain (Clark, 1977). Kuhio Beach's

complicated history began after the stream was diverted to the Ala Wai in the

late 1920's. Aerial photographs confirm that no beach existed along the Kuhio

shoreline by 1927. The first major construction commenced in 1939 when a 210
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m (690 ft) section of the beach was developed forming today's Ewa basin. This

work consisted of artificial nourishment and construction of a submerged

offshore breakwater (elevation -1.0 ft at mllw) (Gerritsen, 1978). In 1951, the 107

m (350 ft) Kapahulu storm drain was installed and 100,000 yd3 (76,453 m3
) of

sand fill was divided between Kuhio Beach and Kapi'olani Beach (U.s. Army

Corps of Engineers, 1992). Noda and Associates (1992) document a single T-head

groin on the 1952 shoreline, approximately centered in the Diamond Head basin,

although the origin of that structure is not documented. This particular groin

was installed as a single structure, not as a pair of structures'tuned' to prevailing

wave conditions, as prescribed by modern engineering practice (Bodge, 2000). In

addition, the T-head was installed as a single structure, rather than as a pair.

The Diamond Head breakwater (elevation +3 ft at mllw) and two groins were

added in 1953. In addition, 12,000 yd
3

(9,174 m3
) of coral was dredged and 4,500

yd
3

(3,440 yd3
) sand was deposited, according to a Department of Public Works

permit application to the Board of Harbor Commissioners, Territory of Hawaii.

During the period from 1951 to 1957, it is reported that a total of 160,000 yd3

(122,324 m3
) of sand was distributed on the beach as part of the cooperative

restoration project between the State of Hawaii and the Federal government

(Gerritsen, 1978). Erosion prevailed and another 18,750 yd3 (14,335 m3
) of sand

fill was added to Kuhio Beach in 1959. A restoration project in 1972 consisted of

improvements to the central groin as well as the terminal groin in the Ewa basin.

Also, 12,000 yd3 (9,174 m3
) of sand fill were added, and the sandy beach area was

reconfigured so that the south basin possessed an even, continuous beach. In

76



1975, partial segments of the Ewa breakwater were extended to +3 ft. The Ewa

groin was again improved and 9,500 yd3 (7,263 m3
) of sand was imported

(Gerritsen, 1978). Over a decade later in 1991, a nourishment project increased

beach area by a reported 43,000 ft2 (3,981 m2
) (Noda and Associates, 1999). A

nourishment attempt in 2000 put approximately 1,394 yd3 (1,066 m3
) of sand in

Kuhio's Diamond Head basin as part of a demonstration project designed to

investigate the feasibility of pumping sand from deposits on the nearshore reef

deposits (Noda and Associates, 2000).

6.4 - 3 Historical Shoreline Change

The 1925 T-sheet shows sandy beach at transects 57 to 62, located in today's Ewa

basin. The 1925 shoreline position reveals evidence of the 1939 beach

Table 14. Long-term shoreline
change trends at Kuhil> Beach.

construction with a ~39 m (128 ft) seaward shift

of the toe between 1925 and 1951.
Erosion Rate 0.2 ±0.1 m/yr

Despite nourishment efforts, the Kuhio shoreline

has demonstrated consistent erosion at an

average rate of 0.2 ± 0.1 mlyr (-0.7 ± 0.3 ft/yr)

(Table 14). The beach retained its widest

configuration, an average width of 47 m (154 ft),

directly following construction of the south

basin in 1951. Prevailing erosion gave rise to

Average Beach Width

1951

1970

1975

1985

1992

1999

2001

47m

17m

34m

32m

36m

32m

27m

Kuhio's narrowest configuration in 1970 at a loss of -30 m (98 ft) of sandy beach

and spawned further attempts to engineer the beach (Figs. 38,39).
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Restoration efforts are responsible for the 17 m (56 ft) increase in beach width

from 1970 to 1975, regardless of seaward repositioning of the edge of the beach

by an average 7 m (23 ft) with a new sea

walled promenade. Despite a significant

beach progradation, a volume loss of 4,344

± 5 m3 is observed between 1970 and 1975.

