
Simultaneous resolution of the eddying general

circulation and reasonably accurate tides in a 32-layer,

1/12.5 � global ocean model

ABSTRACT

This paper presents a global simulation of HYCOM, the HYbrid Coordinate Ocean

Model, that simultaneously resolves the eddying generalcirculation, barotropic tides, and

baroclinic tides with 32 layers in the vertical direction and 1/12.5� horizontal grid spacing.

A parameterizedtopographic wave drag is inserted into the model and tuned so that the

surfacetidal elevations are of comparableaccuracyto optimally tuned forward tide models

used in previous studies. The model captures 93% of the open-ocean sea-surfaceheight

varianceof the eight largest tidal constituents, as recordedby a standard set of 102pelagic

tide gaugesspreadaround the World Ocean. In order to minimize the impact of the wave

drag on non-tidal motions, the model utilizes a running 25-houraverageto roughly separate

tidal and non-tidal components of the bottom 
o w. In contrast to earlier high-resolution

global baroclinic tide simulations, which utilized tidal forcing only, the run presented here

hasa horizontally non-uniform strati�cation, supported by the wind- and buoyancy forcing.

The horizontally varying strati�cation a�ects the baroclinic tides in high latitudes to �rst

order. The magnitudeof the internal tide perturbations to seasurfaceheight around Hawai'i

is quite similar to that seenin satellite altimeter data, although the exact locationsof peaks

and troughsin the model di�er from thoseseenin the altimeter. Imagesof eddiesand internal

tides co-existing in the model are shown, and a discussionof planned future analysesthat

will extend far beyond the preliminary analysesshown here is given.
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1 In tro duction

Oceanicmotions take placeon a variety of spaceand time scales.Through nonlinear terms

in the governing hydrodynamical equations,thesedi�erent scalesinteract with each other.

As computational resourcesincrease,it becomespossibleto include more and more of these

scalesin numerical simulations of the ocean,and henceto increasethe realismof the simula-

tions. This paper presents an early attempt to simultaneouslyresolve the oceanicgeneralcir-

culation, its associated mesoscaleeddy �eld, and the barotropic and baroclinic tides, at high

horizontal and vertical resolution, in a global model. The baroclinic tide and the mesoscale

eddy �eld have similar (order 100 km) spatial scales,but tides have much higher frequen-

ciesthan those associated with the eddying generalcirculation. We describe the numerical

technique we have used to ensurean accurate barotropic tide without severely disrupting

the mesoscaleeddy �eld. As will be described below, it is far from trivial to ensurean

accurate barotropic tide in forward global models, and the presenceof non-tidal motions

only increasesthe challenge. We present preliminary results from our simulation, including

comparisonswith satellite altimeter and tide gaugedata. We present visual demonstrations

of the co-existenceof barotropic tides, baroclinic tides, and mesoscaleeddiesin the model.

Finally, we brie
y describe several detailed analyseswe plan to undertake on this simulation

in subsequent papers.

In recent years,several groupshave simulated the global oceanicgeneralcirculation

in numerical models with horizontal grids that are �ne enoughto resolve mesoscaleeddies,

the transient turbulent featureswhich contain a substantial fraction of the oceanickinetic

energy. For instance, the Parallel Ocean Program (POP) model has been run globally
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at 1/10� resolution (Maltrud and McClean 2005), the Naval Research Laboratory Layered

OceanModel (NLOM) is run in oceanforecastmodewith 1/32� horizontal resolution(Shriver

et al. 2007),the HYbrid Coordinate OceanModel (HYCOM) is being developed asa 1/12 �

resolution forecast model (Chassignetet al. 2007), the OceanGeneral Circulation Model

for the Earth Simulator (OfES) has beenrun at 1/10� resolution (Masumoto et al. 2004),

and the Ocean Circulation and Climate Advanced Model (OCCAM) has achieved 1/12�

horizontal resolution (Lee et al. 2007). At the sametime, in recent years,high-resolution

global models of the baroclinic tides have begun to be run (Arbic et al. 2004{hereafter,

AGHS; Simmonset al. 2004{hereafter,SHA; Hibiya et al. 2006;Simmons2008). In coastal

models, it is commonto model tides and non-tidal motions simultaneously. However, tides

and non-tidal motionshave almost always beensimulated separatelyin global models. A few

recent globalsimulations havebeenhave includedtides andnon-tidal motionssimultaneously

(Schiller and Fiedler 2007;T. Dobslaw, M. M•uller and M. Thomas,personalcommunication

2008), but thesestudies are done with model horizontal grid spacingsof order one degree,

at which neither mesoscaleeddiesnor baroclinic tides are resolved.1 Here we merge two

previously separaterecent threads in the literature{high resolution modelling of the global

generalcirculation, and high-resolutionmodelling of the global tides.

