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Abstrat
Simple models of free and fored waves around a ylinder are reviewed and appliedto simulate trapped waves around the Hawaiian Islands. Correspondenes betweentheoretial eigenfrequenies obtained from these models and observed spetral peaks insea level and urrent reords provide evidene for low mode subinertial trapped waves,some not previously identi�ed. Azimuthal phase di�erenes estimated from multiple sealevel stations around Kauai, Oahu and Hawaii are also onsistent with a trapped wavedesription.
Superinertial, intertidal peaks are observed in sea level spetra, but not in urrentspetra. Coherene amplitude and phase suggests a propagating wave of low azimuthalmode around Kauai and Oahu. There is not onlusive phase evidene of superinertialwave propagation around Hawaii. Signi�ant oherene between sea level at Kauaiand Hawaii suggests a large-sale omponent to the intertidal signal. Hypotheses arepresented for the superinertial osillations, inluding resonane in the foring, seihemotion, and a high-frequeny eigenmode of the Pai� basin.
A simple model is developed desribing diret wind foring of trapped waves arounda ylindrial island. In the model, a north-south wind stress ats as a body fore ona surfae mixed layer. Strati�ation is desribed by a onstant buoyany frequeny.A rigid lid is imposed, and the depth-independent (barotropi) response is negleted.Length-sale independent linear dissipation is assumed. The barolini response inthis model displays resonane at the eigenfrequenies of the free azimuthal mode oneisland-trapped wave. With a dissipation time sale of 15.8 days, �rst barolini modesubinertial trapped waves fored by a wind stress of 0.10 N/m2 reah rms equivalent seasurfae displaements of 1.1 m, maximum alongshore veloities of 7.2 m/s, maximumiv



isopynal displaements of 16 m, and a Q of 14. This response is of the order of observedtrapped waves at the island of Hawaii, suggesting that diret atmospheri foring playsa signi�ant role in the generation of island-trapped waves. Exitation of the barolinimodes produes isopynal displaements and alongshore urrents well below the mixedlayer near the island. A omparison with observations reveals that the higher barolinimode response is too large in the model. Suggestions are o�ered for future modelingendeavors.Evidene that island-trapped energy from Hawaii leaks to the Maui group of islands(Maui, Molokai, Lanai and Kahoolawe) is demonstrated in time-dependent oherenepeaks between sea level at Hilo (Hawaii) and Kahului (Maui). Energeti trapped waveevents at Hilo orrespond to periods of enhaned oherene between Hilo and Kahului.Hilo sea level and the north and east wind at Kahului are treated as inputs foringKahului sea level; the empirially-derived transfer funtion between Hilo and Kahului sealevel has a signi�antly nonzero peak at the observed trapped wave period at Kahului.It is onluded that leakage is the dominant foring mehanism for the observed trappedwave peak at Kahului.
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Chapter 1Introdution
A deade has passed sine Luther [1985℄ presented evidene of resonant oastalwaves in sea level reords from Kauai, Oahu, Hawaii, and the Maui island group (Maui,Lanai, Molokai and Kahoolawe, all separated by shallow hannels; see Fig. 1). At thetime, multiple sea level stations on a single Hawaiian island with an appreiable historyof data olletion existed only on Oahu, foring Luther to extrapolate phase informationfrom trapped waves at Oahu to the other islands. In light of observations olleted sine1985, the suite of trapped waves around the Hawaiian Islands may now be examined ingreater depth.
While many studies have examined trapped waves along a straight oast and seamount-trapped waves [Davis and Bogden, 1989; Brink, 1989; Brink, 1990℄, few have fo-used upon waves trapped to islands. However, island-trapped waves are perhaps themost dramati form of non-vortial motion trapped to topography. The island geom-etry is losed, leading to quantization of the eigenfrequenies and possible resonane.Furthermore, waves around islands are exposed to diret wind foring, the e�etivenessof whih will be examined in this paper. Island-trapped waves may thus be extremelyenergeti, narrow-band onstituents of the ow �eld around islands.
The impat of resonant oastal waves on horizontal dispersion and residene timesnear Hawaii is demonstrated in Fig. 2. Band-passed urrents (integrated over time) areshown in four frequeny bands, inluding the subinertial band enompassing the gravesttrapped wave around the island of Hawaii (this will be derived in Chapter 2). The ur-rents were measured at 54 m depth o� Keahole Pt. on the leeward side of Hawaii (Fig. 1;details on the data may be found in Chapter 3). Assuming the integrated urrents a-1



urately emulate the Lagrangian drift of uid partiles, trapped waves were responsiblefor advetion over 6 km ompared to 2 km for inertial, diurnal and semidiurnal motion.A study of the near-inertial, tidal and intertidal urrents around the Hawaiian Islandsappears in Chapter A, along with an examination of the mean urrents around theislands.
Waves trapped to an island have been modeled as barotropi Kelvin waves trapped toa vertially-walled ylinder by Longuet-Higgins [1969℄. Wunsh [1972℄ extended thistheory for internal oastal waves by replaing the total water depth with the equivalentdepth of eah barolini mode. WhileWunsh [1972℄ and Hogg [1980℄ hose the radiusof the theoretial ylinder to �t an observed peak in urrent or temperature spetra,Luther [1985℄ reasoned that the ray path of the trapped waves should be mappedonto an appropriate equivalent radius. Luther alulated the theoretial periods ofresonant Kelvin waves around eah of the major Hawaiian Islands using equivalent radiialulated from the shape of the islands at 20 m depth (the 250 m isobath was usedfor the Maui group) and a yearly-averaged estimate of the �rst barolini equivalentdepth. At eah island, the theoretial period of the gravest mode fell within 12% of theperiod of a sea level spetral peak, in one ase di�ering by only 1%. Phase di�erenesfor the Oahu stations in the trapped wave band orresponded to the expeted azimuthalstruture from the theory. Luther antiipated the existene of higher barolini modeoastal waves at all islands, and found sea level evidene for the seond barolini modewave at Oahu.
A surprising observation made by Luther [1985℄ was the presene of superinertial,intertidal peaks present in the sea level spetra of several islands. Nonzero phase di�er-enes for the Oahu stations led Luther to onlude that superinertial trapped waves ofapproximately 17{18 h period exist around eah of the major Hawaiian islands.2



Wunsh [1972℄ onsidered sattering of an internal wave �eld inident upon a ylin-drial island. He found a pseudo-resonant response at frequenies orresponding to asuperinertial spetral peak in Bermuda thermoline temperature. Luther [1985℄ ruledout geometrially-dependent hypotheses suh as trapped-leaky refration for the super-inertial osillations he observed in Hawaiian sea level spetra, as the peaks ourredat 17{18 h period for several islands of di�erent radii. Luther suspeted that pseudo-resonant foring may explain these spetral peaks. However, he noted that the pseudo-resonant dispersion urves derived by Wunsh were made under a small wavenumberapproximation not appliable for the Hawaiian superinertial osillations.
In their studies of motion at Bermuda,Wunsh [1972℄ and Hogg [1980℄ found thattrapped waves were seasonal, with greater energy in the winter months. This, alongwith strong oherene and large phase jumps between the trapped wave signal and theloal winds, led them to onlude that the waves were a produt of diret, loal foring.Luther [1985℄ suggested that diret foring by a large-sale wind �eld would e�etivelyexite the odd azimuthal modes. He also proposed that trapped waves at the Maui groupof islands may be fored by leakage from the energeti wave trapped to the island ofHawaii. Leakage is possible when the islands are separated by a distane smaller thanthe deay sale of the waves, as is the ase with Hawaii and the Maui island group. Inaddition, these islands have similar eigenfrequenies for the gravest mode, whih allowso-resonant leakage. Evidene of leakage may be found in a oherene peak between sealevel at Kahului (Maui) and Hilo (Hawaii) near the eigenfrequeny of the Maui group'sgravest trapped wave [Luther, 1985℄.
In this paper, the subinertial and superinertial osillations desribed by Luther[1985℄ are examined in sea level and urrent reords. The barolini trapped wave modelfor the subinertial waves is shown to be supported by newer data. Phase information3



from multiple sea level stations at Kauai and Hawaii are onsistent with the azimuthalstrutures assumed by Luther, and urrent spetra indiate the presene of a suite ofhigher trapped wave modes. The superinertial osillations are shown to present a morehallenging piture. A number of hypotheses are presented for this motion, but node�nitive onlusions are drawn. Finally, this paper fouses upon loal and remoteforing mehanisms for trapped waves around the Hawaiian Islands.Chapter 2 examines motion around a right-walled ylinder, the framework used byLonguet-Higgins [1969℄ in his examination of island-trapped waves. The additionof strati�ation admits subinertial barolini waves [Wunsh, 1972℄. This model isused to alulate the natural frequenies of oastal waves around the major HawaiianIslands [Luther, 1985℄. Superinertial osillations are also onsidered in Chapter 2,where it is shown that there are no superinertial trapped solutions to the free set ofvertially-separated governing equations [Longuet-Higgins, 1969℄. The maximumpseudo-resonant response of fored superintial osillations [Wunsh, 1972℄ is shown tojoin smoothly with the dispersion urves of subinertial trapped waves for azimuthalmodes greater than the �rst. However, pseudo-resonane is shown to be a near-inertialphenomenon, and thus inappropriate to desribe intertidal sea level osillations at theHawaiian Islands.Chapter 3 provides bakground on the time series analyzed in this work, and de-sribes the methods used to investigate trapped waves in the data.Chapter 4 presents evidene that subinertial sea level autospetral and oherenepeaks are onsistent with the trapped wave model of Chapter 2, as demonstrated byLuther [1985℄. Phase di�erenes between multiple stations are in all ases onsistentwith an azimuthal mode one struture for the subinertial waves. Current spetra arealso presented whih suggest the existene of a suite of higher-mode trapped waves.4



Attention is shifted to superinertial osillations in Chapter 5. The autospetralpeaks desribed by Luther [1985℄ are shown to be a strong feature of windward sealevel stations, but not present in urrent spetra. Sea level ross-spetra indiate dis-tintly nonzero phase shifts for several losely-spaed stations (suh as Nawiliwili andPort Allen, both on Kauai), while signi�ant oherene between Hilo (Hawaii) and Naw-iliwili indiates a large-sale omponent to the intertidal motion. Several hypothesesfor the spetral peaks are onsidered, although no single model an aount for all theobservations.
In Chapter 6, two mehanisms are examined whih may fore subinertial trappedwaves. A diretly wind-fored model suggested by Luther [1985℄ is developed in Se-tion 6.1. A spatially homogeneous wind �eld, modeled as a body fore ating on a mixedlayer of onstant depth, is applied to an oean ontaining a vertially-walled ylindrialisland. The diretly-fored Ekman ow in the mixed layer is interrupted by the preseneof the island, whih leads to vertial displaements and resulting geostrophi urrents.For an assumed wind stress of 0.1 N/m2, the model response is of the same order asobserved sea surfae displaements and alongshore urrents in the trapped wave band.It is onluded that loal foring plays a signi�ant role in the generation of trappedwaves at the island of Hawaii. However, remote foring mehanisms may play a rare butdominant role in the generation of these waves; trapped waves have been observed withresponses an order of magnitude greater than those of the model. From a omparisonof the model output with observations, it is onluded that future models need to in-orporate sale-dependent dissipation, asymmetries in the foring �eld, and geometrialompliations suh as sloping island anks.
Luther's [1985℄ hypothesis of remote foring via leakage is examined in Setion 6.2.Coherene peaks between Hilo (Hawaii) and Kahului (Maui) suggest leakage of trapped5



wave energy from Hawaii to the Maui island group. The results of a multiple regressionanalysis are presented whih support this hypothesis. It is shown that the transferfuntion between Hilo and Kahului sea level has a peak at the observed trapped wavepeak in the Kahului sea level autospetrum, and that a majority of the trapped wavevariane at the Maui group may be attributed to leakage from the island of Hawaii.
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Figure 2: Progressive vetor plots of the urrents at the OTEC-1 Keahole Pt. site, o�the leeward oast of Hawaii (see Fig. 1). The urrents were measured by an AanderaaRCM-4 meter. Band-passing has isolated the motion at 55{65 h period (top left), 32{39 h period (top right), 22{26 h period (bottom left) and 11{13 h period (bottom right).As will be shown in Chapter 2, the band from 55{65 h enompasses the gravest trappedwave around the island of Hawaii.
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Chapter 2Theory
The theoretial framework is desribed for examining island-trapped waves. Free so-lutions to the governing equations exist at the frequenies of resonant Kelvin waves.Pseudo-resonant foring of superinertial waves is shown to result from inident internalplane waves at near-inertial frequenies.
2.1 Free waves trapped to a ylinder
The simplest geometry for studying waves trapped to an island is that of a vertially-walled ylinder in a hydrostati, Boussinesq uid on an f-plane. The nonsloping wallsof the ylinder allow vertial separability of the equations of motion, and may be jus-ti�ed for the gravest internal modes if the deformation radii are muh larger than thehorizontal sale of the island ank.In order to relate this geometry to that of an atual island with an irregular oastline,an appropriate \equivalent radius" must be hosen. Wunsh [1972℄ and Hogg [1980℄hose an equivalent radius suh that the theoretial gravest eigenfrequeny mathedan observed spetral peak, leading them to searh for higher barolini mode peaks inorder to justify the theory. Luther [1985℄ noted that the bathymetri outline of anisland below the thermoline ould be mapped onto an equivalent radius, on the physialgrounds that the isobath determines the ray path of a subinertial Kelvin wave trappedto the island. This approah, and the relatively simple bathymetry of Kauai, Oahu andHawaii, allowed him to approah the following framework with a priori equivalent radiifor several of the Hawaiian Islands.For vertially separable, hydrostati motion bearing no potential vortiity on anf-plane, the motion is desribed by

r2dr2P � �1 + f�2o �2t �P = 0; (2.1)9



where r2 is the horizontal Laplaian operator, rd is the deformation radius pgh(n)=fo,and the total perturbation pressure is
p(r; �; z; t) = 1Xn=0�(z;n)P (r; �; t;n): (2.2)

(A derivation of (2.1) in the presene of foring and dissipation is presented in Chapter 6.)For eah mode n, the vertial dependene is desribed by the struture funtion �. Theseparation onstant has been formulated in terms of the equivalent depth h(n). Solutionsto the homogeneous equation (2.1) may be assumed of the form
P (r; �; t;n) = R(r;n;m)ei(m��!mnt): (2.3)

Substitution of (2.3) into (2.1) reveals that the radial struture funtions satisfy theBessel equation r2�2rR+ r�rR+ �k2r2 �m2�R = 0; (2.4)
where k2 = 1r2d  !2mnf2o � 1! : (2.5)
In the superinertial regime !=fo > 1, the radial wavenumber k is real and struturefuntions of the form Jm(kr) and Ym(kr) are solutions to (2.4). If !=fo < 1, k be-omes imaginary and the modi�ed Bessel funtions Km and Im are appropriate (seeAbramowitz and Stegun [1972℄, eqn. 9.6.3). Introduing a boundary at r = a (theylindrial island radius) imposes the material boundary ondition

a�rR(a)� fo!mnmR(a) = 0; (2.6)
whih leads diretly to the dispersion relation for the free system [Lamb, 1945℄.Chambers [1965℄ examined superinertial barotropi eigenfrequenies around a ylin-drial island within the framework outlined above. Using radial struture funtions of10



the form Ym(kr), he found theoretial eigenfrequenies of the same order as observedpeaks in bottom pressure spetra o� Guadelupe Island, Mexio. Longuet-Higgins[1969℄ generalized Chambers' results by expressing the superinertial radial struturefuntions as an arbitrary real ombination of Jm and Ym. He noted that these funtionsdeay like r�1=2 at in�nity, and thus ontained �nite energy outside an arbitrarily largeradius, leading him to dismiss suh solutions as not truly trapped.Longuet-Higgins [1969℄ �rst onsidered free barotropi subinertial waves trappedto an island. He disarded the solutions Im so that energy would remain �nite as r !1;the material boundary ondition then leads to a dispersion relation determined bymKm(�a)�aK 0m(�a) = �s1� (�a)2" = !mfo (2.7)
where �2 = 1r2d  1� !2mf2o ! (2.8)
and " = � ard�2 : (2.9)
This dispersion relation for the �rst four azimuthal modes appears as Fig. 3. Longuet-Higgins noted that one and only one antiyloni solution exists for azimuthal mode mif " � m(m� 1): (2.10)
Longuet-Higgins interpreted this as giving a ritial radius for eah azimuthal mode; heinluded the gravest mode by de�ning a �rst azimuthal ritial radius of zero. Fromthe dispersion relation (2.7), Longuet-Higgins predited a subinertial barotropi eigen-frequeny in�nitesimally lower than the inertial for Oahu. He noted that the trappingsale ��1 was very large for this barotropi island-trapped wave; in fat, for Oahu values11



of a, fo and h0, the trapping distane is many orders of magnitude larger than the ir-umferene of the Earth. Wunsh [1972℄ extended Longuet-Higgins' results to inludebarolini trapped waves by replaing the total depth h0 by the appropriate equivalentdepth of eah internal mode. Due to the redued phase speeds of the barolini waves,or equivalently due to the small Rossby radii, the internal trapped waves exist at fre-quenies measurably below inertial and are trapped relatively lose to the islands (forOahu values, the trapping sale is of order 150 km for the gravest internal mode).
Luther [1985℄ used the barolini version of (2.7) to predit the resonant periodsof trapped waves at the major Hawaiian islands and ompared them to the periods ofobserved sea level spetral peaks. These alulations are reprodued in Table 2.1. Notethat all referenes to \theoretial periods" in the present work are also alulated usingthe barolini form of (2.7).

