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Abstract. The modelling of baroclinic tides generated inthe 1 Introduction

northern South China Sea is studied using a fully-nonlinear

non-hydrostatic numerical model. The focus of the mod-Internal solitary waves (ISW) in the northern South China
elling efforts was on the vertical structure of internal waves Sea are among the largest ISWs recorded in the World Ocean.
in the vicinity of the Luzon Strait. They are frequently observed in synthetic aperture radar

The barotropic tidal flow interacting with a two-ridge bot- (SAR) images Ebbesmeyer et al1991 Zhao et al. 2004
tom topography in the area of the Luzon Strait produces a1su et al, 200Q Du et al, 2008 and in situ dataRamp et
complex baroclinic tidal signal. A multimodal baroclinic @l 2004 Duda et al,2004. Statistical analysis of SAR im-
bore with counter-phase displacement of isopycnals gener@ges collected from 1995 to 200Zheng et al.2007) have
ated over the ridges and propagating westward disintegrate%hown that almost all ISW packets are concentrated within
into a series of large-amplitude solitary internal waves. The@ latitudinal band from 20to 22° N and reveal a westward
leading first-mode solitary wave of depression is followed by Propagation (Figl). It was found that 22% of these ISW
a second mode solitary wave coupled with a packet of shortPackets are located between 1Eand the west of the Lu-
scale internal waves riding it. Scrutiny of the characteristicsZon Strait (LS). The rest of the wave packets were recorded
of the both wave forms, i.e. the carrier second-mode solitaryPetween 116and 118 E, which is a transition zone between
wave and the packet of short waves, revealed that the shorthe deep ocean and the continental shelf and where the disin-
scale waves are basically concentrated in the upper 500 rffgration and wave breaking takes plaEéljesmeyer et al.
layer and attenuate exponentially below it. The short wavesl99% Zhao et al. 2004 Hsu et al, 200Q Du et al, 2008.
exist only thanks to a specific structure of horizontal velocity ~The Luzon Strait with the Batan Islands, Babuyan Islands
produced by the second-mode solitary wave. Having equa&nd submarine ridges lies between Taiwan and the Philip-
phase speeds and propagating together for a long distancpines and is believed to be the generation site of these waves
this coupled system produces quite a remarkable signal adue to a large tidal activity her&hao et al(2004 compiled
the free surface, which can be detected by means of remot@ spatial distribution map of solitary wave packets recorded
sensing technique. during six years (from 1995 to 2001) by overlapping their
¢ Signatures. In this figure ISWs propagating northwestward
are marked in a number of locations in a relatively narrow
Pand elongated from the LS to the shelf of the northern South
hina Sea, which demonstrates that the ridges in the LS are

It was found in a series of sensitivity experiments tha
the eastern ridge is responsible for the generation of pro
gressive first-mode tidal waves disintegrated into packets o
first-mode ISWs. The western ridge produces quite a stron?i' - : , ) ;
higher-mode signal. The waves generated over the easteti® most probable site of th_elr generation. Accordlng to _thls
and western ridges interfere in the near-field, and their non_research, two types of solitary waves have been identified

linear superposition enhances the multimodal signal in thePetween 118E and _the west of.the LS:, multiple internal
whole domain. wave packets, and single ISW without tail, Fig.The latter

have a crest length of about 150 km and a width across the
wave of about 2.5 km, whereas the former are much shorter,
only 0.8 km wide. The single solitary wave normally appears

Correspondence tdv. Vlasenko more than 200 km away from the ridge, while the packets of
BY (vlasenko@plymouth.ac.uk) shorter internal waves are usually observed in the vicinity of
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Depth (m) eration of the two types of waves discussed above. Three-
dimensional models have recently been applied to the area
by Jan et al(2007 and Shaw et al(2009, however many
details of the generated ISWs were missing because of a
number of simplifications and assumptions taken in mod-
elling (hydrostatic assumption for pressure, idealized bottom
topography, coarse resolution, etc.).

The Massachusetts Institute of Technology general circu-
lation model (MITgcm) Marshall et al. 1997 is used in the
present study in order to investigate the tidal energy conver-
sion in the Luzon Strait. The aim of this study is to address
the problem of finding of the major factors controlling the
generation of different types of internal waves. The paper is
arranged as follows: the model initialization is described in
Sect. 2; Sect. 3 contains the results of the reference experi-
ment, whereas Sect. 4 focuses on the role of the western and
eastern ridges in the generation mechanism; the sensitivity of

Fig. 1. Model domain showing bottom topography in the Luzon th del Its t . . i t . ted i
Strait with schematic presentation of generated multiple wave pack- € model resufts 1o various Input parameters IS presented in

ets (solid lines) and single solitary waves (dotted lin@jgp etal, ~ S€Ct. 5; the conclusions are formulated in Sect. 6.
2004).

