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Abstract

The internal solitary waves (ISWs) are active and have large amplitude in the

northern South ChinaSea.  Two mooring sets, each set contains an Acoustic Doppler

Current Profiler (ADCP) and a bottom-mounted pressure gauge, were deployed on the

continental slope of the northern South China Sea. The mode-1 depression ISWs

were clearly seen in the observed current velocity. The ISWSs could induce 0.05-0.35

dbar of pressure fluctuation while the tides caused around 0.5-2 dbar of pressure

fluctuations. 38 ISWSs, caused pressure fluctuations larger than 0.05 dbar, were

chosen to study the wave properties. ' The near bottom pressure disturbances which

estimated from current velocity data are compared with the observation. The

non-hydrostatic pressure disturbances are also calculated and discussed.

The ISW vertical displacement was estimated from the time integration of

vertical velocity with the correction of heave motion of background flow. The ISW

propagation speed was estimated from the continuity equation. The wave

propagation direction was the same as the direction of upper ocean current caused by

ISW. These wave properties were used to estimate the current velocities of ISW by

calibrating the beam-spreading effect of ADCP measurement.  The non-hydrostatic

and near bottom pressure disturbances of ISW were estimated from the calibrated

current velocities by using the vertica momentum and Bernoulli equations,



respectively.

The result indicates that the estimated ISW bottom pressure variation could

represent the observed pressure variation at bottom. The estimated ISW

non-hydrostatic pressure variation and the ISW maximum vertical displacement were

proportional to the bottom pressure perturbation. A conclusion is obtained that

both the maximum vertical displacement and non-hydrostatic pressure variation

caused by the mode-1 depression ISW in the northern SCS could be estimated from

the bottom pressure gauge.

Key words. South China Sea, internal solitary wave, vertical displacement, bottom

pressure disturbance, non-hydrostatic pressure.
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. Introduction

Internal Solitary Waves (ISWs) are ubiquitous in the world ocean (Apel et al.,

2007). It could be generated when the currents flow over an irregular topography in

stratified water (Famer and Armi, 1999). In the open ocean, ISWSs could propagate

over hundreds of kilometers without changing their shapes. Most of them are first

baroclinic mode (mode-1) depression waves which cause downwellings followed by

upwellings. The mode-1 ISW has the horizontal velocities out of phase between the

upper and lower oceans, respectively. Theoretically, mode-1 ISW propagates with

the direction of horizontal velocity in the upper ocean caused by itself. Asthe ISW

propagate into a shallow water region, it could have phase speed decrease, dissipation

increase, transformation, refraction, mixing increase, and breaking, etc. (Haury et al.,

1979; Alford et al., 2010). A depression wave sometimes could even transform to

an elevation wave whose upwelling lead downwelling (Liu et al., 1985). The ISW

also could have many influences on the oceanic environment. For example, it could

have notable impacts on the submarine navigation safety, underwater acoustic

propagation, offshore structure, and vertical mixing, etc.. Because its importance, it

has been drawn a lot of attention, especially in the South China Sea (SCS) on last

decade.



In the northern SCS, large-amplitude nonlinear 1SWs were often observed

(Hsu et al., 2000; Yang et al., 2004; Chang et al., 2006; Alford et al., 2010). Most

of the ISWs in the SCS are generated by the internal tide (Duda et al., 2004; Ramp et

al., 2004; Alford et al., 2010). Internal tides were generated by the barotropic tides

flow over the ridge in the Luzon Strait. (Niwa and Hibiya, 2004; Jan et al., 2007).

Observations aso found that the largest amplitude of ISWs in the world was in the

SCS (Ramp et al., 2004), they identified that the trans-basin ISW had amplitudes

ranging from 29 m to greater than 140 m, and the observed vertical velocity as large

at 60 cm/s.  Yang et al. (2004) founded that the largest observed horizontal current

speed caused by the ISW was 240 cm/s at the upper layer and 150 cm/s at the lower

layer, and the largest temperature fluctuation was 11°C. The crest of the ISW could

reach 200 km (Liu et al., 1998).

Beside the current and hydrographic data, the bottom pressure signal of ISW

could also study. For example, Li ef al. (2009) used the pressure sensor equipped

inverted echo-sounders (PIES) to observe ISW in the basin of SCS. Their

measurements show a pressure decrease of about 0.04 dbar associated with an ISW of

amplitude around 100 m which estimated from the KdV model. Moum and Smyth

(2006) applied the observations of the bottom pressure signals, ADCP velocity
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measurements and repeated hydrographic vertical profiles to study the seafloor
pressure disturbance of elevation internal waves over the continental shelf off Oregon.
The peak of the estimated seafloor pressure of an elevation ISW was O(100) N/m?,
equivalent to about 0.01 dbar. Similarly, Moum and Nash (2008) used the same
methods to investigate depression internal waves over the New Jersey shelf. The peak
of the estimated seafloor pressure of a depression ISW was 765 Pa, equivaent to
about 0.0765 dbar. These studies concluded that the positive and negative seafloor
pressure anomalies are caused by the elevation and depression |SW, respectively.

