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Abstract

Tides and gestrophic flows aretwo importantenergy sources fahe mixing in
the deep oceanThe global conversion rate ofnternal lee waves generated by
geostrophic flows, the baroclinitide generated by the barotropic tide over
sinusoidal topography and the energy budgets of internal waves at the Luzon ridge
calculated from both twdimensional and thregimensional simulations are
investigated in this paper. It is aimed to give us &beinderstanding of the role of
tides and geostrophic flows in ocean dynamics. This paper consists of four parts.

Firstly, the conversion rate of internal lee waves generated by geostrophic flows
is calculated based on linear thedryorder to get a merprecise value, we use two
methods to deal with the topographic spectrdime sngle beam sounding depth
datg global predicted abyssal hill rms heights, WOCE hydrographic atlas, velocity
data from SODA and ECCQZnean flow and eddy velocity from the ghdb
eddy-permitting STORM modein a1° x 1°grid are usedfor the calculationsBy
using these data, we can not only compare with the resultsdiftenent velocity
and topography databases, but also get the difference betineeeonversion rate
from the eddies and from the mean flolhe results show thate conversion rates
calculated using SODA, ECCO2, mean flow and eddy velocity from the global
eddypermitting STORM modehare between 03 and0.23 TW, and he difference
betweerthe conversio ratefrom theeddies androm themean flow isbetweer0.05
and0.11TW.

Secondly, a series of experiments are set umuestigate thebaroclinic tide
generated bybarotropictide over sinusoidal topographyThe baroclinic velocity
fields generatd arequite different between in subcritical cases and in supercritical
cases. Te effects of the height othe topographythe amplitudeof the barotropic
tidal velocity the stratificationand the width of théopograply on the baroclinic tide
generatedre studied in this chapter. The results showtti@energy flux is almost
proportional to the square of the height of the topography and the squtre of
amplitude of the barotropic tide; the energy flux will be larger when the width of
topography ismaller and the stridiication is stronger; there is almost no energy flux
generated in experiments with too weak stratification or too wide topogaphy.
results predicted by the linear theory agree well with the results calculated by C1



(energy flux) inmost cases, antthe results calculated by C2 (conversion rate) are
larger than the results calculated by C1 in most cases (the definitions of C1 and C2
could be found in Chapter 3).

Thirdly, two-dimensonal MIT General Circulation Mode{MITgcm) is used to
simulateinternal waves at the Luzaidge. Here, the topography is represented by
two ideal Gaussiahills. The baroclinic energy budget afternal waves istudied
and the conversion rate is mainly balanced by the energy The effects ofthe
height of thewest ridge the distancéetween the two ridgesndthe amplitude of
the barotropic tide on the energy flux and conversion rate are also investigated. It is
found that a the height of the west ridge increases, the westward energy flux
increases; the internal t&lean beenhancedlue to a suitable distance between the
two ridges;the amplitude of the barotropic tide is one of the crucial factors to
determine whether the internal solitary waves would be generated or not,
furthermore, wherthe amplitude of the barotropic tide is larger, the speed of the
internalsolitarywaves generated will be larger.

Finally, threedimensional simulations of internal tides at the Luzon ridge are
shown TheMITgcm is usedo study the M2 and Kihternaltides and the data from
WOCE and SODA are used tjive the stratificationhere In this chapter not only
the barotropic energyudgetand baroclinic energpudgetbut alsothe barotropic
kinetic energybudgetand baroclinidkinetic energybudget areanalyzed About 15.1
GW is transferred from th®12 barotropic tide tdhe baroclinic tide, which is about
88% of the barotropic inputThe energy flux is about.8 GW, and the total
dissipation isabout11.3GW. The formula (Nycander, 2005) may underestarthe

conversion rate at the Luzon ridge.
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1 Introduction

Chapter 1

1 Introduction

1.1 Motivation

The meridional overturning circulation (MOC) transports and neldiges mass,
heat, saltCO, and nutrients around the globghe MOC has an important influence
on the climate.The climate has an influence on our lifEor example, the
temperature in Hamburg iminter is much higler than the temperature in Asia near
the sea at the same latitude, because the temperature in Haminmter is largely
influenced by North Atlantic Currents while in Asia liargely influerced by the cold

northwest winds.

buoyancy loss buoyancy gain buoyancy loss
L Y L p! )
RNOREE ; ; S S
{ ) wind ¥ 5 ¢ ¥ 77

South Pole Morth Pole

Figure 11. The conceptual model of MO®@AIW stands forAntarctic Intermediate
Water AABW stands forAntarctic Bottom Waterand NADW stand for North
Atlantic Deep Water~romVallis (2016).

The MOC consiss of four parts: surface currents from low latitesde high
latitudes, downwellingprocessest high latituds, deep currents from high latitusle
to low latitudes and upwelling processeslatv latitudes. There are two mechanisms

for the upwelling processesH{g. 1.1). Firstly, dapycnal mixingcaused by wave



1.1 Motivation

breaking and other process canbring the deepwater to the ocean surfac@he
energy for diapycnal mixing is from the winds and tides, dwdita2 TWare needd
(Munk andWunsch 1998. In addition, he winds over the Southern Ocean induce
northward Ekman transporlt also causs upwelling. Ifthe upwellingprocesses
caused by the winds over the Southern Oamariakeninto account, theequired
energy should be less than 2 Tihlbrodtet al., 2007.

Many motions driven by the winds and tides contribute to the diapycnal mixing.
It is very important to know how much energytiansfered from the winds and
tides to these motions respectivéljuch previous researdiocused on three kinds
of motions nearinertial waes,internal lee waveand internal tides

The neatinertial motionscan bedriven by windsandhavebeenconsideredo be
an important source for the diapycnal mixing in the deep ocelam.eiergy of
nearinertal motions converted from winds was between 0.29 hAddTW (Alford,
2001; Watanabe andilbiya, 2002; Alford, 2003;Jianget al, 2005;Rimacet al.,
2013). However, much researgointed out thabnly about 0.1 TW wasavailable
for deep ocean mixingF(ruichi et al., 2008Zhai et al., 209), because most of
energy wouldlissipate in the surface 200 m.

The largescale flow and eddies can be driven by winds, and eddies can be
generated by baroclinic instability. The lee waves can be generated wheng@os
flows flow over small scale topography. When the lee waves break and dissipate, the
background mixing will be enhancedror example recently, much research
(Garabato et gl 2004; Nikurashin and Ferrari, 2G80Waterman et al 2013;
Brearleyetal., 2013 suggested thahé energy from geostrophic fleunto internal
waves may be a reason of anbed mixing in the deep ocedrurthermore, he
energy flux into lee waves Bdeen calculatethased on linear theor\N{kurashin
and Ferrari, 2011Scot et al, 2011, Wright et al, 2014). The results showed that the
conversion rate fromglobal geostrophic flowsvas about between 0.2 and 0.94 TW.
However, there are large uncertainties in velocity and topograjaitéchence past
results are still unceiita In addition theydond differentiate between theonversion
ratefrom the mean flow anffom eddies

The tide forceis generatedoy the combination of the gravitatial attraction
between thastronomical object®Moon and Sunand the Earthand therotation of
Earth-astronomical objectsystens. The energy from the barotropic telavill be

either converted to the baroclinic tider dissipated in oceanic riegs. The internal
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1 Introduction

tides can be generated by barotropic tides over bottom topogrsipdnrythe internal

tide generation, low mode internal tides tend to propagate away from the generation

sites and high mode internal tides tend to dissipate locally becdubeir low

speedsand high shear.Egbert and Ray2001) calculatedthe dissipation rate of the

tides defined as the working rate by tidal forces subtracting the energy flux
divergence usin@ltimeter data. Theyestimated that aboufT'W of power was lost

from bapotropic tides in the deep oceaihe dissipation of barotrap tides

calculatedby Egbert and Ra§2001) refers to the lost energy of barotropic tides and

It canodot distinguish the difference betwee
to baroclinic tides and the dissipation of barotropic and baroclinic tides.

Linear theory hasbeenusedto study internal tide generatioBell (1975a)
derived the conversion rate in an ocean of infinite depth based on weak topography
approximation.Balmforth et al. (2002) derived the conversion rate for several
topographies, and the conversion rate of subcritical sinusoidal topography was about
56% larger than the Béil theory (Bell, 1975a)t was extenekd to the suparritical
topographycasesin Balmforth andPeacock(2009).In general these studies (Bell
1975, b; Balmforth et al., 2002; Llewellyn Smith and Young, 2002; Khatiwala,
2003; Pdrdis et al, 2006 Balmforth and Peacock, 2009 have used different
mathematicaimethods to derive the conversion rate and extended the linear theory to
cases withdifferenttopographies based on different assumptions.