Table 2.1: Theoretial island-trapped wave periods using parameters hosen by Luther [1985℄.No entry indiates the uto� radius has been exeeded by the equivalent radius for that mode;onsequently, no solution exists. Brakets indiate modes whih are believed to be seen in thesea level data (see Table 4.1); parentheses indiate modes present in urrent meter data (seeSetion 4.2). Island-trappedInertial Equivalent wave period (days)period Radius 1st barolini 2nd baroliniIsland (days) (km) p"1 p"2 m = 1 m = 2 m = 1 m = 2Kauai 1.33 24.7 .47 .94 [1.37℄ | 1.87 |Oahu 1.36 29.4 .55 1.09 [1.46℄ | [2.12℄ |Maui 1.40 85.5 1.55 3.11 [2.82℄ [1.47℄ 5.02 2.52groupHawaii 1.49 70.3 1.21 2.41 ([2.50℄) | (4.29) (2.16)
12



2.2 Pseudo-resonant sattering
A urious feature of the dispersion urves for the subinertial azimuthal modes m � 2is their abrupt uto� at the ritial radius (see Fig. 3). From an analogy with Kelvinwaves along a straight oast, one would expet the urve to pass smoothly into thesuperinertial regime. The superinertial dispersion relation derived by Chambers [1965℄de�nes urves whih join smoothly with those of Fig. 3, but no physial argument fornegleting the Jm struture funtions for all values of ka is immediately obvious.The most appropriate physial ondition whih imposes a spei� ombination of theY and J solutions is the radiation ondition. Wunsh [1972℄ examined these solutionsfor the system fored by inoming internal gravity plane waves; his results may beobtained as follows:A hydrostati pressure �eld with zero vertial average may be written as

p(x; t) = 1Xn=1�(x3;n) 1Xm=�1 p(r; t;n;m)eim� (2.11)
where � is the barolini vertial struture funtion obeyingddx3 � 1N2 ddx3��+ 1gh� = 0: (2.12)
Wunsh onsidered a ylinder of radius a struk by an inident wave given by

pi = poe�i(kr os �+!t): (2.13)
The wavenumber k is given by (2.5), and the frequeny is assumed positive (the waveis inident from the right). Wunsh let po = 1 and used12� Z 2�0 d� e�i(kr os ��m�) = e� 12m�iJm(kr) (2.14)
[Jones, 1964, eqn. 1.208℄ and the fat that

pi(r; t;n;m) = 12� Z 2�0 d� e�i(kr os �+m�)e�i!t (2.15)
13



to �nd pi(r; �; t;n) = 1Xm=�1(�i)mJm(kr)ei(m��!t): (2.16)
This must ombine with a sattered solution ps(r; �; t;n) to satisfy the boundary ondi-tion of no normal ow at r = a. For outward radiation of ps at r =1,

ps(r; �; t;n) = 1Xm=�1 bmH(1)m (kr)ei(m��!t): (2.17)
In order to satisfy the boundary ondition�foa �� + �r�t� (pi + pr) = 0 at r = a; (2.18)
the oeÆients bm are given by

bm = (�i)m kaJ 0m(ka)� fo! Jm(ka)kaH 0(1)m (ka)� fo!mH(1)m (ka) : (2.19)
Thenp(r; �; t;n) = �J0(kr)� J 00(ka)H0(1)0 (ka)H(1)0 (kr)� e�i!t

+ 1Xm=1
24Jm(kr)� kaJ 0m(ka)� fo!mJm(ka)kaH 0(1)m (ka)� fo!mH(1)m (ka)H(1)m (kr)35 ei(m��!t)

+ 1Xm=1
24Jm(kr)� kaJ 0m(ka) + fo!mJm(ka)kaH 0(1)m (ka) + fo!mH(1)m (ka)H(1)m (kr)35 e�i(m�+!t):(2.20)For fo > 0, Wunsh noted that the denominator of the third line of this expression(orresponding to the lokwise-rotating part) ould beome very small. However, forany value of !=fo > 1 the denominator never beomes zero. Thus, while no superinertialsolutions to the free system exist when the radiation ondition is imposed, a fored\pseudo-resonane" an our at minimum values of����kaH 0(1)m (ka)� fo! mH(1)m (ka)���� : (2.21)
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The pseudo-resonant behavior of (2.20) is apparent in graphs of the perturbationpressure jp(r = a; � = 0; t = 0;n)j vs. !=fo for various values of " (Fig. 4). Wunshnoted that a pseudo-resonant peak for a partiular value of " (i.e. a partiular vertialmode) was onstituted by a single azimuthal mode, and that the peaks ourred in anear-inertial frequeny band for a large range of ". As the value of " is inreased, higherazimuthal modes may beome pseudo-resonant at inreasingly o�-inertial frequenies.This behavior of the pseudo-resonant peaks led him to onlude that a 20 h peak inBermuda's thermoline temperature spetrum (latitude 32.3Æ N, inertial period 22.4 h)was a signature of this phenomenon. Laking phase information for this signal, Wunshonluded that the peak was probably a superposition of many azimuthal modes.At near-inertial frequenies, ka beomes small and H(1)m (ka) = Jm(ka) + iYm(ka) isdominated by Ym(ka). Wunsh [1972℄ used this approximation to derive his pseudo-resonant dispersion urves. In this limit the pseudo-resonant urves orrespond to thefree solutions derived by Chambers [1965℄. Luther [1985℄ found superinertial peaksin several Hawaiian sea level spetra; however, the peaks did not fall on Wunsh'spseudo-resonant dispersion urves, and an appropriate value of ka for the peak is O(1).The roots of (2.21) may be determined graphially, extending Wunsh's formulationfor ka 6� 1 (Fig. 5). However, these roots annot aount for the superinertial peaksobserved by Luther [1985℄, as the magnitude of (2.21) only beomes small in the limitka � 1. This may be emphasized by de�ning an arbitrary pseudo-resonant riteria,hosen in Fig. 5 to be ����kaH 0(1)m (ka)� fo! mH(1)m (ka)���� � 0:1; (2.22)
and noting that the minimum value of the denominator rises quikly above this thresholdas the frequeny rises above the inertial.
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Chapter 3Data and methods
Soures of sea level and urrent meter time series are desribed, and the data analysismethods are outlined.
3.1 Sea level
Three-hourly sea level reords derived from the hourly data used by Luther [1985℄ wereobtained for this study. The data were orreted for the inverse barometer e�et usingair pressure from nearby meteorologial stations to yield adjusted sea level (ASL). Asubset of these data was hosen for analysis, spanning 1 January 1966 to 31 Deember1974 and free of gaps greater than a few hours. This allowed examination of oherentmotions between the islands of Hawaii and the Maui group.

An additional soure of data is reent National Oeanographi Data Center (NODC)hourly sea level measurements published on CD-ROM [NODC, 1994℄. Reords usedfrom this soure are summarized in Table 3.1.
Table 3.1: NODC (1994) sea level stations in the Hawaiian Islands (see Fig. 1).Island Sea level station YearsKauai Nawiliwili 1973{1993Port Allen 1989{1993Oahu Honolulu 1973{1993Moku o Loe 1981{1993(Coonut Is.)Maui Kahului 1973{1993Hawaii Hilo 1973{1993Kawaihae 1989{1993
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3.2 Air pressure
Hourly air pressure reords were obtained from the Western Regional Climate Centerand used to orret for the inverse barometer e�et in the NODC sea level reords.Time series were obtained for the period 1 January 1984 to 31 Deember 1993 at Hilo(Hawaii), Kahului (Maui), Honolulu (Oahu) and Lihue (Kauai). Amplitudes of neigh-boring stations (suh as Hilo/Kahului) were highly oherent at periods larger than thesemidiurnal, with similar energy density levels.
3.3 Currents
A number of urrent meters have been deployed for appreiable durations near theHawaiian Islands, funded by private ompanies suh as Ed Noda and Assoiates and byUniversity of Hawaii projets suh as the Deep Undersea Muon And Neutrino Detetor(DUMAND) projet. The sites hosen for analysis in this study are summarized inTables 3.2 and 3.3 and disussed below.
Table 3.2: Current meter sites near Oahu (see Fig. 1). All instruments listed in this table wereAanderaa RCM-4 urrent meters.Array Total Instrumentname Loation Dates depth (m) depth (m)OTEC-4 21Æ 24.6' N, 158Æ 15.7' W 6/18/81{ 907 43Kahe " 12/16/81 " 93Point " " " 143" " " 343" " " 793TRW 21Æ 21.0' N, 158Æ 10.7' W 12/18/83{ 762 752OTEC-2 21Æ 21.2' N, 158Æ 9.9' W 3/20/84 610 600Kahe 21Æ 21.3' N, 158Æ 9.3' W " 396 386Point 21Æ 20.9' N, 158Æ 9.0' W " 79 4121Æ 21.9' N, 158Æ 9.1' W " 78 4021Æ 21.5' N, 158Æ 8.6' W " 24 2021Æ 21.0' N, 158Æ 8.6' W " " "21Æ 21.9' N, 158Æ 8.8' W " " "
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Table 3.3: Current meter sites near Hawaii and the Maui island group (see Fig. 1).Array Total Instrumentname Loation Dates depth (m) type� depth (m)OTEC-1 19Æ 54.5' N, 12/26/80{3/14/81 1346 A4 54Keahole 156Æ 8.5' W " " " 101Point " " " 151" " " 363" " " 771Alenuihaha 20Æ 17.3' N, 5/6/84{7/26/84 169 SD 10.7Seadata 155Æ 54.0' W 7/31/84{10/14/84 " " 10(1{7) 11/26/84{3/31/85 " " 204/1/85{7/9/85 " " 107/11/85{10/8/85 " " 1010/8/85{1/23/86 " " 101/23/86{5/26/86 " " 10Lanai 20Æ 38.3' N, 9/30/91{10/20/91 497 S4 30mooring 156Æ 58.0' W " " A7 30" " " 448DUMAND 19Æ 44.8' N, 3/13/92{9/30/92 4775 A7 4475mooring 156Æ 19.6' W " " " 4550* A4=Aanderaa RCM-4, A7=Aanderaa RCM-7, S4=InterOean S4 eletromagnetiurrent meter, SD=Seadata 635-12 Diretional Wave/urrent meter.
In the 1980's, Ed Noda and Assoiates onduted the OTEC Environmental Benh-mark Survey Program onsisting of extensive urrent measurements o� Oahu and Hawaii(Fig. 1). The measurements were taken at depths of 10 to 800 meters with AanderaaRCM-4 urrent meters with temperature sensors and with a Sea Data 635-12 DiretionalWave/urrent meter.The OTEC-1 Keahole Pt. mooring was in operation o� the leeward oast of Hawaiifrom 26 Deember 1980 to 14 April 1981. It onsisted of Aanderaa RCM-4 urrentmeters at depths of 54, 101, 151, 363 and 771 m in water of total depth 1346 m. Thesemeters reorded average water speed and diretion every quarter hour. Subsequent21



Noda deployments of Aanderaas at 10 m depth (not analyzed in this projet) wereonduted o� Keahole Point in 1983{1985.The OTEC program was foused o� Kahe Pt. (Oahu) from the middle of 1980 untillate 1984, with few observations made during the �rst two-thirds of 1982. Four moorings,eah with Aanderaas at �ve di�erent depths, were deployed in 1980 and 1981 for up tosix months in duration. The OTEC-4 mooring, overing 18 June to 16 Deember 1981,was examined by Lien [1985℄ with primary attention paid to the internal wave �eld.This mooring onsisted of Aanderaas at 43, 93, 143, 343 and 793 m in 907 m total depth,with the instruments sampling every 20 minutes. After the hiatus in 1982 (in whihtwo extremely short data sets were olleted), the OTEC program ontinued o� KahuPt. with a large number of near-bottom Aanderaa deployments at 10 to 800 meter depthfor typially one to three months. The TRW OTEC-2 moorings, in operation from 18Deember to 20 Marh 1984, were a subset of this phase of the OTEC program.As part of the Hawaii Deep Water Cable Program, Noda and Assoiates measuredurrents in the Alenuihaha Channel between Hawaii and Maui from 5 May 1984 to 26May 1986 (additional data has been olleted sine but is not analyzed here). Nodaand Assoiates used a Sea Data 635-12 Diretional Wave/urrent meter whih measuredwater veloity with a Marsh-MBirney eletromagneti urrent meter. The instrumentolleted data over the two-year interval with oasional short breaks required for ser-viing (these gaps are noted in Table 3.3).Also inluded in this data report are the Lanai and DUMAND moorings deployed bythe University of Hawaii. The Lanai mooring was in operation from 30 September to 20Otober 1991 in 497 m deep water south of Lanai in the Maui island group. It employed anear-surfae InterOean S4 eletromagneti urrent meter and Aanderaa RCM-7 urrentmeter and a seond near-bottom RCM-7. The DUMAND mooring olleted data from22



13 Marh to 9 September 1992 in nearly 5 km deep water o� Hawaii, near the KeaholePt. site mentioned above.Three additional moorings were deployed on 26 September 1994 in the hannelsbetween Maui, Molokai and Lanai and will be reovered in the Fall of 1995. Thedata from the four urrent meters used in the Maui moorings should relate valuableinformation on the ow �eld through the shallow hannels of the island group and helpquantify the damping e�et of these hannels on island-trapped waves.
3.4 Methods
3.4.1 Tidal �ltering
To redue side-lobe leakage of the tides in sea level and urrent spetra, �ltering was per-formed via a least-squares �t of the prominent diurnal and semidiurnal onstituents. Thefrequenies of these onstituents were alulated from the Doodson numbers [Godin,1972℄; the amplitude and phase were determined in the least-squares operation.The length of the sea level time series allowed a �t of the 49 largest tidal onstituents,whih lowered the diurnal and semidiurnal spetral peaks to within an order of magni-tude of the bakground energy level. Beause the typial reord length of urrent meterseries was 120 days, fewer tidal onstituents ould be suessfully �ltered. For example,the S2 and K2 tides and the K1 and P1 tides ould not be resolved, as both pairs beat at183 days. Consequently, six diurnal and semidiurnal onstituents were used for �lteringthe urrent meter series. The variane of the dominant semidiurnal motion was notredued by more than a fator of 3, presumably due to drifting phase of the internaltide signal. The tehnique is suÆient, however, to lower the magnitude of tidal peaksby a fator of two to three and allow examination of intertidal motion.23