The repeated hydrographic profile measurement has difficulty to be performed
in the SCS due to the fishery activities. A method only used moored ADCP and
bottom mounted pressure gauge is developed in this thesis to perform similar study of
Moum and Smyth (2006) and Moum and Nash (2008) but in the SCS. The method
adapts the iterative algorithm developed by Chang et al. (2011) to properly estimate
the propagation direction and phase speed of ISW. Therefore, the measurement of
hydrographic profile, used to estimate the phase speed, is not required. However,
the method has limitation, without the hydrographic profiles only non-hydrographic
pressure perturbation is estimated. It is interesting to point out that the near bottom

pressure variation caused by the ISW could be re-constructed with acceptable error
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using only ADCP current velocity.

The organization of this thesis as follows. The experiment and instruments are

described in Section 2. In Section 3, data processing and methodology used are

presented, including the extraction of pressure perturbation and velocity disturbance

associated with ISW, and the decomposition of bottom pressure perturbations due to

an ISW. In Section 4, the computation of the decomposed bottom pressure

components and the comparison between estimated and observed near bottom

pressure perturbations are present.  Discussion and summary are show in Section 5.



2. Observations

<2-1 Field works>

Two mooring sets were deployed on the continental slope in the northern SCSin

2007. The location and diagram of moorings are shown in Fig. 2-1. The upper

panel of Fig. 2-1 shows the bathymetry in northern SCS, the asterisks represent the

location of two mooring stations, named LR1 and LR4. The local depths were

605-m and 340-m at LR1 and LR4, respectively. The mooring diagram is shown in

the lower panel, which is similar for both LR1 and LR4. Each mooring set contains

a moored ADCP and a bottom-mounted pressure gauge. The upward-looking, 75

kHz ADCP with 20° transducer was mounted inside a 45" syntactic foam buoy at a

depth of about 10 m above the bottom to measure the near full-depth current velocity.

Next to the ADCP mooring, a bottom-mounted pressure gauge was deployed

separately to measure the near bottom pressure variations.
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The durations of the deployments of ADCP moorings and pressure gauges were

inconsistent at both LR1 and LR4. The overlap period was April 13 to May 7 at

station LR1 and April 13 to June 11 at station LR4 in 2007, respectively. The

ADCP's sampling rates were 90 s and 30 s on LR1 and LR4, respectively. The

blanking distance of ADCP velocity measurements from the transducer head was 8 m

at both stations. The current velocity was obtained from 56 m to 568 m with 16 m

bin length at LR1 and from 32 m to 312 m with 8 m bin length at LR4, respectively.

The velocity near the sea surface was excluded because of the contamination of

surface reflection. The mooring platform was generally stable. The vertical

excursions were within 4 m at LR1 and 3 m at LR4, respectively. The tilt sensor

data show that the maximum tilt angle was around 15° and 10° at LR1 and LR4,

respectively, but most of the tilt angle were lessthan 6" at both LR1 and LR4. The

bottom-mounted pressure gauge collected discrete samples at 60 s and 90 s intervals

on LR1 and LR4, respectively. Tab. 2-1 shows the summary of moorings

information.



Tab. 2-1

Summary of moorings information

ADCP  Pressure

Bottom Instr. Sampling
bin gauge
Station depth Latitude Longitude depth Start Stop rate
) ) (i) length  resolution
m m min
(m) (dbar)
4/13/2007 5/7/2007
LR1 605 21.09 117.35
00:33:00 02:12:00
ADCP 75-kHz 594.2+0.9 15 16
SBE-39(1000-m) 612 1 0.02
4/13/2007 6/11/2007
LR4 340 21.40 117.20
10:30:00 21:51:00
ADCP 75-kHz 329.3+0.7 05 8
SBE-39(600-m) 344 15 0.012




<2-2 Data>

The raw current velocity recorded by ADCP was in earth coordinates. Fig. 2-2

shows the current velocity and near bottom pressure at LR1. From top to the bottom,

there have 7 panels. They are the zona velocity (U), meridiona velocity (7) and

vertical velocity (W) at 104 m and 312 m and the near bottom pressure sequentially.

The mean of U at 104 m and 312 m were around -0.05 m/s and -0.01 m/s, respectively.

And the mean of 7V a 104 m and 312 m were around -0.05 m/s and -0.04 m/s,

respectively. The subtidal current was generally weak. The spectra analysis (not

shown) indicates the current variations dominated by the diurnal and semidiurnal tides.

The fortnightly variation was clearly seen. The diurna tide dominated during the

spring tide while both the diurnal and semidiurnal were seen during the neap tide.

The vertical structure of tidal currents were not uniform, it might associated with the

baroclinic motions. The W current velocity fluctuation was generally weak, around

0.10 m/s at the spring tide and around 0.03 m/s at the neap tide.