By combining thesetwo threads we potentially improve the modelling of both types

of motions, which a�ect each other in various ways. Interactions betweenmesoscaleeddies

1To be more precise,in Schiller and Fiedler 2007the resolution washigh in an areaaround Australia, but

the telescopinggrid they used led to low resolutions over most of the global ocean. The Dobslaw, M•uller,

and Thomas simulations are done for climate purposesand thus are run for much longer time periods than

the runs discussedhere, at lower spatial resolution.
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and internal tides have the potential to transfer part of the coherent internal tide energy

into incoherent signals,and to a�ect tidal energybudgets(Park and Watts 2006,Rainville

and Pinkel 2006,Zaron et al. 2009,Chavanneet al. 2009a,2009b). Park and Watts (2006)

and Chavanneet al. (2009b)show that the variations in strati�cation inducedby mesoscale

eddies,in addition to the scattering arising from eddy velocities, have important e�ects on

internal tide propagation. A mixed tidal/non-tidal model is also more likely to properly

account for the e�ects of the quadratic bottom boundary layer drag term. Currently, many

oceangeneralcirculation models insert an assumedtidal background 
o w, typically taken

to be about 5 cm s� 1, into the quadratic drag formulation (e.g., Willebrand et al. 2001).

However, in the actual oceantidal velocities vary from order 1 cm s� 1 in the abyss,to order

1 m s� 1 in areasof largecoastaltides. Thus an assumedtidal background 
o w of 5 cm s� 1 is

too strong in the abyss,and too weak in coastalareas. By actually resolving the (spatially

inhomogeneous)tidal 
o ws in a generalcirculation model, we take a step towards correcting

this problem. The explicit resolutionof tides may represent an important step towards more

realistic representation of mixing in high-resolution models, and we are currently pursuing

this avenue as well. Finally, the strati�cation in a mixed tidal/non-tidal model can vary

horizontally, sincethe wind- and buoyancy-forcingwhich supports this varying strati�cation

is present. In contrast, the strati�cation in the earlier high-resolutionglobal baroclinic tide

simulations of AGHS and SHA waschosento be horizontally uniform sincethesesimulations

did not include wind- and buoyancy-forcing. In both of thesepapers the strati�cation was

taken from typical vertical pro�les in subtropical areas,which cover large areasof the world

ocean. However, thesestrati�cations are very di�erent from thosein polar regions,and asa

result the internal wave activit y in the polar regionsof thesesimulations wasalmost certainly
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unrealistically large (Padman et al. 2006). By embedding baroclinic tides in a horizontally

varying strati�cation supported by realistic wind and buoyancy forcing, we can rectify these

de�ciencies.

The results presented here represent an important �rst step towards an ultimate

goal of the US Navy, to simultaneously resolve tides and non-tidal motions in global data-

assimilative models with 1/25� horizontal resolution. Becausethe goal is an operational

model, accuracyof all the resolved motions is paramount. We thereforedesireto begin with

forward models that are as accurate as possible. In recent years, it has been shown that

achieving accuratesurfaceelevations in forward global barotropic tide models requiresthe

insertion of a parameterizationof drag (and energyloss)dueto the breakingof internal waves

generatedby tidal 
o w over rough topography (Jayne and St. Laurent 2001;Carrere and

Lyard 2003;Egbert et al. 2004;AGHS; Lyard et al. 2006;Ueharaet al. 2006;Gri�ths and

Peltier 2008,2009). Theseparameterizationsare motivated by inferencesfrom tide models

constrainedby satellite altimetry of the dissipationof tidal energyin mid-oceanareasof rough

topography (Egbert and Ray 2000). The subtletiesof applying a parameterizedtopographic

wave drag in models which resolve the generationof baroclinic tides, and in models which

resolve non-tidal aswell astidal motions, will be discussedin the next section. A comparison

of the accuraciesof the barotropic tides in the baroclinic simulations of AGHS and SHA will

prove to be instructive in this regard.
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2 Inclusion of parameterized top ographic wave drag

2.1 Need for parameterized wave drag in baro clinic tide mo dels

In barotropic tide models,noneof the internal wavesgeneratedby 
o w over roughtopography

are resolved, and all of this wave activit y must be parameterized.In baroclinic tide models,

the situation is more complicated and interesting. The resolved generation of low-mode

internal tides meansthat the barotropic tide will be losing energyto the baroclinic tide in

baroclinic models. Indeed, the computation of this energyconversion was a central goal of

SHA, which built upon the baroclinic tide simulations performed for AGHS. Both studies

were done with HIM, the Hallberg Isopycnal Model (Hallberg and Rhines 1996). Since

in baroclinic tide models energy is lost from the barotropic mode, it is tempting to view

parameterizedtopographicwave drag as redundant. Indeed, the lead authors of AGHS and

SHA made di�erent choicesregarding this question. The main simulation of SHA did not

retain the parameterizedtopographic wave drag usedin the AGHS baroclinic simulations.

We now examinethe consequencesof thesechoices.

AGHS showed that the strength of the parameterizedtopographicwave drag required

to bring about accuratebarotropic tides in baroclinic tide models is hardly di�erent from

that in barotropic models,despitethe resolved conversionof barotropic to baroclinic energy

in the former. AGHS arguedthat a conversionof energyfrom barotropic to baroclinic tides

doesnot represent a lossof energyin the total (barotropic plus baroclinic) system,sincethe

modelsdo not resolve the breakingof baroclinic tides occuring in the actual ocean.Evidently

energy must be removed from the entire system, not merely converted from one mode to

the other, in order for the energylevels of the barotropic tide to settle to observable levels.
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Figure 4 of AGHS shows that the globally integrated available potential energy(APE) and

kinetic energy(KE) in barotropic tide modelsdependson the strength of the parameterized

topographic drag. The �gure shows that the seasurfaceelevation accuracyof tide models

also depends on the drag strength, since the model tides must have the right amplitudes

(energy levels) in order to match observations well.