Latitude (N)

Longitude (E)

) ) ) 2 Model description and initialization
the topographic features. Analysis of a series of the satel-

lite images taken from 1995 to 2005 presentedlhy et The hottom topography in the Luzon Strait and surrounding
al. (2008 once again shows the evidence of two types of 3reas is shown in Figl. Two major bottom features domi-
wave packets generated in the Luzon Strait: single “ordi-pate in the strait: the eastern Lan-Yu Ridge and the western
nary” ISWs and groups of short waves. Heng-Chun Ridge separated by the Taiwan-Luzon Trench.
In-situ measurements of ISWs in the northern South ChinaThe eastern ridge is much higher in the middle of the strait
Sea were conducted during a large-scale field experimenihile the western ridge is higher at its northern periphery
ASIAEX (Asian Seas International Acoustic Experiment) in where it connects to the continental shelf. There are several
spring 2001. The area of these observations covered the shellands (Batan Islands and Babuyan Islands) and underwater
break area bounded by the latitudes from #8122.5 N and  banks along the eastern ridge. They are located in the middle
longitudes from 117to 119 E. The results of ASIAEX are  and southern part of the strait.
discussed in a number of papers, iRamp et al.(2004); Not all fragments of the strait bathymetry participate
Duda et al.(2009; Yang et al.(2009; Zhao and Alford  equally in the generation processes. Accordingheng et
(2009. The remote location of the ASIAEX far from the al. (2007 the waves appear in a narrow band between lat-
Luzon Strait does not help in understanding of the origin ofitudes 20 and 22 N (see Fig.1). Therefore the model do-
two types of internal waves generated in the Luzon Strait.  main with real bottom topography was restricted by these two
Some numerical investigations of the generation mechaboundaries (find dashed rectangle in Hig.The model uses
nism of ISWs in the Luzon Strait have been undertaken re-a Cartesian system of coordinates @), with Oxy-plane
cently byDu et al.(2008; Warn-Varnas et al(2010; Bui- parallel to the undisturbed free surface and theafis di-
jsman et al(2010. They include a two-dimensional (2-D) rected vertically upward, and therOand Or-axes directed
analysis of the baroclinic wave fields in which an idealized eastward and northward, respectively.
bottom topography was used to initiate the generation mech- The size of the model domainis, x L, =670x 134 knt.
anism. The main outcome from these modelling attempts idt includes a rectangular grid with the resolutiakix =
that the tidal energy conversion occurred over the double250 m, Ay =1000 m. Four sponge areas were added to the
head ridge results in formation of a thermocline depressiorateral “fluid” boundary of the domain with an increase of
which further transforms into a packet of short waves. How-the resolution fromAx =250 m to 13 m in the x-direction
ever, taking into account a complex three-dimensional bot-and fromAy = 1000m to 18 m in the y-direction. Such a
tom bathymetry of the Luzon Strait, it looks unrealistic that procedure allows one to avoid reflection of both barotropic
2-D models are able to reproduce all spatial details of theand baroclinic waves from the lateral boundaries. In the ver-
baroclinic wave field because of the wave refraction, inter-tical direction 90 z-levels were used witty = 10 m resolu-
ference, diffraction, and unequal conditions for tidal energytion in upper 500 m layer (main thermocline) followed by
conversion at different sites of the strait. In addition, 2-D 20 intermediate layers witkhz = 50 m resolution, and fi-
model experiments failed to to explain the reason for the gennally the bottom 20 layers witthz = 150 m. The initially
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homogeneous domain-wide distribution of temperafure, Temperature °C Salinity
and salinity,S(z), are taken fronWorld Ocean Atlag2005, 0 10 20 30 34 342 344 346 34.8
Fig. 2. 0

The model is forced by a periodical tidal flow propagating
through the strait in an east-west direction. The tidal dynam- i
ics in the area of the northern South China Sea is governed
by a superposition of eight principal tidal harmonics;,8,,

K1, O1, N2, Ko, P1, Q1 (Egbert and Erofeey2002. Note,
however, that according téu et al. (2008 not all of them
are equally important for the tidal energy conversion. The
comparison of the model output conducted for only &hd

K1 with a similar solution obtained for eight harmonics has
shown that there is little difference between them. This is the
reason why only M and K; constituents are included in our
analysis.

Another key issue concerns the efficiency of the baroclinic @ )
tide generation under the action of the Earth’s rotation. The 3000 3000 2
tidal energy conversion near critical latitudes is inhibited by
the rotation. The Coriolis force produces along-front cur- Fig. 2. Averaged temperatur@) and salinity(b) profiles for sum-
rents which are partly in geostrophic balance with the cross:mer (solid lines) and winter (dashed lines) seasons used in mod-
wave density gradients. These quasi-geostrophic current£lling.
in turn, suppress the wave steepening and its disintegration
into solitary wavesGerkemal996 Helfrich and Grimshaw b= 140 o
2008 Stashchuk and Vlasenk®005. The model domain is (1+aRi)" ’
located between the longitudes°2énd 22 N (the latitude
30° N is critical for the K; diurnal harmonic, and the latitude . .
74°30 N is critical for the semi-diurnal Mharmonic). This N() 1s t_he _buoyancy frequen.cy, andv are the Plonzon-

- . . > _tal velocity in x- and y-directionsy, = 10 °m2s~1 and
means that an efficient tidal energy conversion and nonlinear T2 5
evolution at K frequency is expected to be weak in com- %2~ 10> m?s— are background parameters = 1.5 x

