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Abstract

High frequency velocity fluctuations were measured by using an acoustic Doppler velocimeter ADV in the tidal bottom

boundary layer BBL of the Yellow Sea YS for 25 h. The turbulent kinetic energy dissipation rate and the bottom shear stress were es-
timated and analyzed. Results show that 1 in the tidal BBL of the YS the variations of the dissipation rate and the bottom shear stress
during 25 hare 1.8%x10°8—3.4x10"°> W kg 'and 6.6X10 *—7.5x10""' N m™? respectively indicating that there are strong
dissipations in the tidal BBL of the YS 2 in the well-mixed tidal BBL the turbulence is mainly shear-induced locally and the production

and dissipation are generally in equilibrium 3 for the seas where the semidiurnal tidal current is dominant both the dissipation rate and

the bottom shear stress exhibit a strong quarter-diurnal variation
ing C; 1.00 =0.0015

Keywords

In the coastal water the momentum and energy
balance are influenced by several parameters among
which the bottom shear stress and the turbulent ki-
netic energy dissipation rate are of particular signifi-
cance ! . The bottom shear stress affects circulation
and controls the erosion resuspension deposition and
flocculation of sediments > . The turbulent kinetic en-
ergy dissipation rate is a controlling factor for the en-
tire turbulent energy budget. Thus the understand-
ing and modeling of coastal circulation sediment
transport pollutant dispersal and biological processes
rely on the knowledge of the turbulence characteris-

tics in the bottom boundary layer BBL ! .

As a typical shallow sea with a mean depth of 44
m the Yellow Sea YS is one of the principal re-
gions of global ocean with strong tidal dissipation.
With satellite altimeter data from TOPEX POSEI-
DON Ref. 3 shows that the tidal dissipation of the
principal lunar semi-diurnal tide M, in the YS is about
150 GW. Numerical modeling studies indicated that
there is intense tidal mixing in the YS and the eddy
viscosity can be as high as 10 3—10"2 m* s~ ' 47 .
Although there are already some investigations on the
tidal dissipation and turbulent mixing in the YS 372
all of which are based on numerical modeling or satel-
lite data there are still no direct observations of the
tidal dissipation and turbulent mixing. Most of the

4 the mean bottom drag coefficient C; 0.45 is0.0017 correspond-
but it has significant variations 0.0005—0.0082 . The mean bottom roughness length is 2.8 % 103 m.

tidal bottom boundary layer turbulent kinetic energy dissipation rate bottom shear stress ADV the Yellow Sea.

previous investigations are based on thé' box model”

in which it is assumed that the barotropic tide energy
is totally dissipated in the turbulent BBL. The' box
model” of tidal dissipation which is also called’ BBL
method”
classic paper on tidal dissipation in the Irish Sea and

was firstly proposed by Taylor ® in his

was then followed by Jefferys 7 in his estimates of
global tidal dissipation. The® box model” has been
used extensively in many tide models. According to
thé box model” the tidal dissipation is proportional
to the cube of the tidal currents. Thus the BBL of
the shallow sea will dissipate more than 99% of the
global tidal energy since typical tidal currents are of
the order of 1 ecm s ! in the deep seas while of the
order of 50 cmr s~ ! in coastal waters ® . However

Ref. 3 shows that approximately 25%—30% of the
total tidal energy dissipation occurs in the deep ocean

generally near areas of rough topography. This is be-
cause the barotropic tide energy is not dissipated by
the bottom friction only on one hand barotropic
tidal currents can generate turbulence via the bottom
shear stress and then induce turbulent mixing and
energy dissipation through the water column on the
other hand internal tides can be generated by tide-
topography interactions in the stratified seas. The en-
ergy of the internal tides is transferred to smaller and
smaller scales through nonlinear wave-wave interac-
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tions and then induces turbulent mixing and energy
dissipation. Therefore it is necessary to conduct the
direct observations of dissipation rate and turbulent
mixing characteristics in the BBL.

To study the dynamics in BBL vertical struc-
tures of shear stress and turbulent kinetic energy pro-
duction the turbulent mixing characteristics and its
temporary and spatial variations in early winter in the
YS we conduced a 25 h continuous observation on a
bottomrmounted platform at station A3 36. 04°N
120.32°E  near the mouth of the Jiaozhou Bay in
December 2005. In this contribution we present the
estimates of the turbulent kinetic energy dissipation
rate and the bottom shear stress from the acoustic
Doppler velocimeter ADV — measurements in the
BBL.