Table 1 demonstrates,using results from both AGHS and SHA, that the sameprin-

ciple appliesin baroclinic tide models. Table1 shows the globally integrated APE at the sea

surface,and the globally integrated barotropic KE (computed via standard formulae, which

can be looked up in for instanceAGHS), in 1) the satellite-constrainedbarotropic solutions

of Egbert and Ray (2003), 2) the main baroclinic simulation of AGHS (see their Figure

11), which utilized topographicwave drag optimally tuned to minimize seasurfaceelevation

errors with respect to satellite altimetry, 3) a baroclinic simulation of AGHS which did not

utilize topographicwave drag and which alsousedonly the scalarapproximation for SAL (in

other words, run under conditions similar to the main baroclinic simulation of SHA), 4) the

main baroclinic simulation of SHA, and 5) a baroclinic simulation of SHA brie
y mentioned

in their appendix, in which, inspired by Figure 2 of AGHS, an unrealistically large value

of cd (100 times the normal value) was utilized as a proxy for topographic wave drag. The

globally- and temporally-averagedrms elevation errors of the forward models with respect

to GOT99 (Ray 1999),a highly accuratealtimetry-constrained tide model, are also shown.

The errors are computed over waters deeper than 1000 m and over latitudes covered by

the TOPEX/POSEIDON altimeter (equatorward of 66� ).2 Finally, the percentage of the

2The errors in the SHA results were actually computed over the latitude range 66� S to 64� N, in order to

avoid the complex trip olar grid utilized in the high latitudes of that study in the error computations.
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GOT99 open-oceanseasurfaceheight variance is shown. AGHS may be consulted for de-

tails of how the errors and percent variancecaptured are calculated. In the main baroclinic

simulation of AGHS, the surfaceAPE and barotropic KE are both quite closeto the Egbert

and Ray values. On the other hand, in the AGHS baroclinic simulation run without any

parameterizedtopographic wave drag, the surfaceAPE and barotropic KE are both about

twice as large as the observed values. As a consequencethe elevation discrepancywith re-

spect to GOT99 is much larger, and the percentageof sea-surfaceheight variancecaptured is

much lower. Consistent with this result, both the potential and kinetic energiesof the main

SHA baroclinic simulation are also larger, by factors of about 3, than those in the accurate

satellite-constrainedmodels,and the high elevation error and low percent variancecaptured

re
ect this mismatch. The large cd simulation mentioned in the appendix of SHA performs

much better with respect to the observations (and seesa factor of 2.4 drop in the conversion

of barotropic to low-mode baroclinic energy),demonstratingthat even arti�cial frictions can

lead to accuratemodeled tides as long as they remove energyat approximately the correct

rate.

We further illustrate the di�erence betweenmode conversion and dissipation in the

following schematic way, using a two-layer (one baroclinic mode) model for simplicity. The

barotropic energyequation can be written as

@EB T

@t
= � C + OTB T ; (1)

where EB T is the barotropic energy, � C is the conversion of energy from barotropic to

baroclinic tides, and OTB T stands for other terms in the barotropic energyequation. The
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baroclinic energyequation can be written as

@EB C

@t
= C + OTB C : (2)

whereEB C is the baroclinic energy, C is the energygainedby the baroclinic tides from the

barotropic tides, and OTB C againstandsfor other terms. Adding thesetwo equationsyields

the modal form of the total energyequation for a two-layer model:

@(EB T + EB C )
@t

= OTB T + OTB C : (3)

Becausethe conversionsare equal and opposite, they cancel in the total energyequation,

and the conversion processdoesnot remove energy from the total system. Energy can be

taken out of the two-layer systemby utilizing a parameterizedtopographicwave drag acting

on the 
o w in the bottom layer of a baroclinic model. Using 1 and 2 subscripts to denote

the upper and lower layers, respectively, we can write the momentum equationsas

@~u1

@t
= OT1; (4)

@~u2

@t
= � r~u2 + OT2; (5)

where~u denotesmodel velocity, which yields a total energyequation

@
@t

(Total energy) = � r j~u2j2 + OT1 + OT2; (6)
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whereagain OT denotesother terms. Here r is the decay rate for the parameterizedwave

drag, and varies by position. Parameterizedwave drag, unlike modal conversion, drains

energyfrom the entire two-layer (two-mode) system. The bottom 
o w is a function of both

barotropic and baroclinic tides, the latter contributing lesswhenthe strati�cation is surface-

intensi�ed, as is typical in the ocean. If we assumethat wave breaking takesplace mostly

in the deep ocean, just above rough topography, and involves mostly high modes, then

the parameterization represents the breaking of high modesnear the bottom, which is not

resolved in the baroclinic tide model. It remainsto be seenwhether this philosophy outlined

in AGHS is the best representation of what actually happensin nature, but it is clearly true

empirically that it results in far superior barotropic tides than thosein simulations which do

not utilize parameterizedtopographicwave drag.