effect. Therefore, volume may remain

conditions, beach sand migrates from the

problems, for a general explanation. First,

profile data at Kuhio Beach reveal that

changes in the position of the toe on the

modern beach result in small profile

anthropogenic activities and volume

There are two reasons for this discrepancy.

subaerial beach over time, but is trapped

within the basins creating a shallowing

See section 5.1-3, subheadings

volume changes (Fig. 16). Note the minimal

slope (0.2) of the line forming the dv / dx

relationship at Kuhio Beach. The slope is

minimal due to the sand trapping effects of

the Kumo basins. Under normal wave

nearly constant while the beach progrades.
Figure 38. Beach changes at K1ihio

between 1951 and 1970.

On the other hand, basin configuration prior to 1975 was not identical to basin

configuration today. Therefore, beach behavior may have been significantly
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compounded by a

loss is

dv / dx regression

line. The volume

seaward shift of
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different, and using the modern dv / dx relationship to derive historical volumes

may not be appropriate. Despite beach widening, the overall volumetric result is

minimized by the

slope of the

the promenade
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1975.

After 1975,

problems

associated with

methodology are

less pronounced,

presumably

1951·~970 1970·19751975·19851986·19921992·19991999·2001
because most

construction had

been finalized by

that time and the beach began to behave in a manner similar to the modern

Figure. 39 (a) Average beach width change between consecutive
photo years at Kuhio Beach. (b) Net volume change between
consecutive photo years at Kuhio Beach.

setting. The addition of the central groin seems to have played a large role in

stabilizing the beach into the future. Minor to moderate erosion prompted the
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1991 nourishment. Sand fill is evidenced by a 4 m (13 ft) increase in average

beach width and a minor volume increase from 1985 to 1992.

Beach loss has characterized the past decade with an average 27 ft narrowing of

the beach. Progressive landward migration of the beach toe, along with

additional seaward advancement of the promenade seawall, contributes to the

observed losses.

6.4 - 4 Short-term Shoreline Change

Volume Change

Table 15 gives net volume change for profiles 9 - 12 and the total for Kuhio

Beach. A 223 m3 net volume gain is observed for the basins over the 20-month

study period. Contrary to predictions imposed by historical trends, losses are

recorded only at the two centrally located profiles. Overall, most variation is

documented in the southeastern basin, relating to human-induced shifting of

sediments.

Spatial and Temporal Trends

Losses from the littoral budget probably

occur when wave overtopping of the

breakwaters scours bottom sediments,

creating seaward-directed return flow to

transport sand outside the basins. The same forces may be responsible for a

gradual shallowing effect as sand accumulates in offshore regions of the basins.
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Northwest transport in the Diamond Head basin is evident by beach

configuration. Coupled with basin shallowing, the effects have prompted

Honolulu City and County to shift sand in that basin to the Diamond Head

direction and landward after periods of gradual impoundment against the

central groin. Results of those efforts are revealed in volume-change data for

April 2001 and again in April 2002, where losses at profile 10 equal gains at

profile 9 (Fig. 40). Profiles 11 and 12, in the Ewa basin, behave in unison shoWing

minor variation with time. The varying elevation of the offshore breakwater

maintaining the

Ewa basin results

in diffraction of

incoming waves,

contributing to

the non-linear

shape of the

beach and

making transport

patterns variable
Figure 40. Profile volume change, relative to the mean, for Knhio
Beach.

and difficult to decipher. Volume loss at profile 11 may result from transport to

the Diamond Head direction and may be partially responsible for the crop of

sand culminating in the southwest corner of the basin. Net transport is to the

northwest, corresponding to a wider beach at the Ewa end of the basin.

Despite short-term gains, Kuhio Beach remains in a degraded state, failing to

achieve its potential recreational contributions. The condition of the beach was

worsened when recent improvements to the promenade (1999-2001) managed to
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encroach on the sandy beach by an additional 8 m (26 ft) at a few sites. The lack

of a sufficient elevated berm makes the beach area entirely susceptible to large

waves. Under

those

conditions,

there is no dry

sand beach

(Fig. 41).

