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Abstract 

Hawaii is affected by wind waves and swells throughout the year. The wave conditions 

are currently provided by four NDBC deep-water buoys in the open ocean and three UH near 

shore buoys as well as the third generation specttal wave (WW3) model operated by NOAA at 

the global level. This study examines the implementation of a high-resolution regional WW3 

model to supplement the existing data in Hawaii. The global WW3 model is replicated at UH to 

provide specttal boundary conditions for the Hawaii domain, which covers the six major islands 

of the state at 3-minute resolution. The use of interpolated Global Forecast System (GFS) winds 

as well as fifth generation mesoscale model (MM5) winds as input is examined. Two case 

studies of approximately two weeks long each are chosen based on the local wind and global 

wave characteristics. These events have a range of wind speeds, ground swells, and wind waves. 

Comparisons of the wind fields with satellite data shows that the interpolated GFS winds are not 

able to pick up the small scale wind perturbations and localized wind patterns created by the 

island's steep topography. A wave analysis quantifies the difference between Hawaii WW3 

results obtained with interpolated GFS and MMS as the forcing. Since the local trade winds can 

generate strong swells, an adequate wind field is needed to drive the Hawaii WW3 model. These 

procedures to hindcast wave events can be implemented to forecast waves in the future and 

provide Hawaii with detailed wave data. 
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1 Introduction 

1.1 Background 

Hawaii is affected by wind waves and swells throughout the year. Northwest swells 

dominate during the winter months, south swells dominate during the summer months, and 

northeast wind waves occur throughout the year. Large waves cause extreme erosion, property 

damage, and even loss of life. Therefore, it is essential that high wave events are predicted with 

a sufficient lead time and a high degree of accuracy so that necessary precautions can be made. 

The Hawaiian Islands are located at the center of the Pacific Ocean and are susceptible to 

swells generated from various sources. The occurrence of baving two or more significant swells 

in the Hawaii region is rather frequent The islands cause the swell and wind waves to refract 

and diffract and the waves tbat reach the coastlines are very different from their deep water 

counterparts. One phenomenon known as island sbadowing occurs when one of the islands in 

the cbain blocks the swell from reaching another island. For example, a swell from the NW 

(330-340°) may greatly affect the islands of Kauai and Oahu, while the island of Hawaii remains 

completely sbadowed. In addition, the state has a wave exposure of 360°; therefure accurately 

predicting the wave direction is of the utmost importance. 

Figure I depicts the locations of existing buoy resources in the Hawaii region and Table 1 

gives more information. Four buoys, operated by the National Data Buoy Center (NOBC), 

provide useful weather and wave data to Hawaii's residents. Out of the four NOBC buoys only 

one provides directional wave information. Without the ability to measure direction, only a one 

dimensional frequency-energy spectnun can be derived. In the event tbat two wave events with 

the same frequency occur simultaneously, information regarding the weaker event is 

oversbadowed by the strongest waves and important spectra1 information is lost The University 

of Hawaii (UH) School of Earth and Ocean Technology (SOEST) in conjunction with SCRIPPS 

Coast Data Information Program (COIP) operates and maintains 3 Datawell Waverider buoys. 



Buoys located offshore of Waimea Bay on Oahu's North shore, Mokapu Peninsula on Oahu 's 

East shore, and Kaumalapau on Lanai ' s South shore provide near shore directional wave 

conditions. Kilo Nalu Reef Observatory provides detailed shallow water wave information but 

only to a limited area on Oahu's South shore. 
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Figure 1 Hawaii Domain and Existing Buoy Resources 

Table 1 Existing Buoy Resources 

Longitude 
Latitude (North) Depth (m) Station Alternate Name (East) Directional 

51001 NWHawaii 197.7922 23.4319 3,252.0 yes 
51002 SW Hawaii 202.2189 17.1911 5,002.0 no 
51003 WHawaii 199.1786 19.2211 4,943.2 no 
51004 SE Hawaii 207.5192 17.3558 5303.5 no 
51201 Waimea Bay, Oahu 201.8842 21.6728 198.0 yes 
51202 Mokapu, Oahu 202.3322 21.4169 100.0 ves 
51203 KaumalaDau, Lanai 202.9903 20.7878 201.0 ves 

KN Kilo Nalu, Oahu 202.1353 21 .2884 10.0 yes 
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NOAA National Weather Service (NWS) provides a 5-day wave forecast for Kauai, 

Oahu, Maui County, and the island of Hawaii that is further broken up into windward and 

leeward (http ://www.prh.noaa.gov/prlhnIO. In addition, the NWS gives a 5-day wave forecast 

for the Alenuihaha Channel, Pailolo Channel, Kaiwi Channel, Kauai Channel, and the waters 

Northwest of Kauai and Southeast of the Big Island. All of these forecasts are further broken 

into daytime and nighttime. The forecast is a short description giving the wave height, wind 

conditions, and the expected precipitation. The forecast is limited by not giving site specific 

information and not providing a detailed wave description. 

1.2 3'd Generation Wind-Wave Models 

Conventional buoys are still the best means to report wave information. The NDBC 

buoys are positioned to detcct dangerous wave events with a sufficient time for response. These 

buoys can be used to hindcast waves and to predict the wave conditions in the nearshore area. In 

addition, they provide limited spatial coverage and spectral information. Numerical models such 

as Wave Watch III (WW3) or Wave Model (W AM) are typically used to forecast and hindcast 

wave conditions in deep water. These third gcneration models express a wave spectrum as a 

function of direction and frequency at each point within the domain. Both have been extensively 

validated throughout the world's oceans (Komen et aI., 1994; and Tolman 2002a). Therefore 

they can be utilized to provide a more detailed wave forecast both spatially and spectrally for 

Hawaii . 

In order to adequately simulate wave generation relevant to its spatial scale, suitable 

computational grids must be chosen. Hansen (2005) used a nested model composed of Global 

WW3 and Hawaii WW3. The Global WW3 defines spectral boundary conditions for the Hawaii 

WW3. Tolman (2002b) provides a description of the Global WW3 (version 2.22), which is 

fo rced with wind data from the gloqal forecast system (GFS). The GFS is a global weather 

forecast model that is based on the Medium Range Forecast system by Sela (1980, 1982). 
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Hansen (2005) used an interpolated GFS wind field to provide the forcing for the Hawaii WW3. 