In the current study we have also found that the barotropic tide is extremely inac-

curate if parameterizedwave drag is not included. It is clear that any forward global tide

model that aspiresto be the backboneof an operational model must include a parameterized

topographicwave drag, or perhapssomeother way of removing energyfrom the model3.

To end this subsectionwe note that despite the fact that the low-mode baroclinic

tides have a weak signature at the bottom, it is evident that insertion of parameterized

topographicwave drag into a baroclinic tide model a�ects the propagation distancesof the

low-mode internal tides. Contrast, for instance, the shorter propagation distancesof the

low-mode internal tide beamsfrom their sourceregionsshown in Figure 11 of AGHS with

the longer distancesseenin Figure 8 of SHA.

3We are exploring the possiblity of removing energy directly from the resolved vertical shear.
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2.2 Adaptation of parameterized wave drag used in previous stud-

ies

We utilize an adaptation of the topographic wave drag schemedescribed in the appendix

of AGHS, which is basedon the schemeoutlined in Garner (2005). A multiplicativ e factor

was included in the scheme and tuned to minimize the globally averageddeep-ocean rms

elevation discrepancybetween the forward model and GOT99. AGHS suggestedthat the

multiplicativ e factor may compensatefor the small scalesthat areabsent in the roughnessof

present-day topographicdatasets(e.g.,Smith and Sandwell 1997). For the sake of simplicity,

here we reducethe tensor scheme to a scalar scheme, utilizing energyconsiderations. We

compute from 1/8 � runs of the AGHS model the quantit y

r =
< d~u2

dt j topodr ag � ~u2 >
2 < ~u2 � ~u2 >

; (7)

where angle brackets denote time-averaging and d~u2
dt j topodr ag is the term in the momentum

equation arising from the full tensor form of the topographic wave drag. We set the values

of r to zeroin regionswhereit is small. This limits the impact of the wave drag on non-tidal

motions(seenext section). Finally, weclip the valueof r sothat it never hasvery largevalues

(describe how). Figure 1 shows maps of r valuesobtained after all of thesechangeshave

been implemented. The drag is concentrated over well-known areasof rough topography

such as the Mid-A tlantic Ridge, Southwest Indian Ridge, etc. In the 1/12� simulations we

will bepresenting shortly, we found that a multiplicativ e factor (referredto as\drgscl" in the

HYCOM code) of ? yielded reasonablyaccuratetides. PERHAPS COMPARE TO AGHS

VALUE AND NOTE THAT SMALLER VALUES ARE NEEDED IN RUNS DONE AT
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HIGHER RES, CONSISTENT WITH ERB AND ARBIC ET AL. 2008.

2.3 Utilizing top ographic wave drag in the presence of non-tidal

motions

On the relatively fast timescalesof internal gravit y waves, low-frequencymotions such as

mesoscaleeddiesand strong currents such as the Gulf Stream and Antarctic Circumpolar

Current can be regardedas steady. The generationof internal gravit y waves(lee waves) by

steady 
o ws over rough topography is a classicproblem in geophysical 
uid dynamics(e.g.

Gill 1982). Tidal motions are oscillatory, not steady, and the work of Bell (1975) shows

that the wave drag resulting from oscillatory 
o w over rough topography di�ers from the

wave drag resulting from steady
o w. In the future we may wish to include a parameterized

wave drag for the non-tidal (steady, in this context) 
o w over rough topography in HYCOM.

Indeed,somepapershave arguedconvincingly that this mechanism represents a substantial

energylossfor low-frequencymotions (Naviera-Garabatoet al. 2004,Marshall and Naviera-

Garabato 2008,Nikurashin 2008). For now, however, we wish to have the wave drag acting

only on the tidal part of the 
o w. This presents a challenge, however{how is the model

to know the partition of tidal versusnon-tidal bottom 
o ws? In order to accomplishthis

separation,at least roughly, we utilize running 25-houraverages.The details of this scheme

are discussednext.

2.4 Separation of tidal from non-tidal bottom 
o ws

describe 25-hour thing
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3 Implemen tation of self-attraction and loading

Hendershott(1972)showedthat globalnumericaltide modelsmust account for self-gravitation

of the oceantide, solid earth deformation due to the load of the oceantide, and perturba-

tions to the gravitational potential due to the self-gravitation of the deformedsolid earth.

Collectively, theseterms are known as the self-attraction and loading (SAL) term. A com-

plete treatment of the SAL term requires computing a spherical harmonic decomposition

of the oceantide. This is not computationally feasibleto do in the model as it runs, and

instead is often doneo�ine. An iterativ e procedureappearsto be necessaryto achieve nu-

merical convergence(e.g., Egbert et al. 2004,AGHS). In the model runs presented here,as

was done in SHA, we usethe simpler scalarapproximation, in which the SAL term � SAL is

approximated as a constant � times the seasurfaceelevation �eld � . For reasonswe do not

understand,the optimal value of this constant in terms of minimizing the globally averaged

rms seasurfaceelevation discrepancywith GOT99 is ?, which is slightly di�erent than the

optimal value of 0.094found for the AGHS results.

