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ABSTRACT

Pollution fn the coastal zones of the Great Lakes has become more
serious in recent years.,This is due to increased use of coastal water

as a result of population and industrial growth. A substantial portion

//’/lfaf\tﬁghaantaminants that enters a lake do so from the shoreline via

P .

s . . . . ) :
discharges -from sewer, overflows, industrial outfalls and runoff. Such

d?schqrges contalin particulates and other materials of density greater

than that of lake water. Many heavy metals with toxic components are

" present in these fractions. The dynamic behavior of these partjclés‘in

‘ the coastal and offshore waters 1s thus of great importance. The

pflncipal‘removél procésses for théée materfals are trénsport and
particle‘settllng. An understanding of the characteristics of nearshore
burrenfs; diffusion and temperature patterns Is essentfal to determine
their effect on removal processes, and in turn, on coastal'biolqgital and
cheﬁical processes. This sfudy_ts limited to the physical fluid
mechanics of coastal zones. - ' -
The strdcture of the nearshore flow }n the vicinity.of'CIeveIand.

Ohio is anaiyzed in Aetail in this study. The impact of Cleveland, . one
of tﬁé iérgest urban and |ndust;ial agglomerations on fhe shorélihe of
Lake Erie, in teéms of additional lbading ig fhoughtfto be‘cénsiderable.
A computer program (ADVDIFF) was developed to-calcuiate the mean fiow,
horizontal turbulent 1ength aﬁd time scales, hqrizonfal leFustjties and

v

kinetic energy.. ADVDIFF uses filtering technigues, spectral analyses and

(iv)



statistical analyses. Five episodes representing three d{FFerent flow
regimes which gnay exist in the cbas‘tal‘ zone were chosen for specfal
analyses. L

To generate the coastal currents, a rigi.d—l id, channel'—Eype mode
with fine grid size ‘in,the coastal zone was use_d. A model or‘l'gin'al ly‘ ’
- devekopéd by Simons (1983)-was mo&ified to include nonlinear acceleration
terms and two different forms.of the vertical eddy viscosity. Aiso; a
two dimensidnal x-y model developed by Simons and Lam (1982) was modified
and used to gxplain some of the ob:.servat.io‘ns. Both new models (ERCH, A
ONELAY) were verified, calibrated and applied-to Lake Erie.

A computer program (SEDTRAN) was devehlaped to predict the inflow
sediment concentration distribution wfthin'the coastal zone. SEDTRAN
sd[Ves numerical ly the thrge dimensional time—depend?nt mass transport
equation including the settling térm.' The made! uses the currents and
diffusivities computed by ERCH and ONELAY and the statistical analyses,
respectively. SEDTRAN"Q%? vgrifjed using several-test examples, and
‘lpartially val idated usiag the availabie daté set. The model Qas applied
to many cases of settliing activity that may take place in the coastal

zone. The results were used to define a representative {nfluence zone

for a pol lutant source at Cleveland.
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CHAPTER'I
SCOPE AND OBJECTIVES OF THE STUDY |

1.1 INTRODUCTION

Coastal zones of Great Lakes are very complex environments.
Investigations of these nearshore reglons have beéqme impdftant in
recent years due to increased demands on coastal zones caused by
population and industrfél growth. A substaﬁtfal portion of contaminants
enters a lake Froﬁ the shoréline via discharges from sewers, industrial.
6utFalls and runoff. The principal removal- processes for these materials
are transport and particle settling. An understanding of ﬁhe
characteristics of‘nearshore cgrrents" diffusion and tl%peratdre patterns
is essential to determine theif‘eFFect‘on the removal| processes, anq in-
turn, on coastal biological and chemical processes.

S;diment Is considered to-be one of maln findices of water
po}lution._ All'discharges Iﬁtd the COastaﬁ'zones‘conté n Q@rticdiate énd
other materfals of dehsjty’great;: than lake water. Many heavy metals

|
'

"with toxic components are present in these Fractioﬁs. The dynamic

-béhavior of tﬁese heavy particles in both coastal and oifshore waters is
thought to be of great importance. |

The sediment distribution in the coastal’ zone is inFIuencea by the
-coésta{ current regime, thé mixing processes aﬁd thermal structure.
Three types of current structure can be readily identified: (1) strsng

shore-paral lel current r g}meslpersisting for several daﬂSr (2) episodes

| l
| |



of reversals of cuﬂrents.and {3) episodes of weak currenfs. The mixing
processés govern the baséage oF“sédIment through the coastal boundary
:lé;er where the diffusive eddies ére limited to the prqxfmity of the
Eshoreliﬁe. The thermal structure ;n_the coastal zone is complicated. It
Fs.commogly observed that a strong.thermocline.acts as a "diffusive
fldor" éuppreSSing the vertical turbulence and inhibiting diFFusioq of
agterial‘into the hypolimnion. However the wind stress and associated
Qéter currents move the thermocline vertically (upwelling and
ddwnwel ling}; if the wind stress .is great enough the thermoc! ine may

intersect the water surface. Complete mass exchange -of water between the

coastal and offshore waters may then occur.
' The question.is frequently asked whether a shoreljne or nearshore

so?rce of contaminants is a problem only to the immediate area

surrounding the outfall,-or whether the entire basin is affected by the

materials The answer may be determined by the interplay between two

tiﬂe-sbales.'one characterized by the settling of the sediment and the

'otHer characterized by the transport and ‘mixing of nearshore parcels of ™
i

-

waéer with the main body of the 1ake. The-mixing processes in turn are

goferned by two scales: (i) a time-scale which governs the transport of

materials through the coastal boundary layer where the diffusion eddies

J

are limited by the proximity of the shoreline and

ii) a time-scale which
governs the diffusion. of materiél throLgh the main body of the |ake.

. }Hé‘starting point of this‘work is}the obéefvat onal program
undertaken by Canada Centre for Inland Waters (CCIW) and the National
Oceanic and Atmospheric Administration (NOAA) iﬁ the vicinity of

Cleveland, Ohio, in Lake Erie, during 1979. The city of Cleveland



represents one of the largest urban and industrial agglomerations on the

lake.

1.2 OBJECTIVES

The main objeétives.were: (i) to obtain a‘safisFactOry definjtion
of the Lake Erie coastal boundary layer and to reveal the transport and
mixing characteristics within that zone using the avallabie. w!nd current
and temperature observations; (ii) to compute the currents within the
coastal zone using hydrodynamic models; {1§i) to obtain the tihe-and
spakial‘distr!bution of uéban sediments wlthin the coéstal.zone by
sorving the sediment transport equation, Qsing results from (i) and {i;h
{iv) by identif&ing and simulating different élow regimes'in fhé coastal
Zone, defiﬁé_the critical (worst) cases from a pollution.dfqusa] point
of view; and (v) as a conclusion, to define the;influenée;zone of a
nearshore source based on the 3-d transient mass transport model and
. typical coastal currenf_ebisodes. The objectives are shown n Figure
.1, which also identifies the three main phases of this study: (1) data
ana!ysis, (2)“hydrodynamic mode | ing and (3) transport model ing. Eaéh

‘phase is discussed below.

1.3, OUTLINE OF THE STUDY
{1) Data anal&sfs

Using the observed flow data. the flow and: dlspersron properties
within the coastal zone in the vicinity of Cleveland. were studied in

detall (Chapters 3 and 4) Using Flltertng technrques and statistical
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and spectrum ahalyses. the mean Flow, horizontal turbulent lengtn,and
time scales, horizontai diffusion coefficients and the Kinetic energy
propert1es were computed. The horizontal turbulent length and time

scales were used to define the time and space jncremeht in the numerical
solution of the momentum and the mass‘transport equations (Chapters 5 and
6).‘ The horizontal diffusivities were used to define the diffusion iaw

to solve the mass transport equation (Chapter 6).

{2) Hydrodynamic models -

Currents in the nearshore region diFFer markedly From those fn‘the
oFFshore reg:ons. StratiFication. nonlinear accelerations, bottom
topography and friction may all be of*great 1mbortance In the coasta]
boundary layer. To resolve the small time and Iength scales of the
coastal zone eddies, a fine numerlcal grid size is requ1red. To resolve
the entire lake using such a fine grid 1e very expensive {n tenms~of
cemputer resources. Pollutant transport within the‘coastai boundary -
layer isrhighly sensitive to the vertical current‘structure and to the
. magnitude of the veftical'current, especial 1y during.upwel 1 ing and
- downwel | ing episodes.

To generate coast61 currents, }he{uding the vertical‘structure of

the currents, a rigid-iid channel—type model, with fine grid 1n the

coastal zone developed by Simons (1983) was modified to lﬂC]UdE the non-

-

?
linear acceleration terms. Two diFFerent\Forms of the vertical eddy

" viscosity, representing two different hypotheses concerning.the vertical ’

transfer qF momentum were added. The model is cal led ERCH herein. Alsos

*



a two dimensional x-y mode] developed by Simons and Lam (1982) was
modified and used to explain some of the observations. The new modet Is
called ONELAY. ERCH and. ONELAY were verified, calibrated and applied to

Lake Erie (Chapter 5).

(3) - Trensport mode |

Most, 1f not all, existing mass transport models are two
'dimensional (x-y). The mese transport equation {s solved In the x and ¥
'coeordinate directions using vertically Integrated currents to obtain
vertically integrated po! lutant concentratlons. These models do not
-atcount For the vertlcal oscillat!on oF the thermoc]!ne (upwelllng and
downwelling) which take place quite Frequently within the coastal
boundary*ﬂayer. They also do not account for the vertical var1ab1iity of
'the horlzental .eurrents. The three dimensional time dependent sediment
transport equation is solved in Chapter 6. fhe mode 1 fs cal l'ed SEDTRTAN. .
The currents computed by the channel model (Chapter 5) were used to
computemthe sediment plume or patch. The horlzontal leFu51v:t1es _are
assumed to be constant.or a function oF time besed on each Individual

r

case. The values of the d1ffusLu4t1es were obtaIned From the statlstical

analysis in Chapter 4. SEDTRAN wes veriFied using many test examples,
_—/ﬂ

and partielly validated using the avallable sediment data set. SEDTRAN

was applied to manykbfhthe cases of settling actiyity'that may take place

in the coastal ione.,The results o? alt tﬁe simulated cases were used to

define a representative ihfluence zone for a pollutant source at

Cleveiand. '



CHAPTER 2

BACKGROUND REVIEW .

2.1 INTRODUCTION ,

As ‘mentioned earlier, this study covers three'&ifferent but
interrelafed topics: data analysis, hydrodynamfc mbdellng.and transport
modeling. A considerable literature on each topic exists. This chapter
furnishes the ground work for the the three topics. _A backgrouna review

-

and a 1iterature survef of relevant‘studies fn each topic is presented.

2.2 DATA ANALYSIS
Several extensive data bases from long term obser&ﬁgional programs
in the coastal waters of the Great Lakes are in exisfence. However

mathematical models capable of synthesizing the hany different flow

regimes and the turbulence characteristiqs into a general predictive

scheme do ngg exist. A‘étatistical descriptive analysis of the

characteristics of the7coastal Zone is needed.