221 _ _ i
parison with M baroclinic tidal response. While the diurnal 10 mes, anda_ 5. an(_dn Lare adJL.JStable parameters.
. S . . Such a parameterization increasesndx in areas where the
baroclinic activity is suppressed by the rotation, the semi-_. . . . )
. ; . . . Richardson number is small. The horizontal viscosity was
diurnal tide can effectively generate internal waves in the

northern South China Se&lélfrich and Grimshaw2008. calculated using the scheme due to Lelthith, 1998.
To confirm the prevailing role of semi-diurnal tides in the
generation procesghao and Alford2006 showed a strong 3 Reference experiment
correlation between internal wave occurrences near Dong-
sha coral reef (1I°7E, ASIAEX) and tidal current at the Lu- We start our analysis with the reference experiment con-
zon Strait as dominantly semi-diurnal in character. All aboveducted for summer stratification (Fi@) when the semi-
reasonings justify our approach to consides &hd K; har- diurnal tide with maximum horizonatal velocity/ =
monics separately (see section “Sensitivity runs” for more0.13 ms! at depth of 3000 m is used as a forcing (this value
details). is typically predicted by TPXO7.1 moddEgbert and Ero-
The model is forced from the state of rest by a periodicalfeeva 2002. The surface signature of generated internal
barotropic tidal flow with tidal frequency and amplitude waves is shown in Fig3 after five tidal cycles. As it can
of horizontal velocityU. In doing so the following com- be inferred from Fig3, the horizontal structure of generated
ponents of an external forcé;, = U Hy/H (x,y)o coqot) waves in the near-field of the Luzon Strait (more specifically,
andF, =UHy/H (x,y) fsin(at), are added to the zonal and to the east from 12(E) is substantially three-dimensional.
meridional momentum balance equations. Heékgis the At the same time to the west from 128 the surface sig-
depth where the tide has velocity, H(x,y) is the basin  nature of internal waves is basically two-dimensional with
depth, andf is the Coriolis parameter. wave fronts elongated in south-north direction, although the
It is expected that the barotropic tidal flow propagating variability of a signal along the wave fronts is also evident.
over a complex terrain with islands and steep bottom fea-The vertical structure of temperature fields taken in sections
tures generates considerable water mixing. To keep the,b,c,d shown by dashed lines in Fig.can illustrate spatial
model running the Richardson number-dependent paramevariability of the generated wave fields. Four temperature
terizations Pacanowski and Philandeir981) were used for  sections are presented in Fig(the original labeling of sec-
calculations of vertical viscosity and diffusivity«: tions in Fig.3 coincides with names of panels in Fi§).

1000 —| 1000

Depth (m)
Depth (m)

2000 2000

Vv
K—m-’*l(b,

Here Ri is the Richardson numbeRi= N?(z)/u? + v?),
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Fig. 3. Model-predicted sea surface elevations produced by internal waves generated at the Luzon Strait and propagated westward. The

axis at the top shows an actual coordinate system used in4&igsand8. Wave structures marked &sand D correspond to the similar
fragments Il and 11l shown in Figzh.

Analysis of the sections presented in Figshows that (panel a), horizontal (panel b) and vertical (panel c) velocities
all of them contain several similar wave fragments; they areof the second-mode wave taken in its centre (dashed line in
shown by shaded areas and marked by letderB, C, D. It the middle of the fragmem, Fig. 4b). Similarly three pro-
seems that the fragmentrepresents a developing packet of files calculated by solving a standard eigen-value problem for
solitary waves of depression in the frontal side and a secondan 80-m amplitude second-mode internal wave are shown by
mode-type solitary wave at its trail edge. Vertical excur- dashed lines in Figh. The coincidence of the numerical and
sion of isotherm in the centre of the leading first-mode wavetheoretical curves in Figs is good enough to conclude that
exceeds 100 m, and the amplitude of the second-mode-typthe sub-fragmenti, may be treated as a second mode wave.
wave is about 80 m. It should be noted that the wave elementhus the fragment (Figs.3 and4) contains a packet of first
A is not completely identical in all four sections because of mode solitary waves followed by a second mode wave.

the spatial variability. The fragmentB in Fig. 4 contains only one solitary wave
Figure 5a represents a close-up of two leading solitary Which has a structure of second baroclinic mode with coun-
waves of depression located in the fragméft correspond- ~ terphase displacement of isopicnals above and below the
ing horizontal velocity field is shown in Figsb. Qualita- depth of 300m. This wave is traced through the whole
tive analysis of Fig5 allows one to classify both waves as area from south to north, although at the southern periphery
the first-mode solitary waves of depression. Their maximum(panel d) it is not as pronounced as at the northern periphery
vertical excursion is located just below the density jump. The(panel a).
horizontal velocity presents current-countercurrent distribu-  The last two fragments in Figd show the well devel-
tion typical for traditionally observed oceanic solitary waves. oped solitary wave of depression, fragmeéhtand well de-
Although both waves are still not well separated in spaceveloped second-mode irregular waves covered by the frag-
they definitely can be identified as first-mode solitary wavesment D. The spatial south-north variability of these waves
of depression. is quite prominent, although these waves basically preserve