Figure 41. Kuhio Beach during a typical summer swell (August 2001); there

is no dry sand beach.

6.4 - 5 SummaJY

.J. Beach dynamics at Kuhio are dominated by its complex engineering

history.

Despite reconstruction and renourishment, Kuhio Beach has

exhibited chronic erosion at a rate of 0.2 ± 0.1 m/yr. The beach has

narrowed by an average of 20 m since 1951.

". Modern beach erosion is traced to sand scour loss through narrow

breakwater openings during high surf.

it: Beach profiles document a net gain of 223 m3 over the 22 month

study period.
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6.5 Royal Hawaiian Beach

6.5-1 Modern Environmental Setting

The Royal Hawaiian Beach extends approximately 526 m (1725 ft) from Kuhio

Beach's Ewa groin to the Royal Hawaiian groin (Fig. 42). Four profile sites

document changes in beach morphology. Subaerial beach widths range from

over 100 m (328 ft) at both ends to a minimum of 14 m (46 ft) in the central

portion. Sand is generally composed of fine grains with a median diameter

ranging from 0.30 mm in the backshore areas to 0.29 in the swash zone (Noda

Figure 42. Sand volume behavior at the Royal Hawaiian Beach observed from beach

profiles. Net longshore transport is to the north. Longshore exchange of sediment
between profiles 15 and 16 varies with season. A rip current offshore of the Royal

Hawaiian groin is formed during high wave conditions. It is probably responsible for
permanent loss of sand from the littoral cell.
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and Associates, 1991). Foreshore slopes average about 1V:8H. An ancient

freshwater stream channel of Apuakehau Stream intersects the reef between the

Moana Surfrider and the Royal Hawaiian Hotels, and is probably responsible for

the reduced presence of reef in the nearshore area (Clark, 1977). The reef surface

appears to be covered with sand, although it forms only a thin veneer in many

regions. Nearshore wave approach is predominately from the SSW. However, a

shift to the SW or WSW is common for short-lived kona events during the winter

season (Noda and Associates, 1992). Longshore currents vary in direction

according to the prevailing wave conditions. West-directed longshore currents

predominate, but east-directed longshore currents forming near the Royal

Hawaiian groin can be common in winter under kona conditions. Westward

tidal currents and west-directed longshore currents can contribute to the

formation of a rip current offshore of the Royal Hawaiian groin during high

wave events.

6.5 - 2 Human Impacts

The Royal Hawaiian groin was probably constructed in 1927, with construction

of the Royal Hawaiian Hotel, judging from its absence on the 1925 T-sheet. A

1927 aerial photograph is the earliest evidence of the groin. No other major

structures affect the beach, and no direct artificial sand nourishment has been

documented.

6.5 - 3 Historical Shoreline Change

Aerial photos from 1927 depict a long, sandy beach fronting the Royal Hawaiian

and Moana Hotels at a time when no other beach existed (Fig. 3). A groin just
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west of the Royal Hawaiian Hotel is most likely responsible for the beach's

survival and perhaps its origin. Today's beach is still heavily used and

comprises an important thoroughfare between the east and west ends of Waikiki

Beach.

The 1925 T-sheet designates sandy beach along transects 74 to 79. The early

years between 1925 and 1970 show a trend of accretion with an average 27 m (89

£1) seaward migration of the toe. The accretion

is at least partially a product of terminal sand

Table 16. Long-term shoreline
change trends at the Royal Hawaiian
Beach.

Erosion Rate 0.2 ± 0.3 mlyr

Average Beach Width

trapping by groin emplacement. Indeed,

historical reports have documented the success

of this particular groin (U.S. Army Corps of

Engineers, 1992). However, distinct up-drift

starvation is caused to Halekwani Beach to the

west, in front of the Sheraton WaikIki Hotel.

1951

1970

1975

1985

1992

1999

2001

23m

28m

35m

38m

38m

37m

33m
Between 1951 and 1970, the Royal Hawaiian

beach experienced widening by an average 5 m (16 £1) (Table 16)(Fig. 43).