2.2.1 Diffusion

l. Horizontal d{Fdeion

Okubo (1971) discussed two fundamenta) diffusion diagrams on the
basis of the analysis of data obtained from the sea. -The two diagrams

-are:  (a) the variance of the horizontal distribution of Ehe pollutant

i . 7

n

i
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versus the diffusfon time, and (b) the horizontal diffusivity versus the

diffusiion length scale. To obtaln the diffusion dlagrams, he used 20 sets

of data from instantaneous dye releases in the upper mixed layer oF the

sea. The data covered a time scale of diffusion rang!ng from 2° hoq:g,tox\\\;-////
1

\\\\Hﬁ;umonth and length scale from 30 m to 100 km. Bowden et al. (1974).
ggested a. theoretical Framework to exp]ain the relat10n between the two
- diffusion diagrams. The horizontal eddy diffusivity may be ﬁepresented ‘
by:
' RE dqz S ' PR
. C K = e en o - | [2.‘11
& ‘

where K ts a diFFusion coefficient, o-is the standard deviation of the

‘ concentration. and tis time. A log-log plot oF the varlance against the
/\/

diFFusion time proouces a straight 1ine of the form:

~

T @iawm o k/
- where a and m are_oonstants.f From [2,1] and [2.2], K is given by: ' :

YK = (mas2) ™1 . R [2.3]
m J - - . -
so that .K can be computed for a given diffusion time from the oonstants a

-

and m. It follows from: [2.2] and [2.3] that

K = ca® ‘ o S [2.4)
... l . - . ] - ._." . 7 4 ‘ " -
where ¢ = (m/2) al/™ and n= 2(m-1)/m. Bowden et al. (1974) summarized

the reiation between'the index m and the theoretical diffusion

~characteristics. If m=1, the variance grows linearly with the diffusion

e e

time [2.2]. This corresponds to Fickian diffusion with constant K, *
f- . . 0 . . . . ’



[2.3). If m=2, K increases linearly Withwt, while o grows as the square

of 't. This corrésponds to | inear l'ength s'c.‘alefdiffusion..

Towh
m=3, corresponds to

" of t‘."
classical
¢

“+

diffusion models. In the Okubo (1971) study m =

‘and K growing as the square'of t.

1.15.

The:tase of

K being proportional to @4/3.0 grbwing as the cube
This corresponds to the

Richardson "?our—thifds power law". Table 2.1‘5ummarize5 the

®  Table 2.1 Summary of diffuston model's
e e -~ e ——— —_—
: . m n, . : L N
i L : ‘ ' “diffusion -Diffusion. - Diffusion
[2.3] © [2,4] Law Parameters . Model -
' . rto 0 K = cont? ‘Constant -~ Fickian
& ' diffusivity . diffusion
- er - (em/s) T
2 - L .. Kaaql ~... q diffusion ‘Linear
e : - T velocity length
LA . (cm/s) . scale
s : . diffusion
R % . L length R
- scale. (cm)
3 4/3 . Ka el/3 1L4/3 E energy Inertial
. ' : - ’ dissipation sub-range .
N : rate - diffusion
oo * '(cm2/33)‘ o .

. . .
AHurthy (1971) Investigated t

L length’'scale
(cm)

\

diffusion characterlstfcs of the

‘hypolimnion in the Lake Erie central basin. The fnvestigation was
carrted out, to define the peak concentration and the vertfcal and

patch at different times. The thermocline
- ) .

i horizontalhspread of a dye

™
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-acted as & diffusion floor inhibiting the upward flux, hence the vertical
seread was restricted to the hypolimnion. The horizontal spread was
ema]i. at least one order of megnitude‘smaller than surface layer
diffusion for a cohharable time scale. e

Murthy-f1972) studie thekhorizontal diffusion from dye plume
experlments in Lakes Ontario and Huron. He calculated the horizontal
diFFusion due to rapid current changes caused by rapidly changing wind
. systems. .The eddy diffusivities calculated for such c;seslwere enhanced
by a factor oF 2-4 over those For steady currents. The verticalsy
';dIFFusion oF the dye was suppressed significantly due to summer thermal
'stratification In the steady currents, the eddy d1FFu51v1ty attained af
:constant value at a Iarge distance from the source (up to 2000 m) The
conclusions drawn were confirmed by earlier studies (Csanady. 1964, 1968-
‘Bowden, 1965). Csanady (1968) showed that In the early stage of
diffusion, within a distance of 300 500 m From the source, the lefUSlOﬂ
grows rapldiy according to the "4/3 power law". Beyond 2000 m,- the
‘accelerated growth is due to the lake current {current shift}.

Murthy (1973) also studied large-scale horfzontalvdfﬁfueTbn in
the epilimnion of .Lake Ontario. A.i:lye solution was in.troduce’d at mid-
. depth of the epiiimniah. The data covereu a length'scale (patch sizeé) of
100 m to S km. The values oF the Iongatud1na4 and lateral diffu51v1t1es
were calculated using [2.1] to [2 4] Longitudinal diFFusivitles-were
wilarger than the lateral by a factor oF -2-10. Thg,data surprisingly
supported the "4/3 power law". During theulnitfal stage of diffusion

(order. of hundreds of meters), marked an:&gtropy of turbulence combined

with vertical shear in the longitudinal mean current. gave rlse to an



—

apparent increase In the longitudinal diffusion of the patch. For targe
dIFFusioh times, when the patch grows to the size of kilometers,
locallzed non- unIFormitles In the flow did not appear to influence the
overall diffusion of the patch.

From dye exper!ments condqcted at different locationa and depths

of Lake-OntarIo,.Murthy {19765 found that the vaiue of m 1iles between 2

and 3 (shear diffusion and inertial subrange diffusion}. Thel

Iongitudinal eddy diffusivity was greater by a Factor of 5 10 than the .

lateral eddy dfFFusivity in the earily stages oF diffusion, and by a
factor of 2-3 for large diffusion times. Murthy (1976) and Okubo (1971,
1974) showed that the diffdaioh in the hypolimnion is smaller than that
in the epilimnion. fhe availabte turbulent energy for diffusion
decreases wlth depfh. Cal laway f1974). Kuehnel et al. (1981), Lam and
Huﬂthy (1978), Lam and Durham (1984). Lam et al. (1981), Hurthy and
Kenney (1974) and Hurthy and Miners (1978) all showed also thatm lies
between 2 and 3.

‘All the previously reyfewed stud1ee used a dye tracer either Ih a

-

patch or plume to investigate diFFusion characteristics The dye

‘experiment seeks the description of particle position as time passes by

specifying the particle trajectory (Lagrangian measurements) Another

Lagrangian measurement technique common!y used in the Great Lakes uses

drogues. The path of individual drogues can be tracked using known
reference points. The drogue pOSltlonS are plotted simultaneously as
progressive location plots with time. The current characteristics at the

study sites can be described by Lagrangian deformatipn rates and the

v

gt
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derlving turbulence statistics. Llterature on the types of drogues,
statistical analysis of drogue data and the comparison between drogues,
dye and current-meter‘meesurements.is avallable (Bengtsson, 1976;
Konyayeve and Merinova, 1983; ‘Molinari and Kirwan, 1975; Murthy, 1973,
1975; OkUbo. 1970, 1976; Okube and Ebbesmeyer, 1976), |

The second type of measurement technique is the Eulerian
technlque The Eulerlan system seeks the description oF the velocity at
each peint in space and time through a direct specification of the
veloc1ty. Callaway (1974) analyzed current-meter data obtained off the
Oregon coast during the summer of 1972. Callaway ?1974) modified and
used. the computer program presented by Ahn-and Smith (1972). The
"turbulent velocity was computed oy dividing the velodlty record into
segments, Flttlng a second-order polynomlal to these segments and taking
dthe reslduals from the fit to be the fluctuational velocity The time
scale was computed by calculating the autocorrelatlon coeFFlcients and
lntegrating to the polnt of the first zero crosslng The length scale
was computed using the Taylor (1921) hypothesls which states that, if
the mean veloclty fs much larger than the mean fluctuations at a fixed
pointloF a2 homogeneous turbulent f1ow, the Flow behaves as if the whole

turbulent Flow Fleld passes that Boint with constant mean velocity The

',leFuslon coeFFlclent was computed using the Hay and Pasqui 11l (1959)

<+

assumptlon. From the observations of crosswind spread o?_particles 100 m
from a continuous ground-level source they showed that the Laoranglan and
Eulerlan correlograms have simllar shapes but different scales (ratio
B:1).  They regorted that 8 has considerable-scatter, with an average of

four.  Several values of the R coeFFicient have been reported. ' Krasnoff
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and Peskin (1971) summarized some SF these and found values ranging from
'1.5 to 11.3 for ccindit:"ons of laboratory experiment grid turbulence and
the atmospheric boundary layer respectively. Callaway (1974) showed that
a unit power law (1 inear length scale diffusion) provides reasonable fit
between diffusivity. and tength scale. |

Hurthy'ang Dunbar (1981) using current-meter data‘oFF Douglas
Point, Lake Huton, computed the mean and fluctuations ﬁsing humerical
fliltering techniques {Graham, 1963). They used the inertial freguency
(16 - 18 hours) as cut-off frequency For~Fhe on—pass fliter, and the
variance of the Fluctuat;ons as a quantttat!ve measure of the turbulence
level in the flow. They showed fhat the tdrpulenge index (ratio between
- fluctuations variance and scalag, _speed) attains high values close to and
far from the shore.-with lower values between. These high values are due
to the influence of the friction ciose to the shore and the tnertial
oscillation FaQ from ?he shore.

Boyce and Hamblin (1975), foliowed the approachwof Ketchum aﬁd
Keen (1955) in éétimating the horizontal diffusion through a simple
balance for th? entire basin. They solved énalytfcall; the advection
diffusion equation using the éentral basin of Lake Erfe as a channel with
a‘péiﬁf sqyrce at the Grand river. Using the distribution of chloride
ions, they showéd that the best‘representative value for the horizontatl

diffusion coeffictent Is 1.5 x 108 cm?/s.

2. Vertical diffusion

Several values of vertical eddy viscosity/diffusivity covering g *
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»
wide range (0.001 - 350.cm2/s) were reported. Usually.the eddy viscosity
coefficient which represents the é?ansfef of .momentum {3 larger than that
of material transfer (eddy diffusivity coefficlent). The momentum 1s
transfered by the pressure fluctuation and tranélation"of mass, while‘the
diffusion of material is accomplished only by the latter. The vertical
eddy viscositylAz is'usual1y estimated from meas rements of horizénta]
current as a function of time and depth, while that of di.FFL:sivity_'Kz RE
estimated from méagurménts of temperature/concentration as a function of

time and depth.” In the case of A, thevertical transfer of momentum hay

be written as:

T au .
ZX
——=Z_ - AZ —— o . ' [2.5]

P az
e

where”tzx is the stress iﬁ the x direction across alplane perpendicular
to the vertical axis z, u fs the velocity in the x direction and p is
water density. Simons (1973a) analyzed data from vertical current meter
strings located in Lake Ontario, 1972. To coﬁﬁhte-Az.<he assumed that
the sh;ar stress éetgeen adjaceht lavers Foflows [2.5]. ﬂost of the
time, Az at iU'm depth averaged 50 cmZIS. a value reported earlier by
- Platzman (]963). -During high wind ﬁpeeds. A, ihcreased by a factor of 7.
Several assumptions appear in the Ifteratdre about the vertical eddy
viscosity (Ekman.‘1905: Gonélla. 1971; Csahady. 1972a; Pollard and

Millard,1970). An excellent review.has been gi've'n.by Boyce (1974),
fn gehera] there are two hypotheses concerning the vertical

transfer of momentum during stratified perlods. The first idea states

that the turbulence is generated at or near the air/water interface and

-~
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is_suppreesed at the thermocline by the sharp temperature gradient,
Therefore A, in the hypolimnfon is‘mueh smaller than that of the
epflimnion and may be a\ small‘as that of the thermocline fwaltere et
al., 1978; Simon, l9BDjand Lam et al., 1983). The second 1dea states '
that the turbulende in'tLe hypolimnlon is generated by internal waves as
well as the air/water lr|1terface Hence, Az fn the epilimnion fs much
greater than that of the thermoc]ine (Heinrich et al., 1981). -Detailed
derivation. dTecussionAanh cemparison between the two approaches is given
in Chapter 5 ‘

In the case of the vertical eddy diffusivity K,+ the vertical
transport oF material can be written :

' 30 ' _ . o :

F= K, ——s; | | - . [2.6]

where F 13 the material vertical flux per unit area, C is.the material'-?

concentration (C can be replaced by temperature Tn the case oF vertical

.transport of heat) To relate the tlme and space der1vat1ve. the

»
s/

" fol lowing form may be used: .
3 C(z,t) a .. aC(z.t) ,
A(Z) ==mmmmmmm o e (A(2) Kz(z) e [2.7]

at - 3z 9z

where A is the cross- sectional area oF the Iake as a function of 2.