Nycander (2005¢alculated the aoversion rate directly using data from TPXO 6
basing on the theory (Bell 19a®H;Liewellyn Smith and Young, 2002nd got that
about 1.2TW wastransferredrom barotropic tides to internal waves over areas with
a depthgreater than 50én, which compared well with the resultsgbert and Ray
200]). However, both above calculations ofohl tidal dissipation are using a
coarse resolution. The strong tides may occur in regions such as Luzon ridge, in
which the calculations in a coarse resolution are not reliable ramderical
simulations in a higher resolution are needed.

Numerical models are also used to study the internal tide genei&dioe. ideal
models have been set up to compare the conversionaatrilated by numerical
simulations with the valigpredicted by théineartheory(Legg and Huijts, 200@)i
Lorenzo ¢ al., 2009. Legg and Huijts (2006) used nonhydrostatic MITgcm to
simulate the barotropic flow over &olatedGaussian topograghin their paper, the

cases coulde divided into four different situations due to different topographies.
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1.1 Motivation

Model results shwed that the conversion rates predicted by the linear theory (bell,
197%) agreed well with results usiripw, widedtopography. The conversion rates
calculaed from supercritical cases wereich larger than the results predicted by the
linear theory. DilLorenzo et al. (2006) usedthe Regional Ocean Modeling
System(ROMYS) to simulate the barotropic tide ovpolynomial ridge topography,
and compared the model results wtitle valus calculatedusing the theoryRetrelis
et al., 200 Results sheed that the model resultsgreed well with the values
predicted bythe theoryNotethat these two works have used differdefinitions of
conversion rate, different models and different topographies.

Much researchhas used numeritanodels to study thenergeticsof internal
tides for a certain regiofMerrifield and Holloway, 20Q; Jachec edl., 2006; Green
et al.,, 2008; Buiman etal., 2012b; Tanaka et al., 2013Above studies except
Tanakaet al.(2013)mainly focugdon the eprgy flux part In addition, the energy
budget of internal tides has been developgeateret al. (2008) derived barotropic
and baroclincenergy equationsbased onPrinceton Ocean ModelPOM), and
apdied the theoryat the Hawaii Islands Zaron and Egbert (2006) deritveghe
barotropic and baroclinic kinetic energy equasiofiom linearized primitive
equatios. Ponte and Cornuell013 usal MITgcm to studythe kinetic energy
budgets around Point Loma in San Siego,if@alia. Kang and Fringer (2012)
derivad barotropic and baroclio energy equations including the potentiakrgy
parts in a different waylhrough analyzing the energy budgei® can know the
spatial distribution and pathway of teeergief internal tidedor a certain region.

The Luzon #ait connects the South China Sea to thes#vn Pacific Ocean and
features twameridional ridges. Its an importantgeneration site of thimternal tides
both atdiurnal andsemidiurnalperiods(Niwa and Hibiya, 2004; Jan et al., 200@&nJ
etal., 2008) Niwa and Hibiya (2004) studied the M2 internal tide in the East China
Sea including the Luzon ridge using the thd@mentionalPOM. It was found that
the baroclinic conversion rate and the energy flux of the internal tide at the Luzon
ridge were 14.9 ah 9.0 GW respectively Kerry et al. (2014) calculated the
conversion rate of the internal tide based ROMS and foundthat he mean
conversion ratet the Luzon ridgever 2010was 1621 GW. Zhao (2014) calculated
the depthintegrated energy flux usingitimetic dataset by equations derived from
linear theory The results showed that the energy fluxes of rbdi42, K1 and O1

internal tides at the Luzon ridge were 2.7, 2.5 and 1.8 GW, respectively. However,
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1 Introduction

only part of theenergetis of internal tidestathe Luzon ridge has been studiduk
full energy budgeof internal tidegs still unclear

In this paper, we try to answer the following question
1, what isthe difference between theonversiorratesof lee waves generated tye
mean flowand eddie®
2, dothe conversion rates of tides predictedthy linear theory (Balmforth et al.,
2002)compare well withtheresultscalculated from numerical simulatichs
3, what arethe energy budgets ofternal tidesatthe Luzon idge?

In order o answer the above questiofisstly, the conversion tas fromdifferent
velocity databases arealculated and the sensitivities to the steepness and
topographicspectrumare studied. Secondly, experiments wih ideal sinusoidal
topographyare set upo test thelinear theory.The comparison of the conversion
rates calculated from numerical simulaticarsdthe results predicted ihe theory
(Balmforth et al., 2002) will bediscussed At last, twe and threedimensonal
simulatiors are set up ahe Luzon ridgeto obtain the energy budgets of internal
tides

1.2 The lee waves

The lee waves can be generated by a constant flow over bottom topography.
Considering small amplitude topography, a uniform velocity U in the x direction and
stratification N, the linearized equation for internal lee waves can be obtained (Gill
1982; Nikurasm andFerrarj 2010a),

Vo we A @)
v;_:+ "® =0, (1.2)
Vs 4 2 =
srhe=o, (1.4)
*Y’T’—:e: 2520, (1.5)
524 = i;% (1.6)

Where(u, v ,w) is the wave velocity; , is the constant reference density.



1.2The lee waves

The full pressure is given by

p=po+pY (1.7)
where pNis the perturbation pressure and the full derisityiven by
} =+ (1.8)

where }Nis the perturbation densityf is the Coriolis frequencySolving
equations (1.1][1.6) for w gves

w2 12 ! i 2
¥ 0)2( * 2U)+U2Tw2 (3 = 0. (1.9)
Assuming théopographyh=mncoskx we seeleolutlors of the form
0 = (R@rad) (1.10)
Substituting (1.10) to (1.9), one can obtaindispersion relatioror the lee waves
02 YE
=G a3 g (1.12)

When the frequacy Uk is in the rangef < "YQ< 0, lee wavesare generated
For sinusoidal topography, the energy flux of lee waves averaged over a

wavelength can be expressed (Gill 1982),

= e 6oYRay="2Y% Tz G va g, (112
where hy is the maximum height of the sinusoidal topografien the lee waves
energy flux for sinusoidal topography can got iyegraing (1.12) over the
wavenumberrange f/ U< Q< 0/7Y. As pointed in the studie@Nikurashin and
Ferrari, 2010a, 2011), the inverse Froude numbér=FhomU N hy/U is the
fundamental nondimensional parameter for the internal lee waves. Wheh, e
generation of lee waves will be linear. When', nonlinear effect will become
important, and when Bp1, the energy flux will decrease.

Much recent research has focusmuthe interral lee wavesNikurashin and
Ferrari (201@, b) exten@dthe linear theory, derivka set of equati®ito study the
feedback of waves on the flow in physics, and suggélat the enhanced mixing in
Drake Passage can be supportedrégiation and dissipation ahe lee waves
generated bgeostrophic flowsver topographyNikurashin and Ferra(R011) used
the linear theoryRell, 197%) to calculate theylobal conversion rateThe sngle
beam sounding, bottom stifecation from WOCE and botten velocity from global
modelwereused.They stowed that the conversion raseasabout 0.2 TW. Scott
al. (2011) calculated theonversion rate based on tteory (Gill 1982, chapteB).
They used two differertbpographiaata sets (GA2010 and G2010), bottom velocity
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1 Introduction

from HYCOM, and stratification &m WOAZ2009. Tky showed that the conversion
rate wasbetween 0.34 and 0.49 T\&hd 92% of the lee wave energy generated in
the South Hemispherélowever,Wright et al.(2013) siggested that the generation
rate of internal lee waves would b&®.+ 0.19TW.

The breaking and dissipation of internal lee waves contribute to the dapyc
mixing. However, the scale of the processes is too small for ocean circulation models
to resole; hence we need to parameterize the subgrid motMatet et al. (2014)
set up a series of experiments using the Geophysical Fluid Dynamics Laboratory
CM2G ocearice-atmosphere coupled model including a parameterization of lee
wavedriven mixing andshowed thathe lee wave generated by geostrophic flew
had a significant impact on the ocean stal@e effects should be further veriie
because the exacobnversion rate of lee wavesstill a wide open question, and the

vertical structure and procesf dissipation of lee waves are still not clear

1.3The internal tides

1.3.1The linearinternal wave theory

Linear theory can be used to describe internal wakéer neglecting the
nonlinear terms, the Euler equations with the Boussiappgpximatiorreduceto

10 = ALY
= o= o (1.13)
10, = L1V
RO (1.14)
o A1AN o,
= e ) (1.15)
o ooyg (1.16)
to T Ta ’ |
TN 7o 2y
5= 00, (2.17)
52 4 = 290
Ve a = e (1.18)

Where(u, v ,w) is the wave velocity} , is the constant reference densitye

full pressurep = po+ pN and the full densityy = j,+ ™ where }Nis the

perturbation density angVis the perturbation pressufeis the Coriolis frequency
Solving equations (1.1(1.6),we can gethe equation forw alone,
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1.3The internal tides

1 2 , . 2 " 1 2 .
T? 2U + U2 oV + Q@U = 0. (119)
Where the_aplaceoperatorn? and horizontal component?, are