3.4.2 Spetral analysis
Beause island-trapped waves are not stationary (they are event-like and seasonal,Luther [1985℄), a 10% osine window was applied to redue spetral leakage with-out plaing undesired emphasis on the entral portion of the time series (the trend andmean were removed before applying this window). The variane and number of degreesof freedom of the spetra were adjusted to ompensate for the window.Matlab's FFT routine was used to alulate the Fourier oeÆients. The spetrawere pre-whitened by multipliation with !, smoothed in frequeny spae, and post-reddened to produe the spetra presented in the �gures. Smoothing was onduted asa simple box average, with every other point alulated from independent unsmoothedoeÆients. Pre-whitening did not visibly a�et the smoothed spetra exept for a slightlowering of energy in the lowest few frequeny bins.All spetra were normalized suh that the variane �2x of a stationary random variableX(t) is given by �2x = Z 10 d! Sxx(!) (3.1)
where Sxx is the spetral energy density. The 95% on�dene limits were assigned tothe spetra under the assumption that the spetral energy densities follow a hi-squareddistribution [Bendat and Piersol, 1986, eq. 8.159℄. The 95% on�dene limit for thenull hypothesis in oherene amplitude plots was alulated using Koopman's [1974℄oherene on�dene intervals.The ounter-lokwise and lokwise rotary spetra are

SCCW = 12 (Su1u1 + Su2u2) +Qu1u2 ; SCW = 12 (Su1u1 + Su2u2)�Qu1u2 ; (3.2)
where Suiui is the autospetrum of veloity omponent ui andQuiuj is the quad-spetrumbetween veloity omponents ui and uj [Lien, 1985; Bendat and Piersol, 1986℄. It24



an be shown [M�uller and Siedler, 1976℄ that the ratio of ounter-lokwise tolokwise energy for free linear internal gravity waves obeys the onsisteny relation
SCCWSCW = (! � fo)2(! + fo)2 : (3.3)

The 95% on�dene limits for the rotary energy ratio estimates were alulated usingthe F-distribution, as given by Lien [1985℄.Spetrograms of energy density vs. time were reated for the urrent reords in orderto identify energeti events. These were onstruted by dividing the original time seriesinto segments of length 1024 h (� 43 days) whih overlapped by 93% (� 40 days). Inorder to redue spetral leakage and emphasize the entral portion of the segment, ahanning window was applied to eah segment before alulating the spetrum. Energydensities in the spetrograms were gray-saled from blak (low energy) to white (highenergy). \Relative amplitude" plots were reated identially, exept the mean energyfrom eah frequeny bin was removed before reating the gray sale image. Beause theamplitude of eah 1024 h segment is plotted at the entral time of the segment, all graysale images begin 512 h (� 21 days) into the total reord and stop the same amountof time before the end of the reord.Running oherene plots were reated in a similar manner to the spetrograms inorder to display the oherene between two sea level stations as a funtion of time.The length of the subreords was varied aording to the width of the frequeny band,with narrow bands requiring longer subreords for a �xed level of 95% signi�ane.Conseutive subreords overlapped by 93% of their length. The auto- and ross-spetrawere alulated, and spetral oeÆients outside the frequeny band of interest weredisarded. A mean was alulated from the remaining terms, with a 95% on�denelevel estimated from the number of terms entering the average.25



3.4.3 Non-spetral tehniques
The air pressure time series ontained many gaps of length 1{3 hours, with a few gapsof longer duration. Gaps of 24 h or less were treated by removing the tidal signal and�lling the gaps with a linear �t between the endpoints.Complex demodulations at desired frequenies were performed using a �ve-pointButterworth IIR �lter and Matlab's eÆient �lt�lt routine. Lowpass �lter widths aregiven in terms of the equivalent bandpass periods in all plots of demodulated amplitude.A priniple omponent analysis of the urrents from the inertial to 3 day periods wasperformed. The axes of maximum/minimum variane for this subinertial band, whihontains the gravest Hawaiian oastal waves, were used to de�ne the loal azimuthal(alongshore) and radial (o�shore) oordinates. At all urrent meter sites exept theS4 at the Lanai site, where the subinertial motion was nearly irularly polarized, theazimuthal diretion aligned very losely with the loal isobaths (see Figs. 45, 46).
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Chapter 4Observations of subinertial trapped waves
Resonant periods of subinertial barolini oastal waves trapped to the major HawaiianIslands orrespond with peaks in sea level and urrent meter spetra. Phase informationfrom onurrent sea level series is onsistent with the trapped wave desription.
4.1 Sea level
Sea level spetra from stations around the Hawaiian Islands ontain energeti peaks fromthe inertial to several days period [Longuet-Higgins, 1969; Miyata and Groves,1971; Luther, 1985℄. Winter and summer month spetra (Figs. 6 and 7) demonstratethe strong seasonality of these peaks [Luther, 1985℄.Luther [1985℄ found that the periods of these peaks were in lose agreement withthe theoretial resonant periods of low vertial mode trapped waves, all of azimuthalmode one (alulated as in Chapter 2). For onurrent series on Oahu, he found a phasedi�erene in the subinertial band appropriate for an azimuthal mode one wave.Sine 1985, onurrent sea level reords have been olleted on Kauai, Oahu andHawaii (see Table 3.1). Spetral peaks and phases are onsistent with Luther's [1985℄onlusion that resonant barolini oastal waves exist at eah of the major HawaiianIslands.Spetral peaks believed to be assoiated with trapped waves are summarized inTable 4.1 and disussed on an island-by-island basis below.4.1.1 Kauai
Conurrent sea level measurements at Port Allen and Nawiliwili date from 1989. Spetraof the two time series (Fig. 8) have a signi�ant peak at 1.55 days period. A ohereneamplitude greater than 0.9 is found between the two reords in this band (Fig. 9). Theazimuthal distane from Nawiliwili to Port Allen is roughly 1/5 the irumferene of27



Table 4.1: Island-trapped waves observed in sea level spetra (adapted from Luther [1985℄,Table 2). Theoretial phase shifts are alulated from the separation distane of the sea levelstations and the equivalent irumferene of the islands (values from Luther [1985℄). A \N/A"appears for observations made while only one station was in operation on that island.Inertial Trapped wave Observed Theoretial CWperiod period oherene(1) azimuthal modes:Island (days) (days) Amp. Phase m = 1 m = 2Kauai 1.33 1.56 0.9 73Æ � 22Æ 70Æ 140ÆOahu 1.36 2.0 0.8 148Æ � 22Æ 104Æ -152Æ1.5 0.8 127Æ � 21Æ 104Æ -152ÆMaui 1.40 1.69 (std. dev.=4 h)(2) N/A N/Agroup 2.62 (std. dev.=4.2 h)(2) N/A N/AHawaii 1.50 2.47 0.9 120Æ � 17Æ 112Æ -136Æ2.51 (std. dev.=1.4 h)(3) N/A N/A(1) Station pairs for eah island are given in Table 2.1.(2) Calulated from periods of peaks in Kahului ASL spetra, 1966{1974 (winter months).(3) Calulated from periods of peaks in Hilo ASL spetra, 1966{1974 (winter months).

Kauai, suh that the observed phase shift is onsistent with a lokwise azimuthal modeone trapped wave (Table 4.1).
The 1.55 day peak may be identi�ed as the �rst barolini, �rst azimuthal island-trapped wave (theoretial period 1.37 days). Although the theoretial and observedpeaks are signi�antly di�erent, this identi�ation is supported by the period of theautospetral and oherene peaks and the phase (appropriate for the �rst azimuthalmode). Kauai's geometry is relatively simple; the error is probably not in the esti-mate of the equivalent radius. As demonstrated by Hogg [1980℄, the e�et of bottomslope should be a lowering of the eigenfrequeny, perhaps explaining the larger observedperiod. 28



4.1.2 Oahu
Spetral peaks at 1.44{1.48 and 1.93{2.01 days period (Fig. 10) orrespond losely tothe theoretial periods of 1.46 and 2.1 days for the �rst and seond barolini, �rstazimuthal trapped waves in an oean of onstant strati�ation [Luther, 1985℄. Thepeak orresponding to the seond barolini mode is espeially prominent in the Mokuo Loe spetrum. The oherene amplitude and phase (Fig. 11) between the ASL timeseries are not qualitatively di�erent from those obtained by Luther [1985℄, indiatingthat a �rst azimuthal struture is onsistent with the observations (although the az-imuthal distane between Moku o Loe and Honolulu may have been underestimated;see Table 4.1).
4.1.3 Hawaii
Sea level spetra from Hilo and Kawaihae on the island of Hawaii ontain an energetipeak onsistent with the gravest mode of the barolini trapped wave model (Fig. 12).Peaks exist at 2.47 days period in both spetra. The oherene amplitude is greaterthan 0.9 from 2.50 to 2.58 days period, with the appropriate phase shift for an azimuthalmode one wave (Fig. 13, Table 4.1).
4.1.4 Maui group
Luther [1985℄ noted that the islands of Maui, Molokai, Lanai and Kahoolawe areseparated by shallow hannels and appear to be a single island below the base of thethermoline (see Fig. 1). Due to the irregular geometry of the Maui island group (whihinludes the shallow Penguin Bank), Luther o�ered two possibilities for the appropriateequivalent radius. The larger of the two radii (85.5 km, used in the alulations presentedin Table 2.1), resulted in a theoretial period losest to the observed 2.61 day peak inthe Kahului spetrum (Fig. 7). 29



Peaks in the Kahului ASL spetrum at around 1.7 days period (Fig. 7), not men-tioned by Luther [1985℄, our near the theoretial period of the �rst barolini, seondazimuthal Maui group trapped wave. Additional sea level reords, suh as data ol-leted at the Pai� Tsunami Warning Center site on the north shore of Molokai (notobtained for this analysis), must be used to test the phase predition of this identi�a-tion. Luther [1985℄ argued that odd azimuthal modes would be preferentially exitedby spatially homogeneous wind foring. The ompliated geometry of the Maui group,however, may result in displaements on opposite sides of the group projeting onto thegravest even and odd modes without appreiable bias when mapped onto a ylinder ofappropriate radius (evidene of this may be seen in the oherene between ASL and thenorth wind at Kahului; Fig. 39). Thus, the existene of an energeti seond azimuthalmode in the Kahului spetrum is not partiularly anomalous.While a wave trapped solely around Maui (rather than the entire group) would havea near-inertial period in theory, its trapping sale would be muh greater than the radiusof deformation. Due to the proximity of neighboring islands in the Maui group, suh awave annot aount for the energeti 1.7 day peak seen in Fig. 7.
4.2 Currents4.2.1 Kahe Pt. (Oahu)
None of the OTEC Kahe Pt. urrent meter and temperature spetra examined in thisstudy ontains signi�ant energeti peaks at the island-trapped wave eigenfrequenies.The OTEC-4 mooring was in operation during summer and fall months, perhaps ex-plaining why Lien (1985) did not observe a strong trapped wave signal (the fous ofhis study was freely-propagating internal waves). Later in the OTEC program, KahePoint urrent meters were plaed near the bottom in all seasons (see Table 3.2). Somespetral peaks from these moorings suggest trapped wave ativity (Fig. 14), but none30



o�er dramati evidene for the existene of resonant oastal waves. An examination ofthe vertial struture of barolini trapped waves on a sloping bottom may larify whysubinertial peaks are not a stronger feature of these data.
4.2.2 Alenuihaha Seadata site (Hawaii)
Current meter spetra from the Alenuihaha Seadata site are examined in Chapter 6 ina omparison with the output of a wind-fored model. Spetral peaks in the subinertialband are suggestive of higher barolini mode trapped waves (see Fig. 32). In the winterof 1984{1985, alongshore urrents at this site reahed O(50) m/s in the gravest trappedwave frequeny band (see Fig. 43).
4.2.3 Keahole Pt. (Hawaii)
Azimuthal veloity spetra from the Keahole Pt. Aanderaas (Fig. 15) ontain the peakslisted in Table 4.2. Signi�ant peaks at 2.75 and 4.44 days period may be identi�ed asthe �rst azimuthal, �rst barolini trapped wave (theoretial period 2.50 days period)and the �rst azimuthal, seond barolini trapped wave (theoretial period 4.29 daysperiod). Furthermore, a peak appears in all spetra at 2.24 days period, lose to thetheoretial period of 2.16 days for the seond barolini, seond azimuthal trappedwave. These peaks indiate that a suite of resonant oastal waves exists around Hawaii,partiularly in the winter months in whih the gravest mode is a strong signature ofthe sea level reords. Due to the persistene of the peaks at 2.75 days, 2.24 days and1.5{1.6 days period, the vertial struture of this motion may be examined from thespetral estimates (Fig. 16).The spetrum of Hilo sea level (not shown) onurrent with the Keahole Pt. reordhas a signi�ant peak at 2.79 days period. Interpreting this peak and the 2.75 daypeaks in the urrent spetra as signatures of the gravest mode trapped wave presents31



Table 4.2: Spetral peaks in the alongshore veloity at the OTEC-1 Keahole Pt. moor-ing. Depth (m) Period rms azimuthal veloity54 2.75 days 2.06 m/s2.24 days 1.37 m/s1.64 days 1.21 m/s101 2.75 days 1.75 m/s2.24 days 1.60 m/s1.57 days 1.36 m/s151 2.75 days 2.10 m/s2.24 days 1.69 m/s1.71 days 1.40 m/s1.50 days 1.00 m/s363 3.96 days 0.62 m/s2.76 days 1.35 m/s2.25 days 0.79 m/s1.89 days 0.52 m/s771 4.44 days 0.66 m/s2.24 days 0.35 m/s1.56 days 0.40 m/s
a onundrum: the equivalent depth for the �rst barolini mode must be 0.65 m toresult in a theoretial trapped wave period of 2.75 days (keeping all other parameters�xed). This equivalent depth is signi�antly shallower than the range of annual variationtabulated by Luther [1985℄. In order to examine this disrepany, a future projet ouldompare a time series of the theoretial �rst barolini equivalent depth, obtained fromsubinertial peaks in Hilo sea level spetra, with the equivalent depth alulated fromin situ measurements of the strati�ation near Hawaii. If time series of strati�ationvariability an be derived from sea level reords, suh a projet would reap bene�ialresults for future studies of internal motion near the Hawaiian Islands.
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Upon alulating oherene between the 54 m reord and lower reords, it beamelear from phase wrapping that the reord had been o�set by an appreiable lag/lead.In order to evaluate the true start time for the data, the orrelation oeÆients werealulated between all �ve reords for the azimuthal veloity and the azimuthal tidalurrents (band-passed from 10 to 14 h and from 20 to 28 h). The azimuthal diretionwas �xed at 27.3Æ from true north for all three reords. Results from this analysissuggested that the upper reord leads the 101 m reord by 27.5 h, and leads the 151 mreord by 27.75 h. After orreting for these o�sets, phase wrapping was no longerapparent in the oherene phases, and phase lags for the semidiurnal oherene peakswere lose to zero.Signi�ant oherene peaks between the top three urrent meters of the Keaholemooring are listed in Table 4.3. The subinertial peaks orrespond to the �rst and se-ond barolini, �rst azimuthal trapped waves mentioned earlier. There is a signi�antoherene peak at approximately 20 h period, although there are no signi�ant autospe-tral peaks for any of the spetra at 20 h. Coherene peaks at the semidiurnal period(and its �rst harmoni, not listed in Table 4.3) are a lear feature of the ross-spetra.A near-inertial oherene peak between the 54 m and 101 m reord is barely signi�antat the 95% on�dene level; phase resolution is not suÆient to verify that the motionorresponds to downward-propagating near-inertial internal waves.In order to expand our understanding of the trapped waves aptured in these timeseries, a future study needs to examine the struture and natural periods of trappedwaves on a steep slope, ombined with the hydrography of the Keahole Pt. site. Thisprojet, whih will require an appreiable synthesis of theory and observation, will alsodemand the development of a fored trapped wave model beyond the sope of the modelpresented in Chapter 6.
33