The main objective was to provide detailed nearshore wave infonnation around the Island of 

Oahu by further nesting the Simulating Waves Nearshore (SWAN) model of Booji et al. (1999) 

into the Hawaii WW3 model. These results show an under prediction and the lack of modulation 

in the significant wave heights on the windward shore of Oahu alluding to the limitation of the 

GFS in describing local wind conditions. Large wind waves can be generated in the Hawaii 

domain by the local winds; therefore a higher resolution wind field in the Hawaii domain is 

needed. 

The University of Hawaii Metenrology Department is currently running the fifth

generation Mesoscale Model (MMS) for the Hawaii region. The Hawaiian Islands drastically 

modify the regional trade-wind flow and smaller scale, localized weather occurs (Chen and Nash 

1994; Li and Chen 1999; and Feng and Chen 2001). Therefore MM5 is coupled with the NOAH 

(National Centers for Environmental Prediction, Qregon State University, Air Force, Hydrologic 

Research Lab of the NWS) Land Surface Model (LSM), which uses vegetation data and surface 

properties compiled by Zhang et al. (2005). The MM5 model with resolution of 9-km is 

initialized by GFS and provides a 48-hr forecast. UH Meteorology has been archiving the data 

since mid-2003 and this data provide the forcing in Hawaii WW3. 

1.3 Research Objectives 

The objective of this research is to determine the effect of the wind's spatial resolution on 

the resulting wave conditions in the Hawaii region. Two case studies of approximately two 

weeks long each are chosen based on local wind characteristics and global wave characteristics. 

These cases provide a range of wind speeds and a range of wave heights from various sources in 

which the models can be tested. The first of these case studies has a series of North swells 

coupled with a period of calm local wind transitioning to moderate wind The second case study 

has a strong South swell at the end of the event coupled with consistent easterly local winds. 
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In order to quantifY the wind's effect on the wave field, first the differences between GFS 

and MM5 winds are determined in the Hawaii domain. To gauge the differences between 

interpolated GFS and MM5, winds derived from scatterometers aboard orbiting satellites provide 

a reference for comparison. The Hawaii WW3 is nested into the Global WW3 similar to 

Hansen's setup (2005). 

A wave analysis compares Hawaii WW3 forced with GFS and MMS. Data derived from 

satellite altimetry is used to spatially compare significant wave heights for each simulated data 

set. Finally the SOEST's Mokapu and Waimea buoy data were utilized to both validate and 

determine differences. The measured spectral wave data is then qualitatively compared for 

Hawaii WW3 forced with GFS, Hawaii WW3 forced with MM5, and the buoy measurements. 
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2 Numerical Models 

2.1 Global Forecast System (GFS) 

GFS, formally known as the aviation medium range forecast model (A VNIMRF), is 

operated by NOAA National Center for Environmental Prediction (NCEP) (Yang et al. 2006). 

GFS is a spectra1 model that calculates a spectrum every O.s°xO.s°, but the calculation of 

nonlinear quantities and physics is transformed onto a Gaussian lOx 1 ° grid (EMC 2003). Its 

domain, which extends to the top of the atmosphere, is broken into 64 layers based on pressure 

gradient, giving rise to higher resolution near the Earth's surface (EMC 2003). The source terms 

including the dynamics and physics of the processes are computed every 7.5 minutes except for 

the short-wave and long-wave radiation terms which are computed every hour and three hours 

respectively. 

GFS atmospheric dynamics are governed by the conservation of mass, momentum, and 

energy. The momentum equations were replaced by the vorticity and divergence equations, 

which greatly simplifies the solution (Bourke 1972, and Machenhauer 1972). The momentum 

flux can be changed by gravity waves and therefore a simulation of the drag produced by these 

waves as described by Alpert et al. (1996) is incorporated into GFS. The conservation of 

moisture, momentum, and temperature can be changed by vertical convection by means of 

updrafts and downdrafts. Convection is included in GFS by Pan and Wu (1995). Long wave 

radiation and short wave radiation are also included in GFS by Mlawer et al. (1997) and Cho and 

Lee (1996) respectively. Other physical processes and properties incorporated into GFS include 

the determination of the cloud cover, horizontal diffusion, vertical diffusion, sea surface 

temperature, sea ice, snow cover, surface albedos, and land surface processes including soil 

moisture content (EMC 2003). 
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The CEP global data assimilation system (GDAS) started to implement QuikSCA T 

scatterometer surface winds at 10m elevation into GFS at a resolution of lOx lOon January IS, 

2002. A method called super-obbing, which groups data with similar characteristics in order to 

reduce its spatial resolution was implemented by Yu (2003) to assimilate scatterometer winds on 

a 0.50 x O.So grid. The results show that implementing a resolution higher than O.SO of 

scatterometer winds does not improve forecasts. On March II, 2003 the O.So x 0.50 super-obbed 

QuikSCAT winds were implemented into the GDAS GFS on a real-time basis. Details of the 

improvement of the assimilated scatterometer winds into GFS are provided by Chelton and 

Freilich (200S) and Leslie and Buckley (2006). 

It is important to note that GFS provides real-time 180-hr forecast data every 6 bours at 

3-hour intervals. This data is made available througb NCEP's publicly available file transfer 

protocol (ftp) site. The National Operational Model Archive & Distribution System (NOMADS) 

archives historical data and allows users access to its data vIa internet 

(http://nomads.ncdc.noaa.gov/data.php). 

2.2 Mesoscale Model (MMS) 

This study uses data from a fifth generation of Penn State University's and the National 

Center for Atmospheric Research's (NCAR) Mesoscale Model (MMS) version I operated by the 

UHM Department of Meteorology. MMS is coupled with the NOAH advanced land surface 

model (LSM) developed by NCEP, Oregon State University, and the US Air Force. It was 

shown that the coupled MMS and LSM improved the simulated airflow over the Hawaiian 

Islands greatly (Yang et. al. 200S and Chen and Dudhia 200 I). 