As pointed out by Hendershott (1972), the SAL term should apply to non-tidal as

well as tidal 
o ws. However, since SAL is not commonly applied to tidal 
o ws, here we

chooseto apply it only to the tidal 
o ws at the seasurface,which we do by ...

discussthe 25-houraveragingusedfor SAL

4 Other details of the HYCOM simulation

describe wind forcing, bathymetry, horizontal grid description and size,and other necessary

material to understandthe simulation
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5 Results

5.1 Description of runs and sampling issues

The results here are taken from four di�erent simulations of HYCOM, designatedby 9.7,

14.0,14.1,and 14.2. HYCOM 9.7 servesas our control experiment, donewithout any tidal

forcing. HYCOM 14.0wasa test experiment, performedfor just onemonth (after a spin-up

period of ?{and specify the exact month i.e. June 2004), and included M 2 tidal forcing as

well aswind- and buoyancy-forcing. Encouragedby the resultsof 14.0,we then proceededto

14.1,an experiment performedfor 5 calendaryears(2004through 2008)(after an initial spin-

up period of ?). HYCOM 14.1included tidal forcing for M 2, S2, N2, and K 2 (the four largest

semidiurnal constituents), and K 1, O1, P1, and Q1 (the four largestdiurnal constituents), as

well as the samewind- and buoyancy-forcingseenin 9.7 and 14.1.

At the vertical and horizontal resolutions utilized here, it is impossibleto save full

global three-dimensionaloutput hourly for the full �v e yearsof the simulation. We did save

25-houraveragesof three-dimensional14.1output. Sincethe 25-hourperiod is very closeto

twice that of the dominant tidal constituent M 2, most of the tidal motions are �ltered out of

theseaverages.For the full �v e-year duration of 14.1,we saved global hourly output of sea

surfaceheight, and surfaceoceanvelocity. (CORRECT?) We also saved hourly full three-

dimensionaloutput, over the entire 5-yearduration, in a fewdomainsof great interest for the

study of internal tides, such asHawai'i, the IndonesianArchipelago,and others (SUGGEST

WE MAKE A FIGURE WHICH SHOWS THESE DOMAINS). Finally, simulation 14.2

savesfull three-dimensionalmodel output hourly, over the entire globe, for the month of (?)

The combined sizeof the storedoutput of HYCOM 14.1and 14.2is ? terrabytes. This

14



is an enormousamount of material to analyze,and we have only begun to go through our

results. Thus far a harmonicanalysisof 14.1,commonlyusedto separatethe contributions of

the various tidal constituents, hasbeenperformedat only a limited number of locations, the

102 pelagic tide gaugesof Shum et al. (1997). The harmonic analysisis usedto determine

the rms surfaceelevation errors of the eight constituents in 14.1 with respect to the tide

gaugedata. Harmonic analysis on every gridpoint in such a large model is a very time-

consumingendeavor. For this reason,we defer someof the analyseswe wish to pursue on

14.1 to later papers. In this paper, we will show 1) results from the harmonic analysis

of 14.1 at the tide-gaugestations, 2) other results from 14.1 which do not require a time-

consumingharmonicanalysis,and 3) someresultsfrom harmonicanalysisof M 2 in oneday of

output from experiment 14.0. Theselatter resultsarepossiblebecause14.0doesnot contain

any other tidal constituents. However, they should be regardedas preliminary becausethe

internal tide is not necessarilystationary, so that one day of output may not be su�cien t

for a rigorous analysisof the internal tides.

5.2 Rms surface elevation errors

Table 2 shows the time-averagedsignalsof the eight largest consituents averagedover the

102 pelagic tide gauges,the elevation errors of year 2004of HYCOM 14.1 with respect to

the tide gaugerecords of these eight constituents, and the percent of the tide gaugesea

surface elevation variance of these constituents captured by HYCOM 14.1. AGHS may

be consulted for details on how such calculations are performed. We also analyzed years

2003and 2006,and cameup with virtually identical elevation errors. The overall percent
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variancecaptured, 92.6%,is very slightly lower than that captured in the optimally tuned

two-layer simulations of AGHS, despite the higher horizontal resolution used here, which

should improve the solutions (Egbert et al. 2004,Arbic et al. 2008). However, in the latter

model the full sphericalharmonic computation of SAL was utilized, whereashere we have

used only the scalar approximation. We conclude that for our �rst attempt at a mixed

wind-plus-tides simulation the errors are reasonablysmall. Basedon the experiencein the

literature we believe theseerrors will reducewith a more rigorous treatment of SAL, and

with the introduction of data assimilation.

5.3 Bottom speeds of non-tidal motions

Becauseour topographic wave drag schemeacts on bottom 
o ws, and becausethe 25-hour

�lter weutilize alongwith the wavedrag is an imperfectdiscriminator of tidal versusnon-tidal


o ws, it is important to make surethat non-tidal bottom 
o ws are not severely reducedwith

the addition of topographicwave drag. Figure 2 is a map of the bottom speedof HYCOM

9.7, averagedover years 2004-2006.Figure 3 displays the bottom speedof non-tidal 
o ws

in 14.1(determined as a residual from the total 
o w after application of the 25-hour �lter),

averagedover the same2004-2006period. The two �gures were not computed in exactly

the sameway, since in Figure 2 the non-tidal 
o ws were saved as daily snapshotswhereas

in Figure 3 the non-tidal 
o ws were saved as 25(?)-hour averages. However, as shown in