Equation [2.7] can be used to estlmate K .as a function of depth. The

- time and space derivatfves can be computed From a concentratton or

temperature survey, (For example, Blanton, 1973). Kullenberg (1969
1971). using tracer measurements in' stratified shal low water and vertical

current shear, computed the vertical diffusion coefficient. The‘values

-

Ay
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of K, varied between 0.09 and 60 cmz/s. He proposed a semi-empirical
equation relating K, to stratification (verfical density gradient), wind
velocity and the vertical gradient of hor}zontal current. Murthy {(1972)
using dye measurements in the coastal waters of Lakes Huron and Ontario, -
calcul?ted Kz fn %he presence of a sharp thermoqline. The vertical
standard deviétjon of the dye was estimated from the concentration
profile.kz was computed usiné {2.1], and attalned a very low value of
0.1 cm?/s. ‘

Kullenberg et al. (1974) investigated vertical mixing in relation
to wvertical temperature and current structures, 'using data from an
Instantaneous point-source, sub—éurface dye experiment. They interpreted
the seVeral observed profile structures suggesting many possible

processes,

2.2.2 .Coastal currents

- The current flow regimes fn. large liakes exhibits special

characteristics near the coastal boundar§ layer. Experimental3stud1es in

the Great Lakes héve‘éﬁown that. the current regimes are extrémely éomplex
(Murthy, 1972 and Murthy and Blanton;n1975L The coastal currents differ-
from one location to another and from season to season. 'Based on several

detailed experimental studies in a number of Iocatfons‘(Bu1| aﬁd
farocoqui, 1976; Bull and Murthy, 1580 and ﬁlzawahry énd James, 1981) the
fol lowing céastal flow regimes may be identified: (i) periods of strong
alongshore currents pérsisting for several days; (ii) pericds of current

reversals during which shore-paral lel currents turn around within a few

—
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hours; and (111) periods of weak currents. somet imes stagnatlon._with
irreouiar changes-in direction. “Murthy (1973) analyzed flow data
obtalﬁ%d off Oshawa, Lake Ontario. The locatxon has a long and straight
shoreline and relatively regular bathymetry. and. is known for persistent
regular currents (Csanady, 1972b,c). The measurments covered both
Lagrangfan and Eu]erian techntques. using drogues'and current meters
' respectively.'DiFFerences between tbe mean currents computed by the two
fechniques were dueqto the'progressive f low (Stokes, 1847 and Longuet—
.Higgins. 1969). The component of Stokes velocity {(difference between
Lagrangian and ﬁulertan means) was not‘computed,'but ft appeared to be
small. _ |
Blanton (1974,1975) analyzed clrrent meter data obtained of f
_Oshawa. Lake Ontario, 1970.. The response of the current to the wind
Iagged about 6,to 36 hours, dependino on the season and the distance
offshore. Total energy oF the currents w!thin each season decreased with
distance oFFshore The same Fundlng was reported earl1er by Bennett
(1974), and appeared to be reasonable since Faster currents occur In
shallow waters. Blanton (1974) ndticed.an abrupt‘increase in the
tnertlal band energy in tHe oFFshore spectra ~ The ratio between the
energy contained n the inertial band to the total energy reached 50%.
This Flndlng was supported earlier by Csanady (1972c), BirchFieId and
‘ DandSOﬂ {(1967) and Smlth (1974}, and shows ‘3 nearshore zone with qutte
! different current characterlstlcs. The nearshore zone has more or less
recttlinear currents containing 1ittle inertial motlon energy Hov:ng

oFFshore. there is an abrupt !ncrease in the rotary current energy due to

Inertial. rotation



Btanton (1975} and Murthy and Blanton (1975) i} lustrated the
currents vapiability as a function of distance offshore. They plotted the
progressive vector diagram of the currents off Oshaua. Lake Ontarfo,
1970. About 16 km offshore the current vector rotated completely each 17
hours (inertial period) with frregular d{splacement Closer to the .
shore, about 1l km, the rotation was still defined but the net Flow was
a}ongshore. At 6 km offshore, the rotary motion disappeared and the Flow
uas alongshore.

Bull and Murthy (1980) and Murthy and Dunbar (1981), from current
meter data in Lakes Ontario and Huron respectI:er, i1lustrated the
current and energy'charactertstics within the coastal boundary layer,
The variability of the mean current &nd kinetic energy revealed fwo
distinct boundary_layers. The_inner boundary layer {3 and 2 km'offshore
for Lakes Ontario and Huron, repectiveJy) is domlnated by bottom'
friction. The inner boundary layer was defined as the distance to the“

W
" “point where the kinetic energy peaks. The outer boundary (12 and 9 km,
respectively) is a consequence of the adJustment of inmertial currents to
' alongshore currents: They also observed a pronounced peak around the
inertial'perlod‘ln the energy speptra. ThlS peak decreased unshore due

to energy dlssipatnon by bottom and shore Fr1ct1on Detailed analysis

~ and discussion is given in Chapter 4.

2.2.3 Coastal temperatures
Blanton (1974, 1975) and Murthy and Blanton (1975)..usjng current

 meter and temperature data, §)Justrated the mechanism of upwelling and
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downwelling. Durung strat1f1catlon perlods, the zone of upwelling and
downwel 1ing is conFlned within the coastal boundary layer. The typical
cycle of upwel ling and downwe 1N ing is about 4-5 days(weather cycle),
* The upwel'ling and downwelllng takes place at mid‘pofnt between current\
reversals. In their study the thermocline lntersects the water surface

about 10 km oFFshore Csanady (1972b) showed that the upwelling and

downwellfng is correlated with east/west Flow along the north shore of

Lake Ontaruo. Boyarlnov (1981). from a’ thermal survey taken in the
Asouthern part of Lake- Onega, reported a three- dimensional upwelling_
. structure. He observed the !ntersectlon oF the 8 oc Isotherm, which
represent the lower boundary oF the thermocline. with the water surface
_at a dlstance 4 km oFFshore. ‘The 15 °C isotherm whlch characterized the
temperature of the upper Iayer. moved about 7 km offshore The upwel iing

phenomena Involved the entire water depth (28 m). L ‘ S
) I

2.3 HYDRODYNAMIC MODELS
‘ Hydrodynamic lake models vary from simple mode]s, n1whlch the
lake is represented by one homogeneous laver, to three-dimenslonal time
~ dependent modeis with variab?e density. - In studying average water
' currents in lakes, the linearized. verticallly integrated, steady state
equations of motion are employed Eug. Gedney and Lick (1972), nggett and
Hadthheodoron (1969), Platzman (1963) and wellander (1957)

The time history of wind Is at leaet as fimportant as the
inStantaneous value. Csanady (1967, 1968)‘studied the response of a two-

Iayer lake of constant depth to.a uniform wind stress. He solved the

.unsteady Ilnearlzed VErtICB]]y integrated {separately for top and bottom
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f\'

lAayers) rnom'eJ\tum and mass balance equations. The analytical solution was
obtained for the.alongshore and cross—-shore comhonents as function of
time and distance offshore for the top and bottom layer (coastal Jet).

The vertical displecement of the thermoc)ine was related to the coastal

Jjet reversals.

A

: . \
Simons (1976) developed a numerical mode? to simulate water

tren‘sport in Lake Erie. A verttca! ly—Integrated one—layer model was used
to $imulate the quasi—homogened:mt conditions. and a two-layer mode| was
employed For summer stratiﬁcatmn SIITlOl'IS (1976) sol ved numerical ly the -
unsteady vertical ly integrated equat!ons of motion and continuity‘
lncludmg the ef-'Fect of earth’s rotation, pressure grad_ie.nts associated
with te_mperatur'e, distribution, bottom and .Internal friction and
‘Ho'rizontél' diFFus’ion of meinenfum. The wind stress was essumed to be '
Function of. time and space, and values were obtained from six shore

.stat1ons. ‘The inflow and outflow due to rivers were lncluded The water‘
‘ “-circulatlon in the shal low western basin was largely dominated by the
E d:scharge from the Detrolt River. The.same F_mding of Bennett {1974),
that thewater moves in the same direc’cign of the wind close to the-shore
'end_ against the wind in the Interior of the basin, Qae al‘so reporrted by
Simons (1?76).' One- and 'Ewo~1ayer models have been extensively used to
simulate 1 ake hydrodynarmcs {(Bengtsson, 1973. 1978; Falkenmark.‘ 1973;
Gedney, 1971;: Gedney and Lick, 1972; Gedney et al., 1973 and Saylor §?d

Miller, 1983).

-
Ta

Bennett (1974) analyzed two-dlmensmnal t ime-dependent "vertical

‘

cross- section models" or channe!—type models. The models were: (1)

.',
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Iinear.'Frictionless. two—layer model and (2} a numerical model which

lnciudes the bottom friction and nonl1near terms. The longshore pressure

gradient was computequrom the. condit!on that the net Flow normal to the
N .,ﬂ .

‘\|.

_cross section is zero. Bennett (1974) applied the two models to Lake
:Ontario finding that, under homogenecus cond!tlons, the strongest
currents (coastal Jet) were confined to da region near the shore. The
~effect of stratiFlcatlon and gent]e slopes was (a) to increase and
decrease the width and the depth oF the cdastal Jjet respectively. and (b)
straight forward damping of bothequasi~geostrophic and inertial
components of the flow. Similar F;ndings-Fdr Lake Erie currents are
reportedAin Chapter 5. . ) |

Bennétt'(IBVA). Heinrieh et el. (1981) and éimons {1983) develbped
_and used ‘,two—dimenSi-onal . chénnel—typ;; rig‘i>d-l.id mddels.' in such models
the Fiowrbrdperties ererassuned to vary with the vertical'and crose-shore
'-directidns. The alongshore pressure is included S0. that the flux normat
to the cross sectlon is zero. The rlgld }ld approximation or surface
gravity wave filtering approx!mation slmply removes the divergent
- part of the Flowf fa -e. VV = an/at = 0, where V is the horizontal gradlent
operator, V is. the hgrizental velocity vectdr and n is the free surface-
elevation relative to the.meén'weter Tevel. Simons (1980b) shdwed that
the rigid-11d approximation is valid only if (FZLZ/QH) << 1, where f is
the Coriolis parameter, L is the characteristic length, g is gravity
acceleration and H is water depth. Detailed discussion and modell
equetions are given h1Chapter_5. Simons” model (1983) did not include

the non-1tnear acceleration terms but used different numerical grid

sizes, finer siZe near the shore. Heinrich et al. (1981) studied the
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thermoctine formatton in Lake Erie. The study périod was long {(order of

-

months), hence they inoluded the surface heat flux in the thermodynamic

equation. L

Paul and Lick (1974 1981) and Vasseur et al. (1980) developed and

dsed three-d1mensuonal tnme—dependent models. Such models require large

22

computer, storage and are very expensive. ' ' #f

. Simons (1971, .1972, 1973) and Lick (1976) developed time-

dependent multi—layer models. In these models the lake fs divided lnto .

s ]

several layers and the interface between the layers are assumed to be

permeable and rigid. *The ffee surface and the thermoc) ine are treated as

-

1mpermeable ﬁovlng surfaces. The‘hydrodynamic and continuity‘equations

are integrated for each layer to obtaln & system of equét}ons ln terms of

. layer-average varlables. The system of equatlons is then solved

.numerieally using finite-difference methads. Multl-la&en models have

been uSed extensively (Hollan and iimons; 1978; James and Eid, 1978; and

ey .
Simons et al., 1979) . i '

. ) .