1 Observations and data processing
1.1 Instruments configurations in the observations

The observations of turbulence characteristics in
the BBL and the water interior in early winter were
carried out at a bottom-mounted station A3 36. 04
°N 120. 32°E  Fig. 1 near the mouth of the
Jiaozhou Bay Chinese coast of the YS in December
2005. The measurements of current profiles high
frequency velocity fluctuations near the sea floor and
the Conductivity-Temperature-Depth CTD  profiles
from 15 00 Dec. 14 to 16 00 Dec. 15 2005 were tak-
en on board of R V Dongfanghong-2. During the 25
h measurements the mean water depth was 18.1 m
and the tidal range was 3.3 m.

A 6 MHz Nortek” Vector” ADV a 600 kHz
RDI ADCP a Nortek 2 MHz Aquadopp Profiler
ADP  three RBR XR-420 CTDs and an optical
backscatter system OBS were mounted on a frame
on the seabed. The® upward looking” acoustic
Doppler current profiler ADCP at a height of 1.0 m
above the seabed was set up to record the along-beam
velocities with a ping rate of 2 Hz continuously. The
bin size was set to 0.75 m and the data were ensem-
ble averaged over 2 s i.e. four pings before record-
ed. The ADV at a height of 0.45 m above the bed
mab  was set up to sample continuously with a
sampling frequency of 16 Hz. The' downward look-
ing” ADP at a height of 0. 85 mab was set up to work
continuously with a sampling internal of 6 s and 0.25
m bin size. The CTD recorders on the frame were
conductivity

used to record temperature salinity
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Fig. 1. Observation station A3.

and depth pressure every 5 s at three different
heights 0.5 mab 1.0 mab and 1.5 mab . The OBS
was used to record sediment concentrations at a
height of 0. 85 mab and was programmed for 15 s
burst sampling every 5 min. During the 25 h mea-
surements a series of CTD casts were carried out
near the bottom-mounted frame every 30 min with an
RBR XR-620 CTD. The meteorological data were ob-
tained every half an hour by using the onboard Auto-
Meteorological-Station.

The ADV is a new type of acoustic Doppler cur-
rent meter which has a much smaller sampling vol-
ume compared with electromagnetic current meters

EMCMs or ADCP. ADV extends frequency re-
sponse since the maximum useful sampling rate is in-
versely proportional to sensor dimension ® . It has
been successfully applied in a number of recent obser-
vational campaigns designed to validate its utility and
improve our understanding of the interaction between

turbulence stratification and shear in coastal wa-
ters ' . The 6 MHz Nortek* Vector” ADV used
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in the present study has a sampling volume of 883—
3533 mm® a cylinder 5—20 mm in length and 15
mm in diameter with a distance of 0.15 m from the
sensor head . Its maximum internal sampling fre-
quency and output frequency are 250 Hz and 64 Hz
respectively and it has an accuracy of 0.5% of the
measured value £0.1 ecm s~ !. As mentioned above

the ADV was set up to sample continuously with a
sampling frequency of 16 Hz. Thus 25 h turbulent
data with 16 Hz sampling frequency were obtained.

1.2 Meteorological conditions and background hy-
drography

The wind forcing was relatively stable during the
whole 25 h period of the measurements with the mean
speed of northwestern wind W, = 9.3 m s ! and
therms W, =1.7 m s '. The wind direction
maintained between 290° and 330°. Owing to the fact
that the distance between the observation station A3
and the shore is only 1.2 km the wind was of north-
west direction and the wind area was very small.
The sea surface was calm and no obvious swell was
observed. The pressure data obtained by the XR-420
CTD on the bottom-mounted frame indicated that
the sea surface wave height was about 0.20 m. Dur-
ing the observation the heat forcing at the sea surface
is mainly the differences between sea and atmosphere
temperature. In the 25 h measurements the atmo-
sphere temperature at the sea surface varied from —4
to 0 C while the sea surface temperature SST var-
ied from 7.0 to 8.5 C. The mean air-sea tempera-
ture difference T, — T, was 10.1C.