For the super-tidal variation, the most remarkable feature was a number of large

spike-like fluctuations, especially in U and W. Such fluctuation indeed was

presented in either 7 or P but dimly. The spike-like fluctuations of U at 104 m and

312 m were generally westward and eastward, respectively. Further examined the U
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and W over the whole water column for the spike-like fluctuation and found that U

was out of phase between upper and lower water with a nodal point around 220 m,

and the W current velocity has a downwelling followed by a upwelling with relatively

large velocity at middle depths. These results indicate that the spike-like

fluctuations could be caused by the mode-1 depression ISWs. The spike-like

fluctuations of 7 were small that could relate with the mode-1 ISWs propagated

primarily westward (Ramp et al., 2004).

The pressure data displayed the diurnal and semidiurnal tidal variations clearly.

Large fortnightly variations were aso seen. The barotropic tides at LR1 caused

around 1.2 dbar and 0.5 dbar variations at the spring and neap tides, respectively. The

pressure fluctuations caused by 1SWs were seen, but hardly to give a quantitative

description. Further analysisis shown later.

Similar to Fig. 2-2, Fig. 2-3 shows the current velocity at 56 m and 240 m and the

near bottom pressure fluctuations at LR4. It is worthy to point out that the length of

time series at LR4 was two months, which is much longer than it at LR1.

10



Apr-May, 2007

T T T T T T T T T T T T T 1

U104 m(mfs)

1 1 1 L 1 1 L 1 1 1

_2 1 1 1 1 1 1 1 1 1 1 1 1 1 I
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 20 30 01 02 03 04 05 06 07

Us12 m(MVS)

(m/s)

104 m

2
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 01 02 03 04 05 06 07

\Y)

(m/s)

312 m

1 1 1 1

2 I [ L T N N N R | T N R N
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 01 02 03 04 05 06 07

1 1 1

V

1 T T T T T T T T T T T T T T T T T T T T T T T 1

0 H—‘%—**WW——*-—*W; %

-1

W04 m(M/8)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 01 02 03 04 05 06 07

Ll L _.|

. |
ot -

W15 m(MVS)
o

1 1 1 L 1 1 1 1 1 1 1 |

1 1 1 1 1 1 1 1 L L 1 1
13 14 15 16 17 18 18 20 21 22 23 24 25 26 27 28 29 30 01 02 03 04 05 06 07

612V\/\NWVW\//WJ\/\/\/\WW/W\/W\/

611
o 13 14 15 16 17 18 189 20 21 22 23 24 25 26 27 28 29 30 01 02 03 04 05 06 07

(dbar)

bottom
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312-m, and the near bottom pressure fluctuations.
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Comparable to the LR1, the mean current of U and V' were small, the subtidal

current was generally weak and diurnal tidal current dominated during the spring tide

while the semidiurnal tide became more pronounced during the neap tide. The

baroclinic tidal current again was seen.  The barotropic tide could induce 0.8 and 0.3

dbar pressure variation in the spring and neap tide, respectively.

The spike-like fluctuations, which could be caused by the mode-1 depression

ISWSs, were also seen at LR4. Because the |SW could evolve into a series of wave

trains and its amplitude could reduce when it propagated into the shallow water, it

became difficult to identify. However, the characteristics of mode-1 depression ISW

were seen. For example, the horizontal current velocity was out of phase, the

vertical current velocity has a downwelling followed by an upwelling etc. In order

to perform the present study, a criterion of pressure variation is given to choose the

most notable waves. The criterion is stated in the next paragraph. The

bottom-mounted pressure gauge has a slight slide on May 06 12:18 while alarge ISW

passed by. However, the excursion was removed by shifting the pressure data, and

the ISW event was excluded from the following analysis.
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the near bottom pressure fluctuations.
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The one hour high-pass filtered pressure time series was calculated. The

obtained time series was used to quick choose the most notable ISW. Figs. 2-4 and

2-5 show the results at LR1 and LR4, respectively. The top panel in each figure

shows the one hour high-passed filtered pressure variation. The ISW events are now

more distinguishable. It induced the pressure fluctuation around 0.03-0.25 dbar at

LR1, and around 0.02-0.20 dbar at LR4, respectively. Only the fluctuation had

amplitude large than 0.05 dbar is considered in this study. Panel (b) in each figure

shows the selected large fluctuation marked by black sticks along with the raw

pressure variation. The large ISW, indicated by the black stick, occurred generally

in the spring tide duration.  This result is consistent with the former studies (Ramp et

al., 2004; Yang et a., 2004). Most of selected ISWs are the leading wave of wave

trains.
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The current velocity distribution at LR1 on 17 Apr 2007 16:47 when the large

pressure fluctuation was seen is shown in Fig. 2-6. From top to the bottom panels,

are the current velocity U, 7, W and the near bottom pressure variation. This wave

was similar in form to waves observed at northeast of Dong-Sha Island in previous

studies (Duda et al., 2004; Ramp et al., 2004 & 2010; Yang et al., 2004). It

caused a negative surge in U (westward acceleration) at the upper layer; reversed

(eastward acceleration) at the lower layer and has a downwelling followed by an

upwelling at . The maximum peak of the bottom pressure signal was above the

wave core and has positive sign with the vertical fluid accelerations (isopycnal

displacement). These concluded that the wave was a mode-1 depression ISW.