2.4 : TRANSPORT MODELS
. The analytical solution of the mass transport equatlon exlsts For

sumple and :dealtzed cases, e.g. Csanady (1973). Fischer et al, (1979}

and Lam et al. (1984). The analytical models-are easy to use and have

some-engineering'applications to coastal diFFusion probiems. Several
detailed analytical solutions are glven in Chapter 6.
‘Lam and Hurthy (1978) developed and used two approaches to

simulate a coastal outfall. ‘In the first approach, they used a steady,

” : . -

LY

-y
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depth-integrated, two-dimensional cross-plume Gausian distribution.f The

key parameters controlling the concentrafion distribution in such'cases

are the mean current and the lateral eddy di#Fusivity.' The mode | wes
applied to two steady-state cases: shore—parallel and current reversals,
-In the second model, they solved numerically the sahme cases uslng an
lmplicit finite-difference scheme (Lam, ‘1976). The lateral eddy
dIFFusgv1ty was introduced by using [2.1], while the standard devletion

~was computed from the concentrations in an iterative procedure. They

tested four diFfuslon Iaws. () Ficktan diFFusIon. (ii) shear -

_d1FFusion; (iii) inertial subrange diffusion; and (iv) a sem1-emp1r1ca}
diffusion law (Murthy and Kenney, 1974). The semi—emblrical lew produced
as good an agreement with the analytical solution as_djd the theoretica)

models.

Kuehnel et al. (1981) developéd a computer program to simulate the

two-dimensional dilution contours of an outfall. . The computer program

was based on an ana!ytical steady—state, depth-integrated; two-

dimensionat, Gaussian cross-plume.model. The modef was appiied to the

Lakeview Watér Pollution Control Plant (WPCP) in Lake Ontarfio. They

- used several diffusion laws and current episodes, combuting‘the average

«concentration for each currjf%hCEEtor. The model was found to be more

: sen51t1ve to current direction'than current speed

Lam et al. (1981) used the analytical solution of the steady-state
)
two-dimenslonal advect!on/diFFusion equation in a Form of error function

E "\_‘_I
to test several diffusion ]aws. Zaltev et al. @i983) used several

analytical solutions pf the advection dIFFusion equ ion to verify a

numerical mode! developed to simulate pol lutant transport in atmosphere,
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(the Advection Diffusion Model (ADM) package). Karamchandan! snd Peters
‘(l983) simplified the advection/diffusion equation to obtain an
analytical solution For_slmulatlng point and volune sources fn the
atmosphere. ; 3 ,

The simple and ldeallzed cases where analytlcal solutions are
avallable do not apply In many practlcal coastal englneerlng_
applicatlons. and so numerlcal techniques must be employed

One of the simple conceptual models for simutating 1ake water
‘quality ever a relatlvely tong time scaleﬁ(season or Qear) is‘thejinput—
output box mode 1. In such models the lake Is simulated &s one box in
winter-and two of}three boxee in summer..‘for each box the mass balance
equation is obtafned In a Form‘oF’anIOrdinary partlal,dlﬁferentlal
equation assumlng 8 well-mixed box (CSTR) Several processes can be
al lowed between the boxes, such as hydraulic flow, entrainment, water:
level. eddy leFuslylty and lnterbasln Flow. The box model’ is somewhat
- limited in its cabsbility to describe complex lake interactions, but may
'be profitably uaed diagnostical 1y when aﬁ-unknown quantlty le obtained as
a‘reaidUal. providing all ether qeantities are known from obaeryations.
For more detalls‘refer to.Vollenweider (1975}, Snodgrass and O'Melia
(l975). Simons and Lam (1980), Lam et al. (1993)

Several numerlcal techniques such as finite element and finite
difference methods have been reported in the literature to solve the
advection/diffuslon equathn. The ch01ce of scheme_is mainly based on

the required accuracy, numerical stab:ltty and computer resources.

Roache (1972) prov{des an excellent summary oF Finlte diFFerencE

-



techniqgues.

,Nalters et al. (1978) solved the unsteady,‘Pne-dimensional
diffusion eguation to simulate Lake Washington temperature variap?lity.
Tﬁeyrgolved the one-dimensional thefmoclfﬁé equation using the Crank.and

Nicolson. {1947) implicit finite difference scheme,aﬁd Galerkin finite

__element analysis (Martin and Carey, 1973). A new form of the vertical
eddy diFFuéivlty was proposed and applfed, as discussed in detall fn
Chapter -5. Both the finite difference and finite element techniques

prohuced good correlations with obseryations; At the thermoc) ine the

finite element method produced smaller and closer results to the

observations than did the finite diFfngnce. Lam et al..(l983)‘simulated'

Lake Erie‘temquature by solving the one-dimensional thermoc!)ine equation -

using similar technigues and vérgical eddy¥d|FFusivity eduations to those

used by Walter et al. (1978).

Smith et al. (1973) solved the one and two-dimensional advection

. diffusion equation using Réyleigh—RWtz and Galerkln:Flnite element

techniques. Lam (1976) solived the advection/diffusion equation using

. several techniques, simulating: (a) one-dimensional plume; (b)

recfangular wave (pure advection only, and withjboth advection a.d

. . A , .
diffusion); (c) Gaussian wave; (d) two-dimensional cone shape

distribution (Smith et al., 1973); and (e) an observed dye plume
(Hurthy, 1976). .The above cases used: - (1) Gélerkin finite element

(Price et al..‘196§): (2) upstream difference plus Flux-corrécfgd

transport (Book et al., 1975); and (3) box finite diFFerence'schemet

(Kelier, 1971). The results of the numerical simulation shoyed that the

best simulation was produced by the upstream difference plus flux -

-
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corrected transport. Lam (1980, 1981} and Hutter et ai.'(lSBd).provides
‘more {nformation about the epplication.of numerical techniques to solve
the adyeotion/dlffusion £quation.
Toe_most commonly used two-dimensionai mode s to obtain the time :
and space dtstribution of pol lutants in a 1ake are the the Xy model s.
Such models assume homogeneity In the vertical direction. valid durlng
the wunter. The input flow to such models are the depth integrated
transports computed by one-layer hydrodynamic modeis. During summer, a3
multi-layer model can be used where the mass ba!ance equation Is
integreted over the depth of each layer. Vertical‘adeection and
diffusion are allowed between layers. Lam and Simons i1976) developed
and used one- and two-iayer. verticaiiy-integrated mass transport models.
The models were applied to Lake Erie to simulate the temporai and spatiai
distribution of chloride. The currents were previously computed by the
Simong, (1976) hydrodynamic model. The model .used a leap-frog finite
diFfei‘ei'ice scheme_(Browhing et al., 1973; Richtmyer and Morton, 1967).
.‘k_They showed that a diffusion coefficient of 2.5x103 cmz/s%produced
satisfactory results For.tﬁe epilimnion. | _
‘ itam and Durham (1984) simulated a radioactive tritiunipatoh and
. waste heat plume observed near the-Pickering nuclear power genehating.
station in Lake Ontario. They solved the unsteady, two—dimeneionai
edvection'diffusion equation. The horizontal currents were computed by
an objective analysis technique (Sasaki, 1970; Sherman, 1976), osing

observed values of discharge rate, Intake velocity and the ambjent

current. The horizontal eddy diffusivity was assumed to be elfenctioﬁ of

5
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the length scale (standard deviation of concentration), and diffusion

laws were obtained from Murthy and Hine#é (1978) and Lam et al. (1981),

The observe&}ons were used to estimate tgf eddy.diFFuslvity in the near

¢
-

and far flelds. To simulate the irregular coastal conFiguratioh and
strong convection In the area, they used a finite eiement method‘with
variable size (George and Simpson, 197§;' and_Slmpson, 1981). Thei;?
length scale dependent eddy diffusivity and objective analysis proﬁdced'

satisfactory results. /‘\\\\\ .

&
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v . " CHAPTER 3 \\3\\

THE LAKE ERIE FIELD DATA-SET

3.1 INTRODUCTION

Because the 1ast decade has seen such an i{ncrease in the
utilization 7f coastal receiving waters as a buFFering Zone between the
shore and the whole lake, national field resources have also been

directed toward aquiring_an extensive long—term_observational datas base

for TdentiFying and quantitifying theAtransport and mixing regimes in

coasta]‘ﬁatere.

The'starting oipt of this study of advection, diffusion and
settling in the coas al boundary layer. is the observational programi
undertaken by Canada entre of Inland Waters (CCIW) and the National
Oceanic and Atmospheri Adminstratidn(NOAA) H1Lake ﬁrie during 1979,
Elzawahry and James (1981) preaared a detai led climatdlogical analysis of

Lake Erie winds, water currents and water temperatures For thg Cieveland

coastal site. Their document provudes climatojogical and statlst1ca1-"'

summaries of méteorological parameters that are related to this study and
documents and displays the observed data in a simple Form for decision-
making purposes This chapter summarizes the field progranh -For more

details refer to their report‘ The detailed stat)sttcal analyses‘are

summarized in the next chapter (Chapter 4).

28
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3.2 FIELD'PROGRAM h

Freﬁ early-nay to the end of December, 1979, an extensive field
program was dndertaken by CCIW and NOAA at several sites, one of which
was in the vicinity of Clevetand, Ohio, as shown in Figure 3.1. The
program was designed to provide continuous time-series of currents,
temperatures and winds over the entire time period.

FiQure 3.1 shows the locations of the stidy area and Figure 3.2
eives detafls-dF depth contours and current-meter hodring sites. The
cUrrent-meters were moored on three trahsects‘aperoximately perpendicdlar'
to the focal €Eore line..'Tranéect A-B includes,six moor ings just:west of

‘the study area. - Each of the transects C-D and E<F includes fwo current-

meter moorings in fhe middle and the east of the study area reepectively.
The c?osest ﬁooring to the shore (mooring 39) was plaeed 1.9 km from
shore. The m}nimum horizontal spacing beﬁween any two”adjacent moorings
‘was 2.6 km, between moorings 37 and 36. The horizontal spacing—rncreases
offshore up to about 11 km, between moorings 34 and 11. Figure 3.3 shows
“profiiles along the three ‘transects ﬁ}th‘the‘current-meter locations. .

The Fié?d\instrumentation‘(current~meter arrays) consisted of four
types: (i)'PJessey current-meter model M021 (Robert’s Zotor type},

suited to near surface‘instelretion. 10 to 15 m water depth; (ii) Geodyne

current-meter installed at a miniﬂt_ depth of 14 m which was in close

proximity tO'the bottbm; (iii) essey curregéymeter‘(RCMIZ): and (iv)
Vector average current-meter (AMF VACH) used only at alp\NOAA moorings
(ll 12,16 and t7). The water temperature and the current speed and

direction were recorded contlnuously at time’ intervals of 15 mlnutes'

{NCAA moorIngs) and 20 mlnutes (CClH moorings) The current meter data
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is used to identiFy the transport and mixing characteristics {Chapter 4),
to verify, calibrate and validate the hydrodynamlc mode1s (Chapter'S) and
to generate the sediment plume within the coastal boundary layer (Chapter
‘6). Figure 3.4 shows a bar chert summary of the current-meter data
return. In additlon a complete summary of the current-meter data return‘
is presented in Table 3.I. _—

The data from two meteorologlcal buoys (MET. 24 and HET 26)
located in the study area was used ln our study. as shown in Flgure 3.1,
The main purpose of the collected meteorolog1cal data is.to obtaln
estimates of area averages .and dlstrlbutlons oF surFace fluxes of
momentum, heat and water vapour in the study area, as dlscussed in
Chapter 5 in more detall Wlnd.speed. wind direction, air temperature.
‘ .relatlve humldity, water temperature, buoy orientation and integrated
solar radiation were recorded by;the meteorological buoy. The buoys used
were‘Geodyne. torroidal type. A summary of the meteorological data,return
with Jatitude and longitude oF'eacn buoy is given in Table 3.2,

The data from two fixed temperature profiler (FTP) moorings (40
and 41, see'?igure'B 1) were used in our study.” The data col lected by
the FTP is in the form of the water temperature as a Functlon of water
depth and time. The FTP data is used to ldentiFy cases oF upwelling and
_.downwelling by tracklng tne‘thermocllne location and hence the perlods of
‘the max1mnm1water exchange betwesp,the\coaetal and oFFshore waters. as
discussed in Chapter 4. The data is also used to calculate the -

‘;baroclin?c pressure in solv:ng the hydrodynamlc equatlons (Chapter 5},

The FTP buoys ‘Used were devnsed by the Mechanical Engineerlng Unat at

-~
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CCIwW (Healy et al., 1980). Table 3.3 summarizes the FTP data return.
Engineering specifications of the instruments deployed have not been
included here but havé been reported elsewhere (Bull and Farcogqui , 1976

and Howarth, .1981).