However, gains in beach width are surpassed by a corresponding volume loss

attributed to a human-induced seaward shift of the edge of beach by an average

of 12 m (39 ft) along transects 65 to 78.

Kuhio Beach sand appears to have migrated to the Royal Hawaiian Beach

following the 1972 restoration, rendering the beach 9 m (23 ft) wider over the

short 5-year period from 1970 to 1975 (Fig. 44). This resulted in a 4A89 ± 46 m3
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(5,872 ± 60 yd3
) sand-volume increase. However, northwest transport of Kuhio

sand probably halted when structural changes were implemented at Kuhio in

1975.

A landward shift of the edge of

beach by 39 m at transects 65 and

66, due to elimination of the

WaikIki Beach Center (vicinity of

today's Duke Kahanamoku statue),

is responsible for the 5,467 ± 46 m3

(7,151 ± 60 yd3
) volume increase

between 1975 and 1985. However,

the average beach-toe position

between those years remained

constant.

Since 1975, the beach has

demonstrated erosion with a

general landward shift of the toe at

a rate of 0.2 ± 0.3 mlyr (-0.6 ± 1.0

ft / yr). Given that the erosion rate

Figure 43. Beach changes at the Royal Hawaiian
Beach between 1951 and 1970.

is based on the most recent trend in

shoreline position, the short time

scale is partially responsible for the high uncertainty. In addition, profile data

have shown the dynamic nature of this beach, lending explanation to high
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residuals caused by short-term fluctuations of the toe from year to year. Despite

the high uncertainty, consistent landward migration of the toe implies that the

rate is probably well representative of the trend and should not be ignored or

discounted.

Recent erosional

trends are

exemplified by

steadily

decreasing beach

widths and

volumes. A
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narrowing of ~5

m (16 ft) is

documented

since 1985.

6.5 - 4 Short-

term shoreline

change

Volume Change

The Royal

Hawaiian Beach

exhibits the most
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Figure 44. (a) Average beach width change between consecutive photo
years at the Royal Hawaiian Beach. (b) Net volume change between
consecutive photo years at the Royal Hawaiian Beach.

dynamic short-term behavior in WaikIki. More specifically, most beach changes

occur along the western half of the beach at profiles 15 and 16. Table 17 gives net

87



volume change for profiles 13 - 16 and the total for the Royal Hawaiian Beach. A

massive 5,800 m3 (7,596 yd3
) net loss in sand volume is documented over the 20

month study period. While profile 13 has recorded accretion, profile losses are

magnified with proximity to the groin in the north.

Spatial and Temporal Trends..
Fig. 45 shows profile volume change, relative to the mean, for the Royal

Hawaiian Beach over the study period. Profiles 13 and 14 behave in unison and

show relatively little variation over time. A volume increase at profile 13 in May

2002 is related to the arrival of large

swells just prior to and during our survey

collection period for that month.

Net losses at profiles 15 and 16 relate to

the reduced presence of reef and the high

potential for rip currents offshore of the Royal Hawaiian groin. Previous

researchers have documented the existence of rip currents under high wave

conditions in Waikiki (Gerritsen, 1978; Noda and Associates, 1991). Gerritsen

used dye-trace methods to record the largest of these offshore currents, with

velocities over 0.9 ml s (3 ftl s), along the Royal Hawaiian groin. The study

concluded that the Royal Hawaiian rip current likely represented the largest

source of sediment loss for WaikIkI Beach. Current documentation of sand loss

at profiles 15 and 16 implies that an offshore-directed rip current may still be

responsible for permanent offshore sand loss from the Royal Hawaiian littoral

cell. The effect of the rip current, coupled with longshore transport to the west
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and termination of historical sand supplies, can also account for observed beach

narrowing over the past 16 years.

A wide beach configuration at the west end of the littoral cell implies net

northwest longshore transport. However, short-lived shifts in the direction of

longshore transport can occur due to variations in the seasonal wave regime.