By using the bulk formula of the sea surface
wind stress and the heat flux the momentum flux
and the buoyancy flux can be calculated from the
wind speed relative humidity air temperature and
the SST. In the present study the Matlab Air-Sea
Interaction Toolbox was used http sea-mat.

whoi.edu . The results showed that the mean surface
friction velocity «, was 1.1X10 *m s ! during
the measurements. This is a characteristic u , for a
mild storm  which produced the energy flux of 1.37
W- m 2 on the average. The average buoyancy flux at
the sea surface was —1.3x10 7 W kg !. This val-
ue as will be shown later is comparable with the
dissipation of turbulent kinetic energy generated by
tidal current in the BBL. The negative buoyancy flux
ensures strong convection at the sea surface and the
upper layer.

The temperature-salinity profiles obtained by the
XR-620 CTD Profiler every 30 min indicated that
the water above the bottom layer was well mixed.
The temperature was mainly isothermal across the
whole water column. The temperature ranged from
7.1 to 8.1C with time during the observations. The
water density was not as homogeneous vertically as
the temperature due to the small differences of the
But the
Brunt-Viisila frequency N was very small and the

salinity between different water layers.

maximum value during the observations was only 2.8
X103 Hz. The data obtained by the XR-420 CTD
on the bottom-mounted frame indicated that the
near-bottom temperature varied irregularly in time in
the same range of 7.1—8. 1C as the temperature of
upper column. Furthermore measurements of ADCP
and ADP gave the velocity structures through the
showing that apart from the
tidal BBL and the sea surface boundary layer where

whole water column

the current velocity increased with the distance from
the boundary the differences between the current ve-
locities of different depths were very small. The flow
was barotropic. In this study our main focus has
been on the analyses of the turbulent characteristics of
the BBL based on the turbulent data obtained by
ADV  therefore no more detailed descriptions of the
measurements from other instruments will be present-

ed.
1.3 ADV data processing

The original ADV data were the 3 velocity com-
ponents in the sampling volume in the earth coordi-
v w are the eastward

nates u v w  where u

northward and vertical positive upward velocity
components respectively. We first divided the origi-
nal data into groups by every 5 min. Thus the 25
hours’ data were divided into 300 groups. For the
study on the inter-tidal variations of the turbulent
characteristics the 5 min the phase of the M, compo-
nent changes by 2.4° time interval is short enough.
The preliminary analyses of the data indicated that
taking the Reynolds averaged time interval as 1 min is
proper. The analyses of the data of the first minute of
each group were conduced. Firstly every time series

of 1 min was processed as follows

i Filtering the time series of the 3 velocity
components to remove the variations of low frequency
and calculating the averaged current speed and direc-
tion
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ii taking the X axis in the direction of the av-
eraged velocity and calculating the fluctuations of the
velocity components in the new coordinates u’ v’
and w’

iii removing the noises from the time series of

the fluctuations of the velocity. In this study the

Phase-space thresholding method” proposed by Gor-
ing et al. '? was used.

1.4 Estimates of turbulent kinetic energy dissipa-
tion rate

Estimating turbulent kinetic energy dissipation
rate from high frequency velocity fluctuations is based
on fitting measured fluctuation spectra to their respec-
tive theoretical and universal forms within the iner-
tial subrange of the wavenumber spectrum and it is
called inertial dissipation method > >~ . The iner-
tial subrange is an intermediate range of turbulent
scales or wavelengths that is smaller than the energy-
containing eddies but larger than viscous eddies in
which the net energy coming from the energy-con-
taining eddies is in equilibrium with the net energy
cascading to smaller eddies where it is dissipated.

When a turbulent BBL is well-developed a local
balance holds between the energy input from large
scale eddies and the small-scale dissipation which
leads to a one-dimensional spectrum of the form

¢,‘1‘ k= Q’Z’Ez 3]275 3 1
where $; £ is the power spectral density of i-th ve-
locity component =1 2 3 at the wavenumber £.
The constant q; is the one dimensional Komolgorov u-
niversal constant and has been experimentally deter-
mined when the axis 1 is in ihe direction of the mean
flow «;=0.53 ay=a3=—a;=0.711° .