CHAPTER 4 ‘
THE COASTAL BOUNDARY LAYER OF LAKE ERIE
41 INTRODUCTION |
The physical processes in thé coastal régionS'oF larde lakes are
complgx. Unlike the offshore regions, the neafshore areas are subjected
to a coastal boundary layer effect, a broad spectrum of turbulent eddies
and secondary qirculatiéns pecul iar to the local bathymetry and shorefine
configurations. Into this complex flow regime of the nearshore zone a
substantial quantity of nutrients and other contaminants is.i;troduced.
Typical sources are sewer overfiow, industrial outfai]s. urbén stormwater
runoff and.occasipnal dumpings. Within the nearshore regions, nutrients
and peol lutants settie out, aré& diluted, transpofted and digpefsed tO'the'
offshore zoﬁes. The coastal zoné is an imporﬁant buffering zone,
freCeivingweffluent on one edge -and dispersing_ft‘to the othér.
If one turns to the‘litefatufe.;n turbulence and turbulent
‘ diffusion  theory, ohe finds a @ultitﬁae:of hfpotheses. These hypotheses
vary, from elegant derivation of statistical theory to vefiFication with
défé obtained from hydraulic scale modegs. ‘Héwever, for the purpose §F
practical application, it is importaht‘to substantiate a hyﬁothesis by
verification with observéd data at an actua! coasfal site. The .complex
turbd\enée charéctebistics within the coastal boundary layer cannot be

reproduced in ]aboratdr& madels; hence it is desirable to determine

empirical coefficients directly _Frdm environmental data rather than from

38
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laboratory data.

In this chapter the flow and the dispersion properties are
described in detaf) dur;ng the stratified period within the coastal zone
in the v1clnity of Cleveland A computer program (ADVDIFF} ‘Was developed

by the author to calculate the mean flow, horlzontal turbulent length and

“time scales, horizontal dlffuslon cpeFficients and the kinetic energy

properities by using a filtering technique and statistical and spectrum

analyses. The results of this part of the work are important to the

thrust of the whole study. By identifying the diFFerent Flow reglmes in
the coastal zone. the crltical {worst) cases frdn a pollut1onodlsposal
point of view can be obtained elther in the local area (the coastal

zone}, or lake-wide. The horlzontal turbulent length’and time scales

are used to.define the time and space lncrements for the numerital
solutlon of the momentum and mass ‘balance equatlons in Chapters 5 and 6.

The values of the horézontal diffusivities are used to define the

leFuslon‘law and to solve the sedlment-mass balance equation in Chapter
6. The width of the coastal boundary layer is used to. define the domaln
of the numerical calculatlons

4.2 CLIMATOLOGY OF COASTAL CURRENTS

Field experimental programs designed to record long time series

"records of coastal currents and temperatures over periods of the order of .
. several months. give a time history of the various flow regimes. present

in the’ coastal region. Such records usually show an extremely

compllcated flow situatuon, varylng from season to season and from

Jocation to location. Such a record is often difficult to synthesi;e. As

-
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yet, cdastal hydrodynamic models are unaBle to fully predict the complex
Flow'regimes encountered in the coastal zone. Hence the author has
attempted to derive a.statistical description of the measured flow
properties. Application of these results to the hydradynamic'models i

discussed in detail in Chapter 5.“

In Figure 4. 1 are plotted six- hourly average current vectors

' obtalned from i0°m depth current meters of the main transect A-B (Figure

3.2) for the continuous record oF measurements -(May to July 1979).
Despite the apparent complex1ty of Flgure 4.1, there are certain
1dentifiazle flow regimes that often repeat themselves. The -
determinatfon eF the relative frequencies of occurrence and-the average
duration of important flow regimes make up a “elimatology“ of coastal

currents, a direct ana]ogy to the terminology commonly used'in

desciplines such as geography‘and meteorology. Several_distinct flow

regimes can be identified in this plot: (i) episodes of strbng alongshore

LY

current regimes persisting for several days f?or exampfe the perio&s Hay.
25 to 30 and July 1 to 6); (ii) episodes of current reversals during
which shore—paral lel currents turn around within eight hours (for example
the period June 8 to 21 and July 7 to 31); (ii1) episodes. of weak
currents and sometimes almost stagnation with irregular changas in the
dlrectlon (for example the perlods May 10 to 17 and June | to GL

| In Figure 4.2, current rose histograms for the current meterr_
stations in transect A-B, as shogn in Figure 3.2, show the Joint

frequency distribution of speed and direction. The current vectors are

separated into compass sectors and speed range frequency of occurrence
\ !
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‘are observed for about 67% oF the total time. The shoﬁgjberpe
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1

less than 7, 7 to 15, and greater than 15 cm/s, defined as |low, medium

and high current spééds respectively. From these plbts one can observe

“that close to the shore (mooring 37), most of the time the flow is shore-

parallel. The maximum frequencies of occurrence are 261% and 16% of the
total time (May 11 to July 30), in the alongshore dtrectlon (45 and 225
degrees from north) respectively, Currents exceeding 15 cm/s re observed

for about 3% of the total time but onily for currénts parallel to the

shore. Hedium currents are observed for about 30% while the.low currents

currents are observed for aSouf 14% of the total time with no currents
exceedihg 15 cm/s. Moving offshore the effect of the shére and bottom
friction decreéses. the frequencies of occurrence of the alongshore
direction decrease, and the frequencies of occurrence of currents
exceéﬂing 15 cm/ﬁ increa;é For exampie at mooring 12 the frequencies of

occurrence of the alongshore direction and the high currents are about

37% and 101 of the total time respectively. Due to the eFFect.oF the

~inertial rotation far from shore the Frequencues of occurrence oF the

hlgh currents drop to about 3% oF the total tlme at mooring 34.

. Due to the dominance of the wrnds From the south‘ﬁesterly
direction durlng the ‘summer perlod. the bias of the Flow toward the
easterly dlrection is observed. The mean ve;por summary plot comstructed .
from the entire data base shows a‘net‘eésterly Flbw_directioh éf‘aimost,
all stations (Figure 4.3). In Flgure 4.3 the means oF each station are
plotted For the depths noted at the arrow—head. |

This type of presentat{on gives the overéli pictdre of,fhe Flbw
pattern, HéLever, it does nbt‘repreéent fhe single}évent (épisodic)_

+.
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. ] . .
analysis which i1s useful for fdentifying critical pollution situations.

Single event analysis is discussed later in this chapter.

4.3 DATA ANALYSES

For long tlme series records there is always a need for speciai
techniques to present the physical properties of the record. One of
Vthese techniques is to switch from the time domain to the frequency

rdomaln‘by constructing the_Frequency spectrum and‘deFining the.

- representatlve mean value of the record'based‘on the spectrum prooerties.
Separation of the mean and the Fluctuatlng components In the orlglna¢“///‘
current time serles is. important For the hor:zontal turbulence /
‘calculatuons. The mean value can be obtalned by assumfng a steady or
unsteady (movlng average) mean.  The latter can be computed by using
digital numerlcal Fllterlng technlques.

| A computer program called ADVDIFF (ADvectlon D[FFusuon) was

developed by the author to calculate the mean Flow. horizontal turbulence

time and lengtgﬁscales. horlzontal leFu51on coeffucrenfs and the kinetic

- energy properties. Flgure 4, 4 shows the program functional flow chart

The tlme—serues current ‘meter data are available in the form oF (Si'eih

~

where S; ds the lntegrated speed in cm sec”!, and 8; is the |nstantaneous‘

d:rectlon in degrees measured clockwise from north._ The data was

‘FGSOIVGd into longshore (uy) and cross-shore (vj) components, using the

-

following relation:.

Ui = Sy Cos (4 -8;)

V.

-
n

“51 Sin (¢ -8i) . - | [4.1]



3

Reall 5(t) and 8(t) ——Observations

Calculate u(t) and v(t)
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- |Caiculate u(t), ¥(t)
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-

Figure (4.4) Functional'FIdw chart for progradF%DVDIFF
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where $. is the angle from north of the local shoreline. For Cleveland
$ i's 459, .This‘ prel iminary analysis produces t\-‘:z; time eerles. u;(t) and
vil(t), which are then used as basic data to ca‘l'culate 'the rest oF the
statistical quantities. The energy sPectra were constr‘ucted fol lowmg
Jones (1957) and summarized ln Pasqut ll (1962). Based on the_energy

spectra properties (as' d:scussed later) the total current was separated

into moving average and Fluctuations by using a low pass digital |

numerlcal Filter (Graham.1963) The mean and the fluctuat:onal kinetic
energies of both components were "Lé'alculated” The correlograms for u(t)
and v(t) were constructed and the correspondlng time scales were
calculated by i ntegrat_i ng the area under the cog.relograms. The lengt.h
scales were calculated using the Frozen turbulence hypothesis (Taylor.
1921) Finally the horizontal diffusion coef-‘f-‘iclents were calculated
using the Hay and Pasquill (195%9) assumption, relatlng the Eulerian and

. the Lagranglan correiograms through the g coeffici ent.

-

¥

4.4 SPECTRAL CHARACTERISTICS

-Spectral analysns is a powerful tool -for describin’g' turbulence.

w

It i1lustrates how the kinetic ene'rgy associated with different scales of

motions, Freque%ies and eddy sizes cascade tn a turbulence Fleldg.ﬂl

cons:derable amount of literature is avai Table on the shape and the

o

_ magn:tude of Flow\i’ield spectra ( Jones, 1957; Pasquill, 1962; and

Murthy and Dunbar, 1981),

o In this study the energy spectra were calculated fol lowing Jones

. ’ ] -
(1957) and summarized by Pasquill (1962). See appendi Wde_tai led

calculatiogs. Th&i current kinetic energy spectra were calculated for thg;ﬂ

? 2

A
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. o o ) e ’ .
ehtire period (May Il to July 30) for all moorings, the results of which

LI

are presented In F!gures 4.5, 4.6 and 4.7. At all moorings the energy A
epectra cover 3 widé range of Frequenc1es (time scales}, between 2 hours
. - 1

~and 1000 hours. Two peaks are observed in all the spectra plots, one at

a.low frequency band containing energies for periods larger_than 8 daye."

s

the second at a ¥igh Frequency band~(12~24 hours) The energy assoc:ated

. 13
with the Iow frequency band is a direct regult of the large scale

circulation produced by the wind. The lacge scale oscrl lation is not
characteristic of the coastal boundary layer. The eddies associated with
. the low frequency band‘do not contribute-to.the diFFusioq oF the
pol lutants; they contr:bute rather to plume meanderlng. The energy
assoc13ted Hlth the, hlgh frequency band is probably a direot/pﬁsult oF a
wave—like oscitlation or lnertlal oscillation. The hlgh Frequency peak
(|nert1al peak) 1s highly pronounced, the same order of magnitude as the
;,7; ' 1 ow Frequencykpeak in the offshore spectra {moorings 34/10, 12/10). On
' the other hand the nearshore spectra {moorings 37/10 and 36/10) show thag‘

the ineFtial peak is cons!derably less than that observed in the oFFshore

spectra. The"}adual decrease of the lnertlal pean moving onshore

indicates a transition zone where the inertial currents transForm intg{
teady shore paraliel currents. .
Figure 4.7a shows the kinetic energy spectrum of mooring 11/10;
the-inertial peak i% not as highly pronounced as expected. Boyce (1985} ‘

s 5
ana.iyzed the entire cross-lake transect data. finding that the Cross
spectra between mooring 11/10 and mooring 29 at the middle of the Iake

show -ng coherence at the 100 to 50 hour perioddzand. On the other hand

C'—/" ‘
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the coherence between moering 29 and all other stations appears to be
strong in this band. Figure 4.1 also shows that station 11/10 Is

diFFerent from the otherg, For this reason, although the results from

station 11/10 are included, no conclusions are drawn From these dataL -f;"

4.5  NUMERICAL FILTERING
Separating the mean and the fluctuationai flows is an essential
step 'in defining the‘characteristics of both the transport and the

turbulence fields. Based on the characteristics of the energy spectra,

digital low-pass filter techniques developed by Graham (1963) and

extensively applied to the analysis of time serfes current-meter data for

“targe lakes (Simon.1974 and Murthy and Dunbar, 1981) were employed.