The counterphase displacements of isotherms in the sugheir form in the whole area.
fragmentA, shown in Fig.4b (depressions above the ther-  Thus, the analysis of Figd has shown that after five
mocline and elevations below it) allow us to assume that itstidal cycles the generated wave field in the area of the
structure is close to a second-mode solitary wave. Figure LS is substantially three-dimensional with clear evidence of
represents vertical profiles of the isopycnal displacementsnultimodal structures in which the second-mode waves are
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Fig. 4. Model predicted temperature fields after five tidal periods. Paf@eld) correspond to similar cross-sections shown in Big.
FragmentsA, B, C and D represent similar wave fragments but at different locations.

comparable in amplitude with their first-mode counterparts. It is important to note that a propagating first-mode baro-
In addition, the second mode in fragmemsand D are  clinic bore usually disintegrates into a packet of well rank-
accompanied by a series of short periodical internal wave®rdered first-mode solitary waves. It seems that Fa.b
which produce fairly strong signals at the free surface (findand c represent an initial stage of such a process. However,
fragmentA, and D in Fig. 3). The generation mechanism the next time span presented in Figl.reveals that the baro-
and the spatial/temporal characteristics of these short wavedinic bore evolves into a number of wave forms that are not
are discussed below in detail. the first mode objects. The most probable reason for the gen-
To understand the origin of the short waves let us considegration of higher-mode waves in such a case is the multi-
the evolution of the fragment | marked in Figby shaded = modal structure of the initial bore, Figa. As a result, in the
area. In the course of the evolution the frontal edge of frag-course of its disintegration the energy is partly transformed
ment | gradually transforms into a baroclinic bore with gen- to higher-mode waves.
tly sloping leading and steep rear faces, Hia. Note, how- It is clear that higher modes propagate slower than the first
ever, that this baroclinic bore reveals vertical counter-phas@ne, and the modes separate in space and time, as it is seen
displacements of isotherms above and below 300 m, whichn Fig. 7e and f. The leading solitary wave in the fragment |
points out the presence of higher modes. In other words, th€Fig. 7e) is a first-mode solitary wave of depression. This
baroclinic energy in the wave fragment | is concentrated notwave moving with the larger phase speed increases the dis-
only in the lower, but also in higher modes. tance to the rest of the wave field (find fragment Il in Filg),
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(fragmentA,, Fig.4b) as predicted by numerical model (solid lines)
and calculated from a standard boundary-value problem (dashed
lines).
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3000

mode solitary wave. A close-up of the fragment I, FRag,

and surface elevation, Figa, show these short waves quite
clearly. It is seen that these waves are well developed in
the upper 500 m layer but almost invisible below it. The pa-
rameters of the short-scale waves, i.e. their structure function
g(z) presenting vertical isopycnal excursion and phase speed
¢ can be discovered solving the following eigen-value prob-

lem:
d?g; N?(z) U"(z) 2

- -~ =0, 1
dz? " |[UG@) —c? (U@R)—o) 8 M)

Here N(z) is the buoyancy frequency/(z) is the vertical
profile of the background currenU('(z) is its secondz-
derivative),H is the water depth, anklis the wavenumber.
This eigen-value problem (Eg%-2) has a set of eigen func-
tions g (z) with appropriate eigen-values. For oscillating
internal waves the term in brackets must be positive, other-
wise the character of the solution is exponential. Transition
from the layers with positive to negative term leads to change
of the character of the solution from oscillatory to exponen-
tial.

Looking at Fig.8c one can conclude that the amplitude
of short waves in vertical sections—a, b—b andc —c¢
are well developed above 500 m, and almost invisible below
and by the end of the tidal cycle it completely separates fromnis depth. In order to check whether the second-mode baro-
the tail. clinic ISW with a specific shear-current profil&z) can gen-

The remaining fragment Il represents a second mode solierate such waves, the Taylor-Goldstein EL). ith bound-
tary wave with the structure similar to those shown in Big. ary conditions 2) was solved. Taking into account that the
Note that both second-mode ISWSs, the fragméptshown  short waves are well preserved during a long period of time
in Fig. 4b and the fragment Il shown in Figlg, contain  riding the second mode solitary wave, it is clear that their
packets of short quasi-periodic waves with wavelength ofphase speed and spatial structure (both vertical and horizon-
about 1.5 km and amplitude of 20 m riding the main second-tal) are consistent with the stratification and horizontal shear

Lol 7]
2000~ e

Fig. 5. A pair of first-mode solitary waves located in the rectangle
Al shown in Fig.4b. Panel(a) shows the temperature fieldQ)
and pane(b) depicts the horizontal velocity field (cr$).
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Fig. 7. Evolution of a multimodal baroclinic bore during one tidal cycle taken along the section (b), s& Fig.

currents induced by a second-mode wave.
buoyancy frequency profil&/(z) (or densityp(z)) as well
as the velocity profileJ(z) for eigen-value problem1(2)
should be taken in the middle of the fragment Il presentedfind the eigen-functions and eigen-values of the problém (
in Fig. 7. Such profiles for the three moments of time, i.e. for 2). The wavelengtih = 1.5 km of the short waves was esti-

If so, the inpuent phases of the tidal cycle, whereas presentgutofiles

t =2.875T, 3T and 31257 (see panels f, g, and h in Fig)

www.nonlin-processes-geophys.net/17/529/2010/

are modified by the barotropic tidal current.