This often occurs during winter months as short period, high-energy kona waves

direct transport to the east. This pattern is observed in the profile-volume

change data

for January

2001 and

January 2002,

where volume

losses at

profile 16

correspond to

volume gains

at neighboring

profile 15.
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Figure 45. Profile changes, relative to the mean, at Royal Hawaiian

Beach.

Generally, this results in beach narrowing at profile 16 during winter months,

with at least partial summertime recovery. The opposite is true at profile 15,

where narrowing occurs during the summer season, and recovery begins in

winter. During summer 2002, beach narrowing undermined a lifeguard tower

near profile 15, and officials were forced to relocate the structure landward.
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6.5- 5 Summary

• The Royal Hawaiian Beach experienced accretion during the early
years of this study, probably benefiting from northwest transport of
sands from Knhio Beach and other littoral cells.

• After structural improvements of Knhio Beach in the 1970s, the
Royal Hawaiian has seen a landward migration of the toe.

• Since 1975, the erosion rate for the beach has been 0.2 ± 0.3 m/yr.
• The Royal Hawaiian Beach is a very dynamic system. Most beach

change occurs along the north end of the beach. Winter loss and
summer recovery is common.

• Beach profiles document a net loss of 5,700 m3 over the 22-month
study period.

• Shoreface transport is three-cUmensional.
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6.6 Halekulani Beach

6.6 -1 Modern Environmental Setting

The Halekfilani Beach littoral cell extends approximately 436 m (1453 ft) from the

Royal Hawaiian groin to the Ft. DeRussy groin/ drain culvert (Fig. 46). The

Halekulani channel approximately divides the shoreline in half. The first 156 m

(512 ft) of the eastern half is sea walled shoreline (fronting the Sheraton WaikIkI

Hotel) and currently maintains no dry sand beach. A short 73 m (239 ft)

segment at the mouth of the channel supports a sandy beach with a maximum

beach width of 40 m (131 ft). Sand along this reach is composed of medium

grains with a median diameter of 0.54 mm (Noda and Associates, 1991). Two

profile sites were established along this sandy portion to document changes in

Figure 46. Sand volume behavior at Halekulani Beach observed from beach profiles.

Net longshore transport is to the north. Longshore exchange varies according to the
seasonal wave regime.
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beach morphology. In the western half of the littoral cell, a seawall extends for

about 72 m (236 ft) west of the channel with dry beach. The remaining 135 m

(443 ft) of shoreline supports a sandy beach with widths ranging from about 35

m at the eastern end to 73 m at the western end near the Ft. DeRussy groin. Sand

along this reach has a median grain size ranging from 0.42 mm in the backshore

to 0.81 mm in the swash zone (Noda and Associates, 1991). Two profile sites

were established along this sandy beach, for a total of 4 profile sites in the

Halekwani littoral cell, to document changes in beach morphology. Foreshore

slopes in this littoral cell average 1V:8H. Aside from the 36 m (118 ft) wide

channel, the nearshore area is characterized by a fossil reef surface. Nearshore

wave climate is characterized by short-period waves from the SSW in winter and

long period swells from the S in summer (Noda and Associates, 1991). With

southwest waves more frequent during winter months, a component of

longshore transport is directed to the east. Waves from the south more

commonly induce longshore transport toward the west. Tidal currents along this

reach flow easterly (greater velocity during falling and low tides), contributing to

the formation of a rip current offshore of the Royal Hawaiian groin (Gerritsen,

1978; Noda and Associates, 1991).

6.6 - 2 Human Impacts

Experimentation with seawalls and groins was performed throughout WaikIkI

during the late 1920's and early 1930's, with specific focus on areas fronting

today's Halekulani Hotel (Department of Public Works correspondence, 1931).

Remnants of some of those trials (i.e. unmaintained groins) remain in place along

the Halekwani shoreline. No other major restorations have occurred in the area.
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6.6 - 3 Historical Shoreline Change

HalekuIani has experienced long-term accretion at a rate of 0.2 ± 0.1 mlyr (0.6 ±

0.2 ftl yr). Beach width has fluctuated over the years, but has ultimately

rendered the beach ~6 m (20 ft) wider today relative to 1951 (Table 18).