The wave was chosen for the example to exhibit on the following articles.

The raw data of current velocities and near bottom pressure variation contained

the signals of ISWs, tides and background flows. The processes of separating |SW

from raw data are introduced at section 3.
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3. Data processes and methods

< 3-1 Near bottom pressure signals of |SW>

There were four methods, high-pass filtration, harmonic anaysis, Empirical

Mode Decomposition (EMD, Huang et al., 1998), and linear extracting method, were

applied to extract the relatively high-frequency |SW pressure signal (typical amplitude

0.05-0.35 dbar; time scale 15-25 min) from the observed near bottom pressure

variation (0.5-1.5 dbar). The differences of results among these methods were

discussed.

The cut off period was 1 hour for the high-pass filter. Since the tides are the

dominate influence on the near bottom pressure disturbance, the harmonic analysis

was applied to remove tidal components from raw data. Harmonic analysis modeled

tidal signal as the sum of a finite set of sinusoids at specific frequencies related to

astronomical parameters. The T-Tide (Pawlowicz et al., 2002) program was used to

perform harmonic analysiss. The EMD method was developed for analyzing

nonlinear and non-stationary data with which any complicated data set can be

decomposed into afinite and often small number of Intrinsic Mode Functions (IMFs).

This decomposition is based on the local characteristic time scale of the data. The

linear extracting method is an artificial process which extracting ISW signal from

18



observation by constructs a new pressure time series excluding low frequency

components and linearly interpolating the missing pressure segment. All the

identified ISW pressure events from these filtering processes have been reconfirmed

with the vel ocity measurement.

The comparison of results from four methods for the example ISW is shown in

Fig. 3-1. Fig. 3-1 (a) shows the observed pressure including the example ISW event

(black curve) and the filtered pressure signals from four methods. high-pass filter

(blue curve), harmonic analysis (green curve), linear extracting method (pink curve),

and EMD method (gray curve). Fig. 3-1 (b) shows the extracted ISW pressure signal,

the arrow lines indicate the filter effects, which could reducing the ISW signal around

the center of the wave and adding artificia perturbations around the front and rear

ends of the wave.

Considering these artificial effects might affect the comparison between

observed and estimated pressure, we ultimately chose the linear extracting method for

| SW pressure data process.
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Fig. 3-1 Pandl (a) shows the observed pressure including one ISW event (black curve) and the
filtered pressure signals from four methods: high-pass filter (blue curve), harmonic analysis
(green curve) and linear extracting method (pink curve), and EMD method (gray curve).
Panel (b) shows the extracted ISW pressure signals. The arrow lines indicate the filter

effects.
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< 3-2 Computation of |SW propertiesfrom ADCP data >

Similar with the pressure data, extracting the current velocity associate with ISW
from ADCP raw data is difficult. Besides, the current velocities of ISW measured
by ADCP could have beam-spreading effect (Scotti et al., 2005). While measure
current velocity using ADCP, beam-spreading effect increases to several hundred
meters at great range, which introduces errors in velocity estimates when |SW widths
are comparable or smaller. The corrected current velocities and wave properties
were need to further estimate the bottom pressure disturbance caused by ISW (section
3-3).

Followed Chang et al., 2011, an iterative method was applied for correcting the
ISW signal and estimating the wave properties from moored ADCP measurements.
The wave properties included the vertical displacement (77), the wave propagation
direction (@), and the wave propagation speed (C). Both earth (x, y, z) and
wave-oriented (x', y', z) coordinates are used. The apostrophe ( ' ) denotes the
wave-oriented coordinates. The x, y, z represent the eastward, northward and upward
coordinates, respectively. The x' and ' represent the along and cross ISW
propagation direction, respectively. Total velocities in earth coordinates are

expressed as (U, V, W). The background velocities in earth and wave-oriented
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coordinates are expressed as (U, Vi, W) and (U, V', W3), respectively. The
current velocities caused by the ISW in earth and wave-oriented coordinates are
expressed as (u, v, w) and (u', V', w).