Three sets of input conditions shown in Fijare used to

535

mated from Fig8. The vertical structure of the first eigen-
are shown in Fig9. Fairly good coincidence of the density functiongi(z) is shown in Fig10for three moments of time,
profiles suggests that the vertical stratification generated by =2.8757", 3T and 3125T.
the carrier second-mode waveform is fairly stable at differ-
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Density (kg m?) Normalized velocity As it is seen from the graphs, three eigen-functions re-
1020 1022 1024 1026 1 05 0 05 1 veal exponential decay of the solution below 500 m and basi-
0 . . P cally coincide with small discrepancy in the position of their
(b) maximum. The amplitudes of short waves were calculated
i for three vertical sections shown in Fi§.as a deviation
\ of the isopicnals from their averaged position as shown by
1 Vo the dotted lines. Their normalized values for sectionsa,
: b—b andc — ¢ are given in Fig.10 by triangles, filled cir-
/0 cles and crosses, respectively. Figd@ shows good co-
/: incidence between vertical profiles of the short-scale waves

P g 1/ 7 . . ' .
=3t l; obtained in the numerical experiments and calculated from
-------- t=3.125T Z ]
1000 1000

the eigen-value probleni{2). The phase speed was cal-
culated from Eqgs.1-2) for three density profiles shown in
Fig. 9. Vertical profiles of density and normalized horizontal veloc- Fig. 9. Three values of; are: 1.84, 1.77 and 1.55m$
ity taken in the middle sections of the wave fragments 11l shown in for  =2.875, 3 and 3257, respectively. The actual phase
Fig. 7f, g and h at = 2.875T, 3T andt = 3.125T. speed of the carrier wave calculated directly from Fig.
presents the value of 1.65 m's Fairly good coincidence be-
tween numerical and theoretical phase speeds is obvious.
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4 Effect of two-ridge bottom topography Normalized wave profile

0 0.5 1
Analysis of the numerical runs presented in the previous sec- 0 X

tion have shown that two types of wave packets are gener- ) s _te 4
ated at the Luzon Strait. They have been classified as tradi- 1
tionally observed first-mode ISWs of depression (1-2 waves : ae
in a packet), and multiple short-scale waves riding the car- 1
rier second-mode solitary waves. Looking at the wave sig- 500 — s Az
nature produced by these waves at the free surface one can | n +’,../—*
conclude that the fragmeiit shown in Fig.3 can be treated
as a single ISW without wave tail, and the fragménts a €
multiple internal wave packet, as detected by SARSs in real ;:10004 o/
remote sensing observations. The positions of the fragments &
C and D basically coincide with the longitude 128 where Q .
similar waves are usually observed (Zhao et al., 2004, their 1
Fig. 2). As it was shown in the previous section, both sys- 1 ,
tems of waves are generated in the course of disintegration 1500~ Numerical — EVP
of a multimodal baroclinic bore.

Such a modal diversity of baroclinic tidal signal in the . ———— =3T
LS can be explained in terms of the mechanism of tide- ] e e {=3.125T
topography interaction. According to linear theory the first 2000 — '
baroclinic mode is mostly generated by tidal wave when sub-
critical conditions for the bottom inclination are realized. Fig. 10. Normalized profiles of vertical displacement of short waves
In other words, in a sub-critical case the bottom steepnessalculated in vertical sectioas—a, b—b, andc —c shown in Fig 8.
y =dH /dx is much less than the inclination of the charac- Vertical displacement was calculated as a distance between solid
teristic linesa = \/(02_ 2)/(N(z)2—02). In the opposite and dashed _Iines (s<_ee FB). So!id, d_ashed an(_j dotted Iin_es repre-
case, i.e. when ~ y (near-critical case) ar > y (supercrit- sent the vertical profiles of the first eigen function of the eigen-value
ical case), a wide spectrum of baroclinic modes with com-ProPem (Easl-2) calculated for =2.8757, 3.07 and 31257, re-
parable amplitudes are generated. Being superimposed theégecnvely'
modes create a tidal beam.

As it has been mentioned above, two topographic features i . ) , )
are responsible for the generation of baroclinic tides in the®f the first-mode baroclinic waves with co-phase vertical dis-

placement of isotherms (Fig1b). Only in the close proxim-

ity to the ER there is some evidence of higher modes, but they
do not propagate far beyond the generation area and do not
are quite different in shape and height, which is why theyaffect the far-field. If the second-mode waves with remark-

can produce substantially different baroclinic tidal signals @0!€ @amplitude were radiated from the ridge, after five tidal
(Vlasenko et a].2009. The ER is much higher than the cycles they would appear at a distance farther t_han 300 km
western one (in some places it becomes islands), and it is eI the ridge (wavelength of 2nd-mode wave is of about
pected that the major part of tidal energy conversion takes’  KM), but this is not the case. At the same time the prop-
place just above the eastern ridge. The WR is deeper pudgating first-mode tidal wave effectively disintegrates into a

steeper, so one can assume that the western ridge is a potepcket of rank-ordered solitary waves (two of them are seen
tial place for generation of higher baroclinic modes. in Fig. 11b) due to nonlinearity and nonhydrostatic disper-