3

Since the velocity data were obtained in a time
transfer frequency spectra to
U*<1 Tay-
lor" 8' frozen turbulence” hypothesis can be applied.

domain we need
wavenumber spectra. When k9; k

Assuming
_ 2nf
k= U 2
kb k= f $ii f 3
where f is frequency and U the advection velocity

there
are two requirements for the application of the inertial
dissipation method i
oped i.e. Re =u.kz v>R,

i.e. the mean velocity. As mentioned above

the turbulence is well-devel-
where u , is the
friction velocity & =0.40 is von Kdman constant v

the kinetic viscosity and R_ 23000 ' the critical
Reynolds number  ii  the velocity fluctuations are
much less than the mean velocity. All the data used
in this study satisfy the two requirements so the dis-
sipation rate can be estimated with the inertial dissi-
pation method. Near the bed vertical velocities are
less contaminated by waves than horizontal velocities
are and the fluctuations w’ are more likely to be due
to the turbulence '® . Thus in this study we sys-
tematically applied the inertial dissipation method on-
ly to estimate the turbulent energy dissipation rates
based on the vertical velocities.

The inertial dissipation subrange was sought by
visual inspection of the plots of the power spectrum
density and fixed to be between 0.3 Hz and 2 Hz.
Therefore the dissipation rates were estimated by

e = 2nU71a;3 2 45 29%2 I 4
where the square brackets means averaged in the iner-
tial subrange.

1.5 Estimates of bottom shear stress

In the BBL the bottom shear stress can be esti-
mated with three methods
method  velocity profile method and dissipation
method. The first method utilizes direct measure-

the eddy correlation

ments of the high frequency turbulent fluctuations in
the logarithmic layer the second method utilizes the
observations of mean velocity profiles in the logarith-
mic layer and the third one is based on the observa-
tions or estimates of the turbulent kinetic energy dis-
sipation rate in the constant stress layer CSL . It is
worthy to keep in mind that all the three methods
have the same potential requirement that the sensor
should be located in the CSL. Since the data are the
high frequency turbulent fluctuations at a fixed loca-
tion we will utilize the eddy correlation method to
estimate the bottom shear stress.

For a tidal BBL the ratio of inertial force to
friction can be scaled by wz®> A, where w is the
tidal radian frequency A, the viscosity and = the ele-
vation above the sea bed. For the YS where the tide
w~1.4x10"1

s~ 1. In the weak-stratified shallow waters a conser-
119
s .

is predominantly semidiurnal M,

vatively low estimate of A, is 1073 m?-
Thus from wz? A,<<10"' 1i.e. inertial force is

we obtain e <<+/0.1A, @

~0.85 m and it is the low estimate of the height of
the tidal BBL. The sampling volume of ADV was at a

much less than friction
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height of 0.45 mab in our observation and it was in
the CSL  so the bottom shear stress can be estimated
with the eddy correlation method i.e.

=p —uw —vw 5

where p is the seawater density and «” ©” and w’
are the turbulent fluctuations of the three velocity
components respectively. And the friction velocity is
given by

|’L'b| 7 7
- = —uw P+ w2

©

usx —

1.6 Logarithmic layer and law-of-the-wall

In the BBL the mean velocity distribution is a
function of the bottom shear stress 7y, the bottom
roughness length 2z, the distance to the bottom =
the seawater density p and the dynamic viscosity p.

The characteristic velocity scale in the BBL is called
the friction velocity u.« =+ 79 p. The Reynolds

stress in the BBL is constant and is equal to the bot-
tom shear stress 7.

According to Prandtl mixing length theory
mixing length / = k2 so the mean shear in the BBL
is given by

U _u.
oz Kz

7

where U is the mean velocity and x =0.40 is von

Karmdan constant. Integrating Eq. 7  we obtain
U x
U=z = Kx In = =z 8

where z( is an integration constant and represents a
length scale proportional to the roughness elements at
the bottom. z( is customarily called bottom roughness
length. Eq. 8 is the logarithmic velocity profile in
the BBL and the BBL is thus also called logarithmic
layer.