The MMS has governing equations that have been developed for hydrostatic and non

hydrostatic cases (Dudhia 1993). The use of the hydrostatic approximation is sufficient when the 

horizontal grid sizes are approximately equal or greater than the vertical features in the domain. 

In other words the hydrostatic approximation works well when the pressure is completely 
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determined by the overlaying air mass. However, the Hawaiian Islands topography is very steep 

and the horizontal scale is smaller than the vertical. Therefore the hydrostatic approximation is 

no longer valid and non-hydrostatic dynamics must be used. Dudhia (1993) derived the non

hydrostatic three-dimensional equations used in MMS. The non-hydrostatic MMS is governed 

by the conservation of momentum, mass and energy or temperature. 

The Hawaii regional MMS (operated by UH Meteorology) provides an hourly 48 hour 

forecast that is initialized by the GFS data at 10 resolution at 0000 UTC daily. The MMS has a 

spatial resolution of9 km and spans the domain of 199.S"E to 206.S"E and 18"Nto 23"N. 

2.3 Wave Watch III (WW3) 

WW3 was developed at NOAAINCEP in parallel with the WAve Model (WAM) 

(W AMDIG 1988, and Komen et al. 1994). WW3 is based of its predecessors, WWl at Delft 

University of Technology (Tolman 1989, 1991), and WW2 at NASA Goddard (Tolman 1992). 

Some of the more important physics that describe wave evolution in WW3 and W AM are wind

wave interactions, nonlinear wave-wave interactions, dissipation through whitecapping, and 

dissipation due to bottom friction by use of their source terms (Tolman 2002b and Komen et al. 

1994). Second generation wind wave models were able to account for nonlinear effects but only 

in a simplified parameterized form. W AM and WW3 are considered third-generation models not 

only because they more accurately represent nonlinear effects, and are considered to be fully 

spectral (Komen et al 1994). This means they have no restrictions on the spectral shape 

anywhere in the computational domain. 

WW3 proves to be a sufficient wind wave model for many reasons. WW3 is widely used 

in the US and it has been extensively validated throughout the world's oceans (Tolman 2002a). 

NOAAlNCEP's Environmental Modeling Center has been running an operational WW3 model 

since March 2000 (Tolman 2002b). In addition, the US Navy's Fleet Numerical Meteorology 

and Oceanography Center has been running WW3, replacing W AM, as their operational model 
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since August 2001. W AM, which is still extensively used in Europe, uses slightly different 

numerical schemes than WW3. In WW3 each source term is integrated in time using a 

dynamically changing algorithm, which concentrates computation in locations with large wave 

spectrum gradients (Tolman 2002d). WW3 must be setup using a bathymetry file, which stays 

constant for the run. It is initialized with a restart file containing the current sea state and is 

forced with wind data. Other supplementary input files include ice, water levels, currents, and 

winds with air-sea temperature difference. 

In the presence of a current, energy is not conserved because momentum is transferred 

from the current and energy is lost or gained (Longuet-Higgins and Stewart 1961, 1962). 

Therefore, WW3 solves the action balance equation for wave number-direction spectra in the 

form 

DN(k,8) S 
Dr 0' 

where k is the wavenumber, 8 direction, N is the wave action density spectrum, S represents the 

combined affect of the source terms, and 0' is the frequency (Booij, 1999; and Tolman, 2002d). 

An implicit assumption when solving this equation is that the variation of the wave field, water 

depth, and current have much larger space and time scales than those of the individual waves 

(Tolman 2002c). 

Following Hansen (2005) a Hawaii WW3 is nested within a Global WW3 to provide 

higher resolution locally. WW3 is utilized to model the wave conditions on a global scale, which 

provides the bouodary conditions for a regional WW3 which covers the Hawaii domain: 199°E 

to 206°E and 18"N to 23"N. Hansen originally used as spatial resolution of 6 minutes 

(approximately 11 Ian), but due to the upgrade in computer facilities a 3 minute (approximately 

5.5 Ian) domain is utilized. The model specifics are given in Table 2. 
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Table 2 Nested WW3 Model Specifies 
.. 

.. ModeJ Boundaries . . 

North South East West 
GlobalWW3 78°N 78°S ODE ODE 
HawallWW3 18°N 23°N 199°E 206°E 

. . Spatial ResoIuIIon 
LonQ (") Lona (Jan) LaUO) Lstlkm) rue ny 

GlobalWW3 1.25 139.0 1.00 111.2 288 157 
HawallWW3 0.05 5.5 0.05 5.5 141 101 

Timesteps 
spatial Intra-spectral Integration of 

II10bai (s) proP8l1ation (a) proP8l1ation (a) source terms (s) 
GiobalWW3 900 900 900 300 
HawallWW3 180 180 180 60 

Dynamic input to the replica Global NWW3 includes the GFS winds and ice 

concentrations. Ice is treated as land in WW3 meaning there is zero wave energy. If the ice 

concentration drops below a predefined value, the grid point will then be activated and the wave 

energy will be calculated. Ice concentrations are provided by NOAA National Ice Center (NIC) 

and procedures described by Grumbine (1996). 

Static input to Global WW3 includes a bsthymetJy file and an obstructions file. The 

same bathymetJy file from NWW3 was used. Islands and ice sheets smaller than Global WW3's 

spatial resolution will result in over estimation of energy transmission through island chains and 

ice fields as descn'bed by Tolman (2003). Following the SWAN model a method to resolve the 

obstacles smaller than the grid spacing was applied starting with WW3 version 2.22. This 

method defines "transparencies" ranging from 0 (boundary) to I (no obstructions) for each grid 

cell (Tolman 2002c). 

Hawaii WW3 used a computational grid of3 minutes which equates to approximately 5.5 

km. Dynamic boundary conditions provided by Global WW3 are applied every hour. A total of 

36 output spectra from Global WW3 were interpolated to the 472 boundary grid points in Hawaii 

WW3. One minute bathymetJy data provided by the General Bathymetric Chart of the Oceans 

(GEBCO) data was used as input into Hawaii WW3. A requirement ofWW3 is that all of the 
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input and output must have the same grid as the cotnputational grid So the one minute GEBCO 

data were interpolated to fit the computational domain of Hawaii WW3. 

