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COASTAL MODELING FOR REGIONAL SEDIMENT BUDGET IN WEST MAUI, HAWAII
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The West Maui Region incorporates a thin coastal margin backed by steep mountainous terrain that has been vastly altered by agricultural and urbanized development. Coastline includes headlands and reefs with a very limited supply of sediment. Shoreline was found to be erosional chronically based on average rates. The dynamics of the area are complex with a wave climate affected by intricate bathymetry, wind, and island sheltering.  Longshore currents vary locally and temporally from nearshore to offshore. Wave and current modeling indicates that large waves in the summer and winter have driven the majority of sediment transport along the coast. The littoral transport is essentially northward in summer and southward in winter. The net transport of longshore sediment is overall small. The nearshore eddy formation with wave breaking nearshore over narrow sandy bed and wide reefs may increase the complexity of sediment movement within the region.
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INTRODUCTION
The West Maui coast, Hawaii, includes many headlands, reefs, and narrow beaches with a very limited supply of sediment. The dynamics of the area are complex with a wave climate and coastal current affected by fringing reefs and nearby island sheltering. Increased siltation within nearshore waters associated with loss of forest land, historical agriculture practices, stream channelization, and rapid development has impacted coral reef health. Shoreline erosion that occurred during winter has threatened to upland development consisting of large-scale resorts, hotels, condominiums and single-family homes. Presently, the U.S. Army Corps of Engineers (USACE), Honolulu District, Hawaii Regional Sediment Management (RSM) is assisting the State of Hawaii to looking for more natural solutions to the erosion problems in the West Maui region. The objective of this study is to optimize the use of the sediment management project in West Maui through numerical modeling coastal processes for the development of conceptual regional sediment budget.

NUMERICAL MODELS
The Coastal Modeling System (CMS; Demirbilek and Rosati 2011) developed at ERDC was applied for calculating wave transformation, water circulation, littoral processes and sediment transport in the present study. The CMS is a suite of hydrodynamics, wave, and sediment transport models including CMS-Flow and CMS-Wave (Demirbilek and Rosati 2011). CMS-Flow is a hydrodynamic and sediment transport model capable of simulating depth-averaged circulation and sediment transport forced by tides, wind, river inflow, and waves (Buttolph et al. 2006). The hydrodynamic model solves the conservative form of shallow water equations by finite volume method and includes terms for the Coriolis force, wind stress, wave stress, bottom friction, and turbulent diffusion. 
CMS-Wave is a full-plane spectral wave transformation model that solves the steady-state (time-independent) wave-action balance diffraction equation (Lin et al. 2008, 2011) to simulate surface wave diffraction, refraction, reflection, wave breaking and dissipation mechanisms, wave-wave and wave-current interactions, and wave generation and growth. The model can run faster in a half-plane mode, so primary waves can propagate only from the seaward boundary toward shore. Additional features include the grid nesting capability, variable rectangle cells, wave run-up on beach face, wave transmission through structures, and wave overtopping. 
CMS-Flow and CMS-Wave can be run separately or coupled on a non-uniform Cartesian grid. In the coupling mode, the variables passed from CMS-Wave to CMS-Flow are the significant wave height, peak wave period, wave direction, wave breaking dissipation, and radiation stress gradients. CMS-Wave uses the update bathymetry, water levels, and currents from CMS-Flow. The coupling can be operated through the Surface-water Modeling System (SMS, Zundel, 2006) by providing the total simulation period of CMS-Flow with constant interval of running CMS-Wave. Coupling CMS-Flow and CMS-Wave can simulate many important short-term and long-term processes like the shoreline change, channel infilling, breaching to shore and damage to coastal structure, and storm-induced flooding and erosion. Both models have the nested grid capability as an alternative for circulation, sediment calculation, and wave transformation in the local higher resolution area.