In the well-mixed turbulent boundary layer
there is a local balance between the rate of production
of the turbulent kinetic energy through the Reynolds
stress working on the mean shear and the rate of the
viscous dissipation of that energy that is
—u'w %% = ¢ 9

where e is the dissipation rate of turbulent kinetic en-

ergy per unit mass. In the logarithmic layer the

Reynolds stress is equal to the bottom shear stress

that is — u’w =17, along with the mean shear given

by Eq. 7 and the definition of the friction velocity
it can be obtained that
uw’,
= €. 10
K2

This is the classical law-of-the-wall.
2 Results and discussion

In Fig. 2 the near-bottom mean velocity magni-
tude and direction and the eastward and northward
components of the velocity measured by the ADV are
shown. During the 25 h period of the measurements
the near-bottom velocity magnitude varied from 0.01
t00.50 m s~ '. The northward component
much smaller than the eastward component u« in
the whole period. Therefore the mean velocity was
basically east-westward. This shows that the tidal
current here is rectilinear east-west . The eastward
component of the current velocity exhibited obvious
M, feature

v was

while the northward component didnot
show obvious tidal signal. Because the location is near
the shore and the shore is basically along the east-
west direction we suggest that the northward com-
ponent should have been induced by the interactions
between the east-westward tidal current the bound-
ary and the topography but not only by tidal compo-
nent. Numerical modeling results showed that the
tidal waves at the open sea outside the Jiaozhou Bay
were propagated from the northeast to the southwest.
It is an anticlockwise tidal wave system. The flooding
tidal water flows into the bay through the northeast
part of the bay mouth. While the ebb water flows to
northeast part of the bay mouth along with the tidal
inflow though the southeast part of the bay
mouth 2 . For station A3 at the northeastern side of
the bay mouth the flooding tidal current is mainly
the M, tidal current from the YS. Therefore the
near-bottom mean velocity is mainly the M, tidal cur-
rent. During the ebb the current from the bay meets
the ebb current from the southwest of the bay mouth
and they interact with each other leading to the ir-
regular variations of the near-bottom mean velocity at
station A3 during the ebb. Apart from the M, tidal
current there are some relatively high frequency cur-
rents.
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Fig. 2. Time series of the near-bottom mean velocity magnitude direction the eastward component and the northward component.

The €ge-u » dependence and the classical law-
of-the-wall for = =0.45 m are shown in Fig. 3. It can
be seen that e, and u . have a pretty good correla-
tion in term of the classical law-of-the-wall. This in-
dicates that in the BBL of the coastal waters the
turbulence is generally shear-induced locally and the

10*3E||||||| T LI B e e T T Ty

e=ul/ Kz,
z,=0.45 mab

107 E
10

10 E

e(W/kg)

107E

10°%E

107 1072 107!
u, (m/s)

Fig. 3. The ege-u » dependence compared with the law-of-the-
wall for 2 =0.45 mab.

production and dissipation are generally in equilibri-
um. The velocity distribution with the height from
the seabed is logarithmic.

Fig.4 shows the time variations of near-bottom
mean velocity magnitude U black dot-dash line
friction velocity u » red dashed line  and the dissi-
pation rate €y, blue solid line . Both the friction ve-
locity and dissipation rate almost exactly follow the
near bottom velocity magnitude indicating that tur-
bulence here was mainly shear-induced locally. For
the seas where the semi-diurnal tidal current is domi-
nant both the dissipation rate and the bottom shear
stress exhibit a strong quarter-diurnal variation.

The bottom drag coefficient C4 = can be ob-
tained based on the friction velocity « » and the mean
velocity magnitude U =z at a given height 2

Cyz =us U 22, 11

The sampling volume of the ADV is 0. 45 m
above the seabed
0.45
and the near-bottom mean velocity magnitude. Re-
sults showed that the mean value of Cy 0.45 dur-
ing the 25 h measurements defined as C4 0.45 =

therefore the drag coefficient Cygy
can be calculated from the friction velocity

exp %Zln C, 0.45 no= 300 was

i=1
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0.0017. The corresponding mean value of C4 1.00
was 0.0015 consistent with the common knowledge
about this region ' . However Cy 0.45 varied ob-

viously from 0. 0005 to 0. 0082 during the measure-
ments.

050r  0.030r 1074
045}
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035}
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030F
> = B
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g 025F £0015F =
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Time (hours after 15:00, December 14, 2005)

Fig. 4.
rate blue solid line .