WW3 has four distinct time steps that need to be set by the user: global (the amount of 

time the entire solution is propagated), spatial propagation, intra-spectral propagation, and the 

integration of the source terms. The time steps for both models are given in Table 2. These time 

steps are based on the Courant-Friedricbs-Levy (CFL) stability criteria. Since these case studies 

are being bindcast, there is no need to optimize each time step. 

The best available data was used to create the wind input files for Global WW3 and 

Hawaii WW3. Global WW3 is initialized with GFS data for 30 days before the period of interest 

in each case study. This assures that the sea state is fully developed Since Hawaii WW3 has a 

much smaller domain, it is initialized 14 days before the period of interest. Averaged monthly 

ice files were used in Global WW3 and the NWW3 obstructions file were used as static input 

into Global WW3. 
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3 Observed Data 

3.1 Methods and Procedures for Wind Analysis 

QuikSCAT proves to be a reliable resource because it covers roughly 9oolo of the Earth's 

ice free surface daily. JPL's mission is to provide accurate wind measurements over the ocean 

with errors less than 2 m S·I in wind speed and 20° in the wind direction for a wind speed range 

between 3 m s·1 and 30 m S·I (Dunbar 2000). Since QuikSCAT is a polar orbiting sate11ite, it 

passes over the Hawaiian Islands twice daily in ascending and descending passes. However 

QuikSCAT does not cover the entire Hawaii domain on every pass due to its 1,800 km swath 

width. QuikSCAT has a nominal spatial resolution of 25 km. 

The SeaWinds sensor on QuikSCAT is a microwave scatterometer. SeaWinds actively 

pulses microwaves towards the Earth; the backscatter signal is then recorded. Sea Winds uses 

microwaves in the Ku band with a frequency of 13.4 GHz. Microwaves have the ability to 

penetrate clouds so SeaWinds is able to provide wind measurements under all weather 

conditions. However, SeaWinds can only records data over the ocean. 

The wind speed and direction can be determined through algorithms described in the 

QuikSCAT Science Data Products Manual (2006). Winds are estimated using empirical 

relationships known as Geophysical Model Functions (GMF). The GMF relates the backscatter 

as a function of wind speed and direction to the standard elevation of 10 meters above sea level. 

JPL has been using the GMF known as QSCAT -I to derive wind measurements from May 2000 

to June 2006. Then in June 2006 QSCAT-I was recalibrated using data from 2006 for wind 

speeds above 16 m S·I to derive a new version of the GMF called QSCAT-IIFI3 (QSC Manual 

2006). The GMF does not take into account second order geophysical effects such as the wave 

height, sea surface temperature, and rain. These second order effects change the sea surface 

response, which may not be directly related to the wind action. In order to account for rain, the 
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multidimensional histogram rain flagging technique of Huddleston and Stiles (2000) has been 

applied to the data to indicate the presence of rain. Rain alters the sea surface and the microwave 

pulse may measure an individual raindrop, leading to erroneous data. A land mask. of at least 25 

km is applied to the QuikSCAT data in order to negate erroneous values caused by land in the 

coastal waters. 

JPL's Physical Oceanography Distributed Active Archive Center (pO.DAAC) processes 

and distributes a number of different products in real-time and from the archive. JPL' s 

operational and standard data products or level 2.0 data from SeaWinds on QuikSCAT is used as 

the observed wind measurements (product #108). JPL derives two different wind products from 

the level 2.0 data the standard wind dataset and the enhanced wind dataset. The standard wind 

data is produced using a maximum likelibood estimator (MLE) developed by Long and Mendel 

(1991). The enhanced wind data is produced using the Direction Interval Retrieval with 

Threshold Nudging (DIRTH) algorithm (QSC Manual 2006). The DIRTH algorithm was used in 

this study because it gives a unique solution for the wind direction while the MLE algorithm 

gives ambiguous wind vectors. Furthermore, Ebuchi et al (2002) has shown that the MLE and 

the DIRTH algorithms produce similar results, which meet JPL's mission requirement of wind 

speeds with errors less than 2 m S·I and wind direction with errors less than 20° validate for a 

range between 3-30 m S·I. 

In order to create a complete dataset for the entire two week period, the best available 

data was chosen. The GFS provides a 180-hour forecast at 3 hour intervals every six hours: 

0000, 0600, 1200, and 1800 UTC. The first two output wind fields of the forecasts are 

concatenated to make a continuous GFS dataset UH Meteorology Department initializes their 

48-hour forecast MM5 at OOOOUTC with data from the GFS. The Hawaii MM5 is an operational 

forecast model, therefore the time it takes to download the GFS data and spin up the model, the 

first 11 hours of the 48 hour forecast is hindcast and therefore was not archived. In order to 
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make a continuous MMS dataset the data from the 12'h to 36th hour simulations were taken from 

each day's 48-hour forecast to create a continuous dataset. 

3.2 Methods and Procedures for Wave Analysis 

Altimetry data provided by JPL's 1ason-l and TopexIPoseidon (TIP) satellites is used to 

compare results from Hawaii WW3. TIP was launched on August 10, 1992 and 1asonl was 

launched December 7. 2001. Both of these satellites are equipped with a dual-frequency (C & 

Ku) hand altimeter, which is able to measure the sea surfiIce elevation (JPL PO.DAAC website). 

A significant wave height can be derived from the altimeter through empirical algorithms 

described by Desai (2003). Picot et al (2003) describes the numerous factors, which affect the 

microwave altimeter signal. These include instrumental effects through timing bias, wet versus 

dry troposphere, the ionosphere conditions, tides, sea state bias, and changes of the ocean's 

surfiIce due to the change in the atmospheric pressure. All of these factors must be properly 

accounted for in order to create an accurate measurement. 