TZ

2= 1241010 (1.20)
Te? TR 16 '
12 12
We suppoe solutiors of the form
0 = CR@ra+dd o) (1.22)

Wherek and | are the horizontal wavembersn x- and ydirection m is the vertical
wavenumber, andd is the frequency of the wav&ubstituting (.22 into (1.19),
we get the dispsion relation for internal wage

o _ B+ 02+4 2%
o= F++a 2

If we calculate the phase and group velocities in vemor multiply themwe can

(1.23)

get
®@p= 0. (1.24)
The group velocity and the phase velocity pegpendicular to each othéWhere

0= WD— is the phase velocitygg= P—U is the group velocityand K=(k, I, m) is the

wavenumber vector.
The vertical modeof the velocitycan be got as follows. Assumitige internal

waves propagate horizontallye seek the solutions of the form

0 = @ (0) B+ T 0) (1.25)
W(z)=0,whenz=0, -H. (1.26)
Substituting .25 into (1.19, we can get
o . " 2 2 .
G+ B+ & “pg 0 =0 (1.27)

If N is not constant, we can solve the equations (1(22)7) numerically. IfN is

constantwe define

G2= G+ & 1‘3221; . (1.28)
The equation becomes
Wy + 620 = 0. (1.29)
The general soluti@of the equatio (1.29)are
; =al sin(mz) + a2 cos(mz) (1.30)

Considering the equations (1.28)e boundary conditianbecome
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1 Introduction

a2=0, (1.31)
-al sin(mH)=0. (1.32)
If the solutions existhence
by == (1.33)

Now, the solutions of theigenvalugoroblem(1.27) can bewrittenin
o =deE, n=0, 1 ,2 3é (L34

Thewave frequencgan bewrittenin

o _ B+R 52+ 2G
V5= ey

n=1,2,3¢ (1.35)

The horizontal phase velocity obtained
I 1 2 1 2 1
W= ——= —( —)2, (1.36)
(7§?+(‘;)2 € 2 (g
and te horizontal group velocitg obtained

1 3
* AR 012320627122 4,
Q‘E: [ ] \ = e 1 (Q@' (1'37)
TQ'Ta € Td"’(‘;?] 62 ,.(g

The energy equation can be frmm the sets of equations (1.13).18)

1, \ NN
ol 62+ 02+ 02+ 0 27 + 604 o= o, (1.38)
2 1o Tw Ta

Because there is nodependencave multiply the equatiorf1.16) with nNithen

obtain
h(I_+ =) = 0. (1.39)
Combining equations (1.38X1.39),we get
In 1T g2 "2 ToaM TonN_
20Tbo+u+u +0 w?+m+w 0. (1.40)

1.3.2The conversion rateof internal tides

"
We defineb = gj—l and assumeT—?, = 0,thenthe equations1(13-(1.18) will
0

be the same equationdich have beensed in Balmforttet al.(2002) The internal
tides can be generated by barotropic flow over bottom topography in a stratified fluid.
Thebarotropic tides can be prescribed throligbarizedboundary conditions

w(x,0,t)=0, (1.4)

w(X,-z, 1)=UD "Q (1.42
9



1.3The internal tides

The conversion rate can be calculated by
6=, Mo 0V @ (1.43)
If we have the solutions of thgN U and % C can be obtained. For this part,

different people uskdifferent methods$o deal with it. Balmfoth et al.(2002) used
the stream function to deal with the equations, and the conversion rate of tides over

sinusoidal topographgveraged over one tidal period/2 o is given by

0—2:—;(;(5 62 1§15 '¢-0) (1.44)
72 114 1436 | 45138 | 170791710 . 4
=1+—+ + + + +
* T =t et 2a0r Y Txzes0 T Tavasse T V0D (1.45)

when T < 1. Where* is the multiplicative inverse of the slope of internal wave

beamand * = TU 5 1,‘%3. T is the nondimensional paramefer= o’ - Mis the
0

OoN

reference densityl), is the barotropic velocity antly is the maximum height of
the sinusoidal topographyMore detailed informationabout dealing with the
formulas canbe found in the followingstudies(Balmforth et al., 2002; Llewellyn
Smith and Young, 2002; Khatiwala, 2003; Pérdis el., 2006; Balmforth and
Peacock, 2009).

1.3.3 The energy budgets ahternal tides

The barotropic and baroclinic energy equations derived by Kang and Fringer
(2012) @e shown as followsThe Reynoldsaveraged form of the NaviStokes

equation with Boussinesq approximatipmes

1o r o T oo 1110 ) N (s 10
T—é+<>:)o D+ 2 ogi—v = ,,Om+ 000 O +T¢(OUT¢, (1.46)
i 0+ B A h 080D + (6,
T—é"‘OQU"‘ ® = ”on)+ 0907 "oV +T¢((OUT¢(), (1.47)
1o . e oo 1mh CAn T oato
T(‘)+OOU 2 wgi—6= ,,OT®+ 0J0q oV +Td ouw o (1.48)
) (1.49)
To To Ta
T” L I * 1] T t T”
5T 007" = ©0lUao +2(Vy), (1.50)

where u=(u,v,w) is the velocity vectorthe Coriolis termf=2 i"©@—and m is the
eartls angular velocity. The total density is given by
WAoo = "o+ " o +"XQ@6,0), (1.51)
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1 Introduction

where ny, is theconstant reference density, is the background densityf® is the
perturbation density, p is the pressuoe, and 0, are the horizontal and vertical
eddy viscosity.U and U, are the horizontal and vertical eddy diffusivitihe full
pressuras given by
N QGOEO = o+ @ +AZQQAO + 1,
="00- @ +Q QTR A, (152)

where 1)y is the reference pressurg, is the background pressure, is the
nonhydrostatic pressure, ardis the free surface elevation. In order to obtain the
barotropic and baroclinic energy equations, the velocity is divided into barotropic
and baroclinic partsChe full velocityu=(u, v, w), and the barotropic velocity=(U,

V, W). The baroclinic velocity is defined by

0*F@Qwa0 =0 ueo FH(Wwgo. (1.53)
Where the horizontal barotropic velocities can be obtained by
1 - o e
TI- g o (@@, (1.54)

Where h is the depth of ocean. The continuity equation for (U, V, W) gives

LYy le, 1o oy, (1.55)

To Tw Ta
The boundary condition on the bottom is
T 0= o, whenz = d. (1.56)
Combining (1.55) and (1.56), tiwerticalbarotropicvelocity can be obtained by
wa= 0 a+QFp. (2.57)

Decompositiorgoesa series of processes, and we can obtain the barotropic and

baroclinic equationsl he depthintegrated barotropic equatiosads

T . o .
b O+ Qo + !5 34= ol -¢ 'Y (1.58)

Where the barotropic kinetic energy is

O, = =7 o("P + &P), (1.59)

2
the depthintegrated potential energy due to suefatevation is
Qo = % 0'Q%, (1.60)
the depthintegrated barotropic energy flux is
4= TFI0&*+ TIO 0@+ TP T1 8¢ ;O (1.61)

the depthintegrated conversion rate is
1



1.4The internal waves at the Luzon ridge

8l= " =) ;—Zw (1.62)

and the barotropic dissipation term is

5= "000 ;T ;T (1.63)
Ry contains the bottom drag and nonlinear conversion rate Téren.

depthintegratedbaroclinic equatiomeads
1. : . .
= Ot G +1.3 =00 -T, (1.62)

wherethe baroclinic kinetic energy is

Cq= %"o(éaé + 0%+ 02), (1.63)
the available potential energy is
) @ £
Q=752 (1.64)
the cross kineti energy is
Omn= " o(YOZ+ w0F, (1.65)

the depthintegrated baroclinic energy flux is

3 = o“‘hee+ o“‘h +0 |(Op+ Q) + o“‘iom 0 0q U 0, (1.66)
and the baroclinic dissipation term is

- b e TOFL0F , , L et :
- 7obl 4 0F 2 0+ Oooﬁféﬁ} 0B 10 210 + 78,23 (1.67)

10
Ta Té
R contains the dissipation d&,, the bottom drag term and nonlinear conversion

rate term.

1.4The internal waves at the Luzon ridge

1.4.1The internal tides

The Luzon strait connecthie South China Sea to the west Pacific Océan.
features two meridionalidgeswhich contain a number of islandstré@g diurnal
and semidiurnalnternal tides are genmted, when the barotropic tides flow over
bottom topographyThen, part of the internal tides will dissipate locally. Part of the
internal tides will eithepropagatanto Pacific Ocean or into the South China Sea.
Internal tides may evolve into solitary waves in the northern of South China Sea.