Arbic et al. (2009), in present-day high-resolution models the non-tidal 
o ws seemto be

relatively una�ected by subsamplingon scalesof about a day. In any case9.7 and 14.1are

too expensive to redo, so that the comparisonshown here is the best we can do for now.
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Comparisonof the two �gures demonstratesthat on the whole,adding the topographicwave

drag to the model doesnot reducethe non-tidal bottom speeds.Indeed,it appearsthat the

non-tidal motions are on the contrary stronger in the tidally-forced casewith topographic

drag (14.1) than they are in the non-tidal case(9.7). We speculatethat this may be because

in the tidal run quadratic bottom boundary layer drag is e�ectively weaker than in the

non-tidal case,in many locations. In the tidal casethe resolved tidal velocity is often less

(especially in the deepocean) than the background 5 cm s� 1 tidal 
o w commonly imposed

in oceangeneralcirculation modelsincluding in HYCOM 9.7. ASK ALAN ABOUT THESE

PLOTS{W OULD IT PERHAPS BE BETTER TO CALCULATE AVERAGE KE RATHER

THAN AVERAGE BOTTOM SPEED?

Considerdoing scatterplots of bottom speedsversustidal speeds{isthere a pattern,

that bottom speedsincrease(decrease)depending on how the actual tidal speedscompare

to 5 cm s� 1?

5.4 First-order impact of horizon tally varying strati�cation

Figure 4 displays the amplitude of the M 2 internal tide signature in the steric sea sur-

faceheight of HYCOM experiment 13.1,which is run under conditions like those in AGHS

and SHA{with a horizontally uniform two-layer strati�cation, and no wind- and buoyancy-

forcing.4 As in AGHS and SHA, large internal tide activit y in the Drake passageis readily

apparent, and is almost certainly arti�cially high, as noted by Padman et al. (2006). Fig-

ure 5 displays the sameM 2 amplitude, but computed from oneday of experiment 14.0{the

4Note that all amplitudes are positive{the negative values on the color scaleare not meaningful except

that the land was assigneda negative value to promote contrast in the �gure.
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wind, buoyancy-, and M 2-forced \w arm-up" experiment. In this plot the Drake Passage

activit y is no longerapparent, thus demonstratinga �rst-order e�ect of horizontally varying

strati�cation on the internal tide �eld.

5.5 Comparison of mo deled in ternal tide to satellite altimeter

data

We now comparethe modeledseasurfacesignatureof internal tides in the vicinit y of Hawai'i

to the signaturesseenin along-track TOPEX/POSEIDON satellite altimeter data. The al-

timeter data was obtained by personalcommunication with Richard Ray in 2006,and is an

updated versionof the data reported on by Ray and Mitchum (1996,1997). Figure 6 shows

the altimeter tracks used in the comparison. The blue lines in Figure 7 show the M 2 am-

plitude along track number 125,and the M 2 amplitude in HYCOM 14.0interpolated to the

track locations. The red linesdenotethe low-pass�ltered (barotropic) versionsof the signal.

In Figure 8 we display the di�erence betweenthe blue and red lines, i.e. the perturbations to

the M 2 amplitude at the seasurfacedueto internal tides. The modeledperturbations clearly

have similar amplitude and horizontal length scaleto the observations, but equally clearly

do not match the observations \wiggle for wiggle" at all. In contrast, when high-resolution

regional models forced at their horizontal boundariesby TOPEX/POSEIDON tidal ampli-

tudes are comparedto altimeter data (e.g. Carter et al. 2008and referencestherein, among

several), the comparisonis much better. Forward global modelsof internal tides clearly have

room for improvement in this regard. The rms amplitudesof the internal tide perturbations,

averagedover all of the tracks shown in Figure 6 (using the latitude and longitude bounds
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shown in the Figure), are 0.59 cm for the altimeter data, 0.73 cm for HYCOM 14.0, 0.76

cm for SHA, and 0.28 cm for AGHS. The AGHS internal tides are too weak, and the SHA

baroclinic tides are closer to the correct magnitude. Thus, the HYCOM 14.0 simulation

reported on here appears to yield the best combination of reasonablyaccurate barotropic

and baroclinic tides, of the three global baroclinic tide models examinedin this paper. In

future work we will examinethe seasurfacesignal of internal tides, the temporal variabilit y

of this signal, and the comparisonto satellite altimeter data, in much more detail, using

HYCOM experiment 14.1.

5.6 Co-existence of eddies and tides

We now show some�gures which visually demonstratethe co-existenceof tides and eddies

in the HYCOM simulations. In Figure 9 we show a snapshotof the non-steric sea-surface

height in the Paci�c sector of HYCOM 14.1. The non-steric height is dominated by the

large-scalebarotropic tide. In Figures10 and 11 we show snapshotscovering the samesector

of the steric seasurfaceheight, the �rst taken at the sametime as in Figure 9, the second

six hours later. Western boundary currents, and mesoscaleeddies,are easily discerniblein

Figures10and 11,asin many previousstudiesof eddy-resolvingoceanmodels. Internal tides

are visible as speckled patterns in several regions{for instance,in the central tropic Paci�c.