Table 4.3: Coherene peaks between the top three Aanderaas of the Keahole Pt. mooring.Coherene peaks between 54 m and 101 mPeriod Amplitude Phase (pos.=101 m leads)4.18 days 0.87 -25Æ� 42Æ2.34 days 0.92 -3Æ� 40Æ1.15 days 0.65 -19Æ� 59Æ20.9 h 0.78 7Æ� 43Æ11.97 h 0.93 6Æ� 27ÆCoherene peaks between 101 m and 151 mPeriod Amplitude Phase (pos.=151 m leads)4.26 days 0.78 34Æ� 48Æ2.39 days 0.85 -16Æ� 43Æ12.76 h 0.61 -4Æ� 46ÆCoherene peaks between 54 m and 151 mPeriod Amplitude Phase (pos.=151 m leads)4.17 days 0.68 -1Æ� 59Æ2.34 days 0.94 -17Æ� 39Æ19.2 h 0.52 -19Æ� 90Æ12.49 h 0.63 -6Æ� 44Æ
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Figure 6: Winter (solid, darker on�dene interval shading) and summer (dot-dash,lighter on�dene interval shading) spetra of adjusted sea level at Hilo (Hawaii), 1966{1974. Inertial, diurnal and semidiurnal periods are marked by vertial dotted lines.Arrows indiate the theoretial periods of the �rst barolini, �rst azimuthal (enter)and seond barolini, �rst (left) and seond (right) azimuthal trapped waves. Theprominent subinertial peak in the winter spetrum is entered at 2.5 days period. Thesuperinertial peak is entered at 18 h period.
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Figure 7: Winter (solid, darker on�dene interval shading) and summer (dot-dash,lighter on�dene interval shading) spetra of adjusted sea level at Kahului (Maui),1966{1974. Arrows indiate the theoretial periods of the �rst and seond barolini,�rst and seond azimuthal trapped waves (see Table 2.1). There is a prominent subin-ertial peak at 2.61 days period. A seondary subinertial peak reahes a maximum at1.85 days period. The intertidal peak in the winter spetrum has a maximum at 17.5-18.0 h period. The diurnal, semidiurnal and loal inertial periods are marked by vertialdotted lines.
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Figure 8: Adjusted sea level spetra for Nawiliwili (dot-dash) and Port Allen (solid) forthe winters of 1990{1994. Arrows indiate the theoretial period of the �rst (right) andseond (left) barolini, �rst azimuthal trapped waves. Both spetra have subinertialpeaks at 1.55 days period (the loal inertial period is 1.33 days). The Port Allenspetrum has a peak at 2.5{2.75 days period whih is not signi�ant in the Nawiliwilispetrum. A superinertial peak exists at 19.4 h period in both reords. A seondsuperinertial peak, or a ontinuation of the general inrease in intertidal energy, oursat 16.3 h period in the Nawiliwili reord.
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Figure 9: Coherene amplitude and phase between Nawiliwili and Port Allen adjustedsea level for the winter months of 1990{1993. Arrows indiate the theoretial period ofthe �rst (right) and seond (left) barolini, �rst azimuthal trapped waves. Dashed linesin the phase plot indiate the theoretial shift of a �rst (70Æ), seond (140Æ) and third(-150Æ) lokwise-propagating azimuthal wave. The oherene has an peak amplitude of0.92 at 1.56 days period, phase 73Æ � 22Æ. In the intertidal band, the oherene peaksat an amplitude of 0.65 at 19.3 h period, phase 113Æ � 26Æ.
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Figure 10: Adjusted sea level spetra for Honolulu (dot-dash) and Moku o Loe (solid)for the winter months of 1984{1994. The winter of 1991{1992 has not been inludeddue to a gap in the Moku o Loe reord. Arrows indiate the theoretial periods for the�rst (right), seond (enter) and third (left) barolini, �rst azimuthal trapped waves.The prominent subinertial peak in the Honolulu spetrum is at 1.44 days period (theloal inertial period is 1.36 days). A seondary peak is at 1.93 days period. The Mokuo Loe spetrum ontains subinertial peaks at 1.48, 2.01, and 2.52 days period.
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Figure 11: Coherene amplitude and phase between Honolulu and Moku o Loe adjustedsea level for the winter months of 1984{1994. Dashed lines in the phase plot indiate thetheoretial shift of a �rst (104Æ), seond (-152Æ) and third (-48Æ) lokwise-propagatingazimuthal wave. A oherene peak of amplitude 0.82 is at 1.53 days period, phase 127Æ� 21Æ. A peak of amplitude 0.77 is at 1.96 days period, phase 148Æ � 22Æ. In theintertidal band, a oherene maximum of 0.54 ours at 18.8 h period, with a phaseshift of -118Æ � 25Æ. A seondary peak at 15.6 hours period has a phase shift of -80Æ �24Æ.
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Figure 12: Adjusted sea level spetra for Hilo (solid) and Kawaihae (dot-dash) for 5 May1990 to 20 November 1993. Due to numerous gaps in the Kawaihae reord, the spetra of24 subreords of length 53 days were averaged to produe those appearing here. Arrowsindiate the theoretial periods of the �rst barolini, �rst azimuthal (enter) and seondbarolini, �rst azimuthal (left) and seond azimuthal (right) trapped waves. Bothspetra have an impressive subinertial peak entered at 2.47 days period, orrespondingto the gravest mode island-trapped wave. The Kawaihae reord has a near-inertial(superinertial) peak at 1.38 days period; an intertidal peak in the Hilo spetrum reahesits maximum at 17.9 h. 41



10−3 10−2 10−1 100
0

0.25

0.5

0.75

1

95%

Frequency (cph)

A
m

pl
itu

de

 2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

10−3 10−2 10−1 100
−180

 −90

   0

  90

 180

P
ha

se
 (

de
gr

ee
s)

Hilo leads

Kawaihae leads

 2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

(hours)(days) Period

Figure 13: Coherene amplitude and phase between Hilo and Kawaihae adjusted sealevel for 5 May 1990 to 20 November 1993. Dashed lines in the phase plot indiate thetheoretial shift of a �rst (112Æ), seond (-136Æ) and third (-24Æ) lokwise-propagatingazimuthal wave. The subinertial oherene peak of amplitude 0.93 ours at 2.47 daysperiod, assoiated with a phase shift of 120Æ � 17Æ. At 19 h period, the ohereneamplitude is 0.37 with a phase of -26Æ � 31Æ. At 17.4 h, the oherene amplitude is0.34 with a phase shift of -18Æ � 34Æ. The intertidal oherene falls beneath the 95%level of signi�ane at 16.7 h period.
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Chapter 5Superinertial osillations
Superinertial peaks in sea level autospetra and ross-spetral oherene are examined.The peaks are not present in the urrent meter or subsurfae temperature reords. Hy-potheses for the motion are examined.
5.1 Sea level observations
Luther [1985℄ noted energeti intertidal (17 to 20 h period) peaks in the autospetraof several sea level stations. This feature is espeially prominent in the Hilo (Hawaii)spetrum, whih peaks at 18 h period (see Fig. 6). Superinertial peaks may also be seenat Kahului (Maui) (Fig. 7) and Moku o Loe (Oahu) (Fig. 10).The demodulated amplitude of the subinertial and superinertial, intertidal motion atHilo (Fig. 17) reveals no apparent orrelation between the two signals. The subinertialand superinertial peaks reah their maximum energy in di�erent winters, suggestingthat di�erent dynamis are at work in the two frequeny bands.A signi�antly nonzero phase between Honolulu and Moku o Loe (both on Oahu) inthe intertidal band led Luther [1985℄ to propose that the peaks indiate the preseneof trapped waves. Coherene peaks and the aompanying phases for onurrent NODCsea level reords are listed in Table 5.1.5.1.1 Kauai
Spetra of adjusted sea level at Nawiliwili and Port Allen (Fig. 8) do not ontain dra-mati peaks in the intertidal band, although a slight peak at 19.4 h period is presentin both reords. The oherene between these time series has a peak of amplitude 0.65at 19.3 h period (Fig. 9). The phase roughly doubles between the azimuthal mode onesubinertial peak and the peak at 19.3 h period, suggesting the presene of an azimuthalmode two lokwise-propagating wave. 46



Table 5.1: Superinertial oherene peaks observed in sea level ross-spetra (adapted fromLuther [1985℄, Table 2). Theoretial phase shifts are alulated from the separation distaneof the sea level stations and the equivalent irumferene of the islands (values from Luther[1985℄). Inertial Period of Observed Theoretial CW(2)period oherene oherene(1) azimuthal modes:Island (hours) peak (hours) Amp. Phase m = 1 m = 2 m = 3Kauai 31.9 19.3 0.6 113Æ � 26Æ 70Æ 140Æ -150ÆOahu 32.6 18.8 0.5 -118Æ � 25Æ 104Æ -152Æ -48Æ15.6 0.5 -80Æ � 24Æ 104Æ -152Æ -48ÆHawaii 36.0 19.0 0.4 -26Æ � 31Æ 112Æ -136Æ -24Æ17.4 0.3 -18Æ � 34Æ 112Æ -136Æ -24Æ(1) Station pairs for eah island are given in Table 2.1.(2) The sign of the phase shift is opposite for a ounter-lokwise mode.
5.1.2 Oahu
Luther [1985℄ noted evidene of a trapped wave of period 17 to 20 h at Oahu, witha phase shift indiating a low azimuthal mode struture. Spetra of the NODC data(Figs. 10, 11) are onsistent with this interpretation.Rather than an isolated intertidal peak in the Moku o Loe spetrum, there is elevatedenergy aross the intertidal band. Furthermore, there is not a signi�ant peak in theintertidal band of the Honolulu spetrum. However, a band of signi�ant oherenebetween Honolulu and Moku o Loe, assoiated with a nonzero phase shift, suggests thepresene of a propagating signal in both reords. This phase shift is onsistent with amode one ounter-lokwise propagating struture [Luther, 1985℄, although there isno lear dynamial reason to antiipate the presene of suh a wave.
5.1.3 Hawaii
Hilo and Kawaihae sea level spetra (Fig. 12) appear qualitatively similar to those ofHonolulu and Moku o Loe in the intertidal band; in all four reords, there is little energy47



at the leeward stations and elevated energy at the windward stations. However, thephase between the Hawaii stations (Fig. 13) does not have an intertidal oherene peakwith a signi�antly nonzero phase. Hilo and Kawaihae ASL is oherent from the diurnalto 16.7 h period. Within this band, the oherene amplitude drops from a maximumof 0.5 at the diurnal period. The phase is relatively steady at � -20Æ � 30Æ (averagingfrom 17.6 to 21.0 h period produes a phase of -17Æ � 20Æ with an amplitude of 0.28).This phase di�erene may result from an azimuthal mode three lokwise-propagatingwave (see Table 5.1).
5.2 Currents in the intertidal band
An examination of urrent and temperature spetra at the Kahe Pt., Alenuihaha Chan-nel, DUMAND and Lanai sites did not reveal any signi�ant intertidal peaks. Only atone site, disussed below, did a spetrum strongly di�er from the GM shape betweenthe tidal peaks.The spetrogram for the azimuthal urrent of the 54 m Aanderaa at the OTEC-1 Keahole Pt. mooring (Fig. 18) reveals an intensi�ation of energy at 18 h periodbetween days 80 to 85 of the reord (time measured from beginning of data aquisition,26 Deember 1980, 14:07 HST). A spetrum of this time series from days 70 to 109 hasa sharp peak at 18 h period (Fig. 19). This peak also appears in the azimuthal veloityspetrum of the 101 m instrument, although it is muh weaker. The deeper instrumentsof the mooring do not have signi�ant intertidal peaks. The spetrum of temperatureutuations at the 54 m instrument does not ontain a signi�ant intertidal peak.As will be shown in Appendix A, the Keahole Point 54 m Aanderaa measured aounterlokwise to lokwise energy ratio in exess of that expeted for free internalwaves in the 15{17 h period band. However, the CCW to CW energy ratio of the reord48



from days 70 to 109 does not signi�antly di�er from that of the entire reord. Thus,the energy ratio anomaly is not solely assoiated with the event disussed here.There was no signi�ant peak in Hilo sea level in the intertidal band during days70{109 of the Keahole reord. Instead, the demodulated amplitude of Hilo sea levelin this band peaks at days 50{60. The spetrum of the Hilo sea level olleted duringthis time (not shown) has peaks at 17 and 19 h period, with a minimum at 18 h.The oherene between Hilo sea level and Keahole Point azimuthal veloity reahesmaximum amplitudes of 0.7 at 19.5 and 15 h period for the entire reord; oherene inthe intertidal band falls below the 95% on�dene level for days 70{109. Thus, thereappears to be no relationship between this 18 h urrent peak and the intertidal sea levelpeak whih is so energeti in the Hilo reord.
5.3 Possible explanations
For the subinertial osillations, it was shown that energeti peaks existed in the sea levelspetra of station pairs on several islands. These autospetral peaks orresponded tooherene peaks with signi�antly nonzero phase. Combined with a dynamial modelwhih predits the observed peaks and the phase shift between the stations, the trappedwave interpretation is solidly supported. Observations of subinertial trapped waves inurrents demonstrated that the barolini waves an reah appreiable magnitudes.In the intertidal band, some observations suggest the presene of trapped waves.However, it is not lear that the oherene peaks and phase shifts observed in theonurrent sea level reords orrespond with the intertidal autospetral peaks. Althoughthe Hilo ASL spetrum has a relatively sharp peak at 17.9 h period, the oherenebetween Hilo and Kawaihae falls from a maximum at the diurnal period to the 95%level of no signi�ane at 16.7 h period. Nothing distinguishes 18 h within this band.49



Furthermore, the intertidal energy gap in the leeward stations (Honolulu, Kawaihae) ispuzzling in the ontext of an island-trapped interpretation. While the energy level ofthe subinertial trapped waves in the Honolulu spetrum is lower than that of the Mokuo Loe spetrum (Fig. 10), the signature of the gravest mode is lear in both spetra.Luther [1985℄ noted that there was signi�ant oherene between Hilo (Hawaii)and Honolulu (Oahu) sea level at 16{20 h period. This led him to suggest that aresonant mode around Hawaii may be leaking energy aross the island hain. However,the oherene between Hilo and Nawiliwili (Kauai) ASL is signi�ant from the diurnalto 16 h period, with a peak amplitude of 0.6 at 19.9 h (Fig. 20). The phase of this signalis 44Æ � 20Æ (Hilo leads). Unless the trapping sale of the waves is very large, leakageannot explain this oherene peak. The Kauai Channel separates Kauai from Oahu bya horizontal distane of 115 km, reahing depths in exess of 3 km.What physial phenomenon is ausing the 17{20 hour peaks in the sea level spetraand the oherene peaks in the ross-spetra? A number of possibilities merit onsid-eration and are disussed here. While no de�nite onlusions an be made withoutfurther study, some previously onsidered explanations for the intertidal peak may bereevaluated in light of the work presented in Chapter 2. The observed features of theintertidal peaks are:� Sea level autospetral peaks at 17{20 h period,� No orresponding peaks in urrent spetra,� No signi�ant oherene with the loal winds in the intertidal band [Luther,1985℄,� Phase onsistent with a low azimuthal mode struture at Kauai and Oahu,� No evidene of phase propagation around Hawaii (or possibly a mode three stru-ture),� Signi�ant oherene between Hilo and Nawiliwili at 16{24 h period, with a peakat 19.9 h. 50