The seawall to the west of the Halekwani

channel, separating two regions of sandy beach,

has never supported sand. The beach segments

currently existing on either side of the channel

have been constant features.

Table 18. Long-term shoreline
change trends at Halekulani Beach.

Accretion Rate 0.2 ± 0.1 m/yr

Average Beach Width

1951 8m

1970 14m

1975 14m

1992 18 m

1985 14m

16m

16m1999

2001

The 1925 T-sheet designates sandy beach at

transects 93 to 96 and 103 to 106, approximately

filling the same space as the modern beach. The

1926 toe position fits the historical trend well,

revealing a 16 m (52 ft) seaward shift of the toe along the sandy beach segments

between 1927 and 2001.

The sandy beach segments widened by ~6 m between 1951 and 1970,

corresponding to a volume increase of 2,826 ±33 m3 (3,696 ±43 yd3)(Figs. 47, 48).

That volume was distributed mostly over the eastern region of the littoral cell,

including the area in front of today's Sheraton seawall (west of the Royal

Hawaiian groin) where there is currently no sand (transects 85 to 92). It is

difficult to determine from vertical aerial photos whether the newly accumulated

sand attained enough elevation to augment a dry, sandy beach. However, beach

profile data collected just west of the Royal Hawaiian groin from 1971 to 1973
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record beach widths ranging from 15 m (50 ft) to 23 m (75 ft) (Gerritsen, 1978). In
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addition, possible evidence of a historical beach has surfaced from personal

communication with long-time residents and beachgoers. Regardless, some level

of sand accrual is clear. The source of the sand is somewhat of a mystery, but

nourishment by sands

But, losses in the eastern

from the Ft. DeRussy

littoral cell during its

may be a feasible

construction (1969-1971)

Channel had narrowed.

disappeared and the

sandy beach at the

mouth of the Halekiilani

explanation.

By 1975, a good portion

of the sand fronting the

Sheraton Hotel had

1951·1970 1970-1975 1975·1986 1986'199.2 1992-1999 1999·2001

Figure 47. (a) Average beach width change between
consecutive photo years at Haleko.lani Beach. (b) Net volume
change between consecutive photo years at Haleko.lani Beach.

region of the littoral cell

were nearly equaled by

gains along the beach

area west of the channel. Average beach width remained constant until 1992.

Seaward migration of the beach toe is responsible for a beach progradation of

4 m and a volume increase of 1,406 ± 33 m3 (1,839 ± 43 yd3
) from 1985 to 1992.
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The opposite case accounts for a beach

narrowing of about 2 m between 1992

and 1999, corresponding to a volume loss

of about 814 ±33 m3 (1,065 ±43 yd3
). The

beach has maintained its configuration

over the monitoring period from 1999 to

2002.

6.6 - 4 Short-term shoreline change

Volume Change

Table 19 gives net volume change for

profiles 17 - 20 and the total for

Halekulani beach. A 218 m3 (285 yd3
)

sand volume deficit is recorded for the

20-month study period, with gains traced

solely to profile 19.

Figure 48. Beach changes at Halekulani
between 19S1 and 1970.

Svatial and Temporal Trends
1 1

Profiles 17 and 18 have experienced net

losses, possibly relating to their positions

at the mouth of the Haleklliani channel.

Return flow under high wave conditions

will seek the path of least hydraulic

resistance through the channel,

potentially carrying sediment offshore as well (Noda and Associates, 1991). The
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process is exemplified by recorded losses for May 2002 following a late April

high surf event with wave heights reaching over 2 m (7 ft) (Fig. 49).

Profile Volume Change - Haleki1lani Beach
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Figure 49. Profile volume change from the mean for Halekulani Beach.

western transport, probably credited with the observed net gain at profile 19.

Alternatively, winter wave conditions can periodically induce sand transport to

the east. This is possibly the reason that beach configuration does not indicate

sand impoundment next to the Ft. DeRussy groin.