Much researchhasused numerical models to study the internal gdeeration
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andfocusedthe energy fluxand conversion rate at the Luzon ridjeva and Hibiya
(2004 usedPOM to study the M2 internal tide theEast China Sed hebaroclinic
conversion ratat the Luzon ridgevas 14.9 GWithe baroclinicenergy fluxwas9.0

GW, and thebaroclinic dissipation ratevas 5.9 GW in their EXP.A. The results
didnd@ change too much, when the horizomesolution vertical level number and
topographyaveraging radius changed small. &tral.(2008)usel PrincetonOcean
Model to study the baroclinic tides at theuzon ridge. They calculated the
barotropic and baroclinic energy flux and the conversion rate from barotropic flow to
the baroclinic flow. Teir results showed that the conversion rates for (O1 + K1) and
(M2 + S2) were about 19 GW and 11GW, respectively, and 50% of the baroclinic
tidesgeneratedvas dissipated locally; about 12 GW for Karotropictide was lost:

the conversion ratevas aboutll GW, and théarotropic dissipatiomwas about 1
GW; about18 GW of M2 barotropictide was lost: theonversion ratevas about 10

GW, and thebarotropic dissipationvas about 8 GWBuijsmanet al. (2014) used

both two-dimensionaland threedimensionalMITgcm to stidy the internal tide
resonance Their mode$ were forced by eight barotropic t& currents at the
boundariesThey separatethe conversion rate into semidnal and diurnal parts
and bundthat most of resonance occurs for the first médary et al. (2014 usal
ROMSto study the conversion rate fraw barotropic tide to baroclinic tide in the
Philippine SeaThe mearconversion ratet the Luzon straibver 2010was 1621

GW. Zhao (2014)calculatedthe energy flux for M2, K1, and O1 usiribe sea
surface height measurementdy multiple satellites ERS, Envisat,
TOPEX/Poseidon, Jasti2, and Geosat Follo@n. His results showed that the
energy fluxes foMode-1 of M2, K1, and O1 wer@.7, 2.5and 1.8 GW, respectively
Much research hassa focusedn the internal tides at the Luzon ridge (Jan et al.,
2007; Alford et al., 2011; Jan et al., 2012). To sum up, the conversion rate of M2 tide
calculated at the Luzon ridge was about 10~20 GW, and the energy flux of M2 tide
was about 2~10 GW.

1.4.2 The internal solitary waves

The KDV equation is usually used to study Huditary waves.Nonlinearity and
dispersion are the two important effects for the existencesofit®n solution. For

interfacial waveit usually can be desbed by the followng formula
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1.4The internal waves at the Luzon ridge

T—  x1- .30 Q@ T—  1x, 13- _
5t Wrat i Aot 590 (1.68)

Where ( is the surface heighty; and h, are the thickness of the upper and lower

layer, respectively.ci = g’\ﬂ% is the linear longvave speed. (Gerkema and
172

Zimmerman, 2008)

The solitary waves have not only been studied in theory, but also studied by
numerical simulations. There are strong internal tides at the Luzon ridge, and these
can cause strong nonlinear imtakwaves in the Northern South China Sea.

Much researchhas focused on the solitons hef@ai et al. (2002) used a
generation model of the internal tides and a long wave propagation model to study
the generation and evolati of internal solitary wavesat the Luzonridge They
showed that only when thenglitude of the internal tidevaslarge enough that the
train of internal solitar waves vould be generatedThey also poirdgd outthat
shoaling effect, asymmetry of the deepprofile and channel widthall an influence
on the internal waves generatétbnlinear wavewas described at the continental
slope in the Northern South China Sea using the mooring during the period April
May 2001 in Dudaet al.(2004). Typea and Typeb paclets weredescribed in this
researchWarn-Varnaset al.(2010) stuced the generationfcsolitary waves with 2.5
dimersional nonhydrostatic modeAlford et al.(2010) studed the nonlinear interal
waves transiting the Sou@hina Sea in detailed using data from mooring during the
period 26 Apil- 7 May 2007 Type-a and Typeb waveswere also found in their
researchBuijsmanet al.(2010a) used ROM® study the nonlinear internal wes
in the South China Se#n this research the topograpiwasrepresented by an ideal
Gaussian dge.One of he mechanismsfdhe generation of solitary wavesasthat
the eastward flow creadea firstmode warm front on theast side that, as it
propagatd eastwardsteepeadand evolve into a weak soliton trairBuijsmanet al.
(2010b) usedROMSto study thenonlinear wavef theLuzon Strait in an idealized
two-dimensional simulation. They studied many factors erilting the generation
of nonlinear waves including the distzm between two ridges, Kuroshamd the
heights ofthe ridges.The nonlinear internal waveis the northern South China Sea
alsohave been studied ithe studiegZhao et al., 2004L.ien et al., 2005Zhao and
Alford., 2006 Shaw et al.2009; Farmeret al.,2009;Li and Farmer, 2011)These
studies have shown thattran of solitonscan be generatedthen a strong enough

low-modeinternaltide steepeaby nonlinear effects
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1.50verview of the thesis

The thesis is organized as follows.

In Chapter 2we calculateghe conversion rate of internal lee waves generated by
geostrophic flows based on linear thedriie sngle beam sounding depth data and
global predicted abyssal hill rms heights, WOCE hydrographic atlas, velocity data
from SODA and ECCO2 and mean flow dareddy velocity from the global
eddy-permitting STORM model on a 18 1°grid are used.

In Chapter 3, we saip a series of experiments to investigate llaeoclinic flow
generated byarotropic flow over anideal sinusoidal topagphy.A comparison of
the conversion rates calculated from numerical simulatonkhe results predicted
by the theory(Balmforthet al., 2002) is presented.

In Chaper 4, the twedimensionahumericalsimuationsof internal wavesising
MITgcm at the Luzon ridge are presented. The two meridional ridges in the Luzon
region are represented by two ideal Gaussian ridgeshaendtratification used in
these simulationss calculated using’VOCE climatology in 20.5 °N. The energy
budgetfrom thebarocliric equation derived bitang and Fringer (20103 shown in
this chapter.

In Chapter 5, threglimensional simlations of internal tides inuzon region are
presented. The M2 tidal ellipsand the energy budgets from both barotr@mergy
equation and &roclinic energyequation derived b¥ang and Fringef2010) and
from both barotropidkinetic energyequation and baroclinikinetic energyequation

are shown.
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Abstract

Chapter 2

2 The mnversion rate of internal lee waves
generation by global geostrophid¢lows

Abstract

The conversion rate of internal lee waves generated by geostrophic flows is
calculated based on linear theoijhe sngle beam sounding depth daglobal
predicted abyssal hill rms heights, WOCE hydrographic atlas, velocity data from
SODA and ECCO2 mean flow and eddy velocity from the global egumgrmitting
STORM modelin a 1° x 1°grid are usedfor the calculationsHere, we use two
different methods to deal with the topographic spectrum calculated ssigt
beam soundinglepth dataThe first method isimed toobtaintopographic specr
in 3° x 3° global grid cells firstly byaveraging spearfrom different segments.
The second method malculatingthe conversion rate usirtge spectrum for each
segment The conversion rates caletéd using SODA, ECCO2, mean flow and
eddy velocity from the global edeyermitting STORM modehre between 03 and
0.23 TW using the two methods. The difference betwtenconversion ratéom
theeddies androm themean flow isbetweer0.05and0.11TW.

2.1 Introduction

The meridional overturning circulation (MO@ganspors and redistribigsmass,
heat, saltCO, and nutients around the globendhas an important influence on the
climate. Diapycnal mixing caused by wave breaking and other processebring
the deep water to the ocean surfaod plays a crucial role in sustaining t©C.
The energy for diapycnal mixing is from the winds and tides, and about 2 TW are
needed (Munk and Wunsch, 1998)he internal tides and internal lee waves
generated in deep ocean contribute to the pra@agsert and Ray2001, Garabato
et al., 2004; Nikurashin and Ferrari, 2@18Vaterman et al., 2013; Brearley et al.,
2013)

The energy work orht largescale flav and eddiesrom windsis about 1.0TW
16



2 The conversion rate of internal lee waves generation by global geostrophic flows

(Wunsch, 1998)Much of the energy will bé&ransfered into eddiesThe eddy energy
can dissipate through several procesBesexample about 0.20.8 TW eddyenergy
is lost due to bottom dra@Sen et al., 2008)n addition,the lee waves are generated
whenthe geostrophifiows flow overthe ocearbottom andpropagate away from the
generation site@Bell, 197%). This process cammansferthe eddyenergyto smallscale
The total energy flux into internal legaves was found to be about @24 TW
based on linear theory (Nikurashin and Ferrari, 2@&kcbtt et al., 2011; Wright et al.,
2014 and the Southern Hemisphere gwoedmost of lee wave energytHowever,
there are large uncertainties in velocity ang@ographic databoth of which have
large influences on the conversion raklence past results are still uncertain
addition the differencebetween theconversion ratérom eddies and from the mean
flow hasrit beengivenin the previoustudes