Graham’s (i963) technlques are based on identifying Frequenc1es of
interest. Once they are determined the gain function must be defined for
all Frequencies. The ‘value of the gain function at the frequencies that
are to be ellmlnated Should be zero, and the value of the gafn function

where the Frequencies are to remain undisturbed shouid’'be one. An

-inverse Fourier transFormation is applied to the galn function and the
result is a weight Function in the time domain.. The gain function

- (Filter) der¥oation fs summar ized in’ Appendix B. -

Identifying the frequencies that are of interest in applying the
numerical‘?iltering techniques s e crucial step in this aﬁblysie and
requires some physical insight. It is based on the selection of a

Frequency to divude the energy spectrum 1nto two separate parts. To the
Ny

- left of this Frequency the energy contained in the spectrum isfconsidered

to be the energy associated with the mean flow. To the right of this

»

N
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frequency the gnfrgy_cdntained is conﬁidered to be téF energy ,associated
with the turbulent motion or small scale motion. The frequency selected
ts sﬁch that the energy associated with the mean motion is to be higher
théq the energy assocliated with the turbulent motion. Two low-pass
filters with an 18 to 24 hours cutoff range, to retain the inerttal -
osclliatipn.as part of the Fluctgatibns, a?d a 10 to id hours cutoff
range, In which the inertial oscillation appears as part of the mean
flow, were constructed and‘abplléd to the analysis of the curkgntﬂmeter
vtime series data. The mean u-component characté;?gtics derived by the
application of the two filters to 20 minute data from the mooring 37/lO
record and for the period May 25 - 31 are shown in Figure 4.8. It is
" clearly seen that the Fluctuétlons around the mean attain higher values
in the case’qﬁ_the 18 to 24 hour§-cutoFF range ‘than the 10 éo 14 hours
cutoff range. In the former the fnertial oscillation ls‘consi@ered to be
part of the ﬁluctpatioﬁs. -
The running mean values T(t) and V(t) arg_§ubtrébted from th?,
original time-series record to define the fl tuations u’{t} and v*(t).

(The average total klnetlc energy per unft mass is calculated using the

expression

172 ATT o2
3™ US(E) = == [ T(t) +u (t?ﬁ

]

1= ! = B
= ul(t) + - ur2(t) + Ult)ur (t) - [4.2]

&, :
The first term on the right hand side of equation [4.2] represents the
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Aaverage mean kinetic energy -per unit mass, the second term represent;\th

55

average fluctuational kinetic emergy per unit mass and the third term is

the average product of the mean and the Fiuctuational velocities. The

third term gives the residual kinetic energy and by definition is equal -

to-zero. Due to the use of dfgjtal numerical fFiltering technigues in

=

kinetic energy attained non zero but negligible values in this analysis.

One way of measuring the fluctuational fntensity or the turbulence

Ieyel Is to calculate the ratio betwegn the root mean square of the

~calculating the mean‘and the fluctuatfonal velocities the residual

fluctuatfonal velocity and the mean scalar speed (S). These are defined

as the turbulence indices (Ix and Iy) for the shore-parallel and shore-

perpendicular componénts respectively , expressed:

N 'x = ———
. S
(.2 L
i, = ———o . _ [4.3]
Yy S . .

4.6 EDDY DIFFUSIVITY CALCULATIONS
In studylng the transport of particles in.the coastal zone it fs

necessary to asslgn numerical values to the coefficients which represent

the diffusivity. From a practigal paint of view, turbulent diffusion is -

t

still calculated fargely from field stuaies.. One method is to obtain the

: diFFuSionlgoeFFicients by measuring. the turbﬁlent properties of the flow

using cUrEentfmeter.records (Enlerian gbasurements). This method is less
direct than'using Lagrangian measurements such as tracers (dye and

driftsh ‘diFFusibn‘by it’s nature is Lagrangian and the diffusion
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coefficlients obtained by Eulerian approaches have to be related to the
Lagréngién coefficients. In this study the diffusion coefficients are

expressed in the terms of Eulerian statistics as

Ky = Ju-Z u BOI Re()de ' [4.4]

where u’and u are the fluctuational and the mean velocities obtained by

applying the numerical digftal filters discussed earlier; r is a time lag

Qarlab!e and RE(t) is the Eulerian autocorrelation coefficient defined by

T-x e - _{
I u() u {t+1)
t=0 ‘ :
s ‘ \ .
o Re = . S . [4.5)
T-1 T-1 \
(P ut) £ u2ep/z o
t=0 t=0 o
where T is the total record length. In [4.4] B is a dimensionless

coeFFicienf'introduced by Hay and‘Pasquill, 1959. They showed that the

Eulerfan and the Lagfanglan correlograms (the correlation coefficient as
function of the time lag) are simi‘lar In shape and related to the g

coeFFicienf as follows:

RE(t)_= Ry (n)
where

n = Bt " [4.6)]
- 1 s

¥

For the sake of simplicity 8 has been arbitrarily assumed to be unity
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o~

since anzapprobriate value of 8 is ratheridifficuit to establish., To

conflrm the value of B, rather difficylt Eulerian-Lagrangian Field
\

measurements are required at Cleveland or sfwilar sites. K

Tné;integrai time-scales were then computed by integrating the

-correlogram to the point oF front zero crossing where RE(1) 0. It is
assumed here'that the "turbulent eddies" have forgotten their origin.

) _‘Thus the‘time—soaie Tsiis

to
= [ -~ Rp(t)dr
0 .

. 14T
- o - . hd
where to is the time for the Front ‘Zero crossing of the . correiogram.
The Iength scales were computed using the Frozen turbuience'
hypothesis (Taylor hypothesis.l921). This hypothesis impiies that the o
gradient of the Fiuctuationai_yeiocity U’ in time is related to the

gradient:

o ) Gu, _ _6U“' . o '
\_ =g e A L [4:8]
J K_\.qct &x _ : ‘

'This_reiation is. valid 1f the fluctuations occur at a.much slower rate

than the mean motiOn;i.e‘u‘»{< u. 1 this‘study'the rooct mean sguare of

the Ffuctuations was less than the ave e scalar speed most of the time.

The length scaie L was calcuiated u51ng he expre551on

L Llg=u. T S [4.9]

&
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4.7 EPISODIC (SINGLE EVENT) ANALYSIS
As remarked earlier. certain flow regimes that repeat themsel ves
can be identified. To examine the structure of coastal currents and the

turbulence f-"ieid properties within the coastal boundary layer "5ingle

event” or "episodic" analysis is used here An eplsode is}efined as a.

segment oF data with somewhat similar characteristics at all moorings.

Five episodes were isolated from the total record for detailed enalysis.A

Episodes l (May 25-30) and 4 (Juiy I- 6) represent g strong shore-paral lel

current Fiow regime, eplsode 2 (June 1-6)" represents a8 weak current Fiow

regime and episodes 3 (June 8-22) and 5 (July 8 =31) represent reversal

current Flow regime. ‘See Figure 4.1 for more details.

.-

+3.8.1 Strong. shore-paralte] current' event-

In both episode 1 and episode 4, the flow was paral iei to. the
shore and -toward ‘the north-east direction. - On average the values of the

current speed of epi'sode | were higher than episode 4. The total time

and spatial averages of the Integrated scalar speed obtai ned From the 10

,m depth current meters along transect A-B were 13 cm/s gnd 10 cm/s for

these episodes. The wind speed correspondmg to episode l was strong {12

'..m/s on average) and biowing from the north-northeast direction. During

‘eplisode 4 the wind speed was weaker (7 m/s on average) and blowing from

th‘e north-west ‘direction." In the%isode the lake was unstratified, -

\Vel

. o . . . .
" whi i«e\fn the July episode the 1ake wes strongly stratified,. the. vertical

temperature-gradient be‘i’ng 2.5 °c /m' at 17 m water, depth. 'Figure 4.9

shows the daily average temperature profile for June and July 1974;-.

recorded at (FTP) moor ing: number ‘40. No (FTP) record. was avallable during

v
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Hsy. 1979.  The maxlmum wind speed for the 1979 stratified perIdd
occurred durlng episode |, The NNE u}nd was blowing along the Iake’sL
major axis. Typical return Flou”at 10 m depth and be]ow was observed at
all noorings.- This return flow was egainst theﬁ;;nd and resul ted fron."

the higbubarotropic pressure gradient‘developed during the wind storm.

During the Hay-episode the wind‘was_strong enough~to“mix'the whole water

~depth, abruptily ending the strat{Flcation p;ﬁgess started at the

beglnnnng of May. This ls illustrated by plétting the temperature
against the time For moorings 34 and 35 as shown in Figure 4.10.
The definition of the coastal boundary IaﬂeQiis;uague{ differing

according to individual’s 1nterests and the obJectaves of their studies.

”From the coastal engtneering point oF view the coastat boundary layer 1s

the area where wave break. generating longshore currents, Have |nduced
ion and turbulence ét the bottom lead to resuspension and
distribution of deposited sediments. From the coastal circulation
study‘polnt oF,vjew, the coastal boundary Iayer is the area where the '
currents and the thermocline are highly influenced by the shore and the }
bottom topography (Csanady.l972 a,b; Brichfield. 1972; Bennett. 1973
Bennett and Lindstorm, 1977). ln this study the def1n1t|on and the
charactertst? 8 of the coastal boundary Isyer are based on the

var}ability"of the mean flow, mean and turbulent kinetic energies and the

- horizontal turbulence as a function of . distance from shdre during the

strgng shore-paratliel episode. The typical boundary layer

chsracteristics are well exhibited during persistent strong shore-

| parqlTel currents,

e

¢

o .
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f“\\ﬁ - I\J/yartability of the shore-=parallel and onshore/offshore

<y

greater by a factor of six than\th-

components of the mean current and the total kinetfc energy with distance
from shore is shown in Figqresa4J1 and 4.12., The results are plotted for
alil 10 m current-meters oa the maln transect A-B and also statlon 39.on
transect C-D for ep1aodes | and 4. Stations 16 and 17 were eXcluded due
to their relative remoteness from the main transect A-8. In botp
episodes, longshore mean current is.dfreqtedlyowards the north-east
direction accompanied by an onshore component. The heaa cucﬁént (and
therefore the kinetic energy) attain a maxlmum at a distance of 14 km

from shore, characterizing two dist!nct flow regimes. each of whlich

—

exhibits typical boundary layer type of flow. Nearshore Flow. Hlthln a

‘few kilometers from the “thore, is a result of the tnteractjon of several .
_Physical factors, including bottom friction, which rapidly dissipates the -

4 - “ - -
kinetic energy of currents in shal iow water. Thus the nearshore flow Is

designated the frictional boundary layer (FBL). The width 85 taken to be-

the distance to the point where the Kirsetic energy reactes a peak value.’

For the Cleveland sfte the FBL wifith is found to be 14 km. This is

‘widfa)stculated from similar

data at Douglas Point 1n Lake Huron (Murthy and Dunbar. 1981) and at

.