To understand the role of every ridge in the mechanism of>'°":
tidal energy conversion and to localize the area of internal A completely different scenario of wave generation and
wave generation, two extra numerical experiments were conevolution is realized over the WR (see Fitic). There is
ducted. The model was run with two “truncated” ad-hoc bot- N0 strong first-mode baroclinic tidal signal in the far-field.
tom topographies: the first experiment was performed with-Instead, the structure of isotherms clearly illustrates the gen-
out the WR, and the second experiment was conducted witheration of two tidal beams emanated from either sides of the
out the ER. The temperature cross-sections along the latitudédge. The dashed lines in Figlc show the position of the
20°46 N (line (b) in Fig.3) for “full-topography” experiment ~ beams and possible sites of their generation.
and two “truncated” profiles are presented in Hidj. Comparing the wave fields calculated for two “truncated”
Analysis of the obtained wave fields shows that in the ex-topographies (Figllb and c) with similar output obtained
periment when only the ER is present in the model the barofor the real topography (Fidl1a) one can formulate a con-
clinic wave field in the far-field is basically a superposition clusion that a joint wave field is not just a linear sum of two

t=2.875T

b A

area of the Luzon Strait: the eastern Lan-Yu Ridge (ER)
and western Heng-Chun Ridge (WR). A 3-D projection of
the bathymetry presented in Fifj.shows that these ridges
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Fig. 11. Model-predicted temperature fields in the cross-section (b), Bigafter five tidal cycles calculated fdr) real topography,
(b) without western ridge, an@) without eastern ridge. The three bottom profiles are shown in gdhel

baroclinic tidal signals generated over eastern and westerof 378 km (Fig.11b) whereas with full topography the same
ridges, but probably is a result of their nonlinear superposi-solitary wave is seen at the distance of 363 km (Hitp).

tion and mutual amplification. The last remark basically con- At the same time the well developed second-mode solitary
cerns the second-mode signal. Really, the parameters of theaves marked by the fragmems and B in the experiment
first-mode solitary waves in Fig.1a and b are almost identi-  with full topography (Figl1a), are very weak in experiments
cal. This coincidence testifies that the eastern ridge is resporwith truncated topographies (marked as | and Il in Hitp
sible for the generation of the first-mode solitary waves. Theand c).

WR has a weak influence on their characteristics except for

probably a little shift caused by the absence of the western A possible explanation of an efficient second-mode gen-
ridge in Fig.11b. As a result, the centre of the leading ISw eration over the real topography can be found in terms of

in the experiment without the WR is located at the distance@ resonant excitement of waves in a two-ridge system and
their further nonlinear interference and amplification. The
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Fig. 12. Several equidistant zonal bottom profiles taken between 30
20.25 N and 20.78 N (see Fig.3) are shown by thin lines of dif- ]
ferent style. Thick solid line represents an average bottom profile

Eastern ridge

with thick dashed and dotted lines showing the divergence. 20
o . . . 10

conditions for the resonant excitement of internal waves in i
an underwater ridge of heigl#,, can be studied using ana- 1
lytical solution developed bylasenko et al(2005. Beyond 0
the topographic feature this solution represents a superposi- 0 100 200 300 400 500 600
tion of propagating baroclinic modes. In terms of vertical __ 20 Width (km)
displacement (x, z, t) this solution reads: E ] r

00 é 10{ // \ 1 Western ridge
(=€) ajgj@)exfikjx—ot+g)l, ® & 17 N (b)

j=1 < 17 \\ ’_2

. ) n O B0 At A IR o AR x
where a; is the amplitude of j-th baroclinic mode 0 100 200 300 400 500 600
(j=1,2,3,..), gj(z) and k; are its vertical profile and Width (km)
wavenumber, respectively, defined from a standard eigen-
value problem. In this formula the parameter is Fig. 13. Wave amplitudes of two first baroclinic modes (solid and
an ‘“efficient” height of the bottom topography, i.e.= dashed lines, respectively) generated by the ea¢t@rand west-

f:5+H N(z)dz/fofH N(z)dz WhereH is the ocean depth, ern_(t_)) ridges, as predi_cteo! by linear theory. The uncertainty in
H,, is the ridge height, and; is the phase of generatgeth definition of the ridge width is shown by grey boxes.

mode. Exact representation of all parameters and functions

can be found itVlasenko et al(20095.