Watermanet al. (2012) sheed that theconversionrate predictedby the theory
(Nikurashin and Ferrari, 20)ivas much larger than the observed dissipaitioa
region north of the Kerguelen Pkateatnich was also supported byikuirashinet al.
(2014). The disagreemehetween linear theory and observatiomsy be explained
in many ways For examplemuch of the energy may propagate aweaym the
generation sites, thiénear theory may ignore some finite topography effects and
there are imitations for the topographic spectrufWwaterman et al., 2&
Nikurashinet al., 2014).The influencs of the former two factors are hard to be
quantified,but herewe develop a method ttest the sensitity to the topographic
spectrum

The purpose othe papers to test the sensitivitie®f conversion ratdo the
velocity and to the topographic spectruamd differentiatebetweenthe conversion
rate from eddies and from the mean floWwwo different topography databases,
velocity data from SODA and ECCO2, mean flow and eddy velocity from the global
eddy-permitting STORM modedre usedo finish the calculation

2.2Theory

The energy trarierred from geostrophic flows to internal lee wes/in small
scale topography can be calculated by the following formi@all, 1975%;
Nikurashin and Ferrari, 201Nikurashin et al., 2004

~_ "olFl O/l % & > 7 = <,
O= ¥W$Q|T_F|L)Z(Q 02 |F2@ |F2¢ "@QQ (2.1)
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2.3The bottom stratification

Where he reference density,=1045kg m*, U is the bottom velocityN is the

bottom stratificationf is the Coriolis frequencgnd 0, Q = zi f 2%6(?2@’0‘1 is

the effective topographic spectrymwhere k= (k, I) is the wavenumber in the

reference frame along and across the meanlow
We define the steepnegs= Z]—HS where H is the topographic heigland set

f,=0.7 as the critical steepngsarameter as done by Nikurashin and Fe(2011).
Because the linear theoryderivedbased on subcritical topography, the expression
is multiplied by f,/f)? at all locations whenevef > 0.7, in order to account for the
suppression of energy conversion at supercritical topogrdpy.not an exact
method, so we want ttest the sesitivity of the conversion ratéo the steepness

Here,the amplitude of the topogphy H is defined in two ways he first way is
H= Mihrange, as done byikurashin and Ferrari2011), where hy4nge is the rms

height of the topography in the radiative wavenumber range. The second way is
H = hg, where hy is the topographic roughness.
The bottomstratification N, the topographspectrumP k , the bottom velocity

U, and Coriolis frequencydt each poinwill be used for the calculatien

2.3The bottom stratification

We use theWOCE hydrographic atlagGouretski and Koltermann2004) to
calculate the global bottom stratificationThe WOCEGIlobal Hydrographic
Climatologyhas a 0.5°spatial resolution and 45 depth levélse ptential pressure,
potential temperature and potential salinity frome toottom two layers have been
used to calculate the bottom stratification using seawate3 @ sw_bfrqg.m. From
the Fig. 2.1, we can see that the valsief N are between 18°sand 10>°s”over
most of area. There ardiigh values of N in mid-ocean ridge and low valseof N
over abyssal ocean. SWehedreasvibhtadeptashatlowéra t e
than500 meters.
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Figure 21. Bottom stratification N usingVOCE hydrographic atlas log10 (s%).

2.4The bottom topography

2.4.1The angle beam sounding depth data

Following the method ofGoff and Jordan (1998nd Nikurashin and Ferrari
(2017 andassunng the topography is isotropithe effective topographic spectrum
in (2.1) thencan be calculated by
1

UzQ:U]_'QQ

o

, (2.2)

&

NI
N

~

Oo('Q e 0pQ *1. (2.3)

WhereB is Beta function,0,o(’Q is ore-dimensional of model spectryn, is the
spectral level given in terms of parameters of the-dimoensional speamum and pis
the spectral slope

NGDC's Marine Trackline Geophysics database provides atoesathymetry
data collected during marine cruises from 1939 to the present. Coverage is worldwide.
The resolution of the data in the Southern ocean is smaller than in the Northern
Ocean.

We divide thesingle beam soundindepth data deeper than 500 meteinto
different segments with a resolution of at leagin? anda length of 5Gm, remove
the topographic slope foeach segmentthen calculate alongrack topogaphic
spectrum. Using the spectrur2.3), you can get0, and p in the 2 to 20km
wavelengthrange.

There are two different processes to ggtandp. One is averaging the spextr
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2.4The bottom topography

overa 3°x3°grid first, then we can get0, andp in each grid Thus the resolution
of 0, andp is 3°x3° . Absent values due to lack of topographic data are estimated
from neighboring grid cellsAnother method is thathstead of averaging the spectr
we obtain0, andpin each segmenfirst; then we divide0, andp into 3°x 3°
grid cells. Using the bottomvelocity and Ry andp from a3°x3°grid cell, we can
calculate theonversion rate Moreover, by using this method, we can get the mean
conversion rate byveragng the results over the same grid in the final stey we
can also obtain thiargest and smallest global conversion raldee total number of
about225,000 segments is usedn this paper, we have calculated the conversion
rate using the two methods falt velocity data.

The bpographic roughness is computed as an integraleomtbdel spectrum in
(3) over 1 to 10 km wavelgth rangeThe topographic roughness is calculated using
two methodscorrespondingto the two ways of obtaining, and p. The large
roughness Kig. 2.2a, average speddr first) is along midocean ridgesvhere the
process of seafloor spreading oc¢wasd it is enhanced up tt00 m. The small
roughness is in flat abyssal plains which are covered by sedinfdmsiesult of
second methodHg. 2.2b, averagethe final resuls) showsa patternsimilar to the
Fig. 2.2a, though the roughnessadittle smaller It is up to80 m along midocean. It
is remarkablebecausehere isa nonlinear process between the two methods for the
calculation of topographic roughneddost of areas of the ocean are covenath

thetopographic roughness ofl®Om using the two methods.
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a)
b)
60°N
30°N
OO
30°S

10°w 60°W 0° 60°E 120°E 180°W
Figure 22. a) The topographic roughness calculated by averaging spectra first in (m).
b) The topographic rolmesscalculatedoy averaging the finaksuls in (m).

24.2 Global predicted abyssal hill rms heights

Following Goff and Arbic (2010, the global abyssal hill rm&ieights are
calculatel using paleespreading rateand sedimentthickness by the following

formula,
hg = rx 14734y + 247 m. (2.4)
hims = hg S 2, for S/2<h,,
hims = 0, for S/2  hy. (2.5)

Wherer is spreading ratehgis uncorrected rms height and S is the sediment
thickness. Spreading ratasedownloaded from
http://www.earthbyte.org/Resources/agegrid2008.html and sediment thickness S is
provided ahttp://www.ngdc.noaa.gov/mgg/sedthigdenandOlbers, 2014)The

rms data has 1°spatiaksolution.Only partof areas of ocean hagnkt> 0 usingthis
method
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2.5The bottom velocity

The roughness of Goff and Arhi2010 is shown in Fig. 8. Compaedwith the
roughness calculatgdom thesingle beam sounding data, it has a much larger value
along midocean and can be enhanced to more thami#ers It hints thatwe will
get asmaller conversion rate, e use this roughess to replace the roughness
calculated fronthe single beam souimd) data in the calculation.

120°W 60°W 0° 60°E 120°E 180°W

Figure 23. The topographic roughness of Goff and Arf2610 in (m).

2.5 The bottom velocity

2.5.1The bottom velocityfrom SODA and ECCO2

Velocity data from SODA and ECCO2 are used for ¢hkeulation.The SODA
(Ocean data assimilation model) (Cartehal, 2005)is based on Parallel Ocean
Program physics and there are several versiepending on the experiment setup.
The data has a uniform 0260.5° resolution

ECCO2 data synthes@glenemenlis et al., 200&)re obtained by least squares fit
of a global fulldepthocean and sei@e configuration of the Massachusetts Institute
of Technology general circulation model (MITgcm) to the available satellite and
in-situ datalt has a resoluwn of 0.25% 0.25? The outputs of the two data are all in a
monthly-averaged form.

In Fig. 2.4, we calculatehe bottom kinetic energy of SODA and ECCO2 using
the velocity from the deepest lay@rhe bottom kinetic energy is calculated by
KE=u*+Vv?, where u and v are the bottom velocitiee results show thahé bottom
kinetic energyis largerin western boundary currents regions, ACC region and the

Equator regioncompaedwith the energy in abyssal plains.
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a)

b)

5%

120°W 60°W 0° 60°E 120°E

Figure 24. Bottomkinetic energy of SODAa) and ECCO2 (b) in lag(m?s?).

25.2 The mean flow and eddy velocity from the global

eddy-permitting STORM model

The mean flow and eddy velocity are got from the global guynitting
STORM model(Storchet al, 2012) The model was spump for 25 years. Thethe
modelwas runwith the forcing of 6 hourly NCEfNCAR reanalysisl (Kalnay et al,
1996) for the period 1948010with a resolution of about one tenth of degreeits
can achiee a quassteady state of mesoscale eddidsre we use the outpuf o
mean flow and eddy velocitipoth of which have gesolutionof 1°x 1°.