The sea state bias is dependent on the significant wave height (Hs). Since the troughs of 

waves reflect the altimeter pulses much better than crests, the mean reflecting surfiIce is shifted 

lower than the mean sea level; this process is called electromagnetic (EM) bias. There is an 

additional bias introduced by the variability of the satellites track and a skewness bias from the 

initial algorithms on board the satellites. The total sea state bias is the sum of the EM bias, 

skewness bias, and the tracker bias. Gaspar et al (2002) has developed algorithms to compute 

the sea state bias for the 1ason-1 and TIP satellites. After the bias calibration the computed Hs 

has been validated within 0.5 m or 10% of the Hs (whichever is larger). The sea state bias and 

the empirical functions computing the Hs have only been validated for typical Hs of 2 m, and 

there may be more error in larger Hs conditions. 
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Similar to QuikSCAT, Jason-I and TIP are polar orbiting satellites. However, these 

satellites orbit much slower and pass over the same ground track every 10 days. Along-tmck 

gridded Hs values with a horizontal resolution of approximately 2.5 minutes derived from the 

(Ku band) Jason-I and TIP's measurements are used to compare with results from Hawaii WW3 

forced with MM5 and GFS. 
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4 Results and Discussion: Case 1 3/18/2005 - 4/212005 

4.1 Description of Case 1 

The first case study is chosen because it provides a range of wave heights and a range of 

wind speeds from various sources. Throughout the year Hawaii has pretty consistent trade winds 

from the northeast to east However, in the winter months the subtropical high pressure is 

weaken and calm variable wind patterns develop. This case is chosen because it represents both 

of these phenomena. The wind is relatively calm through the first half of the case and then 

transitions to moderate trade wind conditions with speeds in the range of 10m S·I to 15 m S·I 

from the northeast. 

Hawaii is susceptible to large swells in the winter season with sources in the North 

Pacific. This event occurs towards the end of the winter season when the swells shift their 

dominant direction from the NW to the N. In particular this case has a series ofN to NW swells 

with the largest occurring in the first three days. As the local wind strengthens to moderate 

speeds halfway through the case (March 26) it is able to generate wind waves within the Hawaii 

domain. This case allows the numerical models to be tested for a number of different episodes: 

weak winds coupled with a swell from the North Pacific, moderate winds coupled with smaller 

swells from the North Pacific, and locally generated wind waves. 

For each case study a wind analysis compares the simulated data sets (GFS and MM5) to 

observed wind measurements provided by a wind scatterometer. Wind measurements from 

JPL's QuikSCAT are used as reference for comparison of each dataset 

Similarly a wave analysis compares the two simulated datasets from Hawaii WW3. The 

first dataset is Hawaii WW3 forced by GFS and the second is Hawaii WW3 forced by MM5. 

Both of these simulations have the same boundary conditions provided by Global WW3. JPL 

makes altimetry data available from two polar orbiting satellites: Topex/Poseidon (TIP) and 
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Jason-I. These measurements are able to derive a significant wave height, and these data are 

used as a reference for comparison of each simulated dataset. 

4.2 Wind Comparison 

This case study is IS days long which equates to 30 satellite passes; however not all 

passes cover the entire Hawaii domain due to the QuikSCAT (QSC) swath width. This event can 

be broken into two distinct episodes with three representative patterns as shown in Figure 2. 

(There was too much missing data to display the transition period on March 26 due to the QSC 

swath.) The first half of the period is rather calm with 2-6 m S·1 winds blowing from variable 

directions. There is a transition around March 26 and in the remainder of the event (March 27-

April I) the wind speeds are moderate in the range 10-15 m S·I from the northeast. All the data is 

shown in their original resolution; however to make the wind vectors able to be viewed, every 

other QSC wind vector and every sixth MM5 wind vector are plotted. Recall that GFS 

resolution is III km and QSC resolution is 25 Ian, and MM5 resolution is approximately 9 Ian. 

Table 3 gives the resulting resolutions in decimal degrees. In order to plot the QSC data, it was 

re-gridded to fit on a regular grid of 0.25° x 0.25°. 

Table 3 Data Sets: Resolution In degrees and kilometers (values are approximate) 

Data Sat Resolution r) Resolution (km) 

GFS 1 111.2 
QSC 0.22 25.0 
MM5 0.08 B.9 

The top row of Figure 2 displays GFS data, the middle row displays QSC data, and the 

bottom row displays MM5 data. In the QSC images the white areas represent missing data. The 

areas in the coastal waters directly around the islands represent the land mask that has been 

applied to the QSC data. The other missing data points that are surrounded by observed points 

have been min-flagged by the Huddleston and Stiles (2000) algorithm. 
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Figure 2 Wind Comparison for Case 1 

The columns of Figure 2 display three representative wind patterns during the event. The 

temporal resolution of GFS is three hours and the temporal resolution of MM5 is one hour; so 

each simulated wind velocity was linearly interpolated to match QSC's time. The first column of 

figures represents the calm wind period. MM5 is slightly under predicting wind speed especially 

on the windward sides of the islands and the direction is more easterly than QSC. GFS direction 

and magnitude match a little better because of assimilation, but is limited by its spatial 

resolution. 
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The next sateliite pass shown on March 25 shows the day before the transition between 

calm and moderate wind speeds. The anti-cycIonic wind pattern represents a high pressure 

system centered on the island of Oahu. The mean flow is well captured by aU three data sets. 

Due to QSC swath .width there was limited measurements taken in the Hawaii domain on the 

transition day (March 26). 

The satellite pass on April 1 displays moderate trade wind flow from the northeasterly 

direction. On the windward sides of the islands MM5 appears to be under predicting wind 

speeds when compared to QSC. MM5 assumes air is compressible, as the air flows up and over 

the Hawaiian Islands it forms a localized high pressure air mass at the surface due the adiabatic 

pressure. This localized high pressure air mass located on the windward sides of the islands will 

slow down the approaching flow. This process is called "decelerated flow" and helps to explain 

the weaker wind speeds on the windward sides of the islands. The other reason for the under 

prediction is that the MM5 winds were generated in the forecast mode at least four hours after 

initialization. On the other hand, GFS matches QSC vety well, which is expected since QSC 

data is assimilated into GFS. Each simulated data set generally captures the mean flow on the 

windward sides of the islands. 

The wind flow is greatly modified by the presence of the Hawaiian Islands. The island's 

steep topogtaphy creates a restricted cross section for the wind flow causing the Venturi effect. 