METHODOLOGY
A nested grid system consisting of two grids were used in the CMS simulations: (1) a parent grid with coarser resolution covering the regional area, and (2) a child grid representing the key features in the West Maui coastal area such as reefs, irregular shorelines, headlands, coves and bays (Figure 1). Prevailing wind wave (under trade wind) and predominant wave transformation (including north, northwest and south swell) were simulated by coupling of CMS-Wave and CMS-Flow to capture the interactions of winds, waves and currents with island sheltering effects. The parent grid is used to simulate wave and flow fields, while the child grid is used to calculate waves, currents, sedimentation, and morphology change. This nested grid system was necessary to properly estimate wave, current, and sediment transport fields along the west coast of Maui.
The parent grid simulation was driven by directional spectra and water levels specified along the open water boundaries and with surface wind forcing over the model domain. The parent grid model results, including water levels, currents and wave spectra, were used as input to the child grid. Model results were used to quantify sediment volumetric change in the West Maui coastal region.
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Figure 1. Parent grid domain (red box) and child grid domain (white box) of study area.
CMS GRIDS, SETTINGS AND CALIBRATION
The CMS grid bathymetry for the wave and current models was created using the Hawaiian Islands dataset maintained by the University of Hawaii, School of Ocean and Earth Science and Technology, Ocean and Resources Engineering Department (http://www.ore.hawaii.edu). The parent grid domain was 82.6 mi x 102.5 mi (130 km by 165 km), covering parts of eastern coast of Oahu and four neighboring islands (Maui, Molokai, Lanai, and Kahoolawe). The grid had variable cell size ranged from 5,000 ft x 5,000 ft (1500 m x 1500 m) away from Maui to 820 ft x 1,640 ft (250 m x 500 m) near Maui. The child grid domain was approximately 10 km by 20 km, covering a smaller area of the west coast of Maui.  It had variable cell size from 820 ft x 820 ft (250 m x 250 m) offshore to 65 ft x 65 ft (20 m x 20 m) nearshore. The CMS models were calibrated for the period of July to September, 2003, with wave and current measurements at four Acoustic Doppler Current Profiler/velocimeter (ADCP) instruments installed by the U.S. Geological Survey (USGS) along the West Maui coast (Figure 2). All measurements were on the inner shelf in water depths along the 33-ft (10-m) isobath.
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Figure 2. Location map of twelve littoral cell ranges (yellow segment) and four ADCPs (red circle).
The CMS models were calibrated for the period of July-September 2003. The USACE Wave Information Study (WIS) hindcasting data (http://wis.usace.army.mil/) were available for ocean wind and wave input to the CMS.  Figure 3 shows the WIS stations available surrounding the Maui. Wind and wave data from WIS Stations 82517 (north of Maui) and 82546 (south of Maui) were used to force the CMS.  Figure 4 shows the time series of wind wave data from WIS Stations 82517 and 82546 for July-September 2003. Note that the wave height is defined as significant height (Hs) which represents the mean of the highest one-third wave heights in a wave record. Wave period (Tp) is defined as the spectral peak period in a wave record. Wave direction is presented as the mean wave direction (θm) in a wave record. Both wind and wave directions are shown in the meteorological convention (i.e., 0 deg from north, 90 deg from east, etc.). Wave heights at WIS Station 82517 are generally greater than the waves at Station 82546. This is expected as WIS Station 82517 is more exposed to energetic waves from the northeast (Gulf of Alaska), northwest (Japan Sea), and east (waves generated by the trade wind).  On the other hand, WIS Station 82546 at the south side of Maui is sheltered to waves from the east, northeast, north, and northwest. Swells with moderate wave height and longer period from the distant southern hemisphere are often observed on the south side of Maui in the summer months.
Water level data were available from two nearby National Oceanographic and Atmospheric Administration (NOAA) tide gauges from Station 1615680 at Kahului Harbor and Station 1617433 at Kawaihae Harbor (Figure 3). Tidal effects in the Hawaiian Islands are relatively small because the mean tidal range is less than 3.3 ft (1 m). Figure 5 shows water levels measured from NOAA tide gauges at Kahului Harbor and Kawaihae Harbor for July-September 2003.
The input wind and incident wave spectra to the CMS as well water level boundary conditions were updated on hourly basis. The CMS-Wave and CMS-Flow models were coupled in 1-hr intervals.  Model results from the parent grid were used to drive the child grid. Calibration tests indicated an adjustment to the friction coefficient was necessary to account for the effects of fringing reefs on wave breaking and resulting wave-induced currents in shallow depths. A spatially varying friction coefficient distribution was used in both CMS-Flow and CMS-Wave with an increased friction over nearshore reefs (Manning’s coefficient = 0.035 on reefs and 0.017 elsewhere).  For other modeling parameters, the default values were used.
Model waves and currents were compared with data collected in July to September, 2003, as part of the USGS coral reef project (Vitousek et al. 2007) at four ADCP instrument locations (Figure 2) along a 33-ft (10-m) depth contour.  Figure 6 shows the comparison of calculated water levels and data at Kahana (APT) and Puamana (PUM) for July 2003.  Figure 7 shows the model current easting and northing components with data at Honokowai (HKW) for July 2003.  Figure 8 compares calculated wave heights (Hs) and period (Tp) with data at Black Rock (BRK) and PUM for July 2003. Tables 1 and 2 present a basic statistics comparison (mean, bias and root-mean-square-error RMSE, and correlation coefficient) of the model wave/current results with data at BRK and PUM, respectively, for the period of July to September 2003.  Table 3 presents a statistics comparison of model current results versus data at HKW for July to September 2003. The model water levels agree well with data as the CMS was forced with real water level data along the model open boundaries.  Model wave and current results are only fair as compared to data. The lessor satisfaction of model wave and current results is more likely due to using the hindcasting winds and waves instead of real data for input to the CMS. The hindcasting data were used in the model calibration because coastal buoy wind and wave measurements near Maui became available only after 2007.
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 Figure 3. WIS stations (red circle), and NOAA tide stations (yellow star) for input data to the CMS.
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Figure 4. Wind and wave data at WIS Stations 82517 and 82546, July-October, 2003.
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Figure 5. Water level data at Kahului Harbor and Kawaihae Harbor, July-October, 2003.
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Figure 6. Calculated water levels vs data at Kahana (APT) and Puamana (PUM) for July 2003.
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Figure 7. Calculated and measured current components at Honokowai (HKW) for July 2003.
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Figure 8. Model wave heights vs data at Black Rock (BRK) and Puamana (PUM) for July 2003.
	Table 1. Statistics of model (CMS) wave heights and periods vs data at Black Rock (BRK) for July-September 2003.