The MKE (mean flow kinetic energy) and EKE (eddy kinetic energy) are shown
in Fig. 25. The EKE is larger than th®IKE in most area of the ocean and the
energy can be enhancedl®’*m?s?in ACC region.
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2.6 Results

a)
b)
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120°W 60°W @° 60°E 120°E 180°W

Figure 25. Bottom MKE (a) and bottom EKE (b) in lag(m?s?).

2.6 Results

2.6.1 Steepness parameter

The steepness parameter is determined by the buoyancy frequéecy,
topographic heightand the bottom velocityThe steepness parametealculated
using the eddy velocityfrom the global eddypermitting STORM modeis shown
here The steepness parametEig( 2.6) is large in the areas with large topographic
heightand small velocitysuch aghe equatorial regionandthe mid-ocean rilges. It
is small in the ACC areabecause of large velocityhe steepness parameters of
SODA, ECCO2and mean flow for different topographic roughnesare also
calculated, but not shown here.
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60°W a° 60°E 120°E

180°W '12'o°w7
Figure 26. The topograplu steepness paramekecalculated using eddy velocity in
|Oglo ()

2.6.2 Conversion rate

The conversion ratesalculatedusingSODA, ECCO2 mean flow and eddies by
the two methodgAverage spectra first and average the final resultbjch are
described in 2.4, are shown inFig. 2.7-2.10. The steepasscalculated using the
rms height in the radiative wavenumber rangeaised for the calculations’he
conversion rate is enhanced in the largeenis areas and showpatternsimilar to
the bottomkinetic energy The results calculated by the two methods for the same
velocity data are different, but similafhe globalintegral of the energyanversion
rates of SODA are 04 TW (Fig. 2.7a, average specarfirst) and 003 TW (Fig. 2.7b,
avelgethe final results and the resuit of ECCO2 FFig. 2.8a-b) are 005 TW and
0.04 TW, respectivelyHere we sethe conversion ratem the areas withvalues
larger than 2x16 mW m to be Oin order to inhibit large valuérhe global integral
of the energy conversiaatecalculated usig mean flow Fig. 2.9a-b) is 006 TW by
averaging sper first, and the value become®dTW, if we average the resslin
the final step. The conversion rates calculated using eddy velbaity2(10a-b) are
0.11 and 009 TW, respectively, using the two method$e velocities from SODA,
ECCO2 and mean flow used in the paper are obviously smaller than the velocities
used inNikurashin and Ferrarf2011) and Scott et al (2011), thus the conversion
rates are muckmaller.

The sensitivity of the conversion ratés the steepness is investigatels
described irsection2.2, the steepness heasedefined in two wayandwe have three

different topographic roughnesdes the second wajAll results are showmi Table
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2.6 Results

2.1, where Roughness_range means the rms heighthe radiative wavenumber
range Roughness_first means the roughness that is calculated by averaging spectra
first, Roughness_last means the roughness thedl@ulatedby averaging the final
resultsand Roughness_Goff and _Arbic means the rms height (@odf Arbic,
2010).The results obtained usirgoughress_range have beshown in the above
paragraph.The Roughness_last is smaller than the Roughness first, thus the
converaion rate using Roughness_last is a little larger than the result using
Roughness_first. It is found the conversion rates for the four velocities using
Roughness_first areetween 0.0&nd 0.19 TW and using Roughness_last between
0.10 and ®3 TW. The conversion rates efldiesare the largest because the
amplitude of eddies are largest.

The roughness (Goff and Arbic, 2010) has a larger value alongperigh
compared with the results ing the single beam sounding data, and covers less
nonzero areasHig. 2.3). So if we use topographic roughness of Goff and Arbic
(2010), there will be large areas with zeadue and the totalonversion ratavill be
smalkr than theactualvalue The conversion ratesalculatedusingSODA, ECCO2
mean flow and eddies are 0.04, 0.03, 0.05 and 0.08 TW, respeclivelgonversion
rate calculated using roughness of Goff and Arbic (2010) is just a reference for the
actual value.

The results inTable 2.2 are obtained using the second method and using
Roughness_range. In Table 2.2, Mean means that we average the conversion rates in
the finalstep;Largest means we choose the largest conversion rate for each grid and
Smallest means we choose the snsalt®mnversion rate for each gridloreover, the
results for Largest and Smallest are unreal in nature jastdused to test the
sensitivity to the topographic spectruithe results for Mean have bediscussedn
the above. The physitmeaning for theesults for largest and Smallest is that these
two values represent the upper and logkbal integral conversion rates for one
velocity data using the linear theofyor example, the mean conversion rate for
SODA is 0.03 TW, but the upper andMer convesion rates are 0.18nd 0.002 TW,
respectively, which are almost 10 times larger and 10 times smaller than the mean
conversion rate. As we know, if we calculated to@versionrate only using one
topographicspectrum the result woé be soaccurate. Theesults from Table 2.2
show that thalifferencecausednly using one topographic spectrum may hawve

orders of magnitudéor the global ocean, since the uppmsnversionrate isalmost
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100 times larger than the lower conversion r&t@thermore, the resutinly using
one topographic spectrum may be 10 times larger omi€stsmaller than the mean
value

From Table 2.1 and Table 2.2, we can see that dlobal integral of the
conversionrate calculaed using mean flous betweer0.04 and0.12 TW using the
two methods. In contrasthe conversion ratecalculated usig eddy velocityis
between0.09 and0.23 TW using the two methodsThe difference between the
conversion ratédrom the eddiesand from the mean flow iabout0.050.11 TW.
Compared with the results from SODA and ECCO2, the conversion rate calculated
using the global eddgemitting STORM model islarger, indicating thatthe
velocity data is crucial for the calculation.

Table 21. The convesion rate calculated by the first method. (TW)

Roughness Roughness Roughness Roughness_Gof
_range _first _last _and_Arbic
SODA 0.04 0.09 0.10 0.04
ECCO2 0.05 0.08 0.10 0.03
Mean flow 0.06 0.11 0.12 0.05
Eddies 0.11 0.19 0.23 0.08

Table 22. The conversion rate calculated by the second method. (TW)

Mean Largest Smallest
SODA 0.03 0.19 0.002
ECCO2 0.04 0.22 0.003
Mean flow 0.04 0.23 0.002
Eddies 0.09 0.54 0.007

2.7 Summary

Different velocity and topographgatasetsare usedo calculate the conversion
rate.About Q03-0.23 TWenergy is transferreftlom geostrophic flowto internal lee
wavesfield using the single beam sounding dafae value will be 0.030.08 TW

using he roughness of Goff and Arbic (2Q18Ve choose the values calculated using
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2.7Summary

single beam sounding data as the last results, but the values are still smaller than the

resuls (Scott et al, 2011), becausdhe velocities used hegre smallerin addition,

we dord try to answer which resui$é better compared with Nukurashin and Ferrari
(2011),becauseve can o6t get enoug Better ogographtyadata on dat e
IS needed for a better estimati@ompaed withl TW of powerlost from barotropic

tides in the deep oceafEgbert and Ray2001) the energytrangerred from

geostrophic flow is a little smaller.

We differentiate between theonversion ratédrom eddies and from the mean
flow. The conversion rate for eddiesabnosttwice asthe conversion ratéor the
mean flow The results &re stress the importance efldies.By the second method,
we have obtained the error bound of the conversion rate. The results indicdte that t
topograhic spectrum causes large uncertaintigbénconversion rate.

The breaking and dissipation of internal lee waves contribute to the diapycnal
mixing. However, the scale of the processes is too small for ocean circulation models
to resolve;hence we need to parameterize the subgrid motMatet et al.(2014)
set up aseries of experiments using the Geophysical Fluid Dynamics Laboratory
CM2G ocearice-atmosphere coupled model including a parameterization of lee
wavedriven mixing and showed thatd lee wave generated by geostrophic flew
had a significant impact onhe ocean statéhe effects should be further verified
because the exact conversion rate of lee waves is still a wide open question, and the

vertical structure and process of dissipation of lee waves are still not clear.
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Figure 27. The internal lee waves generation rate of SODA. a) Average spectra first
in logio (MW m®). b) Average the final results in lagmW m?).
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Figure 28. The internal lee waves generation rate of ECCO2. a) Average spectra first

in logio (MW m®). b) Average the final results in lagmW m?).
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b)

&
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Figure 29. The internal lee waves generation rate of mean flow. a) Average spectra
first in logro (MW m?). b) Average the final results in lggmw nmi?).
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Figure 210. The internal lee waves generation rateedtly velocity. a) Average

spectra first in log, (MW m?). b) Average the final results in lagmW m?).
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Abstract

Chapter 3

3 Tidal flow over sinusoidal topography: the

harmonics, energy flux and conversion rate

Abstract

In this paper, a series a#vo-dimensional numerical simulatisusing MITgcm
are set upto investigate thebaroclinic tide generated bigarotropic tide over
sinusoidal topographyn terms of the lineatide theory, the baroclinic tide generated
due to tidetopagraphy interaction is mainly influenced by the barotropic forcing, the
stratification and the topography. Here, the influerafebe heighof thetopography,
the amplitude of the barotropic tide, the stratification and the width of the
topograply onthebaroclinic tidegeneratiorare investigated detail Moreover, we
compare the results predicted by the linear theory with the results catculsing
two definitions ofconversion rate. Model results sholat the baroclinic velocity
fields generatedhre quite differentbetweenin subcriticalcasesandin supercritical
cases there are moreigh harmonics generated ithe case withthreesinusoidal
topography compared with results from the case with an isolasa@tusoidal
topographyby two methods of calculatinthe modes ofthe baroclinic velocites
The results predicted by the linetlreory agree well withthe results calculated by
C1 (the energy flux)n most caseandthe results calculated 2 (the conversion

rate)arelarger trantheresultscalculated byC1 in most cases.