The iteration begins from the estimate of the vertical displacement

n=| d
1-U, (z—1)IC

dt, (3.2
with the initia guess 77=det, and ¢ is the time parameter. The propagation

direction & can be estimated, after subtracting the modulated background flow, using

a —EE=n)

= tan ;
U_Ub(z_ﬂ)

(3.2)

After rotating the system to wave coordinate (x', )') using the estimate of 6. The

wave speed C is obtained using the 2-D continuity equation

ow
ot 9z

(3.3)

The estimated wave direction € and wave speed C are used to perform phase-lagged

beam-to-earth transformation for the beam-spreading effect correction

n,—n, ng—n, n1+n2+n3+n4)

(v w) = (29n¢ 2sing 4cosg

(3.4)
where

nm=b(t—s.12), n,=by(t+s.12), ny=by(t-s,12), and n,=b,(t+s,/2),
s, =2dtan(g)cos(0+hd)/C, s, =2dtan(g)sin(6@+hd)/C, here, b;, by, bs,

and b, are along-beam velocity components of four ADCP beams, d is the vertica
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distance from the transducer head, ¢ is the angle of the transducer head from vertical,
hd is the ADCP heading. The schematic of the coordinate system for phase-lagged
beam-to-earth transformation is shown in Appendix.

After remove the beam spreading effect, then go through all above and procedure
repeatedly. It continues until the estimated 7, 8 and C approach the minimum

variability (unvaried floor).

< 3-3 Decomposed near bottom pressure signals of I1SW >

The pressure field of an ISW may be decomposed into a hydrostatic, Pr, and a
nonhydrostatic, P.», parts from the vertica momentum equation as described
subsequently. The hydrostatic part includes the external hydrostatic pressure, Piy,
from the surface elevation, and the interna hydrostatic pressure, P, caused by
isopycnal displacement, so that P» = Pw+ Prp. Therefore, the near bottom pressure
signal of an ISW was decomposed into three components, Pur, Py, and Pr,. The
Py related to density profile (p(x, z, 7)), it is defined as the sum of ambient density
(po), vertical density profile (p,(z)), and perturbation associated with the ISW (p,.(x, z,
0):

p(x,z,0) = po+ p,(2) + p,(x, z, 1). (3.5)
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Follow Moum and Smyth (2006), we consider the near bottom pressure associated
with a two-dimensional |SW steady passing the mooring site with propagation speed
C. The vertical momentum equations for a non-rotating, inviscid, Boussinesq fluid

may be described as
P w
~ =P8 Po - (3.6)

where

2=i+u'i+wi (3.7)
Dt ot ox oz '

P is the ISW seafloor pressure disturbance, and g is the gravitational acceleration.
Consider awave travelling without change of form and propagation speed, the partial

time derivative may be written as

9 510 (3.9)
ox Cot '

Vertical integration of Eq. (3.6) from seafloor, z = 0, to aundisturbed water depth, z =
H, leadsto

P=PF +P,, (3.9
or

P=F,+F,+F,. (3.10)

The Py isthe externa hydrostatic pressure from the surface elevation

Ph)] = Po8My» (3.11)
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where 77, isthe surface elevation. The Py isthe interna hydrostatic pressure caused
by isopycnal displacement
H
B, =g|, pud. (3.12)
The Pu: is the non-hydrostatic pressure
H Dw
Pnh —po‘[o Edz (313)
The ISW seafloor pressure disturbance (P) can independently estimate through
Bernoulli’s principle. Bernoulli’s principle relates the velocity and the pressurein a
fluid, and may be derived from the momentum equation (see, for instance Kundu,
1990). The Bernoulli equation in an inviscid fluid described as
le(u2+v2+w2)+gz+£. (3.14)
2 P
B is the Bernoulli constant. With our assumption mentioned before (a 2-D ISW
steady passing the mooring site with constant propagation speed C), the Bernoulli
equation become
1 P
BZE[(u'—C)2+w2]+gz+—. (3.15)
o

The Bernoulli constant B must be constant along a streamline, and the zero-normal

flow condition assures that the bottom boundary is a streamline () :

Pvo) _p

B(%)=§{[u'(wo)—cr+w2}+gz(wo>+ (3.16)

The vertical velocity and vertical displacement vanish because the assumed flat

25



streamline (bottom boundary) and the horizontal current and pressure perturbations
vanish at the background.  The pressure sensor is located z,, 0.5 m off the bottom
which should be a good approximation for the streamline. Therefore,

Pz,) 1

B(z,) =%{[u'(zp) _CP+ ; S (317)

According to the Bernoulli equation, the pressure perturbation at z, is
_ IO 2 1 2
P(Z”)_E{C —[u'(z,)-CI}. (3.18)
The results of decomposed seafloor pressure disturbance estimated using moored

ADCP velocity measurement were shown in section 4.
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4. Results

<4-1 Properties of ISWs>

An example wave before and after the iterative algorithm are shown in Figs. 4-1
and 4-2, respectively.  The current velocities U, V, W are show at upper three
panels. Wave properties, 7, 6 and C are shown in the left, middle, and right of bottom
panel. The applied method removed the beam-spreading effect and restructured the
velocity data of 1SW with subtracting the modulated background flow. The Deming
regression was applied to estimate C, to substitute for the standard linear regression
when both fitted and reference variables (du'/d¢t and dw/dz) are subject to the
intrinsic random noise of ADCP velocity measurements.