A minimum riterion for any model of the intertidal motion is that it explains thepresene of sea surfae displaements without orresponding veloity utuations at theloations examined here.
5.3.1 \Trapped-leaky" refration
Luther [1985℄ disussed superinertial waves nearly trapped to a steeply-sloping islandank by refration. Waves of this sort would have extremely short alongshore wave-lengths for the Hawaiian Islands. Furthermore, their resonant frequenies are a strongfuntion of the geometry and slope of the island. Beause of the varying geometries ofthe islands and the suggestion of a low azimuthal wavenumber at Oahu, Luther [1985℄did not feel that refration ould yield results onsistent with the observations.
5.3.2 Seihe eigenfrequeny of a harbor
Hilo and Kawaihae are oherent in the intertidal band, although weakly so. Could alarge-sale bakground signal be produing the oherene (amplitude � 0.5 at 20 h),while a phenomenon loalized to Hilo reates the 18 h autospetral peak? A possiblesoure of this peak is seihe resonane within Hilo harbor.Hilo harbor is an L-shaped hannel of depth 12 m and length (from the right-angleturn to the end) of approximately 3.5 km. The lowest eigenfrequeny of the harbor willhave a period of order

O0� 2 � 3:5� 103 mq9:81 m=s2 � 12 m
1A � 11 minutes: (5.1)

This period is orders of magnitude away from that of the intertidal peak. Sampling thissignal at one hour intervals ould produe an aliased peak in the intertidal range, butthe energy of the seihe motion would have to be quite large for this to be an importante�et. 51



5.3.3 Harmonis of lower frequeny motion
There are no harmonis of the diurnal or semidiurnal tides falling in the intertidal band.However, the �rst harmoni of inertial or near-inertial motion would fall at 17{18 hperiod. The lak of signi�ant oherene with the loal winds at intertidal frequeniesis onsistent with the intertidal peak being a harmoni of lower-frequeny motion.A omplex demodulation of the near-inertial and intertidal signals at Moku o Loe(Oahu) and Hilo (Hawaii) does not reveal a strong visual orrelation between peaks inthe inertial and intertidal bands (Fig. 21). A seasonal signal is seen in both signals atMoku o Loe (where the near-inertial band enompasses the gravest subinertial Oahutrapped wave), but maxima our in di�erent winters. As was the ase at Hawaii (seeFig. 17), the sub- and superinertial peaks appear to be unrelated. At Hilo, there is onlyweak ativity in the near-inertial band (see Fig. 12); what near-inertial peaks exist inthe demodulated signal do not seem to orrespond to the intertidal peaks.However, it is not lear that near-inertial barolini motion would produe appre-iable sea level displaements. Perhaps understanding the nature of the near-inertial,superinertial peak in the Kawaihae spetrum (Fig. 12) may give insight on the dynamisof the intertidal osillations.
5.3.4 Pseudo-resonant sattering of the internal wave �eld
The pseudo-resonant sattering phenomenon desribed byWunsh [1972℄ predits near-inertial spetral peaks omposed of a mix of higher azimuthal modes. As disussed byLuther [1985℄, suh a mix of modes would not produe the high oherene amplitudesand nonzero phase shifts of the intertidal signals seen at Oahu and Kauai. Furthermore,the pseudo-resonant peaks shown in Fig. 4 do not our at the nondimensional frequeny!=fo � 2 (appropriate for an 18 h peak at Hawaii) up to values of " orresponding to52



very high barolini modes. Thus, pseudo-resonane is not believed to o�er an adequateexplanation of the observations.5.3.5 Von Karman vortex foring
A well-known feature of large Reynolds number ow past a ylindrial obstale is theformation and shedding of ounter-rotating vorties in the lee of the ylinder. Theharateristi frequeny of these von Karman vorties is given by the empirial law!2� = StU1a ; (5.2)
where the Strouhdal number St is approximately 0.21 for a large range of Reynoldsnumbers, U1 is the upstream veloity of the ow, and a is the radius of the ylinder[Kundu, 1990℄.In Fig. 22, a dramati example of these vorties is seen in the lee of Kauai in anAVHRR image from 8 February 1995. The wind at the time was from the north at 5 to10 mph (�2.25{4.5 m/s), yielding vorties of period2�! � 25� 103 m0:21 � (2:25� 4:5) m=s � 15� 7:5 hours: (5.3)
Thus, the pressure utuations assoiated with the vorties should fore motion with aharateristi period not signi�antly below the observed intertidal peak.Could foring of this nature exite superinertial motion along the leeward side ofKauai, yielding a lokwise-propagating azimuthal mode two wave? A major shortom-ing of this hypothesis is the broad-band nature of the foring: beause the von Karmanperiod depends on both the wind speed and the island radius, it is hard to imagine thisphenomenon produing the tight oherene peak observed between Nawiliwili and PortAllen. The orretion to sea level for isostati pressure at Lihue (Kauai) in the wintermonths of 1984{1994 (Fig. 23) does not have a signi�ant spetral peak in the intertidalband. 53



5.3.6 Pai� basin eigenmode
The high oherene between Hilo (Hawaii) and Nawiliwili (Kauai) at 20 h period(Fig. 20) suggests that at least part of the intertidal signal may be omposed of motionwith a sale muh larger than the trapped waves omposing the fous of this study.Large-sale sea level displaements would have weak horizontal gradients, perhaps ex-plaining the lak of intertidal peaks in urrent spetra. Furthermore, one would notexpet signi�ant oherene between a large-sale phenomenon and the loal weather.In their numerial study of oeani normal modes, Platzman et al. [1981℄ identi-�ed several basin-sale gravity modes with periods in the intertidal band. Of partiularinterest for the present disussion is their Mode 19 \Pai� wave," with a natural pe-riod of 21.2 h and maximum amplitudes extending from the northwest oast of NorthAmeria into the entral Pai� (a map of this mode appears in Fig. 17 of Platzmanet al., [1981℄).A line of onstant phase for the Mode 19 wave runs roughly parallel to the HawaiianIsland hain as it proeeds ylonially around an amphidrome at� 30Æ N, 160Æ E. Thus,the nonzero phase shifts observed at the Kauai and Oahu stations are inonsistent withthis hypothesis. Furthermore, the di�erene in energy levels between losely-spaed sealevel stations (suh as Moku o Loe and Honolulu) suggests motion of small sale.Sea level at Midway Island and Johnston Atoll are not signi�antly oherent withHilo sea level in the intertidal band, although the demodulated amplitude of 20 h motionat these stations (Fig. 24) suggests that large-sale proesses may determine the amountof energy within this band. It is oneivable that exitation of a slightly-damped Pai�basin-sale mode may be adding a weak but oherent signal to the data. Superimposedupon this motion may be truly trapped waves (as suggested by the Oahu and Kauaiphases).
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Figure 17: Squared amplitude of adjusted sea level at Hilo, 1966-1974. The omplexdemodulation used a 5-point Butterworth IIR �lter with a uto� frequeny yielding theequivalent bandpasses given in the titles.
55



Time (days)

F
re

qu
en

cy
 (

cp
h)

TOP: absolute amp. /  BOTTOM: relative amp. (mean removed)

0 10 20 30 40 50 60 70 80 90 100

0.02

0.04

0.06

0.08

0.1

Time (days)

F
re

qu
en

cy
 (

cp
h)

0 10 20 30 40 50 60 70 80 90 100

0.02

0.04

0.06

0.08

0.1

0 10 20 30 40 50 60 70 80 90 100
0

13.0625
0 10 20 30 40 50 60 70 80 90 100

0

3.532533.5

13.1

cm
/s

cm
/s

Absolute amplitude

Relative amplitude (mean removed)

Time (days)

Figure 18: Spetrograms of the azimuthal veloity at the Keahole Pt. OTEC-1 site(54 m depth). Top spetrogram is the absolute veloity; bottom is the relative hangewithin eah frequeny bin. Larger amplitudes are lighter in shading. Large irleson the frequeny axis mark the M2 and K1 frequenies; smaller irles mark 1/18and 1/60 ph. Beneath the spetrograms, the amplitude of the 18 h (top) and 2.50days (bottom) motion is shown. The omplex demodulation used for these alulationsemployed a 5-point Butterworth IIR lowpass �lter; the lowpass uto� was hosen suhthat the equivalent bandpass is from 17.6{18.6 h period (top) and 2.17{2.88 days period(bottom). The beginning of day 0 orresponds to 26 Deember 1980, 14:07 HST (timeas given by Noda and Assoiates). 56



10−3 10−2 10−1 100
10−1

100

101

102

103

104

105

95%

Frequency (cph)

E
ne

rg
y 

D
en

si
ty

 (
cm

^2
/s

ec
^2

/c
ph

)

Azimuthal (solid) and radial (dotted) velocity

OTEC−1 Keahole Pt. (54/1346m)

Days 70−109

Cosine tapered, pre−whitened

Every other point is independent

Tides filtered

 1  2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

(hours)(days)

Period

Figure 19: Spetra of the azimuthal (solid) and radial (dotted) veloity at the KeaholePoint OTEC-1 mooring (54 m depth) for days 70-109 of the time series. A signi�antintertidal peak is at 18.1 h period in the azimuthal veloity.
57



10−3 10−2 10−1 100
0

0.25

0.5

0.75

1

95%

Frequency (cph)

A
m

pl
itu

de

 2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

10−3 10−2 10−1 100
−180

 −90

   0

  90

 180
P

ha
se

 (
de

gr
ee

s)

Nawiliwili leads

Hilo leads

 2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

(hours)(days) Period
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Figure 21: Squared amplitude of the near-inertial and intertidal signals at Moku o Loe(Oahu) and Hilo (Hawaii).
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Figure 22: A von Karman vortex street in the lee of Kauai. AVHRR thermal infraredimage from 8 February 1995.
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Figure 23: Spetrum of orretion to sea level for isostati air pressure foring at Lihue(Kauai) for the winter months of 1984{1994.
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Chapter 6Foring mehanisms
A diretly wind-fored trapped wave model is examined. The model's output is shown tobe of the same order as observed trapped waves, although di�erenes in the balane ofkineti and potential energy are noted. Evidene of trapped-wave leakage from Hawaiito Maui is demonstrated in a multiple regression analysis of Kahului sea level onto Hilosea level and the loal winds at Kahului.
6.1 Diret wind foring of island-trapped waves
Subinertial peaks in temperature [Wunsh, 1972℄, urrent [Hogg, 1980℄ and sea levelspetra [Luther, 1985℄ indiate that trapped waves represent a signi�ant part of themotion near islands. Several mehanisms for generating these waves have been sug-gested, inluding diret wind foring [Hogg, 1980℄ and transfer of energy from remotewind foring via surfae waves [Luther, 1985℄.There is onsiderable evidene that diret atmospheri foring plays a signi�ant rolein resonant oastal wave exitation. Hogg [1980℄ identi�ed a 26.1 h peak in urrent andtemperature spetra as Bermuda's gravest subinertial trapped wave. At this period, hefound a oherene peak of amplitude 0.65, aompanied by a 180Æ phase jump, betweentemperature at 700 m depth and north surfae wind stress. Miyata and Groves [1971℄noted a prominent 2.5 day peak in Hilo, Hawaii sea level { later identi�ed by Luther[1985℄ as Hawaii's gravest subinertial trapped wave { and found it was oherent withboth loal and distant weather. Luther [1985℄ also found weak oherene between Hilosea level and meridional wind in this band; however, he noted that a large phase jumpaompanied the oherene peak and suggested that the inverse barometer e�et fromair pressure foring may be ontaminating the signal (for adjusted sea level, a largeroherene amplitude is found: see Fig. 25).
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It has been proposed [Luther, 1985℄ that an e�etive mehanism for island-trappedwave generation would be a spatially homogeneous wind blowing over an island, osil-lating at or near a trapped wave eigenfrequeny. This would produe a pattern ofEkman-driven onvergene and divergene appropriate for the exitation of odd az-imuthal modes trapped waves. In order to explore the possibility that suh diretforing may play an ative role in generating observed oastal waves, this model is de-veloped and examined here. The fous of this work is to explore the order-of-magnitudetrapped wave response for a simple ylindrial island rather than an in-depth exami-nation of the vertial struture and exat eigenfrequenies for an atual island. Futuremodeling, possibly exeuted as an extension of numerial studies of seamount-trappedwaves [Brink, 1989; Brink, 1990℄, should deal with these issues and be ompared toexisting data sets in the spirit of Noble, Brink and Eriksen [1994℄.6.1.1 Formulation of the model
The relevant governing equations for examining island-trapped waves are the Boussi-nesq, hydrostati, linearized momentum and ontinuity equations on an f-plane. Alength sale independent linear dissipation (Rayleigh damping) may be assumed of timesale ��1; where �=fo � 1:

(�t + �)u� � fo"��u� + ��p = F�; (6.1a)N2� + �3p = 0; (6.1b)(�t + �)� � u3 = 0; (6.1)��u� + �3u3 = 0: (6.1d)
Greek subsripts represent omponents in the horizontal diretions x1 and x2. Sum-mation onvention is implied for all vetor indies. The vetor u is the veloity of theuid. The perturbation pressure p desribes deviations from the bakground hydrostati64



balane. The vertial displaement of a uid partile from a state of rest is desribedby �. The buoyany and inertial frequenies are N and fo, respetively.Wind foring is parameterized as a horizontally homogeneous body fore ating inthe north-south diretion on a thin surfae layer of width hmix [Gill and Clarke,1974℄. One Fourier omponent of frequeny ! will be dealt with expliitly:F1 = 0; F2 = ( �o�ohmix e�i!t; �hmix � x3 � 0;0; �h0 � x3 < �hmix: (6.2)A more general wind �eld may be onstruted by integrating over a wind spetrum�o(!); the goal of this analysis is simply to observe the response of the system as afuntion of foring frequeny.The total depth h0 is assumed to be onstant. Beause the motion of interest isthe barolini response to this foring in the presene of an island [Wunsh, 1972℄,the depth average of F is negleted. Barotropi subinertial resonant frequenies for theHawaiian Islands are indistinguishable from the inertial [Longuet-Higgins, 1969℄ andsubstantially alter the response only if !=fo � 1. Assuming a rigid lid and at bottom,the vertial boundary onditions areu3 = 0 at x3 = 0;�h0: (6.3)A ylindrial island of radius a, entered at r = 0 and extending from the bottomto the rigid lid, imposes the boundary onditionur = 0 at r = a; (6.4)where ur is the radial omponent of the veloity. The veloity and perturbation pressure�elds must also satisfy u; p remain �nite as r !1 (6.5)if the motion is trapped, or outward-radiating energy only as r ! 1 if the motion isfreely-propagating. 65



Before proeeding, three geometrial approximations for the island merit some dis-ussion. The �rst involves mapping the oastline of an atual island onto a ylinder ofsome \equivalent" radius. Luther [1985℄ argued that this approximation may be justi-�ed for subinertial Kelvin-like waves on the grounds that the net ray path is not e�etedby random irregularities smaller than the deformation radius; larger asymmetries mustbe mapped onto the equivalent radius to produe a ray path of similar length.The seond geometrial approximation made here is that the island walls are purelyvertial. Retention of vertial separability motivates this approximation, whih mayjusti�ed for the barolini modes with deformation radii muh larger than the horizon-tal sale of the island shelf [Luther, 1985℄. If these sales are omparable, the motionwill feel the slope and resemble the low-frequeny shelf waves of Rhines [1970℄. Conse-quently, the penetration sales of the higher modes will be unrealistially large in thismodel. The radial struture of these higher modes may atually resemble those foundby Brink [1989℄ in his numerial study of seamount-trapped waves.The third approximation made in this model is that the wind stress is spatiallyhomogeneous. Large topographi features, suh as Mauna Kea and Mauna Loa on theisland of Hawaii, disrupt the spatial homogeneity of the wind �eld and produe shearzones in the lee of the island, essentially inreasing the area of onvergene/divergeneregions and possibly magnifying trapped wave generation. Furthermore, winds enoun-tering an island with signi�ant vertial relief would be intensi�ed around the sides ofthe island, thus inreasing the magnitude of the Ekman pumping [Luther, 1985℄.Under the approximations desribed above, the vertial dependene may be sepa-rated by assuming0BBB� u1u2pF2
1CCCA = Xn

0BBB� Û1Û2PT
1CCCA (x1; x2;n) e�i!t �(x3;n); (6.6a)
66



 u3� ! = Xn  U3E ! (x1; x2;n) e�i!t '(x3;n) (6.6b)
[Fjeldstad, 1933℄. The separation onstant is formulated in terms of the equivalentdepth:

ddx3 � 1N2 ddx3�n�+ 1ghn�n = 0; (6.7a)ddx3�n = 0 at x3 = 0;�h0; (6.7b)
(�i! + �)P + ghn ��Û� = 0: (6.8)The vertial struture funtions are related aording to