Localized wind patterns develop and wind speeds increase in areas with the largest topogtaphic 

gradients namely, the channels. QSC shows the accelerated wind speeds between the islands, 

especially in the Alenuihaha channel between the Big Island and Maui. GFS is not able to 

simulate these effects. MM5 shows a detailed return flow developing on the leeward side of the 

Big Island, which QSC is not able to capture in as much detail due to its resolution. 
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4,3 Wave Comparison 

For the entire 15 day period there was only a total of 10 satellite passes from both the TIP 

and Jason-l platforms, These combined datasets will be referred to as altimetry data, 
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Figure 3 Wave Comparison for Case 1 

Figure 3 displays the representative wave characteristics of the case, The colors represent 

the Hs and the directional arrows represent the average wave direction, In order to make the 

arrows legible every 71h grid point is plotted, so the arrows do not represent the actual spatial 
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resolution of Hawaii WW3. Parametric gridded WW3 data was interpolated to match the 

satellite pass. The top row shows the Hs computed from Hawaii WW3 with GFS data, the 

middle row shows altimetry data, and bottom row shows Hawaii WW3 with MM5 data. 

Figure 3 on March 20 shows the strong NW swell (Hs-3 m) coupled with weak wind 

flows as shown in Figure 2 (March 20). The island shadow phenomenon is clearly seen in this 

example. The northwest shores ofKauai and Oahu are exposed to the maximum swell energy, 

while the island of Hawaii is in the shadow of the northern islands and receives only a fraction of 

wave energy. The altimetry data provide good coverage of the wave conditions in the shallow 

behind Niihau and Kauai for comparison with the WW3 results. The area to the northwest of 

Kauai shows WW3 Hawaii over estimating wave heights on the order of 0.5 m, but this is the 

typical error of the altimetry data. In general, both simulated datasets compare well with the 

limited altimetry data and are able to show the shadowing behind Kauai. Hawaii WW3 forced 

with GFS and MM5 are almost identical which was expected for periods of weak wind speeds. 

Figure 3 (March 25) shows the day before the transition period with a smaller NW swell. 

This is roughly three hours prior to the wind condition shown in Figure 2. The same shadowing 

effect can be seen when comparing the NW swell on March 20. The simulated datasets match 

the altimetry measurements well, and there are no distinguishable differences between the use of 

MM5 and GFS. Since there is limited altimetry data for the two week case, there was not a pass 

that captured the transition period. 

Figure 3 (April 1) shows an episode of wind waves corresponding to the moderate wind 

speeds shown in Figure 2. The wind waves are coming from the NE with typical Hs of 2.5 m. 

To the south of the Big Island there is a strengthening of the wind speeds due to the large 

topographic gradient (Figure 2). The strengthened wind speeds generate the larger wave heights 

shown in the altimetry data in Figure 3. To the south of the Big Island and in the Alenuihaha 

there can be currents on the order of 1 to 2 m s·l. If waves travel against the current, the 

wavenumber will increase and the resultant Hs will be steeper resulting in larger values. In this 
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study currents were not included in WW3 and that explains some of the errors. Both simulated 

datasets are under estimating the wave heights on the order of 1 m in the region south of the Big 

Island, which may be resolved if the domain was expanded further to the South to capture the 

entire fetch of the strengthened wind. On the windward sides of the islands the simulated data 

matches very closely to the altimetry data. The most pronounced difference between Hawaii 

WW3 forced with GFS and MM5 is in the Alenuihaha Channel (between the Big Island and 

Maui). WW3 forced with MM5 show a smaller shadow with more energy on the leeward side of 

the Big Island. 

Gridded parametric data from WW3 are interpolated through time and space to match the 

measured altimetry data. Hs errors exceeding I m are plotted in Figure 4a,b for all of the 

altimetry data (including all 10 satellite passes for the case). Figure 4a shows Hawaii WW3 

forced with GFS and Figure 4b shows Hawaii WW3 forced with MMS. The arrows represent 

the average wave direction. In both simulated datasets there are no instances of Hawaii WW3 

over predicting Hs values larger than 1 m. There are very few instances of under predictions on 

the (windward) shores exposed to the maximum swell energy. The use of GFS results in much 

more errors on the leeward side of the Big Island alluding to its coarse resolution. 

WW3 does not account for the energy diffracting around the islands. The group of points 

with directional arrows from the NW on the leeward side of the Big Island is in both simulated 

WW3 datasets. The wave field shown in Figure 3 (March 20) shows this area to have 

significantly less wave energy, but this may not be accurate. More energy may be diffracting 

into the shadow of the islands especially further downstream. 
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Figure 4c,d show a scatter plot of all the altimetry data. The x-axis represents the Hs 

values derived from the altimeters and the y-axis represents the simulated Hs values. There is 

more scatter present in Hawaii WW3 forced with GFS. Errors larger than 2 m were plotted in 

red. Since the altimetry data is a snapshot of the wave conditions these outliers may represent 

rogue waves. Since the same outliers (9 points total) are in both data sets, the wind effects are 

minimal. The statistics commuted in the right-hand comer are defined as: 
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Root Mean Squared Error = RMSE = .!. ± (y, - X, )2 
N ,01 

I N 
MeanError=ME=-L(Y,-X, ) 

N '-I 
±(X,-X)(y,-y) 

Correlation = Cor = """'F.;!!.'0:!,1 ======= 
±(x,-xf±(y'_y)2 
1 .. 1 Jel 

where Xi is the observed values and YI is the model data. A least squared linear regression was 

completed and plotted as the dashed line. The errors of both simulated datasets are on the same 

order of magnitude, but with the use of MM5 result in slightly smaller RMSE and higher 

correlation primarily because of the more accurate results on the leeward sides of the Big Island 

under moderate trade wind. 