At LR1, eighteen events of ISW were converged through the algorithm and
twenty eventsfor LR4. The estimated wave propertiesfor ISWs at LR1 and LR4 are

summarized in Tabs. 4-1 and 4-2, respectively.
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Tab. 4-1

ISWsat LR1

No. Time 7 (m) p C (mls) Pmeasure  Pestimate Pnh

(dbar) (dbar) (dbar)
1 2007/4/17 05:23 -1139 -41.2° -190 -0.20 -0.16 0.02
2 2007/4/17 16:46  -129.9 -30.7° -1.69 -0.16 -0.12 0.03
3 2007/4/18 05:40 -126.7 -27.2° -210 -0.28 -0.20 0.03
4 2007/4/18 16:58 -166.2 -35.3° -194 -0.25 -0.20 0.04
5 2007/4/1905:44  -173.7 -304° -1.69 -0.26 -0.22 0.03
6 2007/4/1917:58 -229.1 -28.7° -1.82 -0.32 -0.24 0.07
7 2007/4/20 19:37 -137.8 -27.0° -177 -0.28 -0.20 0.03
8 2007/4/22 23.05 -157.1 -27.1° -1.84 -0.24 -0.25 0.04
9 2007/4/2307:22 -176.4 -20.2° -160 -0.24 -0.23 0.04
10 2007/4/2409:26  -146.9 -28.2° -166 -0.10 -0.11 0.03
11 2007/4/25 11:20 -84.2 -332° -182 -0.08 -0.10 0.01
12 2007/4/30 06:13 -724 -115° -15 -0.09 -0.06 0.01
13 2007/5/0205:38 -136.3 -19.8° -222 -0.25 -0.24 0.03
14 2007/5/02 19:10 -1235 -226° -213 -0.15 -0.14 0.02
15 2007/5/0305:22 -188.2 -15.9° -1.74 -0.32 -0.22 0.06
16 2007/5/0405:37 -177.4 -152° -1.89 -0.30 -0.27 0.06
17 2007/5/0505:55 -206.8 -17.5° -144 -0.26 -0.21 0.07
18 2007/5/06 05:59 -197.7 -30.1° -1.70 -0.25 -0.20 0.07
Average -1525 -251° -181 -0.22 -0.19 0.04
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Tab. 4-2

ISWsat LR4

Pmeasure  Pestimate Pnh

No. Time 6 C(m/
0 I n (m) (m/s) (dbar) (dbar) (dbar)

1 2007/4/16 10:22  -51.2 -66.3° -141  -0.09 -0.08 0.01
2 2007/4/17 22:25 -1646  -40.0° -117 -0.24 -0.20 0.02
3 2007/4/2313:51 -1070 -07.6° -069 -0.11 -0.09 0.02
4 2007/5/0211:34  -455 -159° -1.16 -011 -0.07 0.03
5 2007/5/0311:27  -44.7 -24.3° -1.23  -0.09 -0.09 0.03
6 2007/5/0411:25  -66.5 -234° -1.18 -0.18 -0.13 0.02
7 2007/5/0512:12 -1169 -30.9° -095 -0.18 -0.16 0.03
8 2007/5/07 13:07  -1124 -25.6° -116 -0.16 -0.16 0.03
9 2007/5/08 14:27  -73.7 -295° -104 -011 -0.09 0.03
10 2007/5/1015:55  -84.8 -20.9° -0.77  -0.09 -0.06 0.00
11 2007/5/1522:04 -1208 -36.6° -1.31 -0.06 -0.07 0.02
12 2007/5/16 09:39  -65.3 -41.2° -1.24 -0.12 -0.10 0.02
13 2007/5/1710:03 -101.5 -189° -093 -0.11 -0.12 0.01
14 2007/5/1810:54 -1454  -27.3° -123 -0.23 -0.23 0.04
15 2007/5/2001:28  -86.4 =93:225=1.32 ::-011 -0.10 0.02
16 2007/5/2213:39  -79.1 -63.0° -197 -0.07 -0.06 0.02
17 2007/6/01 09:03  -62.3 -085° -1.73  -0.08 -0.08 0.02
18 2007/6/0309:30  -79.1 -28.3° -094  -0.09 -0.08 0.04
19 2007/6/0510:49  -89.8 -07.0° -080 -0.09 -0.06 0.03
20 2007/6/06 10:54  -92.8 -17.1° -1.00 -0.12 -0.08 0.06

Average -89.5 -29.3° -1.16 -0.12 -0.11 0.03
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< 4-2 Non-hydrostatic pressure >

The near full-depth ADCP velocity measurements permit the data to determine
the vertical accelerations (Dw/Dx) that contribute to the near bottom non-hydrostatic
pressure P.» (Eg. (3.13)). Unfortunately, since we don't have the in situ time
varying density profile and the velocity data at the surface, we can’t estimate the other
two decomposed seafloor pressure disturbance ( Pry and Phy).