'n / ddx3�n: (6.9)
Assuming a onstant buoyany frequeny No, the solutions to (6.7a) satisfying thevertial boundary onditions are

�n = os�n�x3h0�; (6.10)
with equivalent depths for n � 1 given by

hn = 1g �Noh0n� �2 : (6.11)
The foring projets onto these modes suh that

Tn = 2�o�oh0 sin�n� hmixh0 � : (6.12)
For No = 2:99 � 10�3 s�1, fo = 4:88 � 10�5 s�1 and h0 = 3:0 � 103 m, one �ndsthat hn = :83n�2 m and mode n = 6 has a radius of adjustment smaller than 10 km.Beause this is approximately the width of the island ank for Hawaii, only the lowestfew barolini modes should feel the atual island as vertially-walled.67



For eah vertial mode (dropping the subsript n),
(�i! + �)Û1 � foÛ2 + �1P = 0; (6.13a)(�i! + �)Û2 + foÛ1 + �2P = T; (6.13b)(�i! + �)P + gh��Û� = 0: (6.13)

Assume Û� = U�(n) + U�(x1; x2;n); (6.14)
where the barred omponents of the veloity represent the horizontally homogeneousfored solution in the absene of the island (the \far-�eld," Brink [1990℄) and U1; U2are the island-assoiated parts of the veloity �eld whih at to satisfy the boundaryondition at r = a. By de�nition,

(�i! + �)U1 � foU2 = 0; (6.15a)(�i! + �)U2 + foU1 = T: (6.15b)
The partiular solution to these equations is the Ekman ow

U1e�i!t = 2Uo �1� �2��1 e�i!t; (6.16a)U2e�i!t = �2iUo �1� �2��1 �e�i!t; (6.16b)
where

� = ! + i�fo ; (6.17a)Uo = T2fo : (6.17b)
The radial omponent of this isU re�i!t = �U1 os � + U2 sin �� e�i!t= Uo �1� �2��1 h(1� �)ei(��!t) + (1 + �)e�i(�+!t)i : (6.18)
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Homogeneous wind foring in the absene of relief and ompliated geometry projetssolely onto the �rst azimuthal mode. Assuming !, fo > 0, the lokwise part of (6.18)is resonant for ! = fo apart from any island-assoiated e�et.The governing equations for the island-assoiated �eld are
�ifo�U� � fo"��U� + ��P = 0; (6.19a)�ifo�P + gh��U� = 0: (6.19b)

By eliminating U1 and U2, one �ndsr2d ����P � (1� �2)P = 0; rd = pghfo : (6.20)
The horizontal veloity omponents are related to P aording to

fo(1� �2)Ur = i��rP � 1r ��P; (6.21a)fo(1� �2)U� = �rP + ir���P: (6.21b)
In order to satisfy the radial boundary ondition (6.4),

Ur = �Ur at r = a: (6.22)
This boundary ondition may expressed in terms of P as

i��rP � 1r ��P = �T2 h(1� �)ei� + (1 + �)e�i�i at r = a: (6.23)
Solutions to (6.23) may be found of the form

P e�i!t = iPoR(r)R(a) h�wei(��!t) + �we�i(�+!t)i ; (6.24)
where

Po = aT2 ; (6.25a)�w = (1� �)��a�rR(a)R(a) � 1��1 ; (6.25b)
�w = (1 + �)��a�rR(a)R(a) + 1��1 : (6.25)
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In terms of these parameters, the veloity omponents of the island-assoiated �eldare
U�e�i!t = i UoR(a)(1� �2)�1 ��a�rR(r)� �arR(r)� �wei(��!t)+ �a�rR(r) + �arR(r)� �we�i(�+!t)� ; (6.26a)Ure�i!t = UoR(a)(1� �2)�1 ��arR(r)� �a�rR(r)� �wei(��!t)� �arR(r) + �a�rR(r)� �we�i(�+!t)� : (6.26b)

The radial struture funtion R must satisfy
r2�2rR+ r�rR� "1 + "r2a2 �1� �2�#R = 0; (6.27)

where the nondimensional parameter " is
" = � ard�2 = a2f2oghn (6.28)

[Longuet-Higgins, 1969℄.If the foring is subinertial, one may de�ne
� = 1rdp1� �2 = 1aq" (1� �2): (6.29)

Subinertial solutions to (6.27) are the modi�ed Bessel funtions
R = ( K1(�r);I1(�r): (6.30)

The K solution is the island-trapped solution of interest; I(�r) beomes in�nite asr !1 and is therefore disarded. For the radial struture funtion K1(�r),
a�rR(r) = �aK 01(�r) = ��aK0(�r)� arK1(�r): (6.31)

Aording to (6.25b) and (6.25), there is an in�nite response if � = 0 andK1(�a)�aK 01(�a) = � !fo : (6.32)
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This expression, idential to (2.7) with m = 1, determines the natural frequenies of thefree system [Longuet-Higgins, 1969℄.If the foring is superinertial, one may de�ne
k = 1rdp�2 � 1 = 1aq" (�2 � 1) (6.33)

to �nd solutions of (6.27) of the form
R = ( H(1)1 (kr);H(2)1 (kr): (6.34)

For outgoing phase only at r !1, the solution H(2)1 must be rejeted, beause
H(1)(kr)e�i!t / ei(kr�!t); (6.35a)H(2)(kr)e�i!t / e�i(kr+!t) (6.35b)

as r !1. Far away from the island, energy radiates outward at the phase speed pghnfor eah mode. The radial struture funtion obeys
a�rR(r) = kaH 0(1)1 (kr) = kaH(1)0 (kr)� arH(1)1 (kr): (6.36)

From (6.25b) and (6.25), maximum pressure disturbanes our for minimum valuesof ����kaH 0(1)1 (ka)� fo! H(1)1 (ka)���� (6.37)if � = 0. Minimum values of this expression, equivalent to (2.22) with m = 1, give thepseudo-resonant sattering peaks onsidered by Wunsh [1972℄.6.1.2 Magnitude of the model output
The radial struture of subinertial motion is desribed by the modi�ed Bessel funtionK of omplex argument �r. For �=fo = 0:015 (shown later to be a reasonable hoie),the imaginary part of � remains negligible unless ! is very lose to fo:71



!=fo arg(�) (rad) (j�j rd)�1.90 -.0705 2.28.95 -.1419 3.13.99 -.4876 5.281.00 -.7816 5.77Presumably, the near-inertial solutions are desribed by a mix of the trapped K1 andfreely-propagating H(1)1 struture funtions. This ompliation exists outside the fre-queny band of interest for the barolini oastal wave system and will not be dealtwith here. Consequently, the near-inertial response of this model (0:9 � !=fo � 1:1 fordamping of order �=fo < 0:03) must not be seriously onsidered.Values of the physial parameters were hosen to model trapped waves at the islandof Hawaii [Luther, 1985℄ for all model runs exept those otherwise spei�ed:Parameter Symbol ValueIsland radius a 70:3� 103 mInertial frequeny fo 4:88� 10�5 s�1Buoyany frequeny N 2:99� 10�3 s�1Total depth h0 3:0� 103 mMixed layer depth hmix 90 mThese values yield a �rst barolini deformation radius of 58.5 km. The total depthwas hosen so that the equivalent depth of barolini mode n is hn = :83=n2 m, foronsisteny with Luther [1985℄. A surfae wind stress of 0.1 N/m2 was hosen to forethe model [Gill and Clarke, 1974℄.An equivalent sea surfae displaement �eq may be de�ned from the perturbationpressure at the rigid lid as �eq = g�1pjx3=0: (6.38)
A plot of the mean-square �eq for �=fo = 0; 0:015 and 0.03 appears as Fig. 26, where

ms �eq = 14�2 Z 2�0 d� Z 2�0 d(!t) Re(�eq)2= 12g2Xn;mPno Pmo [�n1�m1 os ( n1 �  m1 ) + �n2�m2 os ( n2 �  m2 )℄ (6.39)
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and �1ei 1 = iR(r)R(a)�w; �2ei 2 = iR(r)R(a)�w; �1;2 real: (6.40)The phase � plotted in Fig. 26 is de�ned by
� = Arg f�eq(t = 0; � = 0)g = Arg( igXn PoR(r)R(a) (�w + �w)) : (6.41)

Resonane is apparent at the subinertial eigenfrequenies, and is aompanied by aphase shift whih approahes 180Æ for low barolini modes and low dissipation. Thereis a peak at ! = fo aused by resonane of the Ekman-driven far �eld. The superinertialresponse falls o� very rapidly with inreasing frequeny; there is no sign of the pseudo-resonant superinertial peaks of Wunsh [1972℄. This result is not surprising, as theo�-inertial pseudo-resonant peaks are formed by the higher azimuthal modes (note therange of pseudo-resonane shown for the �rst four azimuthal modes in Fig. 5). Due tothe lak of resonane or pseudo-resonane in the superinertial response of the system,only the subinertial response will be subsequently examined.Adjusted sea level reords at Hilo, Hawaii reveal a strong seasonality in the amplitudeof the gravest subinertial oastal wave [Luther, 1985℄ (see Fig. 17). The Q (de�ned asthe peak frequeny divided by the half-power bandwidth) and rms amplitudes of somestrong winter events are listed below:Winter Q rms � (m)1967{1968 13.3 1.31968{1969 8.8 1.41969{1970 10.7 1.71971{1972 16.7 1.31974{1975 10.7 1.1(MEAN) 12.0 1.4For �=fo = 0:015 (damping time sale � 15.8 days), �o=0.1 N/m2 and �o=1024 kg/m3,the dimensional values of rms �eq(r = a) and rms u�(x3 = 0; r = a) at the �rst barolinitrapped wave eigenfrequeny are 1.1 m and 6.0 m/s, with a Q (for the mean-square73



�eq=! plotted in Fig. 26) of 13.8. Thus, aording to this model, a typial oeani windstress distributed over a large region should lead to an observable trapped wave signal.While island-trapped waves an order of magnitude larger are observed in the AlenuihahaSeadata reord, these results suggest that loal wind foring may play a major role insubinertial wave generation at the island of Hawaii.The urrents fored at the �rst barolini eigenfrequeny with �=fo = 0:015 areshown in Fig. 27. This snapshot of the ow �eld is taken at t = 0, and at four depths inthe water olumn. The vertial mode sum has been over the �rst 100 modes. The result-ing motion is dominated by the os (n�x3=h0) struture of the resonantly-fored gravestmode. At t = 0, the wind is at its northward magnitude, with a resulting far-�eld urrentnearly eastward (a slight northward omponent is aused by the lag introdued by dis-sipation). The onvergene/divergene on the western/eastern side of the island resultsin downward/upward isopynal displaements, whih have their maximum amplitude of16 m at x3=h0 = �0:5. These displaements lead to the geostrophially balaned (inthe radial diretion) ow of vertial mode one visible below the mixed layer in Fig. 27.The model e�etively demonstrates that oastal wave dynamis produe motion wellbelow the mixed layer.The urrents shown in Fig. 27 rotate lokwise around the island due to the dom-inane of the lokwise part of the island-assoiated �eld. This rotation of the dissi-pationless system at near-resonant foring is shown in the top half of Fig. 28, wherethe sum over the vertial modes has only been taken to the �rst term (the gravestbarolini mode). While the maximum northward to eastward far �eld veloity in thedissipationless system sales as
U2(max)=U1(max) = !=fo; (6.42)74



hosen in Fig. 28 to be 0.55, the island-assoiated azimuthal veloity maxima (separatedby a quarter of a period) have a ratio greater than 0.9 (bottom half of Fig. 28). Thus, thenear-resonant response to a north-south wind displays onsiderable azimuthal symmetry.An interesting result obtained from this model is that the amplitude of the gravestsubinertial trapped wave is not a funtion of the island radius a for a wide range ofvalues. For example, if Hawaii values of all parameters exept island radius a are �xedand the model is fored with a wind stress of 0.1 N/m2 and dissipation �=fo = 0:015, theroot-mean-square equivalent surfae displaement at the �rst barolini eigenfrequenyis: Island 1st baroliniRadius eigenfrequeny rms �eqa (m) (!=fo) (m)4:69� 104 0.78 1.067:03� 104 0.60 1.081:05� 105 0.44 1.08Sea level observations indiate that �rst azimuthal, �rst barolini oastal waves aroundthe island of Hawaii are muh more energeti on average than those around the Mauigroup or Oahu. Two mehanisms may explain this observation. First, the geometriompliations of the Maui group, inluding the hannels whih ould at to relax surfaedisplaements, and the many sharp turns in the ray path, may damp trapped waveenergy at that island. At Oahu, less energeti sea level displaements may follow fromtrapping of the waves' energy on the shallower topographi slope. Alternatively, theforing may be enhaned at Hawaii due to the signi�ant vertial relief of the islandmore so than at Oahu and at Maui, where lee enhanement of Ekman pumping behindHaleakala may fall within the shallow hannels of the island group.The model equivalent surfae displaement response displays a prominent peak atnear-inertial foring frequenies (see Fig. 26). This peak, whih dominates the model'snear-inertial urrent �eld, is not a feature of observed sea level or urrent spetra.75



This may reet the approximations (ignoring the barotropi part of the �eld and theomplex part of the o�shore wavenumber) whih are not appropriate for near-inertialforing. In any event, the inertial peak is the result of diret resonane of the far �eldto the foring, independent of the island-trapped wave dynamis of interest here. Thus,a normalization of the model output was desired whih would minimize this feature.This normalization was onduted by dividing the energy of the model output by theaveraged far-�eld kineti energy �ek, de�ned as
�ek = 12 Re(�u�) Re(�u�): (6.43)

This far-�eld kineti energy may be averaged to obtain
h�eki = 14 hmixh0 � �ofo�ohmix�2 ���� 11� �2 ����2 + ���� �1� �2 ����2! ; (6.44)

where h i is the operator
h i = 1h0 Z 0�h0 dx3 14�2 Z 2�0 d� Z 2�0 d(!t) : (6.45)

The spei� potential and kineti energy is
ep = 12N2 Re(�)2 = 12N2 Re (�3p)2 ; (6.46a)ek = 12 Re (u�) Re (u�) ; (6.46b)

where u1; u2 are omposed of both the diretly-fored far-�eld and the island-assoiated�eld.A plot of hek + epi = h�eki vs. !=fo for varying �=fo at r=a = 1:25 (Fig. 29) demon-strates how damping a�ets the resonant peaks. For dissipation time sales as long as7.9 days (�=fo = 0:03), resonant peaks past the third barolini mode no longer appearin the response. By plotting hek + epi = h�eki vs. !=fo for values of r=a from 1 to 3(Fig. 30), one sees that the low-frequeny response of the system is tightly trapped to76



the island. This is beause the trapping sale ��1n for barolini mode n is proportionalto n�1 in the onstant N2 model; atual trapping sales would deay more rapidly withinreasing n due to the inuene of the island anks [Hogg, 1980℄. Beyond r=a = 1:75,the response of a barolini mode higher than the third is limited to the projetion ofthe Ekman-driven mixed layer motion onto that mode.6.1.3 Comparison with observations
How losely does the normalized model output ompare with observed resonant oastalwaves at Hawaii? Data hosen for this omparison were Hilo sea level and azimuthalveloity measured at the Alenuihaha Seadata site. Seadata sets 3{7 were hosen due tothe short lengths of sets 1 and 2; these data over the period 26 November 1984 to 26May 1986 (see Table 3.3).All model spetra were normalized by multipliation with the quantityu2oh�eki ; (6.47)
where h�eki is given in (6.44). The onstant uo was hosen suh that the energy level ofthe �rst barolini peak in the graph of2�! u2oh�eki ms �eq (6.48)
(ms = mean-square) mathed the observed spetral energy (Fig. 31). In order to ahievethe lose �t shown in the �gure, �=fo = 0:03 and uo = 1:7 m/s. The radial distaner=a for Fig. 31 is 1.0.Given these hoies of parameters, a plot of2�! u2oh�eki ms u� (6.49)
and the observed azimuthal veloity at the Seadata site appear as Fig. 32. The radialdistane r=a was hosen as 1.1; the mean-square azimuthal veloity at depths of 50 m77