	Statistics
	Wave Height (Hs)
	Wave Period (Tp)

	Mean, calculated (model)
	0.23 m
	9.7 sec

	Mean, measured (data)
	0.30 m
	11.1 sec

	Bias (model – data)
	-0.07 m
	-1.4 sec

	RMSE
	0.07 m
	1.7 sec

	Correlation coefficient
	0.5
	0.35


	Table 2. Statistics of model (CMS) wave heights and periods vs data at Puamana (PUM) for July-September 2003.

	Statistics
	Wave Height (Hs)
	Wave Period (Tp)

	Mean, calculated (model)
	0.31 m
	9.8 sec

	Mean, measured (data)
	0.40 m
	13.1 sec

	Bias (model – data)
	-0.09 m
	-3.3 sec

	RMSE
	0.10 m
	2.3 sec

	Correlation coefficient
	0.6
	0.33


	Table 3. Statistics of model (CMS) current components vs data at Honokowai (HKW) for July-September 2003.

	Statistics
	Current Speed, easting component
	Current Speed, northing component

	Mean, calculated (model)
	-0.05 m/sec
	-0.06 m/sec

	Mean, measured (data)
	-0.07 m/sec
	-0.10 m/sec

	Bias (model – data)
	0.02 m/sec
	0.04 m/sec

	RMSE
	0.08 m/sec
	0.13 m/sec

	Correlation coefficient
	0.61
	0.59


MODEL PRODUCTION RUN AND ANALYSIS
Numerical model simulation was conducted for one-year period of 2003 representing a typical annual wave climate condition. Hindcasting winds and wave spectra from WIS Stations 82517 (north of Maui) and 82546 (south of Maui) were used as input wind and wave forcing along the north and south open boundaries, respectively, of the parent grid. Water surface elevation data from two nearby NOAA coastal stations 1615680 (Kahului Harbor, Maui) and 1617433 (Kawaihae Harbor, Hawaii) were used as input water levels along the north and south boundaries, respectively, in the parent grid. The parent grid is used to simulate water levels, waves and flow fields. The wave and flow models were coupled in 3-hr intervals. Model results from the parent grid were used to drive the child grid. The child grid is used to calculate water levels, waves, currents, sediment transport, and morphology change. Wave asymmetry and undertow options were triggered in the child grid simulation and a median grain size of 0.23 mm was used in the sediment transport calculation.
Figure 9 shows a sample snapshot of model wave field from the parent grid simulation at 0300 GMT, 21 November 2003. Offshore waves parameters at this time were Hs = 1.6 m, Tp= 16 sec, and θm = 72 deg (azimuth) along the north boundary (WIS 82517), and Hs = 1.2 m, Tp= 13 sec, and θm = 135 deg along the south boundary (WIS 82546). The corresponding surface wind speed and direction are 10 m/sec (20 knot) and 80 deg (trade winds), respectively. Figure 10 shows the example of model current field and one-month morphology change at 0000 GMT, 1 February, from the one-year simulation of 2003. Model sediment transport results were compared with sediment volumetric change in the West Maui coastal region. Based on shoreline change data between 1932 and 2014, compiled by the USACE, USGS and University of Hawaii School of Ocean and Earth Science and Technology (Fletcher et al. 2012; http://pubs.usgs.gov/of/2011/1051), the sediment volume change rates were estimated for twelve littoral cells (see Figures 2 and 10) in the region.
Table 4 presents the comparison of model morphology changes (one-year simulation for 2003) versus annual average volume change rates (cubic yard/year or CY/YR) in twelve littoral cells. The annual average volume change rates were estimated based on data coverage in three different time periods: 1932-1997 (65 years), 1997-2014 (18 years), and 1932-2014 (73 years).  Note that there are multiple shoreline data collected between 1932 and 2014 including intermittent surveys in 1949, 1963, 1975, 1988, 1992 and 1997. Because the one-year model simulation for 2003 representing a normal wave climate year, the maximum shoreline retreat or advance data between 1932 and 1997 were excluded in the sediment volume change rate estimates in Table 4. Based on shoreline data collected from 1932 to 1997, most littoral cells in the West Maui region were essentially erosional. Higher volume loss rates occurred at two central littoral cells (Kahana and Honokowai) while more sediment accretion occurred at two southern littoral cells (S. Kaanapali and Hanakaoo).  