With the assumption that wave propagates past the mooring site at an constant
propagation speed C without change of wave form, Eq. (3.8), the time series may be

written as

Dw ow u'dw aw

— =W
Dt ot C ot oz (4.1)
Each component of Dw/Dt for the example ISW is shown in Fig. 4-3. From top

to the bottom panels, are the ', w, ow/dt, u'ow/dx, wow/dz and Dw/Dt,

respectively.
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Fig. 4-3 The upper two panels shows the u', w, of the example ISW shown in Fig. 2-6, with
the correction of beam separate effect. The middle three panels shows the components of
P ow/ot, u'ow/dx, wow/dz, respective. Vertical acceleration, Dw/Dt, are shown

at the last panel.

32



The estimated P of this example ISW was shown in Fig. 4-4 (green ling). It was

estimated by avertical integration of Dw/Dt viaEgs. (3.14) and (4.1)

H Dw How u'odw ow
— T dr= ————+w—ud:.
7' po.[zp' Dt g pOIZp' ot C ot WaZ (4.2)

B

Because of the limitations of the ADCP measurements, the current velocity data are

not available at the surface, we set the upper limit of integral as A" as the upper bound

of the ADCP measurement rather than the water depth H. Also because of the first

bin depth of the ADCP is actually about 30 m above bottom (upward-looking), we set

the lower limit of integral as Zp' as the first bin depth of the ADCP rather than the

sedfloor where z = 0. The time-varying feature of the P changes from negative

ahead in front of the wave core to positive above the wave core to negative behind the

wave core. The result was consistent with that concluded by Moum and Nash.

(2008).

The peaks of estimated Px» of ISWs at LR1 and LR4 are shown in Tabs. 4-1 and

4-2, respectively.
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Fig. 4-4 The non-hydrostatic pressure disturbance (Pnh, green line) and the near bottom
pressure disturbance estimated from Bernoulli function (Pestimate , blue ling) for the example

ISW. ThelSW signal was plotted in time coordinates with that peak time at ¢ =0.

< 4-3 Total near bottom pressure >

The near bottom pressure disturbance due to the ISW (Pkestimate) Was estimated
from the Bernoulli function using the corrected velocity data and compared with the
measured near bottom pressure data (Pueasure).  The pressure gauge is located at 0.5
m above the bottom (z,). However, because of the limitation of the instrument, the
first bin depth of the ADCP velocity measurement is actually about 30 m above

bottom (z,). For these mode-1 I1SWs of depression, both density and vertical



velocity perturbations are comparatively week near the bottom, we assume that both
internal hydrostatic and non-hydrostatic pressures disturbance of mode-1 ISW is

greatly attenuated toward the bottom.  According to these, Eq. (3.18) become
P - E CZ _ 1 n_ C 2
(z,) = H{C -[u'(z,) - CT}.
2 (4.3)
Fig. 4-4 shows the estimate total near bottom pressure disturbance of the example
|SW (PEstimate , blue line).  The amplitude of Pessimate Of dl ISW events at LR1 and
LR4 are shown in Tabs. 4-1 and 4-2, respectively.

The comparisons of the wave form between Pestimare (blue line) and Pueasure
(black line) at LR1 and LR4 are present in Fig. 4-5. (Eighteen and twenty events
were used at LR1 and LRA4, respectively.) The Pestimate and Peasure Were normalized
by the amplitude of each wave. The ISW signal was plotted in time coordinates with
that peak of Pumeasure OCCUr @ t=0. The occurrences of peaks of Pestimate Were not
exactly match with the occurrences of peaks of Pueasure, SO that the average amplitude
of normalized Pestimate Was Not one. The grey shaded areas indicate one standard

deviation of Pestimate (Plus and minus). This result shows that the near bottom pressure

disturbance could properly estimated from the calibrated moored ADCP velocity data.
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Fig. 4-6 shows the comparison of the peaks of both Pesiimaze (blue dots) and Prh
(red dots) with Pueasure a (d) LR1 and (b) LR4. The linear regression line and the
coefficient of determination (R?) are shown. As shown in the figure, the Pueasure
were consistently greater than Pesimate. It is possible that, however, the current
profile data did not include whole water column due to the limitation of ADCP
measurement. As a consequence, the Pesimate would be underestimated.  Fig. 4-4

also shows that the peaks of Pnr» were linear proportional to the Pueasure.
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5. Discussion and Summary
<5.11SW pressure and vertical displacement >
Fig. 5-5 shows the comparison between amplitude of Pueasure and 77 @ LR1 (blue
dots) and LR4 (red dots), respectively. The linear regression line and the coefficient
of determination (R%) are shown. This result points out that the amplitude of ISW
vertical displacement could estimated from the bottom pressure gauge. The result
also shows that Pueasure and 77 were generally larger at LR1 than at LR4, it might

probably associated with the local depth.
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Fig.5-1 Comparison between amplitude of Pumeasure and 7] at LR1 (blue dots) and LR4 (red

dots), respectively. The linear regression line and the coefficient of determination (R?) are

shown.
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<52 Summary >

The observed near bottom pressure fluctuation of tides were around 0.5-1.5 dbar,

and that caused by |SWs were around 0.05-0.35 dbar. Using conventional methods,

such as high-pass filter and harmonic analysis, to extract the pressure perturbation

signal of ISW may degrades the ISW’s near bottom pressure signal at the center of

the wave and, even worse, it introduces biases by adding artificial pressure

perturbations at the front and rear ends of the wave.