(dotted) and 100 m (dashed) were omputed to represent the model results within andbelow the mixed layer (total depth 90 m). The model underestimates the spetraldensity at the �rst barolini peak, while overestimating the energy level of the higherpeaks. In addition, the model spetrum is redder than the observations.
The major disrepany between the model and the observations is the presene ofsharp resonant peaks at the higher mode eigenfrequenies. It would be a straightfor-ward extension of this model to admit sale-dependent dissipation; beause the highermodes are desribed by smaller sales vertially and radially, the extended model ouldthen math the energy level and Q of the gravest peak while dropping the energy levelsof the higher peaks. Essentially, of ourse, this extension adds an additional, \tun-able" parameter resulting in a higher orrespondene between the model output andthe observations. Thus, while sale-dependent damping may be argued on a physialbasis, our dynamial understanding of island-trapped waves would not be signi�antlyenhaned by this exerise.
A seond explanation for the redued energy of the observed higher peaks may lie inthe geometrial approximations made for the model island. Numerial studies indiatethat higher-radial mode trapped waves around a seamount are tightly trapped to theseamount ank [Brink, 1990℄. As argued earlier, the barolini modes of the model mustexeed the horizontal sale of the island ank to justify the vertially-walled ylindermodel of the island. For Hawaii values of fo, hn = :83=n2 and a typial ank sale of5{10 km, the approximation is no longer valid for modes 5 to 10. Beause barolinimode 2 has a deformation radius to island ank ratio of 3 to 6, the vertially-walledapproximation is qualitatively appliable to this mode and annot be used to explainthe disrepanies between the model and the observations at the �rst few barolinimode eigenfrequenies. This mehanism may play an important role for the lower78



frequeny, higher barolini modes, whih are overestimated in the model azimuthalveloity response (see Fig. 32).Future models of fored waves trapped around islands must address some of thegeometrial and/or topographi omplexities not dealt with in this study. Two possibleextensions to the model whih may retain analytial tratability are enhanement ofthe Ekman pumping regions due to a wind shadow and leakage of energy from onelosely-spaed island to another. Numerial work, espeially omparing existing datasets of urrents and sea level with the preditions of a modi�ed version of Brink's[1990℄ seamount-trapped wave model in the presene of sale-dependent damping, o�ersa promising path for future researh.
6.2 Leakage of trapped wave energy
The 2.5 day oastal wave at Hawaii has a trapping sale ��1 of approximately 72 kmaording to (2.8) and the parameters given in Table 2.1. The distane from Hawaii toMaui is approximately 40 km. Beause isopynal displaements assoiated with island-trapped waves have a radial struture of the form Km(�r), Hawaii's gravest wave willbe felt at Maui redued by a fator ofK1[1:38� 10�5 m�1 � (7:03� 104 m + 4� 104 m)℄K1(1:38� 10�5 m�1 � 7:03� 104 m) � 0:4: (6.50)
The gravest oastal wave at Hawaii is energeti, partiularly in the winter months(see Fig. 17). During energeti trapped wave events at Hawaii, appreiable vertialdisplaements should be felt at the southeastern side of the Maui island group. Therelaxation of these displaements would then lead to the generation of trapped wavesaround the Maui island group [Luther, 1985℄. In theory, this remote foring mehanismis partiularly e�etive for Hawaii and Maui; the eigenfrequenies of these islands arelose enough to allow for o-resonant leakage.79



6.2.1 Evidene of leakage
Luther [1985℄ noted that a oherene peak between sea level at Hilo and Kahuluiours near the eigenfrequenies of Hawaii and the Maui group (Fig. 33). Beause thetrapped waves at Hilo are muh more energeti on average than those at Kahului, thisoherene peak suggests that the trapped wave at Hawaii may be leaking energy onto theMaui island group [Luther, 1985℄. A running oherene between the two ASL reordsfrom 1966 to 1974, band-passed from 2.5 days to 2.83 days period (Fig. 34), revealsthat energeti events in the Hilo reord are often mirrored by peaks in the Kahuluireord. For several events, these onurrent peaks are aompanied and an inreasein the oherene amplitude between the band-passed signals. This is espeially evidentduring the most energeti event in the reord, whih ourred in the winter of 1969{1970(Fig. 35). Kahului leads Hilo by 20Æ to 40Æ during many of these oherent events. Itmust be noted, however, that not all energeti events in the Hilo trapped wave bandorrespond to oherent events between the two reords; an example of this ours in thewinter of 1973{1974 (see Fig. 34).The demodulated amplitude of Kahului ASL shown in Fig. 34 peaks in the summerof 1971, during whih no energeti trapped waves appear in the Hilo reord. Spetraof the two ASL reords during this summer (Fig. 36) reinfore the fat that the islandsan be exited independently, and that the Maui group an support resonant oastalwaves without leakage from Hawaii. Nevertheless, energeti events in the Hilo reordoften aompany oherent events between the two islands, suggesting that leakage is asigni�ant foring mehanism for the Maui trapped waves.The spetra of Kahului and Hilo ASL in the winter of 1969{1970 (not shown) bothhave peaks at 2.51 days period. Leakage, rather than simultaneous wind foring, isthe most likely explanation for the Kahului spetrum peaking at this period. This is80



beause the theoretial natural periods of the two islands are signi�antly di�erent (seeTable 2.1), and should respond most strongly at these di�erent periods in the preseneof broad-band foring. It should be noted that the spetrum of the wind at Kahuluiduring this winter (not shown) does not ontain any peaks in the 2 to 3 day periodband.The periods of peaks in the trapped wave band at Hilo may be plotted vs. those atKahului for the entire 1966{1974 reord (Fig. 37) to reveal that onurrent peaks fallinto two regimes. In the \oupled" regime indiated in Fig. 37, energy peaks our atthe same period in the two reords. In the \unoupled" regime, the period of the waveat Kahului falls near the theoretial value for the Maui group, while the peak at Hawaiiis at the slightly smaller period for that island. The points whih fall in the \oupled"regime orrespond to the oherent events shown in Fig. 34.The intertidal sea level peak at Kahului, with an aompanying oherene peakbetween Kahului and Hilo ASL (see Fig. 33), was also suspeted to be evidene ofleakage by Luther [1985℄. However, the intertidal peak periods at Hilo vs. thoseat Kahului (not shown) do not tend to fall along the THilo = TKahului line, but insteadde�ne a random sattering of points. A running oherene of the superinertial motion atKahului and at Hilo (not shown) reveals an event whih is energeti and highly oherent(amplitude greater than 0.9), but also reveals several events whih are energeti andnot signi�antly oherent.Is the phase di�erene between the Kahului and Hilo reords during the oherentevents (see Fig. 34) onsistent with oastal wave leakage from Hawaii to Maui? If thephase of the �rst azimuthal mode wave at Hawaii is mapped aross the AlenuihahaChannel at the narrowest point between Hawaii and Maui without phase hange, Kahu-lui leads Hilo by 35{45Æ when the Pailolo Channel between Maui and Molokai is inluded81



in the ray path (Fig. 38). If this hannel is skipped while mapping the ray path of theoastal wave (whih, inidentally, results in a smaller equivalent radius than that givenby Luther [1985℄), Kahului leads by approximately 100Æ. Due to the ompliated ge-ometry of the Maui island group, no de�nitive statement about the phase shift an bemade; it would seem, however, that the observed � 30Æ shift is not inonsistent withthe hypothesis of leakage.
6.2.2 Multiple regression analysis of Kahului ASL
It is not immediately obvious from the running oherene of Fig. 34 that simultane-ous, diret wind foring of the two islands' trapped waves does not adequately explainthe observations. An argument against this explanation is the fat that the peak pe-riods of the two reords are idential during the oherent events, suggesting ouplingof the trapped waves at the two islands. However, this argument does not quantifythe importane of leakage as a foring mehanism for the trapped waves observed atKahului.In Setion 6.1, a large-sale wind �eld was shown to be an eÆient foring mehanismfor island-trapped waves. Evidene for this may be found in the oherene between HiloASL and the north wind at Kahului (Fig. 25). The oherene amplitude reahes a peakat 2.6 days period, very near the natural period of the island. This peak is aompaniedby a phase shift of nearly 180Æ, as one would expet for a linear system fored atits eigenfrequeny. Interestingly, Hilo ASL is less oherent with the winds measured atHilo Airport. Perhaps this is due to ontamination of the meteorologial data by nearbystrutures or topography, resulting in the Hilo data not aurately reeting the loalwinds.The oherene amplitude between Kahului ASL and north wind at Kahului (Fig. 39)has peaks at 1.9 and 2.7 days period. The latter is at a somewhat larger period than82



the Maui island group's natural period. This oherene peak overlaps the peak betweenHilo ASL and Kahului ASL (Fig. 33), whih has a maximum at 2.56 days period.In order to separate the e�ets of diret wind foring from leakage in Kahului ASL,the multiple regression tehnique [Davis and Bogden, 1989℄ was employed as outlinedbelow. Consider �K(t), the ASL reord at Kahului, fored by three input funtions Fi,i = 1; 2; 3, where F1 = �H(t); (ASL at Hilo);F2 = N(t) (North wind at Kahului);F3 = E(t) (East wind at Kahului): (6.51)
With the addition of noise representing the variane of �K inoherent with these inputs,the Fourier omponents of this system are given by

~�K(!) = aj(!) ~Fj(!) + ~n(!): (6.52)
Summation onvention is implied for repeated vetor indies. Beause the true transferfuntions a1�3 are unknown, one may let

�̂K = �j ~Fj ; (6.53)
and determine the �'s by minimizing~n = ~�K � �̂K= ~�K � �j ~Fj (6.54)
in a least-square sense [Davis and Bogden, 1989℄. From (6.54), the autospetrum ofthe noise is given by

Sn̂n̂ = S�K�K � �jV �j � ��jVj + ��i�jDij ; (6.55)
where V = 0B� S�K1S�K2S�K3

1CA ; (6.56)
83



and D = 0B� S11 S12 S13S21 S22 S23S31 S32 S33
1CA : (6.57)

By requiring �Snn���i = 0, one �nds
�j(!) = D�1ij Vi: (6.58)

Thus, the estimated transfer funtions �1�3 may be alulated from the matrix Dformed from the auto- and ross-spetra of the inputs and the vetor V formed fromross-spetra of the output with the inputs. The 95% on�dene limits on the transferfuntion estimates may be alulated by doubling the standard error bars given byDavis and Bogden [1989℄.The gain and phase of the transfer funtions, de�ned by
�i = Gi(!)ei�i ; (6.59)

are shown in Figs. 40 and 41. Within the trapped wave band, the gain for the eastwardomponent of the winds is not signi�antly greater than zero at the 95% on�denelimit. The gain for the north wind is weak but signi�antly nonzero at 0.5 � 0.25 mper m/s. The gain for Hilo ASL has a signi�ant peak of 0.85 � 0.3 m per m ata period of 2.6 days (the period of the observed peak in the Kahului autospetrum).This indiates that remote foring is the dominant mehanism for generating the mostenergeti oastal wave at the Maui group.In order to ompare the relative impats of the foring inputs upon Kahului ASL,the three-input model desribed above was ompared to regressions using only the loalwinds and only Hilo ASL as inputs. The total variane of the output for eah modelwhih is \predited" from the input/inputs is
V �D�1V (6.60)84



[Davis and Bogden, 1989℄. The skill of the model may be de�ned as this quantitydivided by S�K�K , suh that the skill represents the perent of variane predited at eahfrequeny [Davis, 1976℄. In Fig. 42, the skills are shown for the three-input, two-input(representing loal wind foring), and one-input (representing remote foring) models.The peak in the skill of the three-input model at 2.6 days period is mathed in magnitudeby the model with Hilo ASL as the sole foring term.For omparison with these results, the same skill alulations were made with HiloASL as the output and Kahului ASL and/or the loal winds at Kahului as inputs. Theskill in the 2.4 to 2.6 day band (not shown) was roughly balaned between the \loal"and \remote" terms. Presumably, the skill of the one-input (Kahului ASL) model isdue to the large oherene between the islands in this band (see Fig. 33). The observedenergy level of the trapped waves at Hilo is muh larger than the waves at Kahului duringoherent events (see Fig. 34), justifying the assumption of leakage from Hawaii to Maui(rather than the reverse). Simultaneous trapped wave foring from truly remote soures(suh as surfae wave set-up/set-down, Luther [1985℄) annot be ruled out by theseregression analyses. However, suh models fail to aount for spetral peaks appearingat the same periods in the two signals (see Fig. 37).These multiple regression analyses suggest that remote foring, argued in this hap-ter to be leakage from the energeti oastal wave around Hawaii, is the dominant foringmehanism for the observed 2.6 day peak in the Kahului ASL spetrum. Presumably,the e�etiveness of this mehanism is enhaned by the proximity of the two islands'eigenfrequenies; an interesting pursuit for future study is to quantify the e�etivenessof leakage in terms of the islands' radii and separation distane.
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Figure 25: Coherene amplitude and phase between Hilo ASL and north wind at Kahu-lui, 1966-1974. An arrow indiates the theoretial period of the gravest Hawaii trappedwave. Maximum oherene is 0.55 at 2.65 days period, orresponding to a phase shiftof -114Æ � 21Æ.
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Figure 27: Model urrents for Hawaii values of the physial parameters at t = 0, foredat !=fo = 0:60 (the �rst barolini eigenfrequeny) with dissipation �=fo = 0:015. Thebase of the mixed layer is at x3=h0 = �0:03. For �o = 0:1 N/m2, the largest arrows areof magnitude 7.2 m/s. The sum over the vertial modes has been arried over the �rst100 terms.
88



1 1.5 2 2.5 3 3.5 4 4.5 5
10

0

10
1

10
2

r/a

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

x/a

y/
a

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

x/a
y/

a

ωt = 0 ωt = π/2

ωt = 0
ωt = π/2

-U  (ωt = π/2)2

U  (ωt = 0)1

oτ
ρ 

h 
f

o
o

o
U

θ

Figure 28: Model urrents for Hawaii values of the physial parameters at !t = 0 and!t = �=2, fored at !=fo = 0:55 with no dissipation at x3 = 0. Only the ontribu-tion from the �rst barolini mode is shown. The (nondimensionalized) amplitude ofthe azimuthal veloity along the transets is plotted in the bottom panel, along withthe magnitude of the far �eld veloity. Maximum values of the nondimensionalized az-imuthal veloity are 43.7 at !t = 0, r = a and 40.9 at !t = �=2, r = a, indiating thehigh degree of azimuthal symmetry in the model output.
89



0.005

0.01

0.015

0.02

0.025

0.03
.11 .13 .15 .19 .25 .35

.60
 1 

   1

  10

 100

1000

Ep+Ek

〈e +e 〉p k

〈e 〉k

ω / fo

µ / fo

r / a = 1.25

Figure 29: Total mean spei� energy divided by mean bakground spei� kinetienergy for the fored island-trapped wave model at r = 1:25a. Frequenies from !=fo =0:1 to !=fo = 1:0 (inertial) are shown; tik marks are at the inertial frequeny andat the barolini eigenfrequenies. A range of values for the dissipation parameter �are plotted. A reasonable value of Q for the �rst barolini peak results from �=fo =0:015� 0:03, orresponding to dissipation time sales of 7.9{15.8 days.
90



1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00
.11 .13 .15 .19 .25 .35 .60  1 