6.6 - 5 Summary

• Sand volume change has fluctuated between gains and losses over
the 50 year study period. However, the beach has ultimately
widened by 6 m since 1951.

• Shoreline chang e rate: 0.2 ± O.lm/yr (accretion).
• Beach profiles document a net loss of 218 m3 over the 22-month

study period.
• Longshore delivery of sand is variable according to season, trending to the

east in the winter and west in summer.
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6.7 Ft. DeRussy Beach

6.7-1 Modern Environmental Setting

Ft. DeRussy Beach extends approximately 520 m (1706 ft) along the military

reservation from the Ft. DeRussy groin to the Hilton Pier (Fig. 50). Two profile

sites were established in this cell to document changes in beach morphology.

Subaerial beach widths range from about 41 m (36 ft) at the narrow southern end

to 263 m (128 ft) near the pier. Sand is composed of medium to coarse grains

with a median diameter ranging from 0.35 mm in backshore regions to 2.00 mm

in the swash zone, reflecting the nourishment history in this region (Noda and

Associates, 1991). Foreshore slopes average 1V:10H. The fringing reef has been

Figure 50. Sand volume behavior at Ft. DeRussy Beach observed from beach profiles. Net

longshore transport is to the north
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highly altered. Immediately offshore, a 61 ft (200 ft) wide area was dredged in

1917 for fill material (Gerritsen, 1978). The narrow channel connecting the

shoreline to the Halekulani channel was dredged in 1909 to barge in a 69-ton gun

from Pearl Harbor (Weigel, 2002). Wave direction in the nearshore is roughly

perpendicular to the coast, approaching from the SW, but complex patterns

dominate close to shore due to the altered bathymetry. Wave induced longshore

currents flow to the north.

6.7- 2 Human Impacts

Only a 200 m (656 ft) beach, with widths ranging from 12 m (39 ft) to 49 m (161

ft), existed along the southern portion of the military reserve until 1969. Over a

three-year period from 1969 to 1971, a vast beach expansion was completed using

screened, crushed coral (Fig. 51). The 49 m (160 ft) rubble mound groin was also

Figure 51. Ft. DeRussy Beach pre and post construction.

installed in 1971, adjacent to the 91 m (300 ft) concrete storm drain built in 1917

and lengthened in 1969 (Corps of Engineers, 1992). An additional 0.6 m (2 ft) of

sand was placed on the beach in 1975. Finally, maintenance work to remove
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coral fragments was completed in 1981 and another 382 m3 (500 yd3
) of sand was

added to the beach.

6.7- 3 Historical Shoreline Change

Average beach width increased by 41 m (134 ft) between 1951 and 1970, credited

to the biggest beach construction project in Waikiki history (Table 20). Volume

change between those years in Figure 52 fails

to show the magnitude of sand importation

due to a simultaneous seaward extension of the

Table 20. Long-tenn shoreline
change trends at Ft. DeRussy Beach.

Erosion Rate 0.1 ± 0.3 m/yr

Average Beach Width

vegetation line I edge of beach by an average of

20 m (66 ft). The expansion in effect reduces the

volume gain by 33%.

Erosion of the beach was accelerated in the

first years after construction, possibly relating to

initial loss of fine-grained sediments. Average

1951

1970

1975

1985

1992

1999

2001

13m

54m

45m

46m

48m

46m

48m

beach width narrowed by 9 m (30 ft) between 1970 and 1975, corresponding to a

volume loss of 3,105 ±20 m3 (4,061 ±26 yd3
).

Since post-construction and re-equilibration, longshore transport to the

northwest has been the dominant force acting on the beach. Sands from the

southeast have drifted to the northwest where sand is impounded against the

Hilton Pier. The net effect approaches zero change with an eroding southern

section (-0.3 ± 0.3 m/yr or -1.1 ± 1.0 ft/yr) equally contrasting the accreting

northern section (+0.3 ± 0.3 m/yr or +1.0 ± 0.9 ft/yr). There is a nodal point in
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the center of the

beach (transects 119

to 123) where no

change occurs.