3.1 Introduction

The tide forceis generatedby the combination of the gravitational attraction
between thastronomical object®Moon and Sunand the Earthand the rotatiorof
Earth-astronomical objectsystens. The energy from the barotropic telavill be
either converted to the baroclinic teder dissipated in oceanic riegs. The internal
tides are generated whéearotropic tideslow over bottom topographin stratified
ocean After the internal tid generation, low mode internal tides tend to propagate

away from the generation sites and high mode internal tides tend to dissipate locally
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because of their low speeds and high sh&ae internal tide energy can be
transferred into small scale througlawe breaking, wavevave interaction, bottom
friction, scattering from bottom topography and reflection from critical topography
When the internal tidebreak and dissipate, th@ckgroundmixing will be enhanced.
The diagycnal mixing generated due to tleeprocesses carmmtribute in sustaining
the MOC andshould be parameterized in ocean models. To get a better
parameterization, we need to studhe internal tidegeneration, pragation and
dissipationprocessedn the paper, we mainly focus the generation process.

Theinternal tide generation has been studretheory Bell (1975a) derived the
conversion rate in an ocean of infinite depth based on weak topography
approximation. Balmforth et al. (2002) deriveéde conversion rate for several
topographies, and the conversion rate of subcritical sinusoidal topography was about
56% larger than the Béil theory (Bell, 1975a). It wassxtenekd to the suparritical
topographycasesn Balmforth andPeacock(2009).In general, these studies (Bell
1975, b; Balmforth et al., 2002; Llewellyn Smith and Young, 2002; Khatiwala,
2003; Pdrdis et al, 2006 Balmforth and Peacock, 2009 have used different
mathematicaimethods to derive the conversion rate and extended the linear theory to
cases withdifferent topographies based on different assumptions. Furthermore,
Nycander(2005)calculatedthe conversion rateasing orthe theory Bell, 1975, b;
Llewellyn Smith androung, 2002) and got thahe conversion ratifom barotropic
tidesinto internal wavesvasabout 1.2T'W at depths greater than 560

Legg and Huijts(2006) setup experimentsto simulate the baroclinic tide
generated by barotropic tide ov®aussiariopographyTheir results showed that the
conversion rate predicted by Bgl97%) wasgood f or @uassian wi de 6
topography, but the conversion ratsdculated from othecaseswere muchlarger
than the valugpredictedby the linear theoryBell, 1975b). Di Lorenzoet al.(2006)
usedthe ROMSto simulate the barotropic tide ovpolynomial ridge topography,

and compared the model results witlthe valus calculated by

’ 2K2 -
}oUgh N
0~0''max ,x,z

C= o 2 f¢ x M, where ny is the reference density), is the
0

amplitude of the barotropic tidé,,5x IS the height of the ridge, N is the buoyancy
frequency,J o is the M2 tidal frequencyf, is the Coriolis frequency and M is a
dimensionless function that depends on many fa¢iResrelis et al., 2006). Ressll
showved that the model resulégreed well witithe theoryNotethat these two works

have used different definitions obnversion ratevhich are equal in the linear theory
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3.2Model

with the assumption of in viscid fluid.

The height of the topography, the widihthe topography, the depth of the atea
the amplitude of théarotropic tideand the stratification have an obvious influence
on the conversion rafgegg and Huijts2006;Di Lorenzo et al., 2008Qian et al,
2010; Paoletti et g12014) There ardive main nondimensional parameters based on
the above factors (Legg and Huijts, 20Q6g tidal excursioparameterthe slope of
the topographythe slope of thanternal wae; the relative height of the topography;
the Froude numbelEvery parameter lsaaninfluence on the generations of the
internal waves.

The real ocean topography is complex and the generation of internal tides is
largely influenced by the topography. Thuss necessary tstudy the internal tide
generationfor a variety of topographie§.he internaltide generated by barotropic
flow over sinusoidal topography hasmeen studied in numerical simulatioims
detail. Here we study severalfeatures of internal tides including the baroclinic
velocity, energy density arftarmonics andfocus on thesnergy flux andonversion
rate A series of experiments hitdifferent conditions arearried out to compare the
theoreticpredictiors (Balmforth et al, 2002) with the model resultdt is aimed to
give us a better understang of the internal tide generation process

The paper is organized as follows. Ints&t 3.2, the model setuand all the
designedcases are introducgdh section 33, the baroclinic velociies calculated
from differentcases are analyzedin section3.4, the kinetic energy and perttial
energyfor different cases are showim section3.5, the spectraof the velocities are
shown in section 3.6, the harmonicsare presentedin section 3.7, different
conversion rate predicted by the lineartheory andobtained from numerical
simulations are showrat last,the discusgon and conclusion pag are offered in

section3.8.

3.2 Model

The nonhydrogatic MITgecm (Marshall et al.,1997) is usedto dmulate the
internal wavesTherefore we can compare modedsults with the results predicted
by the linear theory based on nonhydrostatic assumpfios length and the height
of the domain arel20 km and 2 kmrespectively.The horizomal resolution is

uniform 1.5 km, and the vertical resolution igniform 50 m. The standard
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experiments initialized witha uniformconstanstratification of N=1G s*, which is
represented by the temperature in the model using a linear equatitatediVe set

up several experiments with buoyanfrgequenciesof N=10% 10%° and 10°°,
respectively, to investigate the sensitivity to the stratificatitre Coriolis frequency
f=5x10° s, and it represents the value in tagtude20 °N. In orde to get a small
dissipation, the horizontal and vertical viscosity and diffusivitysateto be 18m?

s and 10° m?s?, respectivelyThe barotropic tide is forced by adding a body force
to themomerium equation anthe boundary conditionare the same witkKhatiwala
(2003) whichhas beemlso used ihegg and Huijtg2006 andGreen et al(2008)

All of the configurations of experiments are listed in Table whereU is the
barotropic velocity, N is the stratificationg is themaximumheight of thesinusoidal
topographyandwidth is the width of the topography. The nondimensional parameter
r = (dh/ dx)/s is alsocalculatedwhere dh/dx is the largest slopetbé&topography

in the model, ands= (¥2 f2)/(N2 +2) is the slope of interal wave beam

where ¥ is the M2 tide frequency~ollowing a widelyused conventignwe define
that whenr < 1, thecaseis subcritical; whenr > 1, the caseis supercriticglwhen

r = 1, thecases critical. We can seen Table 3.1 thaExp_h1600 andExp_width18

are critical cases, Exp_N2.5 aritkp_NO2 aresupercritical caseand all other
experiments are subcritical cas@siother nondimensional parametér = U/ (h0O x

N) is alsooffered in the tableThe Fr of all our experiments is smaller thanAl.
seres of experiments are performem studythe energy fluxand conversion rate
influenced bythe height of the topography, the width of the topography, the
amplitude ofthe barotropic tide and the stratificationFor example, the heights of the
topography fom Exp_h200, Exp_h400, Exp_Ref and Exp_h1600 vary from 200 to
1600 m and cause the cases to be from subcritical to supercriticakp&rimensg

are runfor 20 M2 tidd cycles.

Table3.1. List of cases: the values in all blank cells are the same to the Exp_Ref in

the same column.