The amplitudes of generated waves for the eastern angheory predicts quite a large amplitude of the first barolinic
western ridgesg¢ anda?, were calculated separately. The mode which in the considered case is equal to 2t fm.
idealized form of the bottom topography was found after At the same time the second-mode dependericé) for
averaging of 13 equidistant zonal cross-sections taken fronihe eastern ridge is close to its minimum; =8m=+4m
20.25 N to 20.7% N with 2.5 resolution. They are shown for /=120km=+5km. Figurellb confirms that the second
in Fig. 12 by thin lines. For the ER these curves are so closemode is negligibly small in comparison with the first one;
to each other that can be easily interpolated by one profilonly a weak second-mode signal can be detected beyond the
shown in Fig.12 by a solid thick line. The ridge width is ridge at the positions of vertical sections | and II.
defined with an accuracy af5 km (see Figl2), so a depen- The shape of the WR reveals variety in inclination of its
dence of the amplitudes on the ridge widtbhould be used western flank (see Fid.2). The ridge topography here can
to estimate the range of generated amplitudes. In generahe approximated by three different profiles, as it is shown by
functionsa; (/) reveal the resonance properties of the gen-solid, dashed and dotted lines. In general, a better estimation
eration mechanism, i.e. strong dependence of the amplitudéor the width of the WR would bé =90+ 15km. For this
of generated waves on the relation between the wavelengthange the amplitudes of generated waves are found tothe 14
of the generated modeand the topography width Inthe 2 m for the first mode, and# 3 m for the second mode. The
considered case the ridge widtls equal to 12&5km. This ~ comparable amplitudes of the modes is the reason why the
value is close to the width at which an absolute maximum oftidal beams are visible over the ridges, which is quite evident
the functionaj (/) is achieved (see Fidl3). So, the linear inFig.11c.

www.nonlin-processes-geophys.net/17/529/2010/ Nonlin. Processes Geophys., 54352010



540 V. Vlasenko et al.: Multimodal structure of baroclinic tides in the South China Sea

a,(L=105km)  @,(L=120km)

= YL < \N ay(L=135knd)y
é KN\ 7 NN l / 7 A b s
% o T 7 | l" /
g ," y | \\ ," /
g- ':/i | 4
< i \
\2 \ N
I
|
|
— — 7
100 150

Distance (km)

Fig. 14. Wave amplitudes of the second baroclinic mode generated by a two-sill topography as a function of the distance between the sills.
Solid, dashed and dotted lines correspond to similar curves irlEig.

In a linear case the resulting wave field is a sum of two5 Sensitivity runs
solutions for the two-ridge topography. It is clear that two
propaga‘[ing waves can intensify or suppress each other deSeveraI additional numerical experiments were conducted to
pending on the phase shift between th@jq,_(py)_ The final  study the sensitivity of the model to various input parameters:
amplitude of the sum of two propagating second-mode Wavegxternal forcing, stratification and tidal frequency. The re-
generated over the western and eastern ridge can reach 20%HIts are presented in Fig5 (a zonal section 2@6 N shown
in a simple linear co-phase superposition when they are iPy line (b) in Fig.3 is used for the analysis). Figuléa il-
phase, i.ep$ = ¢¥ +27n, n =0,£1,£2,... or can be close lustrates the weakening of the baroclinic tidal signal with the
to zero when they are out of phasg, = ¥ + (21 + D)7, decreasg of the barotropig ti_dal forcing: 25% reduction of
n=0,£1,+2,.... An actual value of the phase shif§ — ¥ the velocity of the barotropic tidal flow slightly decreases the
between two waves generated by the ER and WR depend@mplitude of the generated solitary internal waves, although
on the distance between them. The amplitude of the resultthe spatial structure and the modal content remain basically
ing wave is presented in Fig4 as a function of the distance the same (compare solid and dashed lines in F#g). The
between the ridges. Figutf2 suggests that the distance is four-fold reduction of the barotropic tidal forcing results in a
in the range between 97.5 and 112.5km and the resultinglramatic weakening of the baroclinic tidal signal, especially
solution for the amplitude does not show any substantial amits high-mode component. Qualitative analysis of the tem-
plification. perature sections in Fid5a shows that the higher baroclinic

Note however that the decelerating effect of the variablemodes are almost invisible in the far-field.
topography of the WR on the propagating waves across it Numerical experiments aimed to identify the difference
was missed in the proposed theory_ This Spatia| |ag is C|ear|3between baroclinic wave fields generated under conditions
seen from the comparison analysis of two temperature field®f summer and winter stratification do not reveal any sub-
calculated for the full topography and without the western stantial discrepancy. Comparison of the two fields shown in
ridge (Fig.11a and b). The estimation gives a value of 15 Fig. 15b shows quite similar spatial structures, including the
km. The spatial lag together with the relative position of the number of generated waves, their amplitudes, and the pres-
two ridges = 105, 120, 135 km) specify the range of pos- €nce of second-mode solitary waves with packets of short-
sible summary amplitude of the second magdeas shownin  scale waves developing on them. This similarity can be ex-
Fig. 14 by solid, dashed and dotted curves (the style of linesPlained in terms of quite a weak inter-seasonal variability
in Figs.12 and14 coincides). in water stratification. The latter remains almost unchanged

It is clear that the wave amplification scenario is realizedover the year in the whole column except of the upper 250 m
in the considered case: the two-ridge topography is in falayer where the seasonal winter weakening of stratification
vor of a second mode generation. The resulting amplituddS caused by the reduction of the surface temperature from
is close to its absolute possible maximum (its range is be29 to 25°C, which does not produce any radical changes
tween 14.5m and 17.5m). In reality the total amplitude can(the buoyancy frequency maximum decreases from 0.015 to
be even larger due to a nonlinear superposition of the inter0.011s™).
acting waves fieldsStashchuk and VIasenka0095.
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Fig. 15. Model-predicted temperature fields in the cross-section (b) shown i Bfter five tidal cycles calculated f¢a) three tidal currents
of different amplitude(b) summer and winter stratification, afe) K tidal harmonic.