Except for a slight

widening and

volume increase

50

40

.10 1------

(a)

credited to sand
·20
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Figure 52. (a) Average beach width change between consecutive
photo years at Ft. DeRussy Beach. (b) Net volume change between
consecutive photo years at Ft. DeRussy Beach.

6.7- 4 Short-term

beach has remained

shoreline change

Volume Change

Net volume change

for profiles 21 and 22

and the total for Ft. DeRussy Beach is given in Table 21. Profile changes are

change.

importation between

impervious to

1975 and 1985, the

nearly imperceptible. A 35 m3 (46 yd3
) net volume gain is recorded for the 20

month study period. Net losses at profile 21, equaling gains at profile 22, attest

to the longshore transport mechanisms responsible for historical trends.
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Spatial and Temporal Trends

Variation in volume change with time is

illustrated in Figure 53. Deviations from

the mean tend to be largest at profile 21,

an indication that the south end of the

beach is responsive to variations in seasonal wave conditions. Volume change

trends at profile 21 show volume deficits during winter months, with recovery

during the summer. Profile 22 to the west often displays the opposing behavior

during winter

months, showing

volume gains due to

west directed

longshore transport

from profile 21.

6.7 - 5 Summary

Profile Volume Change - Ft DeRussy Beach

E 5.0.,---------------------.
"'g 4.0 -1-'\,-----------------------\

fii 3.0 +-;---------------------.,
CII

::E 2.0 ~--\_------------_Jl.::::::~~_I
E,g
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Figure 53. Profile volume change from the mean for Ft. DeRussy

• Significant Beach.

volume losses

occurred at Ft. DeRussy Beach following beach construction in the

1970s. However, since that time the beach has exhibited overall
stability, recording a shoreline change rate of only -0.1 ± 0.3 m/yr.

• Longshore transport is seemingly the main conduit for sand
movement. Due to this mechanism, the south end of the beach is

eroding at a rate equal to accretion at the north end. There is
virtually no net loss.

• Beach profiles document very little change. They record a net gain
of 35 m3 over the 22-month study period.
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-Section 7.0 CONCLUSIONS-

7.1 Methodological

We found the methods here to be an effective way to analyze beach changes on a

heavily engineered shoreline. The RLS method of linear regression was found to

be satisfactory for determining shoreline change trends. Estimating volumetric

change using a two-term model was useful to integrate changes resulting from

beach toe movements and fluctuations of the landward edge of the beach. The

second term is especially significant in Waikiki: due to the frequency and

magnitude of anthropogenic changes to the landward edge of the beach. Such

changes account for 46% of the net volume change in Waikiki:.

Given the engineered nature of the shoreline, occasional discrepancies arise

between historical observations of beach width and the corresponding volume

change. This suggests that volume change calculations must be carefully

analyzed in areas where severe alteration of the shoreline has taken place.

7.2 Cell Specific

Surveyed beach profiles reveal a general seasonal variability relating to the wave

forcing, with erosion in winter and recovery or accretion in the summer. A net

volume loss of -5,200 m3 is found for the 20-month study period. We find that

93% of the loss is accounted for by the Royal Hawaiian littoral cell, due to the

reduced presence of fringing reef and the dominance of an offshore rip current in

the west part of the cell evidenced by a sand shoal offshore.
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Due to variable beach construction and nourishment histories, the most recent

trend in shoreline position is used to compute long-term shoreline change rates.

Two of seven littoral cells have shown accretion and one littoral cell has been

stable, while the remaining four are characterized by erosion. Observations of

beach widths and volumes over the 50-year study period reflect the high level of

human intervention in WaikIki, with a 32% increase in beach width and a net

volume increase of 3,616 ± 461 m3
• However, erosional littoral cells show

significant decreases in beach width over more recent time intervals. In addition,

a sediment budget for WaikIki accounting for natural and artificial sand inputs

and subsequent sand losses documents a large sand volume deficit. We

conclude that permanent offshore sand loss accounts for this deficit.
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