With the assumption that the two-dimensional ISW steady passing the mooring

site with uniform propagation speed and without change of the wave form. The

decomposed near bottom pressure perturbation due to ISWs could estimate from

calibrated ADCP velocity data. For estimate the decomposed seafloor pressure

disturbance associated with ISWs from the ADCP velocity measurements, we need to

extract the wave signal and investigate the wave properties first. An iterative

algorithm, developed by Chang et al. (2011), was applied to calibrated ADCP data

and estimate the wave properties.

Pnn was estimated from the vertica momentum equation and Pestimate WaS

estimated from the Bernoulli equation. The result of estimated Pr» indicated that the

amplitude of Pnh is proportional to the Pimeasure.  The maximum of Prr» was 0.07 dbar

40



at LR1 on May 06, and the maximum of Pestimate was 0.27 dbar at LR1 on May 04.

The bias of ISW pressure estimated from uncorrected ADCP velocity data could reach

to 0.35 dbar, which equivalent to the pressure disturbance caused by an ISW with 77

amplitude around 220 m

The comparison of the normalized Pestimate and Pueasure shows that the

prediction of the form of the ISW signal from Bernoulli equation is consist with the

measured data.  However, the comparison of the amplitude of Pestimate and Pieasure

shows that PMeasure Were consistently greater than Pestimare.  This is possibly from

the leaking of full-water column velocity data.  As a consequence, we have certainly

underestimated the PEestimate.

The amplitude of 77 and P,, of mode-1 ISW was proportiona to the total

pressure, it point out that the amplitude of 77 and P, could estimated from the bottom

pressure gauge in the continental slope of northern SCS.
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Appendix

< a. Coordinate system of phase-lagged beam-to-earth transformation>

This section descripts the coordinate systems of 1ISW and ADCP, and formulas

of phase-lagged beam-to-earth transformation according to Chang et a/. (2011). Fig.

A-1 is the illustration of an ISW steady passing an ADCP mooring at a uniform

propagation speed C. The ADCP has four beams (the along beam velocities are

denote as b,, b, ,b3, and b,) of 20° transducer (¢ ) from vertical, and is fixed in earth

coordinates so that b, and b, are aligned on the east-west direction, and »; and 5, on

the north-south direction. The vertical distance from the transducer head isd. The

ISW propagation direction, which respect to the b;-b, axis, is now consistent with the

propagation direction respect to the east-west axis ().

- 2d tan ¢

=0
ey

I

Fig. A-1 Theillustration of an ISW steady passing an ADCP mooring.
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Fig. A-2 showsthe top view of Fig, A-1. Thetime reguired by wave front to move

from one beam to the oppositeare s, and s,

_ 2dtang

S, = m, (Al)
_ 2dtang
s, = —C/Si (®) . (A.2)

Wave front

b

4N,

Wave front

Fig. A-2 the top view of Fig, A-1.

Fig. A-3 shows the x-z plane view of Fig. A-1. The horizontal and vertical
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componentsof b, are b _andb,

b
b, =— A.3
=~ dng (A3)
b
b =—=—. A4
=~ osg (A.4)
l; b,
\\\\\\
\\\ __// C/eost
4 ‘_b..- /,
W #
b
Fig. A-3 The x-z plane view of Fig. A-1.
Consequently, the mismatch in timing of the beam measurements could be
corrected by introducing the lagged beam-to-earth transformation:
S S
b(t——=) b,(t+—=
(=) B+
. sing sing ’ (A.5)
2
S S
b,(t——=) b(t+—=
(=) b))
b - sng sing ’ (A.6)
2
s S S s
b(t—==) b,(t+2>) b(t—2) b,(t+2
(=5) D) b)) bt )
w = COS¢ COS¢ y COS¢ COS¢ ’ A7)



More generaly, for an ISW steady passing an ADCP mooring with an arbitrary
ADCP heading hd. Thetop view isshowninFig. A-4. ThelSW propagation
direction (respect to the »,-b, axis) is not equivaent with the propagation direction
respect to the east-west axis (€). The ISW propagation directionisnow : 8+ hd ,

and Egs. A.1 and A.2 becomes:

o = 2d tangcos(6 + hd)
x C '

(A.8)

. - 2d tan¢>sin(6?+hd). A8

h C

. 0-(2a-hd) = 0+hd

2m-hd

Fig. A-4 A wave steady passing the ADCP mooring with an arbitrary ADCP heading Ad .
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