The last numerical experiment, presented in Fi§c and multi-wave packets of short waves with wavelengths less
shows that K tidal harmonics (even being principal for the than 1 km. This study was motivated by the intention to real-
barotropic tide), is not able to generate a strong baroclinicdze the conditions of their generation, their spatial structure,
tidal signal at the latitude 2IN. The similar value of tidal and the details of evolution.
forcing as in the reference experiment was used for the anal- The main focus of the modelling efforts was on an ac-
ysis. The temperature section shows that the diurnal barograte reproduction of the mechanism of tidal energy con-
clinic tidal field is fairly weak. The wave forms are randomly yersion in the area of the Luzon Strait dominated by two
distributed and do not reveal any well-organized, and mostigges. These ridges are quite steep in terms of inclination
importantly, quite intensive wave structures carrying energyof the bottomy and characteristic lines, which assumes
from the ridges. generation of higher baroclinic modes, as predicted by lin-

ear theory. In the conditions when the nonlinearity is strong

enough to contribute to the wave process, which is the case of
6 Summary and conclusions the Luzon Strait, a multi-modal baroclinic bore with counter-

phase displacement of isopycnals/isotherms shown inaig.
We present here results of three-dimensional modelling ofand b is generated instead of a “traditional” co-phase first-
baroclinic tides in the area west of the Luzon Strait. SAR im- mode baroclinic bore of depression/elevation usually devel-
ages Zhao et al. 2004 Du et al, 2008 revealed two types oped in the course of nonlinear steepening of a propagating
of internal wave packets in the vicinity of the LS (to the east baroclinic tidal wave. The successive evolution of the “tra-
of 118 E): single ISWs with horizontal scale of about 2.5 km ditional” bore normally leads to a quick disintegration into
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a packet of rank-ordered ISWs according to the well studied An interesting result was obtained in a series of experi-
“classical” mechanism of nonhydrostatic dispersion. ments aimed to identify the role of the eastern and western
The process of evolution of a multi-modal baroclinic bore ridges in the generation process. A method of “truncated”
appears to be different. Several types of baroclinic wavetopography was used, i.e. the numerical runs were conducted
forms can be generated in the course of its disintegrationwith ad-hoc bottom profile containing only one ridge in order
A leading wave (or group of waves) with spatial structure to calculate their specific contribution to the resulting wave
peculiar to a first-mode ISW of depression is obviously gen-field. It was found that without the western ridge its eastern
erated at the leading edge of such a bore. This group of wavesounterpart generates in the far-field a progressive first-mode
has the greatest phase speed, and therefore they detach faitlgal wave, which disintegrates into a packet of ISWs far be-
quickly from the wave tail and propagate independently as ayond the LS. The higher modes are much weaker here and do
packet of solitary waves of depression. The process of theinot contribute much to the resulting wave field (see Eidp).
separation and further independent propagation is illustrated his is quite an unexpected result because the eastern ridge
in Fig. 7. is steep enough to generate higher modes. An explanation
The remaining wave tail (see Fig) possesses the char- was found in terms of a resonance theory of internal wave
acteristics of a packet of first-mode short-scale waves propgeneration. The analytical solution obtained in the frame-
agating on the background of a second-mode ISW whosevork of a linear theory shows that the averaged width of the
vertical structure is shown in Fig. Scrutiny of the spatial eastern ridge is close to the value when generation of the sec-
and temporal characteristics of the wave tail, i.e. the carrieond mode is inhibited (Figl3a). At the same time the an-
second-mode ISW and the packet of short waves, was coralytical solution predicts comparable amplitudes of the first
ducted on the basis of the model output and using the solutiomnd second modes generated by the western ridgel(Bi.
of the Taylor-Goldstein eigen-value problem. This analysisThus according to the linear theory the western ridge, being
confirms that these short-scale waves are basically concerdeeper, mostly narrower and steeper than the eastern ridge,
trated in the surface 500 m layer and attenuate exponentiallghould generate higher baroclinic modes, which is really ob-
below this depth (see Fig8.and10). It is important that served in the model output (see Fitlc). The wave sig-
the short-scale wave packet and second-mode ISW are counals produced by the eastern and western ridges interfere
pled: they propagate together with equal phase speed. I the far-field, and their nonlinear superposition is substan-
fact, the short waves riding the second-mode ISW exist onlytially stronger than two separate signals (compareFig, b
thanks to a specific vertical profile of the horizontal velocity and c).
produced by this mode as shown in F83. The solution of
eigen-value problem (Eq4—2) shows that the phase speed
of these waves and their vertical structure are in a very goo
agreement with the numerically obtained short-scale waves
(see Fig.10). Being all the time behind the leading first- Egited by: K. Helfrich
mode ISW and propagating together for a long distance, thigReviewed by: two anonymous referees
coupled system produces quite a remarkable signal at the
free surface (see Fi@, fragmentC) which can erroneously
be treated in analysis of remote sensing images as ordinarzeferences
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