Parametric data from CDIP's Waimea and Mokapu (Figure 5 and Table 4) buoys are used 

to compare each simulated dataset to assess the overall validity of the results during the entire 

period of the case study. A graphical representation of the time series of this case is shown in 

Figure 5. 
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Figure 5 Parametric Data Comparison Case J for Waimea and Mokapu Buoys 

Results from both models are very similar throughout the pcriod. They are identical in 

the first half of the period when the swell was the largest and the local wind was calm. The 

largest difference between the models occurs when the local wind is moderate. WW3 Hawaii 

forced with MM5 slightly underest imates the wave heights on both the Waimea and Mokapu 

buoys (March 27-29) which is consistent with the weaker MM5 wind on the windward side of 

the islands as shown in Figure 2. Statistics comparing the Hs values were computed and are 

given in Table 4. Each simulated dataset has very li tt le bias and has RMSE on the order of 0.3 -

0.4 m. At both buoys the use of GFS result in a slightly higher correlation than the use of 

MM5. The use of MM5 in WW3 produces slightly worse agreement with the measured 
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significant wave height at both locations. This is due to the fact that MMS was consistently 

under predicting wind speeds on the windward sides which the April I snapshot (Figure 2) 

shows as an example (all wind comparisons passes are not shown). In general both simulated 

datasets are very similar. 

Table 4 Hs statisties Waimea and Mokapu Buoys Case 1 

WalmeaBuoy Moka u Buov 
WW3-MM5 WW3-GFS WW3-MM5 WW3-GFS 

RMSE{m} 0.342 0.342 0.372 0.372 
MElblasHml 0.069 0.069 0.052 0.052 
COrrelation COefficient 0.778 0.825 0.760 0.855 

. Regression: slape 0.816 0.888 1.037 1.092 
Rearesslol1: Intercept .. 0.308 0.122 -0.122 -0.320 
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5 Results and Discussion: Case 2: 9/412005 - 9118/2005 

5.1 Description of Case 2 

This case shows a mther typical summer event with trade winds from the Northeast and 

East in the range of 10-15 m S·I. The wind is mther constant which results in a wind wave event 

throughout the period. However the largest wind waves are generated in the first part of the 

event peaking September 6-7. 

In the summer months Hawaii is susceptible to swells from the South Pacific. South 

swells are much weaker than their NW counterparts; however strong south swells do affect the 

islands. In South Pacific's winter, storms are generated in the "roaring 40's" aiming most of the 

swell towards the Americas. This event occurs in end of the summer season, when the southern 

sources aim more wave energy towards Hawaii. In particular, this case has a few sma11 south 

swells, a small NW swen, and most importantly a strong south swell at the end of the period. 

The south swell peaks around September 16 with Hs values over 2 m and peak periods over 18 s. 

When the south swell is the largest there are also moderate tmde winds present. This case allows 

the numerical models to be tested in a typical summer event with moderate trade wind, moderate 

wind waves, and a strong South swell. 

5.2 Wind Comparison 

Following the same methodology as descnbed above each simulated dataset is linearly 

interpolated through time to match QSC pass. This case study is 14 days long which equates to a 

total of 28 QSC satellite passes. The case has typical summer wind conditions with speeds in the 

10-16 m S·I range from the east throughout. 
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Figure 6 shows three representative images of the second case study, In all three 

snapshots each simulated dataset matches the QSC mean flow very well. The regions in the 

wakes of the islands show the biggest variabi li ty, In all snapshots GFS shows a severe under 

prediction in the Alenuihaha Channel while MM5 shows very detailed vortices in the wake, 

MM5 shows distinct lee vortices on the leeward side of the Big Island whi le GFS just shows the 

weakened wind speeds, QSC does show some hints of the return flow, but it is limited by its 

spatial resolution, For example on September II, QSC does have some wind vectors that do 

show the return flow, Consistent with the first case, MM5 does show an under-prediction in 
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wind speeds on the windward sides of the islands (Figure 6) due to the "decelerated flow" 

phenomenon. 

5,3 Wave Comparison 

Following the same methodology in Case I, a wave comparison is analyzed. For the 

whole case, there was a total of 10 satellite passes from both the TIP and Jason I platforms. 
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Figure 7 displays the representative wave characteristics of the case. The first and second 

columns show the wind waves and the last column shows the strong South swell. The colors 

represent the significant wave heights and the arrows represent the average wave direction. On 

September 6, both GFS and MM5 results in smaller waves southern part of the leeward side of 

the Big Island in comparison to the altimetry data possible due to the lack of diffraction in WW3. 

The same location of errors is seen in case I (Figure 4a,b) but is not the same as the under 

prediction on found in the South Kohala area on the leeward side of the Big Island (Figure 4a,b 

group with arrows from the northwest). Another reason that may explain the smaller lIs values 

on the southern leeward side of the Big Island is the domain may be too small to account for the 

total area of strengthened winds due to the large topographic gradient. WW3 forced by GFS 

shows slightly larger lIs values on the windward side when compared to the use of MM5. 

However, WW3 forced by MM5 shows larger lIs values on the leeward sides than WW3· forced 

by GFS on the order of 0.5 m. On September II (Figure 7) shows east wind waves in both 

datasets, which compare well with the altimetry data. The most dominant difference is the area 

of larger lIs values downstream of the Alenuihaha Channel, which is not present with the use of 

GFS. 

On September 16 Figure 7 displays the peak of the south swell coupled with moderate 

wind waves. WW3 forced by MM5 shows a smaller shallow with much more energy on the 

leeward side of the islands. This is due to the high wind speed produced by MM5 in the 

Alenuihaha Channel In comparison, WW3 forced with GFS under predicts lIs values on the 

order of 0.5 m. Further downwind of the channels WW3 forced with MMS shows larger Hs and 

better agreement with the altimetry data. 
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Figure 8 Wave Spectrum Comparison Case 2 

A two dimensional wave spectrum (wave period verses direction) from a point downwind 

of the channel is taken from each simulated dataset and plotted in Figure S. Figure Sa shows the 

difference betwecn the significant wave heights from WW3 forced by MM5 and GFS. WW3 

forced with MM5 shows much more energy over most of the domain with largest differences on 

the order of I m downwind of the channels. The typical deepwater wind wave heights in the 

Hawaii domain are approximately 2.5 m. So the percentage difference may be as high 40% in 

some areas. The wave spectra plotted in Figure Sb,c show WW3 forced with MM5 and GFS 

respectively. The dominant energy is in the 5-9 s range from the northeast along the channel and 

is likely gencrated by the local wind conditions. The locally generated wind waves show a highcr 
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energy level than the longer period south swell. The use of GFS severely under estimates the 

amount of energy in the wind waves. 
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Figure 9 Hs Errors larger than 1 m for Case 2 

Hs errors larger than I m are plotted in Figure 9. There are no instances of WW3 over 

predicting significant wave heights by I m. The outliers or errors larger than 2 m are plotted in 

red. Both simulated datasets have the same 6 outliers which mean the loca l wind does not affect 

these points. Similar to the previous case the WW3 forced with GFS has double the amount of 

errors larger than 1 m than the case with MM5 and the largest errors occur in the shallow of the 
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islands alluding to WW3' s inability to diffract waves properly. Figure 9c,d is a scatter plot of all 

the Hs data. By comparing the lines derived by the least squared linear regression, WW3 forced 

with MMS is predicting wave heights better than WW3 forced with GFS. And both models have 

an overall negative bias and have RMSE ofHs on the order ofO.S m. 