On the contrary, the shoreline change based on 1997 and 2014 data indicated all littoral cells except the southernmost cell (Hanakaoo) had sediment accretion.  As the shoreline data seem to show different sediment accretion and erosion estimates from 1932 to 1997 (65 years) and from 1997 to 2014 (18 years), the annual volume change rates were overall small. The annual mean volume change quantities estimated in each littoral cell for the period from 1932 to 2014 (73 years) may provide more meaningful sediment accretion and erosion pattern along the coast of West Maui. The total annual sediment volume change for all twelve littoral cells is fairly small (13 CY/YR) that agree with the concept of littoral cells with little or no sediment exchange among cells.
The model-data comparison shows relatively low rates of annual volume change as the majority of littoral cells were stable to accretionary in summer (small waves) and erosion during winter (larger waves).  The CMS results also show small total sediment volume change (-30 CY/YR) in twelve littoral cells, with higher erosion at central cells (Hahana and Honokowai) and moderate accretion at northern and southern cells. Both annual volume change rate and accretion/erosion pattern are similar between model and data among littoral cells along the West Maui Coast.
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          Figure 9. Model wave field in the parent grid at 0300 GMT, GMT, 21 November 2003.
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         Figure 10:  One-month morphology change and current field at 0000 GMT, 1 February, 2003.
	Table 4. Annual volume change rates (CY/YR) in West Maui region, 1932-2014

	Littoral Cell
	Data
1932-1997*
	Data
1997-2014
	Data
1932-2014*
	CMS
2003**

	Honolua Bay
	-18
	224
	26
	37

	Mokuleia Bay
	-181
	559
	-46
	-156

	Honokahua Bay
	-138
	1,676
	193
	237

	Oneloa Bay
	16
	1,138
	221
	750

	Kapalua Bay
	-20
	356
	49
	111

	Napili Bay
	-154
	809
	22
	-150

	Kahana Sunset
	-278
	247
	-182
	-155

	Kahana
	-1,248
	1,446
	-756
	-865

	Honokowai
	-1,367
	2,429
	-673
	-420

	N. Kaanapali
	-886
	4,101
	25
	589

	S. Kaanapali
	854
	3,308
	1,303
	-196

	Hanakaoo
	241
	-2,148
	-195
	197

	Sum (All Cells)
	-3,180
	14,145
	13
	-30

	*   exclude extraordinary maximum accretion/erosion volumes
** CMS results for one-year simulation of 2003


CONCLUSIONS
A numerical modeling of waves, currents, and sediment transport was conducted to estimate the annual sediment volume change rates and develop regional sediment budget along the West Maui coast. Model results indicate that sea swell in summer and storm waves in winter drive the majority of sediment transport.  The narrow reef bed and many headlands along the coast have created some small bays and several long beaches that complicate the local sediment budget. As sediment supply is limited in the region, both shoreline changes and sediment volume changes are drastically affected by combination of cross-shore and long-shore transport, and seasonal pattern. 
The CMS modeling and historical shoreline change data show relatively low rates of annual volume change as the majority of littoral transport was stable to sediment accretion in summer and coastal erosion in winter.  By excluding the extraordinary storm effect, the net sediment volume change along the West Maui coast is small on an annual basis. Higher volume loss rates occur around the central littoral cells (Kahana and Honokowai) while more sediment accretion occur towards the northern and southern littoral cells along the coast of West Maui.  Future studies to use coastal buoy wind and wave measurements as input to the modeling are essential to verify the regional sediment budget estimates in the present study.
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