~ Pickering in Lake-Ontaric (Bull and Murthy, 1980). A plausible

explanation 1s that the width of ‘the FBL changes with bottom slope,

bapause friction is depth limited. Thus, where the bottom slopes steeply

downward the FBL may be expacted to be ralatlvelx narrow, and,
conversely, where the bottom . is relativefy’FIat. re?%tivef? wide.l At
Douglas Point and Pickering the bottom s lope Is relativeiy steep (0015
and 0.0} respectlvely) whereas at Cleveland the bottom slope Is

- . : -

AY ' . - Y

AN
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;}Aﬁ&ively flat (0.002), thus accounting for a much larger FBL width.
: Further oFFshore. beyond‘the'zone of Frletlonal lnfluence} the
adjustment of the tnertial currents to shore-parallel currents-takes

place. The inertial currents have a nearly rotary motion, as a result of

the balance between the local partlcle acceleratlon and Coriolts force

3

due to the earth’s rotation. This adjustment takes place {n water deep
enough to be stratified. B]anton (l974). while analyzing slmllar data
oFF Oshawa {n Lake Ontario, deFlned the wldth of the coastal boundary

+

layer as the dlstance from shore where an abrupt lncrease ln the lnertlal'

| Fractlon of the kinetic energy ls‘observed. He-deFlned the lnertlal.

_ Frection of the kinetic energy as the ratio beteeen-the klnetlcuenergy
contained in the inertial band (12-24 hours) and the total klneblc -energy

. of the Spectra. Helset arbitrarly the width of the coastal boundary
layer as the dlatancevoﬁfshore_where the lnertlalftractlon of the klnetlc
energy attalns 50% or mdre of'the tota) klnetlc energy. In {Els study
the lnertlal fraction of the kinetic energy did not exceed 26% of the /o
total kinetic energy up to 20lunFrom shore. At Cleveland the coastal:
boundary 1ayer (ééL) extends over an oFFshore dlstance of 30 km or S0,
much larger than the northshore oF Lake Ontarlo (Csanady, 1972b~»Blanton,

= 19741 Boyce, 1977) and the Douglas céﬁetal site In Lake Huron (Hurthy.and
Dunbar, lSBlL < _e‘;(.

The dlstributlon of the total kinetic energy per unit mass between
the u and v components as a function oF distance from the shore is plotted in
Flgure 4, 13 for iscdes | and 4, The K§netic energy of the u-component

dominates everywhere
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Figure 4.14 shows plots of the total, the mean and the

Fluctuational kinetic energles against the distance from shore for '

episodes ‘1 and 4. The meen kinetic energy doﬁinates eQerywhere. In the
May episode the fluctuational kinetic energy ettalns maximum values of
16.41 End 14.2% of the total kinetic energy at moorings 37 and 34
respectively. In the July episcde it attalns maximum va[ues of 11% and
and 7.9% at moorings 36 and 34 respectively. The vériability of
turbutence indides (i, and i ) as a Funetion of distance from shore is
plotted in Figure 4. 15 for episodes ! and 4 In the ﬁay episode the
turbulence indices attain in general higher values than those of the July
eplsode, indicating higher field turbulence during the May episode
Cldse to the ‘shore and far from the shore the turbulence fndices attain
high values due to the contribution of the bottom andae#ore friction and
due to the tnertial oscillation respectively. LoWer values are attained
at 1ntermedﬂate distances from the shore. - A

Figure 4.16 shows some examples of correlograms‘tautocorrelation
coefficient versus time lag) for the u and v components for episode | and_
4. The correlograms are plotted for stations 37 and 12 up to the First
zero Intersection. T v '_/'

1

The mean velocitles. total klnetic energi#; variances, integral

™

time scales and the horizontal exchange coe fcients computed from the

available current- meter records in the study area are summarized in

Tables 4.1 and 4.2 for eplsodes l and 4 respective]y. Moorings 37/10 to

ll/lO 1ncluslve represent the upper layer (ep1llmnion). moorlngs 35/14,
34/18 and 38/17 represent the lower layer (hypoltmnion) and: moorlngs

35/16 to 16/&1 1ncluslve represent the bed characterfstics.,

LY

’. .
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Table ‘4.1: Computed mean and turbulence parameters using the 1824 h low-.
pass filter, May 24 to‘Bp, 1979 episode

. {
. o i}
St. No.,Disf? " “Mean K.E. Variance Time : Horiz.
——————— off-  velocity Total « 7 scale  'Diffusion
Depth - shore - N .
 (m) (km) -~ cm/s tem/s)2  (cmys)2 s x102 em?/s x104
4
/ Y VUL v v T T, K, Ky

37/t 2.0 8.t 0.4 57. T0. 10.3 11.7 15.6 9.0 4.1" o.1-~\

39/10 1.8 8.5 -1.1 737 16, 8.0, 10.7 . 32.4 14.4 7.9 0.5

3,
36/10 4.6 10.1  -2.1 92. 13. 10.0 Eﬁro B ‘6.6 7,7 . 0.6
AN .

35/10 9.6 142 (-3.0 164, 21, T2.2.21.0 24.0 6.0 12.0 0.8

12/10 13.5 14.1. -1.8 206:° 17. . 5.4 5.4 45.6 37.2 15.0 1.0

34/10 19.6  8.0° -.8 ' 89. 24. 14.0 I7.8 14.4 3.8 - 4.3 0.5

SeEssEEREEETEnEEE e e L P S s e L T T P T T =s====== =

35/16 9.6 . 12.0 0.8 114. 10: 10.0 8.8 -21.0 10.8 - 8.0 0.3

11/21°°30.5 1.9 0.5 19. 17. 9.0 5.0~ 66.6 56.4 3.8 - 0.6

38/19 115 1.3 1.z 117, 9. 9.0 8.0 .21.0 14.4 7.1 0.5

17/18 9.6 5.4 3.0 -27. . 24. .

l6/22 15.6 5.8 2.4 28, 12. 6.0 3.2 64.8 51.6 9.2 2.2
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‘ KRS . ‘ (\ . W

' - Table 4,2: Computed mean and turbulence parameters using the 18-24 h low-

. pass filter, July 1 to 6, 1979 eptsode . -

) | X }

St. No. Dist. . Mean K.E. ~ Variance Time L Horiz,

——————— off- velocitg/ Total ' ‘ _ scale Diffusion

Depth shore a ) .
(m) “(km) cm/p {em/s)2 {cm/s)2 s x102 eméjs x104

‘u v v 'N‘\uT v - Tax Tsy Ky Ky <

37/10 2.0 5.2 -0.8 40. 3. 3.0 3.4

3.6 19.2 3.3 0.3

39/10 1.8 5.3° -2.6 56. i2. 4.0 5.7

29.4 10.8 3.1 0.6

36/10 4.6 6.0 -2.2 37. 13. 5.0 .6.0

36.0  13.2 4.8 0.7

.fd’; Py -L

5/10 9.6 . 9.9 . -3.2. 75. 15. . 3.5 2.6

e 31.8 1.6 1.6

12/10° 13.5  11.0  -3.4 91. 15, 4.0 3.0

46.8° 48.0 10.3 2.8

60.0 4618 15.4 2.9

52.2,' 43.8 2.9 4.3

o Cle22 156 50 .3 300 43, 3.4 48 T3z 5.0 7. .8
X - ‘ —
> s “. f ::]
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-

,,//#/; number of reso}ts may be derlved from the computed mean and

rbulence pararneters tabulated in Tebbes 4.1 and 4.2 .. The values of’

t

tjﬁ mean velocities and kinetlc energies in all moorlings and depths
indicate a peak around a distance of 12-14_km from the shore, In both
episodes the shore parallel component at all depths Is directed toward

the north-east. _The shore-perpendicular component- at the upper laye‘r (10

and bed current- meter;} an oFFshore component is observed, - indicatbng

»

downwe!llng. The shore-paratlel kfnetic-energy dominates everywhere

-

except:far‘from-the shore. 'The“'values of the variances in the May
- . . R P

'episode are higher than those of the July epieode The maximum values of

-the varfances are observed close to the shore and to the thermocline

(mooring 35/14). The time scales range From 600 to 8400 seconds. In the

Hay episode the time scales are shorter-then‘those76F-the?JUl&-ep!sode

In general the fluctuational klnetlc energies of episode L.are higher

[" . 8 - ]

than those oF epfsode 4, therefore. the cornelograms drop rapidly and the : -

Ctime scales are shorter Horizontel exchange coefficients renge from a

low of 103 cmzlsec to a high of 2 x 105 cmg/Seo anc[g\der'of magn{tudee

using similar oaiculations (Callaway, 1974). Exchange coefficients in
the alongshore direction (K,) are some;hat greater then the exchange
coeFFlcients in the onshore/offshore direct!on (K ); indlcating that the
turbulence structure in the coastal boundary layer is anlstroplc In
both eplsodes, close to the shore (mooring 35), the hor1zontal exchange

coeFFncuents attain smal ler values in the ?%ker layer (35/14 -and 35/16)

£

are general ly consistent with the velues publ i'shed fn the 1iterature:

o

-
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'the}rﬁ:ose of the upper laye® (35/10). Similar results were reported by
< Murthy (1971). In a diFi-'usio_n' experiment to study dye spread in the
central basin of Lake Erie, 'Nurthy (1971) found that the horizontal

spread of the dye patch in the hypol imnion was smal 1, at least one order

of-' magnitude less than the epi | imnion dye spread

4,7.2 Weak current evént

-

From the waste disposal point of-' view the weak current event is
one of the worst events. .Due to .the }ow transport and mixing |
-assoclated with the event. very high concentrations are expected within
the coasta 1 zone. If thé weak current event is fol i_owed by an onshore
flow regime the high foncentration pol lutant is advected toward the.
shoreline creating unFavourabIe conditlons. ~ The weak current regime isrh

- ‘represented by episode 2 (June 1-6). The same‘ techmques used in
anaiyzing the strong shore-pé\ﬁli ie] event were used to analyze thﬂeak

s current event. Resulfs are sunmarized In Table 4.3, ) e
The average shore-paral el and'shore-perpendicu igr-'compone'nts of

»

.the weak cur:rent event are less: than ‘those of the strong shore-parai lel

- "ﬁnt by ‘Factor;of & and 2.5 respectively. In episode 2, the ‘two wei I-
| .deFined boundary iayers observed during the strong shore- paral i,el :

episodes are not strongly exhibited butut‘:\an still be identiFied. The u

and v-kinetic energies associated with episode 2 a%ss than those of
S . —the strong shore—parai iei—eﬁaisodes by factors—of 10 and—Z—respectively. T
- The turbuient kirgy{/energy levei in episode 2 Is iess than that of |
T eplsodes |l and 4 by a factor of 2. 5 whiie the time sc'aies are Iarger by a

factor of 2 on thewaverage The vaiues of Ky are less by a factor of' 5

U # o : /" — _ R o
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‘Table 4.3: Computed mean and tur;bulence parameters using the 18-24 h low-
’ pass filter, June | to 6, 1979 episode
;:Hr:;?-nist.“_ Mean “?;:— Varia;;e T;r-n;"“--:-_;;r-‘;;?“_
------- off- velocity Totatl ' scale Diffusion
Depth shore . ' " .
(m) {km) cm/s (cm/s)2 (cm/e{)2 s x102 cm?/s 3104
"
37[,'0""5'0“"TJB"ETE'"R’.'"?.“Q.4 6.8 56.4 642 1.7 0.3
3940  1.8° 2.0 = 10. 7. 5.6 86 ST.6 “57.6 2.7 1.5
36/10 4.6 . 2.6 —o}gqq-II. 8. 6.0 8.4 8l.6 84.0 5.2_——5-5
;;/10 9.6 |;?9 -2.4 17, 6. 3.6 2.0 52.8 46.2 —;?;__—T“g
12/10 1;—5 0.7 -0.5 7. 10 s.af- 7.0 82.8 85.8 -_1.4 1.1
34/10 19.6__.}0.2 -0.4 6. ,.9. 4.6 6.0 87.6 92.4 0.5 1.0
11710 30.5 1.6 -1.3 6. 6. 5.0 3.8 46.2. 34.2' _ITT 0.9—
314 9.6 0.8 0.8 . 7. 56 eb ers e v o
34/18 19.6 -0.7 -0.2 [a. 7.. 3.6 5.0 ¥87,5_- 8.8 1.2 0.3
38/17 11.5 . 0.1 0.9'_ 6. 6. .-4.5 4.0 77.4 87.0 0.24{1 6
BIU6 9.6 0.7 0.2 3 3 20 2l en0 et o 0.2
11/21 30.5 -1.4 0.3 4. 5. 3.5 46 43.2. 55.2 l;if';orz;iﬁgﬂ"
38/19 11.5 -0.4 1.0 4}0 4. 3.0, 2.8 67.2 70.8° 0.5 },g;