It is di�cult by eye to discerndi�erences in the patterns shown in Figures 10 and 11. The

di�erences between these two steric height �elds are displayed in Figure 12. Even with a

much smaller color scale,the meso-and gyre-scalegeneralcirculation featuresin Figures10

and 11 are absent in the di�erence plot. Instead, we seethe much higher frequencyinternal
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tides, which show up as beamsas in Figure 5.

The co-existenceof eddiesand tides can be can be seenmore easily in animations

which we have submitted along with this paper. Joe's Hawai'i movie shows the steric, non-

steric, and total (steric plus non-steric) seasurfaceheights in a region around Hawai'i, for

the last �v e days of June 2004. The non-steric �eld, dominated by the barotropic tide,

evolvesextremely rapidly, while in the steric �eld, the higher-frequencyinternal tide signals

courserapidly through the geostrophic�eld, which appears to be at a standstill on these

short timescales.

TRY MAKING AN ANIMA TION OF THE GLOBAL STERIC SSHFIELD{LIKE

THE PREVIOUS ANIMA TION BUT WITHOUT FULL AND NON-STERIC SSH.

Finally, we give someindication of the vertical structure of the simulation in Figures

13 and 14. These �gures, computed from experiment 14.0, display the temperature and

zonalcomponent of velocity (u) in the upper waters of a meridional sectionrunning through

Hawai'i. Figure 13 shows the 25(?)-hourmeanwhile Figure 14 shows snapshots.Isopycnals

areshown assolid black lines. There is much morestructure in the \wiggles" of the isopycnal

plots in Figure 14 than in Figure 13, indicating that many of the wigglesare tidal sincethey

are smoothed out with a 25-houraverage.Likewise,there is much more vertical structure in

the velocity �eld in the snapshotthan in the 25-hour average,indicating that the tides are

a strong signal, and have signi�cant vertical structure, in that �eld aswell.

ALAN{IT'S HARD FOR ME AT LEAST TO SEE DIFFERENCES BETWEEN

THE 2 TEMPERATURE PLOTS. MAY I SUGGESTTHAT THE PLOTS BE COMBINED

INTO ONE, TO SHOW u-VELOCITY SNAPSHOT VS 25-HOUR MEAN ON THE SAME

PLOT (AND DROP TEMPERATURE)? THEN THE READER CAN EASILY COMPARE
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THE TWO. ALSO, SUGGEST USING 14.1OR 14.2 INSTEAD OF 14.0

NOTE TO SELF{WILL TRY AN ANIMA TION OF A VERTICAL SLICE, I.E.

LIKE FIG 14.

6 Summary and discussion of future work

In this paper we have shown somepreliminary results of HYCOM simulations which simul-

taneouslyresolve barotropic tides, baroclinic tides, and an eddying generalcirculation. The

nominal horizontal resolutionof the simulation is 1/12.5� , basedon the number of gridpoints

(4500) in the east-west direction. There are 32 hybrid layers in the vertical direction. We

have shown that a parameterizedtopographic wave drag can be inserted which yields a

reasonablyaccurateseasurfaceelevation of the barotropic tide at the sametime that the

bottom 
o ws of non-tidal motions are not severely reduced.The accuracyof the barotropic

tide in the baroclinic simulations presented here is of comparableaccuracy to that in the

baroclinic simulations of Arbic et al. (2004{AGHS), and considerablymore accurate than

that in the main baroclinic simulation written about in Simmonset al. (2004{SHA). In lieu

of strong evidenceof substantial energylossof low baroclinic modesin the upper ocean,we

believe that it is best to think of the parameterizedtopographic wave drag as representing

the breaking high-mode internal tides near the rough sea
oor. We will adjust our thinking

on this matter if convincing evidenceof very substantial tidal dissipation in the upper part

of the open oceancomesout in the literature.

The strati�cation in the simulation presented herecanvary in the horizontal direction,

since wind- and buoyancy forcing is present to support such variations. In contrast, the
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strati�cation in the earlier global baroclinic tide simulations of AGHS and SHA, which did

not include wind- and buoyancy-forcing,was horizontally uniform. In both of thosestudies

a typical midlatitude strati�cation was usedthroughout the entire globe, and internal tide

activit y in somepolar regions(for instance,the Scotia Sea)was almost certainly arti�cially

high (Padman et al. 2006). Comparisonof the internal tide signature at the seasurface

in HYCOM runs with a horizontally uniform strati�cation and tidal forcing only versusthe

more realistic horizontally varying strati�cation in a wind, buoyancy, and tidally forcedrun,

indicates that internal tide activit y in the Southern ocean is much reduced in the latter

comparedto the former. Thus the allowanceof a horizontally varying strati�cation with the

inclusion of wind- and buoyancy-forcinghasa �rst-order e�ect on the internal tide �eld.