Case U ho N Width Fr dh s

msh) (M) (sY (km) dx
Exp_Ref 0.025 800 10° 30 0.0313 0.0824 0.1327 Sub
Exp_h200 200 0.1250 0.0206
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3.3The laroclinic velocity

Exp_h400 400 0.0625 0.0412

Exp_h1600 1600 0.0156 0.1667 Critical
Exp_u0.05 0.05 0.0625

Exp_u0.10  0.10 0.1250

Exp_u0.20 0.20 0.2500

Exp_NO02 102 0.0031 0.0131 Sup
Exp_N2.5 1022 0.0099 0.0416 Sup
Exp_N3.5 103 0.0988 0.4636
Exp_width18 18 0.0313 0.1333 Critical
Exp_width54 54 0.0313 0.0463

3.3 The baroclinic velocity

The baroclinic velocity igot from the following formula
62000 =0 AAo . QYA (31)
where u is the full velocity;- is the free surface elevati@nd h is the depth of
ocean The same calculation is also applied on v andFg. 3.1 shows the
snapshots of baroclinigelocities calculatedfrom the four experiments withthe
samebarotropictide of 0.025m s and different heights othe topographyat the
end of the seventh tidal cycle. The baroclinic beams candmefsam theFig. 3.1,

indicating the generatedbaroclinic tide is mainly linearAccording to the linear

theory, the slope of the baroclinic beas (¥2 f2)/(N2 ¥2), where¥ is

the tidal frequency, f is thed@iolis frequency and N is the stratification. Since the
stratification used in the four experiments is the same péteers of the four
velocity fields are similar. However, they differ in the amplitudes of the baroclinic
tides: when the height of the topography h=200 m, the amplitude gftierated
baroclinic tide can reach 0.008s", in contrast, the baroclinic velocities can reach
0.012, 0.04 and 0.1F s*, when the heights of the topography are 400, 800 and
1600 m, respectivelyyn summary, a the height othe topography increases, the
amplitude ofthe baroclinictide increases.

The snapshots of the baroclinic velocity for Exp _u0.05 and Exp_u0.20 are

shown inFig. 3.2. Asill ustrated inFig. 3.2, the patters of the barocliric velocity
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fields are similar for the two casd$owever,the amplitude of the baroclinic tide is
larger aml thebaroclinic velocity becomes more unstable nearbitnendary ofthe
topographywhen theamplitude of the barotropic tidecreases.

The sensitivity of the baroclinic tide to the stratification is investigatetthen
cases with different buoyancy frequenciesg. 3.3(a) shows he baroclinic velocity
field for the subcritical case Exp_N3.5. We can see tti@tbaroclinic velocity is
very weak, when here is weak stratificationFor Exp NO2, the buoyancy
frequency N240? s* and r = (dh/dx)/s > 1, hence the case is supercriticAbk
shown inFig. 3.3(b), higher harmonicsre generated with strong stratificatiand
the pattern changes a lot due to¢hanging of the stratificatiowompared with the
subcritical case.

The cases Exp_ Ref, Exp_widthl8 and Exp_width54 have the same
stratification and barotropic tidand only differ withwidths of the topographyhe
barodinic velocity fieldsfor Exp_width18 and Exp_width5dre shown irFig. 3.4.

The amplitude of the baroclinic tidgeneratedn Exp_width18 is much larger than
that in Exp_width54. Though the stratification in Exp_width18 and Exp_width54 is
the same,he patters of the baroclinic velociy fields in these experimentwre
different.One reason is thahe width ofthetopography irFig. 3.4(b) is larger than

the length of mode 1 internal tide and the widthh&ftopography inFig. 3.4(a) is

smaller than the length of mode 1 internal tide.
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3.4The kinetic energy and potential energy

Figure3.1. Snapshots of baroclinieelocity (m §') after 7 tidal cycles, theeight of
the topographya) h=200m, (b) h=400m, (c) h=800m, and(d) h=1600m.
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Figure3.2. Snapshots of baroclinieelocity (m §') after 7 tidalcycles,(a) u=0.05m
s' and(b) h=0.20m s*.
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Figure 3.3. Snapshots of baroclinivelocity (m §') after 7 tidal cyclesthe
stratification (a)N=10>°s?, and(b) N=10* s*
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Figure 3.4. Snapshots of baroclinieelocity (m §') after 7 tidal cyclesthe width of
the topographya) width=18 kmand(b) width=54 km.

3.4The kinetic energy and potential energy

Here we want to show the energy density of the internad.tidehe chapteithe
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o . , 1 R R R . .
kinetic energy is defined bKE = E;O(U '+ v+ wh), and the available potential

2, Kj .
energy APE is defined bAPE= i *sz, where } Nis the perturbation density and
0

1, Is the constant reference densitihe discusen of differert definitions of APE

in detailcan be found itKang and Fringe¢2010).

TheFig. 3.5, Fig. 3.6 andFig. 3.7 show the snapshots of APE, Kiad APE plus
KE for Exp_Ref,Exp_width18 andExp_N2.5 respectivelyFromFig. 3.53), we can
see that most of availabpeotentialenergyis in the interior of the oceaMhe largest
availablepotential energy distributes in theinity of the topography and can reach
0.25 J rit. In contrast, théinetic energy scatters ithe upper and lower boundary
and the largest kinetienergy distributes the upper of the topography, as shown in
Fig. 3.5b). The energy density is calculated by summing the available potential
energy and thekinetic energy. As illustrated irFig. 3.5c), eachvertical eam
represents the energy density radiated away within one tidal cycle.

The pattersof APE, KE, and APE plus KE for Exp_width1ghown inFig. 3.6a)
aresimilar tothe results for Exp_Ref. But the values for Exp_width18 are larger than
those for Exp_Ref. The APE, KBnd APE plus KE for supercritical case Exp_N2.5
are shown irnFig. 3.7. The pattern of APE is quite different with the patdor
subcritical cases. e energy beams originate from the bottom topography and
reflect when the beams meet the surface. The paténiE, and APE plus KE are
quite similar to the pattern of APE. In addition, we can see higher harmonic
frequencies are generated in the uppehefbottom topography.

Not only the snapshots of the APE, KBnd APE plus KE but also the
time-averagedAPE, KE, and APE plus KEarecalculated. The results for the three
cases are averaged over 3 tidal cycles from the beginning of the seventlydigal c
andshown inFig. 3.8, Fig. 3.9 andFig. 3.10 respectivelyln Fig. 3.8a) we can see
that theavailableenergy mainly distributes in the interior and shows a wikee
structure. In contrast, the kinetic energy distributeth@upper and bottom daim
as shown irFig. 3.8b). The timeaveraged energy density are showfim 3.8c), we
can find that the energy distributes over the whole domain. The APERi{EAPE
plus KE for Exp_widh18 show a pattern similar tbose inFig. 3.8. But the valus
for Exp_width18 are larger Furthermore, he APE, KE and APE plus KEfor
Exp_N2.5are largest. As shown ffig. 3.10, the patterns of APE, K&nd APE plus
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KE are quite different with the former two casebeTenergy densitis largein the
areasaroundthe topographynd become smaller when the distance is far away from
the central domain.

Fig. 3.11,Fig. 3.12 andFig. 3.13 show the temporal evolution of APE, Kdhd
APE plus KE for three different cases from the beginning of seventh tidal tyae.
patterns ofAPE, KE, and KE plus APE as shown kig. 3.11are quite similar, and
show a symmetric structure around the topogragihe slope of the beans
determined bythe buoyancy frequency whehe tidal frequency and theo€olis
frequency are thesame. Hence, the slopes of APE, Kihd KE plus APE for
Exp_width18 are the same to the ones for Exp_Ref, as showigir3.12. In
addition, he APE, KE and KE plus APE for Exp_N2.5 are shownFig. 3.13. We
can see that the slopes of the energy beamsmaller than those for Exp_Ref and
Exp_width18. However, the amplitudes of #neailablepotentialenergy, the kinetic

energy and the energy density are larger than those for the former two cases.
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Figure3.5. Snaphotsof APE, KE, and APE plus KE for Exp_Ref after 7 tidal cycles,
a)APE, b) KE andc) APE+KE.
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Figure3.6. Shapshots of APE, KEand APE plus KE foExp_width18after 7 tidal
cycles, a) APE, b) KEandc) APE+KE.
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Figure 3.7. Snapshots of APE, KEand APE plus KE folExp_N2.5after 7 tidal
cycles, a) APE, b) KEandc) APE+KE.

43



3.4The kinetic energy and potential energy

APE J/m3

APE+KE J/m3

KE J/m3

-100 0

a)

500 .
1000 .
1500 0.05
2000 — : :

0 100
c) km

500 -
1000 [
1500 |
2000 =
-200 -150 -100 -50 0 50 100 150 200
km

Figure 3.8. The APE, KE and APE plus KE foExp_Refaveraged owe4 tidal
cycles, aAPE, b) KE andc) APE+KE.
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Figure3.9. The APE, KE and APE plus KE foExp_width18averaged owe4 tidal
cycles, a) APE, b) KEandc) APE+KE.
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Figure3.10. The APE, KEand APE plus KE foExp_width18averaged owe4 tidal
cycles, a) APE, b) KEandc) APE+KE.
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Figure3.11. Temporal evolution of APE, KEand APE plus KE for Exp_Red) APE,
b) KE, andc) APE+KE.
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Figure3.12. Temporal evolution of APE, KEand APE plus KE for Exp_width1&)
APE, b) KE andc) APE+KE.

Figure 3.13. Temporal evolution of APE, KEand APE plus KE for Exp_N2.5,a)
APE, b)KE, andc) APE+KE.
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