   1

  10

 100

1000

Ep+Ek

〈e +e 〉p k

〈e 〉k

ω / fo

r / a

µ / f = 0.015o

Figure 30: Total mean spei� energy divided by mean bakground spei� kinetienergy for the fored island-trapped wave model with dissipation time sale ��1 =fo=0:015 (� 15.8 days). Frequenies from !=fo = 0:1 to !=fo = 1 (inertial) are shown;tik marks are at the inertial frequeny and at the barolini eigenfrequenies. Theenergy ratio is given for radial distane r ranging from the island radius a to 3a. Notethat the trapping sale dereases for inreasing barolini mode. At the �rst barolinieigenfrequeny, the ratio is 78 for r=a = 1, omposed of 23 parts kineti and 55 partspotential energy.
91



10−3 10−2 10−1 100
100

101

102

103

104

95%

Frequency (cph)

E
ne

rg
y 

D
en

si
ty

 (
cm

^2
/c

ph
)

Hilo sea level
Nov. 26, 1984 − May 26, 1986

Cosine tapered, pre−whitened

Every other point is independent

Tides filtered

 2  3  4  6  8  10 15 18 1 1.5 2 2.5 3  4  5  6  8  10 15 20 30 40

(hours)(days) Period
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Figure 39: Coherene amplitude and phase between Kahului ASL and north wind atKahului, 1966-1974. Arrows indiate the theoretial periods of the �rst (left) and seond(right) azimuthal, �rst barolini island-trapped waves for the Maui group. A oherenepeak of amplitude 0.37 is at 2.74 days period, with a phase shift of -67Æ � 33Æ. Amaximum of 0.41 is at 1.94 days period, phase -116Æ � 25Æ.
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Figure 40: Gain and phase of the transfer funtions for the north (top) and east (bottom)winds as determined by the multiple regression desribed in the text. The observedtrapped wave peak in the autospetrum of ASL at Kahului is marked by an arrow.Shading indiates the 95% on�dene range for the estimates. Phase is not shownwhere the error bar spans (��; �).
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Chapter 7Disussion and onlusions
The dynamial model of the low-mode subinertial trapped waves is onsistent withthe observations, and reveals the skill with whih the atual ray path of a baroliniKelvin wave an be mapped onto an equivalent radius for islands of relatively simplegeometry [Luther, 1985℄. Evidene from urrent time series suh as the AlenuihahaSeadata and Keahole Pt. data sets suggest that a suite of higher-mode trapped waves arealso present. A study of the impat of resonant trapped waves on nearshore proesses,inluding residene times of runo� and possible reti�ation to a mean ow [Luther,1985℄, is justi�ed from the magnitude of observed trapped wave urrents.
While many hypotheses were proposed for the superinertial osillations observedin sea level spetra, none were onsistent with all observations. It is possible thatweak motion whih is oherent over large sales is oexisting with superinertial wavestrapped (or nearly trapped) to individual Hawaiian Islands. Additional sea level stationshave been established throughout the Hawaiian Islands in the last few years; phaseinformation from these stations will ertainly larify our piture of the superinertialmotion. The superinertial osillations remain an enigma, bekoning for a dynamialmodel onsistent with the observations.
With a dynamial piture in hand of the subinertial waves, attention may be turnedto suh nuanes as the balane of remote and loal foring. The model of diret foringpresented in this paper is a �rst step towards understanding the generation of resonantoastal waves. The next generation of models must address ompliations suh as slopingisland anks, azimuthal asymmetries in the island geometry, and asymmetries in thewind �eld. Furthermore, the observed event-like nature of the trapped waves must be104



addressed. For example, how would the model respond to an impulse rather than asteadily-applied wind �eld? How would resonant peaks at the natural periods of thesystem be established under these irumstanes?Remote foring may play a role in generating some of the variane of the trappedwave at Hilo, but leakage from Hawaii to the Maui group seems to be the dominantforing mehanism for the spetral peak observed at Kahului. However, in the meanspetra of Kahului sea level, the spetral peak lies near the Maui group's natural period(2.6 days) rather than Hawaii's gravest mode trapped wave period (2.5 days). Thissuggests that leakage between these islands is partiularly e�etive due to o-resonane.Hawaii is more e�etively \rung" by diret foring, presumably due to its simple geom-etry. Following this exitation, the physial proximity of Maui (loser than the trappingsale of the oastal wave) allows energy to leak aross the Alenuihaha Channel andgenerate resonant waves around the Maui group. A study of leakage between otherHawaiian Islands goes beyond the sope of this work, but may resolve issues suh as theimportane of o-resonane in determining the eÆieny of leakage.Other foring mehanisms were not onsidered in this work, yet are promising topisfor future investigation. For example, Luther [1985℄ suggested that surfae waves maygenerate oastal waves through set-up/set-down of the thermoline; an array of buoysare urrently reording swell around the Hawaiian Islands and may be used to test thishypothesis.
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Appendix ACurrents around the Hawaiian Islands
Currents around the Hawaiian Islands are examined in several frequeny bands, fromthe mean ow �eld to semidiurnal motion. Speial attention is given to the bands on-taining subinertial trapped waves and the superinertial sea level osillations disussed inChapter 5.
A.1 Introdution
In parallel with the trapped wave study presented in the main body of this paper, ananalysis of several Hawaiian urrent data sets was onduted in order to asertain thetidal, intertidal, subinertial and mean ow �elds. A disussion of the urrent meter sitesappears in Setion 3.3; the loation, depth, deployment dates and types of meters aresummarized in Tables 3.2 and 3.3.Examination of four frequeny bands was onduted by a priniple omponent anal-ysis of band-passed signals in order to determine the diretion and magnitude of thesemimajor and semiminor axes of the urrent ellipses. Band-passing was performedwith a �ve-point Butterworth IIR �lter and the Matlab routine �lt�lt. The frequenybands examined in this report are:

Frequeny Minimum Maximumband period (h) period (h)Semidiurnal 11 13Intertidal (wide) 14 20Intertidal (tight) 17 19Diurnal 22 26Near-subinertial (IP) 72(IP = inertial period). For this analysis, the tidal frequeny bands still ontained thephase-loked signal; the intertidal and near-subinertial bands were inluded due to theirpossible signi�ane in the dynamis of resonant oastal waves [Luther, 1985℄.106



The eentriities of the urrent ellipses for eah band, given by
e = q1� b2=a2 (A.1)

where a and b are the magnitudes of the semimajor and semiminor axes, are summarizedin Table A.1.Table A.1: Mean eentriities of the urrent ellipses in several frequeny bands. The een-triity is zero for a perfet irle and approahes 1 as the motion beomes linearly polarized.Frequeny bandSite Semi- Intertidal Intertidal Diurnal Near-diurnal (wide) (tight) subinertialOTEC-1 Keahole Pt. .82 .61 .59 .79 .79DUMAND .87 .54 .61 .50 .55Alenuihaha Seadata .99 .88 .86 .95 .96Lanai .75 .54 .61 .72 .56OTEC-4 Kahe Pt. .80 .51 .54 .72 .56TRW OTEC-2 Kahe Pt. .93 .77 .79 .89 .81MEAN: .89 .70 .71 .82 .76
A.2 Subinertial urrentsA.2.1 Resulting drift
From 1964 to 1969, Wyrtki et al. [1969℄ deployed an extensive array of paddle-wheeland Geodyne 850 urrent meters around the Hawaiian Islands. The meters olleteddata for short intervals (typially 15 to 30 days), mostly in shallow water near an island.Wyrtki et al. [1969℄ expeted to �nd evidene of Ekman-driven ow in the hannelsseparating the islands; to their surprise, they found mean urrents whih in some aseswere in the opposite diretion to the prevailing trade winds. Later analysis [Patzertand Wyrtki, 1974℄ suggested that a mean lokwise ow exists around eah of the ma-jor Hawaiian Islands. Patzert and Wyrtki [1974℄ believed this may result from re-ti�ation of tidal urrents; Luther [1985℄ suggested that reti�ation of the lokwise-107



propagating trapped waves ould yield the observed low-frequeny urrents. At theAlenuihaha Seadata site, there is little visual orrelation between the amplitude of thelow frequeny urrents and urrents in the trapped wave band (Fig. 43). However, thereis also not a strong orrelation between the urrents in the M2 band and the mean ow(although the maxima of both reords our at roughly the same time).The resulting drift observed at all urrent meter sites is displayed in Fig. 44 (solidlines). For omparison, dashed lines show the mean ow dedued by Wyrtki et al.[1969℄. A mean lokwise pattern around Oahu and Hawaii is suggested by the Nodaand DUMAND time series. All data reveal a more ompliated pattern around andbetween the Maui group of islands. While the magnitude and diretion of the driftvaries with depth and season, all of the time series olleted near the island of Hawaii(exept the 771 m Aanderaa at the Keahole site) indiate a mean urrent in the lokwisediretion. Muh more variability may be observed in the Oahu data sets, although thegeneral lokwise trend is disernible.
A.2.2 Near-subinertial band
Currents in the near-subinertial band lie along the loal bathymetry in all ases exeptfor the Lanai mooring S4 (Fig. 45, 46). The eentriities of the urrent ellipses in thisfrequeny band are greater than or equal to those in the diurnal band exept at theLanai and Kahe Pt. sites. The eentriities are greater than 0.7 at all sites exeptDUMAND, Lanai and the OTEC-4 Kahe Pt. moorings, all of whih were in operationduring summer and autumn months.This frequeny band ontains the seasonal barolini trapped waves seen by Luther[1985℄ in sea level data at several Hawaiian stations. A high priority of this study wasidentifying island-trapped waves in urrent measurements; thus the priniple omponentanalysis of this frequeny band was used to de�ne the azimuthal (alongshore) and radial108



(o�shore) oordinate system.The urrents in this band reahed O(50) m/s in the winter of 1984{1985 at theAlenuihaha Seadata site (see Fig. 43), indiating the inuene trapped waves an haveon the ow �eld around the islands.A.3 Superinertial urrents
Lien [1985℄ examined the ounter-lokwise to lokwise energy ratio for the OTEC-4Kahe Pt. mooring and found that the onsisteny relation mathed the observed energyratio at frequenies higher than semidiurnal, while the observed ratio approahed unityin the inertial through semidiurnal band. For the other sites examined in this study,the onsisteny relation holds well for motion relatively far from the island anks suhas at the DUMAND site (Fig. 47). The onsisteny relation beomes less aurate asthe island anks are approahed and the motion beomes polarized in the alongshorediretion (Fig. 48). At all sites, CW energy dominates the superinertial spetra or themotion is oriented nearly bak-and-forth.A.3.1 Diurnal band
Diurnal urrents trae ellipses with eentriities between those of the semidiurnal andthe intertidal signals (Fig. 49, 50). The diurnal urrents' semimajor axes are less than4 m/s exept in the energeti Alenuihaha Channel. These magnitudes are smaller thanthose of the Wyrtki et al. [1969℄ study by a fator of 2 to 4, presumably due to theshallower deployment of the meters in that study. The orientation of the semimajoraxes are very similar between the Wyrtki et al. study and this one.A.3.2 Intertidal bands
Intertidal urrents are muh weaker than those in the other frequeny bands. Thesemimajor axes lie along the loal bathymetry in most ases, but the ellipses are in all109



ases more nearly irular than in any other band (Fig. 51, 52).A tighter bandpass overing periods of 17 to 19 hours does not reveal motion whihis more eentri than the \wide" intertidal band ellipses (Fig. 53, 54).An exess of ounter-lokwise rotary energy appears in the Keahole Pt. spetrum atperiods of 7 h and 15 to 17 h (Fig. 48). These anomalies are strongest at the shallowest(54 m) instrument and beome progressively weaker as the depth inreases. Suh depar-tures from the internal gravity wave onsisteny relation may indiate the presene ofmotion with dynamis di�ering fundamentally from freely propagating barolini waves.However, as noted by Lien [1985℄, the onsisteny relation (3.3) does not hold in thepresene of external foring. A spetrogram of the azimuthal veloity (see Fig. 18) sug-gests that diret foring ourred along a wide band of frequenies, possibly resultingin the observed anomalies.
A.3.3 Semidiurnal band
Currents in the semidiurnal band are the strongest and most highly polarized of thebands examined here (Fig. 55, 56). Least-squares tidal �ltering reveals that a largeamount of the variane in this band is at the M2 frequeny.Semimajor axes of the diurnal urrent ellipses are oriented roughly alongshore. Threeof the �ve Keahole Pt. ellipses are oriented nearly onshore, as are some of the KahePt. ellipses. The urrents are weaker (by a fator of 1.5 to 2) than those measured byWyrtki et al. [1969℄. As in the diurnal band, this is presumably due to the shallowdeployment of the meters in the Wyrtki et al. study. The orientation of the semimajoraxes in the Wyrtki et al. study were generally loser to alongshore than those shown inFigs. 55 and 56. 110



A.4 Conlusions
Patzert and Wyrtki's [1974℄ onlusion that a mean lokwise ow exists aroundOahu and Hawaii is supported by the Noda and DUMAND data sets, although onsid-erable variations in the resulting drift o� Kahe point indiate that the CW pattern isonly a rough piture of the low-frequeny motion around Oahu. The soure of this meanow pattern is not obvious from a asual examination of the semidiurnal and trappedwave frequeny bands.There is no strong evidene of topographially-assoiated motion in the intertidalband ontaining the sea level osillations disussed in Chapter 5. If suh urrents exist,they may be masked by the noise level of the inertia-gravity bakground. Alternatively,this motion may be very tightly trapped to the topography.There are many features left to explore in these data for the intrepid researher.As an example, no attention was given to near-inertial internal gravity waves or quasi-geostrophi eddies. The tentative onlusion that a lokwise ow exists around Oahumay be more rigorously tested by the vast number of Kahe Point OTEC data sets;future work may involve alulating a theoretial reti�ed ow from observed tidaland subinertial motion [Longuet-Higgins, 1970℄ and omparing this to the observedlow-frequeny urrents. The greatest strength of the Noda data sets is their temporaloverage at a few sites, rather than the spatial overage emphasized by Figs. 44{ 46. Afuture study of the seasonal and interannual variability in the urrents, partiularly inthe \mean" urrents presented in Fig. 44, would expand the present understanding oflow-frequeny motion near prominent topography.

111



 1984 1984.5  1985 1985.5  1986 1986.5
−10

0

10

20

30

40

50

60
Low−passed alongshore current (above 15 days period)

 1984 1984.5  1985 1985.5  1986 1986.5
0

10

20

30

40

50

60
Demodulated alongshore current (12 to 13 h period)

 1984 1984.5  1985 1985.5  1986 1986.5
0

10

20

30

40

50

60
Demodulated alongshore current (55 to 70 h period)

cm
/s

cm
/s

cm
/s
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Figure 46: Current ellipses of the near-subinertial motion (inertial to three days period)at the DUMAND, OTEC-1 Keahole Pt., Alenuihaha Seadata and Lanai sites.
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Figure 49: Current ellipses of the diurnal motion (23 to 25 h period) at the OTEC-4and TRW OTEC-2 Kahe Pt. sites.
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Figure 50: Current ellipses of the diurnal motion (23 to 25 h period) at the DUMAND,OTEC-1 Keahole Pt., Alenuihaha Seadata and Lanai sites.
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Figure 51: Current ellipses of the intertidal motion (14 to 20 h period) at the OTEC-4and TRW OTEC-2 Kahe Pt. sites.
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Figure 52: Current ellipses of the intertidal motion (14 to 20 h period) at the DUMAND,OTEC-1 Keahole Pt., Alenuihaha Seadata and Lanai sites.
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Figure 53: Current ellipses of the intertidal motion (17 to 19 h period) at the OTEC-4and TRW OTEC-2 Kahe Pt. sites.
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Figure 54: Current ellipses of the intertidal motion (17 to 19 h period) at the DUMAND,OTEC-1 Keahole Pt., Alenuihaha Seadata and Lanai sites.
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Figure 55: Current ellipses of the semidiurnal motion (11 to 13 h period) at the OTEC-4and TRW OTEC-2 Kahe Pt. sites.
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Figure 56: Current ellipses of the semidiurnal motion (11 to 13 h period) at the DU-MAND, OTEC-1 Keahole Pt., Alenuihaha Seadata and Lanai sites.
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