The time series comparison of the parametric data at CDIP's Waimea and Mokapu buoys 

are shown in Figure 10 and the overall statistics are given in Table S. The use ofMMS in WW3 

produces slightly better agreement with the measured significant wave height at both locations. 

The use ofMMS may be operating better in this case since the entire two week period consists of 

trade winds from the east and a the resulting wind waves from the east The wind waves are 

fiIlly developed in this ease and MMS is able to better account for the perturbations in the wind 

field MMS may have operated slightly poorer in the first ease because there is a drastic change 

from calm wind to moderate wind speeds. MMS has weaker wind speeds than GFS on the 

windward sides, so when MMS is used to force WW3 there is not enough time for the wind 

waves to develop, and the results in smaller wave heights. The large discrepancy in the wave 

direction and wave period at the Mokapu buoy on September 13-14 shows the wind waves from 

the east as the dominate energy but the models are predicting the strongest energy from the north 

swell which is more easily seen at the Waimea buoy measurements of peak period and dominate 

direction being 17 s and 3300 respectively. 
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Figure 10 Parametric Data Comparison Case 2 for Waimea and Mokapu Buoys 

At the Mokapu buoy WW3 shows the south swell starting midday September 14 because 

the dominate direction is from the south and the peak period increases to almost 20 s. The buoy 

shows the wind waves being more dominate than the south swell. This is due to fact that wind 

waves are broad band in nature and the integral of spectral energy in the wind waves is larger 

than the south swell. The south swell's energy is reduced by refracting around Makapu 'u Point 

(the eastern tip of Oahu) in order to reach the Mokapu Buoy. 

Statistics comparing the Hs are given in Tablc 5. Each simulated dataset has very little 

bias and has RMSE on the order of 0.3 m. The small biases may indicate a bias in the QSC data 

since GFS uses assimilation and MM5 is forced by GFS. This case has consistent wind waves 

and the agreement at Mokapu buoy is not as good as that at Waimea. This is due to the fact that 
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Mokapu is fully exposed to the wind waves and either wind model is not able to capture all of 

the fluctuations in the wind GFS is not able to model the fluctuations because it is designed for 

wind patterns on a global scale. On the other band, MM5 is not able to account for all of the 

fluctuations because the subtropical high pressure system that generates the wind in Hawaii is 

located out of the domain. In general both simulated datasets are very similar and compare well 

with the observed data. 

Table 5 Us statistics Waimea and Mokapu Buoys Case 2 

Waimea Buoy Mokapu Buoy 
WW3-MM5 WW3-GFS WW3-MM5 WW3-GFS 

RMSE(m)· 0.298 0.298 0.196 0.196 
ME (blas)(mL .. . -0.257 -0.257 -0.068 -0.068 
Correlation COefficient 0.650 0.874 0.727 0.896 
Rearesslon: sloDe 0.971 0.934 0.618 0.651 
Regression: Inte~ 0.293 0.321 0.890 0.899 
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6 Conclusions and Recommendations 

Two case studies representative of typical winter and summer wave conditions have 

illustrated the effect of wind resolution in regional wave modeling around the Hawaiian Islands. 

First the input GFS and MM5 wind fields are compared to QSC. In general both datasets 

followed the large scale flow of QSC on the windward sides. MM5 showed strengthened wind 

speeds in the channels especially downwind of the Alenuihaha Channel between Maui and the 

Big Island despite slightly weaker wind speeds on the windward sides of the islands. Although 

GFS is limited by its resolution, it shows some local wind characteristics through assimilation. 

Significant wave heights from Jasonl and TIP are used to compare Hawaii WW3 forced 

with GFS and MMS. In general both sets of results compared well, but have a negative bias with 

RMSE on the order of 0.5 m. The largest errors reveal the locations where each approach is 

having deficiencies. In both cases there were no instances of Hawaii WW3 over estimating wave 

heights. Hawaii WW3 forced with GFS under predicts wave heights on the leeward side of the 

Big Island especially under wind wave conditions. Since currents were not considered in this 

study they may improve the results in areas with strong currents, namely the channels. In both 

computed datasets, the largest differences from QSC values are in the shadow of the islands 

which may also be due to WW3's inability to diffract the waves around the islands. 

To assess the overall validity of each simulated dataset, Hs values are compared with 

measured data from the Waimea and Mokapu buoys. Both simulated datasets compared very 

well with the observed buoy measurements. There is virtually no bias in the computed 

significant wave heights and the RMSE is in the range of 0.2-0.4 m for both cases at both buoys. 

Both simulated datasets had very similar results. At the Mokapu buoy there are still short 

fluctuations in the wind waves that are not accurately captured. This may be due to the 

subtropical high pressure north of the Islands and out of the domain used in this study. 
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When Hawaii WW3 is forced with MM5, the effects are minimal on the windward 

shores. The wind flow is greatly modified by the Hawaii Islands and the enhanced wind speeds 

in the channels are able to generate short period wind waves. These features are not reproducible 

with GFS. So the implementation of the MM5 winds into an operational Hawaii WW3 is 

necesSIUY to accurately model the wave heights on the leeward side of Maui and the Big Island. 

Kawaihae harbor is one of the two major ports on the Big Island and the shipping route goes 

directly through the Alenuihaba Channel; therefore an accurate forecast may be very beneficial 

to the shipping industry. 
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