As regard to the variation of the drag coefficient
there are many possible affecting factors the local to-
pography caused form drag the wave-current interac-
tion changes in the boundary layer flow regime the
stratification of the boundary layer by suspended sedi-
. Using the ADCP data obtained in South
San Francisco Bay USA  Cheng et al. »* analyzed
the variations of the daily mean drag coefficient.
Their results showed that the drag coefficient had a
higher value during less energetic neap tides and had a
lower value during more energetic spring tides. When
the velocity was larger than a critical value 0.25—
0.30 m s ! in their case the logarithmic roughness
length In 2z decreased approximately linearly with in-

ments 22

creasing velocity. They hypothesized that this was
because the critical velocity corresponds to the critical
bottom shear stress of the sediment erosion. High
free-stream velocity resulted in more effective erosion
and a reduction in form drag at the sediment-water
interface and hence smaller value of bottom roughness
length. When the velocity was less than the critical
value the sediment deposition began to take place

and the deposited sediments created random irregular-

Time series of near-bottom mean velocity magnitude black dot dashed line

friction velocity red dashed line and dissipation

ities at bed surface that led to higher value of rough-
ness and drag coefficient. Howarth et al. ** based on
the observed data of the bottom stress at seven sta-
tions in the North Sea obtained that the mean drag
coefficient is proportional to the amplitude of the M,
tidal component C4=0.001X 0.59+0.78 X M,

where M, represents the amplitude of the M, tidal
23 24

inter-tide variations or the long term averaged values

component. Refs. involve the study of the
of the drag coefficient. As regard to the intra-tide
variation of the drag coefficient there is yet no report.
Compared with the inter-tide variation the intra-tide
variation of the drag coefficient is more complicated.

Fig.5 shows time variations of the drag coeffi-
cient Cq4 0.45
magnitude and direction. It can be seen that during

and the near-bottom mean velocity

the flood tide the mean velocity magnitude is compar-
atively large and the direction is steady. The current
is mainly the M, tidal current. C4 0.45 is compara-
tively small less than the mean value of 0.0017 most
It varies slightly from 0.001 to 0.002.
During the ebb the velocity magnitude is comparative-

of the time .
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ly small and there are obvious relatively high fre-
quency variations. C4 0. 45 varies conspicuously
from 0. 0005 to 0.0082 and at the same time there
are high frequency variations. It is worthy to noticing
that there exists a tight relation between the high fre-
quency variations of C4 0.45 and that of the mean
veloctiy magnitude. Apart from the two places indi-
cated by black arrows in Fig.5 the maximum mini-

mum value of C4 0.45 corresponds to the mini-

mum maximum value of the mean velocity magni-
tude. This indicates that the drag coefficient is de-
pendent of the mean velocity magnitude and decreases
with the increasing of the mean velocity magnitude.
Due to the limitation of the length of our data it is im-
possible to give the relationship between the drag co-

efficient and the mean velocity magnitude quantita-
tively and longer records of data are required to do
this in the future.

=
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Fig. 5. Time series of the drag coefficient C4 0.45
and direction red dot dashed line

In the logarithmic layer it can be obtained from
8 and 11 that

Cyz =« 2, 12

In =z 2

Taking C4 45 =0.0017 and 2 =0.45 m into
the above equation the mean bottom roughness
length during the measurements can be obtained

0= 2 exp Kk Cd
=0.45 exp 0.40 +0.0017
=2.8xX10° m.
And this is consistent with the fact that the sea bed is
muddy » .

3 Conclusions

From the calculations and analyses of the 25 h

black solid line
. The grey dot dashed line represents the mean value of Cy 0.45

the near-bottom mean velocity magnitude blue dashed lined
i.e. 0.0017.

turbulent data we obtain the following conclusions

1 In the tidal BBL of the YS the variations of
the turbulent kinetic energy dissipation rate and the
bottom shear stress during 25 h are 1.8 x 108
—3.4x10° W kg land 6.6x10 *—7.5x%
10" N m?
there are strong dissipations in the tidal BBL of the
YS.

respectively. This indicates that

2 In the well-mixed tidal BBL the turbulence
is generally shear-induced locally and the production
and dissipation are generally in equilibrium.

3 For the seas where the semi-diurnal tidal
current is dominant both the dissipation rate and the
bottom shear stress exhibit a strong quarter diurnal
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variation.

is 0.0017 corresponding C4 1.0 =0.0015

has significant variations

4 The mean bottom drag coefficient Cy 0.45
but it

0. 0005—0. 0082 . The

mean bottom roughness length is 2.8 105 m.
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