Preliminary comparisonsof the surfacesignatureof the M 2 internal tide in the region

around Hawai'i with satellite altimeter data indicate that the internal tides in HYCOM

appear to have approximately correct magnitude. Similar comparisonsshow that the AGHS

internal tides are too weak, while the SHA internal tides are of similar amplitude to the

HYCOM internal tides. Tides in the HYCOM simulations presented here,unlike thosein the

AGHS and SHA simulations, appear to be reasonablyaccurate,by the measuresdescribed

here,in both the barotropic andbaroclinic �elds. However, there is nothing likea \wiggle-for-

wiggle" match betweenthe observations and the HYCOM model results. In a plannedfuture

paper we will investigatethe surfacesignatureof the internal tides, and their comparisonto

satellite altimeter data, in much moredetail. This discussionis anticipated to be of valuefor

the plannedwide-swath satellite altimeter mission,which will have to remove tides at small

scales{i.e. on the scalesof internal tides{if it is to succeedin its planned goal of studying

geostrophic
o ws at sub-mesoscales.Comparisonof the three-dimensionalstructure of tidal
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currents with current-meter data, and detailed investigations of the interactions between

tidal currents and the eddying generalcirculation, are alsounderway basedon the resultsof

the simulations presented here.
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Table 1: Energiesand elevation errors of barotropic part of earlier forward global baro-

clinic tide models, comparedto results from an altimetry-constrained tide model. Globally

integrated surfaceavailable potential energy(APE) and barotropic kinetic energy(KE) of

M2 are computed from (1) Table 1 of Egbert and Ray (2003{ER2003below{based on an

altimetry-constrained barotropic model), (2) main baroclinic simulation of AGHS (seetheir

Figure 11), (3) AGHS simulation without parameterizedtopographic wave drag and with

only a scalar approximation for SAL{i.e. conditions like those in the main simulation of

SHA, (4) main SHA simulation (seetheir Figure 8), (5) a simulation in the appendix of

SHA, with an arti�cially large cd value of 0.3 standing in as a proxy for topographic wave

drag. Units of energiesare1017 J. Globally averagedsea-surfaceelevation discrepancies(cm)

with respect to GOT99, computedover latitudes equatorward of 66� and watersdeeper than

1000m, are also given. Numbers in paranthesesindicate percent of open-oceanseasurface

elevation variancecaptured.

Model SurfaceAPE Barotropic KE RMS elevation discrepancy

ER2003 1.34 1.78 {

AGHS main baroclinic simulation 1.48 1.73 7.37(92.4)

AGHS, no parameterizeddrag, scalarSAL 3.18 3.46 17.14(58.8)

SHA main baroclinic simulation 4.37 5.09 23.35(23.5)

SHA, large cd as proxy for wave drag 1.66 2.03 9.88(86.3)
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Table 2: Time and station-averaged sea-surfaceheight signals at the set of 102 pelagic

tide gaugesused in Shum et al. (1997), and sea-surfaceelevation errors of year 2004 of

our HYCOM multi-constituent foward simulation with respect to the gauges. Numbers

in paranthesesdenote percentage of sea-surfaceheight variance at the gaugescaptured by

HYCOM.

Constituent Signal (cm) HYCOM error (cm)

Q1 1.62 0.68(82.1)

O1 7.76 2.48(89.7)

P1 3.62 0.79(95.2)

K1 11.26 2.48(95.1)

N2 6.86 1.40(95.9)

M2 33.22 8.26(93.8)

S2 12.62 5.17(83.2)

K2 3.43 1.65(76.9)

RSS 39.04 10.63(92.6)
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Figure 1: e-folding time (days) for topographicwave drag with drgscl=1.
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Figure 2: Bottom speed (cm/s) averaged over daily snapshotsfrom years 2004-2006in

HYCOM experiment 9.7, which doesnot have tidal forcing.
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Figure 3: Bottom speed(cm/s) averagedover years2004-2006in HYCOM experiment 14.1,

in which forcing of the eight largest tidal constituents is included. Three-year averagesare

computedfrom 25-houraverages,which �lter out most of the tidal component of the bottom

velocities.
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Figure 4: Amplitude (cm) of M 2 internal tide signaturein steric sshof HYCOM experiment

13.1(two-layer, horizontally uniform strati�cation, M 2 forcing only).
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Figure 5: Amplitude (cm) of M 2 internal tide signaturein steric sshof HYCOM experiment

14.0 (short warm-up run for 14.1; 32-layer, horizontally non-uniform strati�cation, wind-,

buoyancy-, and M 2-forcing included.)
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Figure 6: TOPEX/POSEIDON tracks for which altimetric data (around Hawai'i) on surface

signatureof M 2 internal tides is utilized here.
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Figure 7: Comparisonof HYCOM 14.0 (32-layer, wind-, buoyancy-, and M 2- forcing) with

the M 2 internal tide signatureat seasurfacealong altimeteric track number 125{blue is full

signal (barotropic plus baroclinic), red is low-pass�ltered (barotropic).
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Figure 8: Perturbations to M 2 amplitude at surfacedue to internal tides{altimeter track

125,and HYCOM 14.0 interpolated to this track.
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Figure 9: Paci�c portion of global snapshotof non-steric seasurfaceheight (m), 2006day

181,00Z.
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Figure 10: Paci�c portion of global snapshotof steric seasurfaceheight (m), 2006day 181,

00Z.
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Figure 11: As in previous�gure, but for six hours later (06Z).
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Figure 12: Global di�erence in steric seasurfaceheights (m) from snapshotstaken 6 hours

apart{2006 day 181,06Z-00Z.
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Figure 13: u-velocity and temperature around Hawai'i{25-hour means

43



Figure 14: u-velocity and temperature around Hawai'i{instan taneoussnapshots
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