R ;;I;/ié 9.6 ~-3.7 1.8 19. I 7‘g ‘ 7.4 84.0 ‘ 83.4 8.2 ‘.4:1j‘ﬁw
;6/22 15.6 0.6 . .02 .5. -5, 2.3 3.4 54,6 69.6 0,5_-3.03‘

-
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while the values of Ky are comparable. » - N

4.7.3 Current reversal event
. The current reversal event is defined as an eplsode.durlng which
the shore-parallel currents change direction in a matter oF six to eight

hours. The current reversal regime is of part1cu1ar sugn|f1cance from

. the viewpoint of waste disposal. The current _reversal relime is usual Iy -

)
.accompanied by cases of upwel | ing and downwe | Ilng wlthln the coastal -

boundary layer. During upwelling and downwelling a mass exchange between ,P

the coastal and offshore waters takes place. The current reversal reglme

is represented by episode 3 (June 8 21) and episode 5 (July 7 31). In

spite oF the fact itnat/fﬁa\ﬁgé;ent reversal fs ffot clearly exhibited in.
some moorings, these two episodes are still the closest eplsodes to the

current reversal regime in the entlre data record
The vertlcel displacement of temperature with tlme at a Fixed

polnt oF measurement Indicates a case oF upwelling or downwelllng. ln

.

the case oF upwel 11ng a‘cold mass of water is forced toward the surface -

: From a lower equilibrium level and a temperature drop s to be expected.

In the case of downwelllng a warm water mass is forced toward the bottom

and a temperatlre rise is expected. Figure 4.17 shows the temperature'

varlablllty as- Functlon of time dur:ng the month of June and July, 1979

- for moorings 39, 37 and 36. Cases of upwel 1ing and downwe | Ilng can be

observed denoted by Uand D respectively. By relatlng Figure 4.17 to _

the current vector plots ln Figure 4.1, one can observe “that. the cases of

[

upwel 1ing and downwel 1 ing occur, approximately at mid polnt between'

N

~

—_
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current reversal.

The results of app]yTng the same techniques useo earlier are
tabulated in Tables 4.4 and 4;5.F0f episodes 3 and 5 r‘es;:":ecti vely. Due
to the current reversal the mean velocities are relatively low compared
with those of the strong shore-parallel current event. The mean kinetic
energy level attains an intermediate range between the strong shore-:
parallei current and the weak current events.. On average the mean
‘klnetlc energy level is less than that of the strong shore- parallel
current_reglme by Factors of 4 and 2 for u and v respectively. The
values_of the‘turbulent‘klnetic energy are comparable with those oF‘the
strong'shore—parallel current, while the values of the time scales are-
comparable with those of the weak current The values of K, are less
than those of the strong shore parallel by a Factor of 3, while the

values oF K are comparable.

L] - - ~
. .

i

4.8 - HORIZONTAL EXCHAHGE COEFFICIENTS

In.Figure 4.18, the horizontal exchange.coeFF}Qjents are plotted
continuously (based on the five episcdes calculations) for the top layer
current meters, ' As can be seen. there are periods of. hlgh values and
perJods of low values and these coincide with the turbulent k!netic 
energy level in the coastal boundary layer. The values of Ky areii

-

general Iy six times larger than K fndicating anisotropic turbulence

y?
structure within the’ coastal boundary layer. There is no obvious
" relation between the ditfusivities and the distance from shore.

‘In Figure 4.19, the eddy diffusivity is plotted against the

Eulerian integral_length scale for both components at all moorings and



Table 4.4:. Computed mean and turbulenceiparameters“h
pass filter, June 8 to 22, 1979 epggpde '

79

sing the 18-24 h low- -

St. No. Dist. Mean -“-K.E.__- Variance ‘fTi;;—h Hor;;:;_
——————— “of f- velocity Total ' scale- Diffusion
Depth shore - _ L ' . .
(m) -, (km) cm/s ('cm/s)2 (cm/s)2 s x102" ,cm2/s 3}04
IRV v Vo T 'Tsy— Ky -;;-
37/10 - 2.0 - 2.0 0.4 31, 9. 8.3 éigm——1;6.4 4627 3.2 0.2
39/16 i.8 - 2.3 1.4 37, 11, 13.6 2.5 516 TQo,a W 2.1
/10 4.6 [0 -0.6 .33, 15. 10.0 13.6 6.2 $4.0  1.87 1.2
/10 967 =iil L4 33. 2. 5.4 5.9 3.8 137.8 10 1.3
12/10 13.5 1.3 -0.6 27, 0. 9.2 8.4 10.8 62.4 2.9 1.0
;;;IE-—Ig.s -1.2 -0.1 1e. 0. 10.8 8.5 6.2 51.6 2.4 0.2
11/10 30.5 3.7 0.02 20. 12, 8.5 6.5 40.8 44.4 4.4 0.02
B/14 9.6 0.3 0.6 30, 16, 104 16.0 582 a8 o 13
34/18 19.6 S0 08 21 21. 18.5 23.2 45.6 48.6 2.0 1.8
38/17 1.5 ~1.0 0.9 27. 18.. 12.0 13.5 37.8 2.4 1.3 2.1
B/I6 9.6 0.04 0.5 18, 6. 3.6 4.8 2.4 5.6 o.om o3
/21 30.5 ° -1.8 0.1 1 9. 6.6 6.4 63.0 68.4° 2.9 0.2
8/19 1.5 -0.7 -0.2 13.0 ‘7. 3.6—- 4.0 36.0 46.8 0.5 0.2
17/18 9.6 -3.1 2.4 30. 14, 9.2Tf"5{4 72 e9_.gfw 6.9 3.9
16/22 15.6 ~-1.4  1.3° 9. 9. 5.8 5.0 59.4 714 2.0 2.1



L )

. 3 - . . 80 -

- L

Table 4.5¢ Computed mean and turbulence parameters using the 18—24Hhrlow¢

RN

pass filter, July 7 to 31, 1979 episode " L
g
| Tmm=—=T of f- réveJPcit ‘ Total L scale - - Diffusion ~
- Depth &hore - ' : o : - _ : _ _
CoAm).  (km) . eCm/s ' (em/$)2 (cm/s); © s x)02 cmz[% 5104 o
__________ I
37/10 2.0 008 0.l 15. 60 4.2 5.4 540 25.8 10,02 0.05
39/10 1.8 0.5 -0.6 17, 7. 6.2 5.0° $a{gﬁi 80 0.7 0.6
/10, 4.6 1.0 03 1a. 5. 5.4 5.0 58.2- 56.4, 1.4 0.4
35710 9.6 2.0 1.7 4.5 7. 3.3 3.0 "46.2 50.4 1.8 1.5
12710 13.5 3.0 10 21, 7 6.6 4.9 67 2__T;;:;_——;:5_—_I?; -
34/10 19.6 "—otg-; 1.1 .16. 2. 11.2'3—;;;-— 67.2. 75.0° 2.0 2.6
/10 30.5 “3.2 1.6 15, 10. 4.4 5.4 “53.4  49.8° 3.6 1.9
/047 9.6 1.7 0.7 19, . 10.0.12.0 ot 702 37 1.7
;;/)é 19.6 0.5 1.6 31. 29, 30.0 /30,0 '82.8~.85.8 2.3 5?5_
38/17 11.5 -2.0 0.8 14, 8. 8.0 10.0 762 ?S.o 4.3 1.9
CBIIE 9.6 <13 0.3 8. 3. 40 40 een a4 T o
121 305 1.3 0.1 11, . 8. 4.0 8.0 336 54.0 0.9 0.2
8/19 105 1.4  0.5- 5. 2. 1.5 2.0 55.8 552 1.0 0.4
';;/13 9.6 --3.4 ©-0.5 32. 8.. 6.0 ;7;.0 59.4 a1.3 4.9 0.4
16/22 15.6° -1.4 0.8 8. 5. 6.0 6.0 64.2 75?2 2.2 1.4
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depths, The reader {s refered to Chapter 2 for the detailed discussion of

the fundamental diffusion diagrams. A regreséion anatysis was carried

4.

out to find the diffusion:

3l aws

K=2.55%xL,1-00 - [4.0]

‘where K is the diffusion coefficient in eml/s and Lg 1s the Eulérian B

lntegra1 length séale.in cm. Equation‘[4.ld]. indicatés that'theh

governing diffusion’'law in the viecinity of CIeveland is “shear dfFFusion"

d

rather than Tnertial sub-range leFuslon. Slmllar results were obta1nedA. ‘

. by Cal!away..l974 and Murthy, 1976. It is important to note that due to

the-proximity of the shoreline the Eulerian integral length scale covered

in the diffusion diagram does not exceed 700 m.

.

- £
4.9  DISCUSSION

As mentioned earlier, the results of thts part oF the study are
very 1mportant to: the whole study thrust. From the waste disposal point
of view. five episodes representing three different Flow reglmes. name]y
strong shore—parallel,currents, weak currents and»current reversal
regimes were subJected to detalled analyses. The Strong shore—-paral lel
-scurrent regime showed maximum transport along the shore with high
Iongitudtnal exchange coeFFicient Due to the anISDtFODIC nature of the
turbulence structure within the coastal boundary Iayer, coastal

pol lutants are expected to be retained within the éoastal zone, During

the weak current regime, the currents and the exchange coefficients

a;tained low values, hence a very high pollutant concentration'iq,



B4
expected in_the immediate‘vicinity of the source. During the current
reversai regime. cases of upwelling and downweliing with mass exchange
between the coastal and offshore waters were observed. The currents-and
the exchange coefficients attained an intermediate range between the
strong shore- parallel current and the weak current regimes.

‘ From the results of the Five episodes. the average time and the
length scales were 4900 seconds and 200 meters respectiyeiy. The closest |
distance between any two'adjacent currentheters In the coastal arrays of
our stud} was about 2 km_(id times thE‘aVerage'iength scaie), therefore
it 1s neccessary to generate current data between the stations The time
scaie recommended For the numerical solutlon of the hydrodynamic and the
mass transport modeis is 10 to 15 mlnutes

Coastai boundary layer characteristics were exhibited during

the strong shore-paraiiei current eplsodes. The resuits showed an'inner
‘boundary iayer {FBL) about 14 km out from the shore, while the width of
the coastal boundary layer (CBL)Textends over an offshore distance of 30.
km or so. - ‘
| The regression. equation obtained From the diFFusion diagram.'
Flgure 4.19, showed that the shear diFFusion (iinear Iength scaie
. diffusion) governs the diffusion in the coastai zone oF 1 ake Er1e in the"
‘ v1c:n1ty of Cleveland. -

| As there was’ not enough ‘data avaiiabie for the 3palysis of the
vertical circulation and the verticai diFFusivity. this anaiysis is

carried out using the hydrodynamic models (Chapter 5). The results from

-this part of the‘study'are used in the next two Chapters, 5 and. 6.
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CHAPTER 5

HYDRODYNAMIC MODELS °

5.1 iNTRODUCT[éN

The resuits obtained From the analysis of the current—meter data

(Chapter 4) showed that the width of the coastai boundary iayﬁr is about

30 km. Using the inertial .Frequency to separate the mean and the

. fluctuation velocities, the average length scale or "eddy size" was

found-'to be 500 meters. Since the smaiiest distance between any two

adjacent current-meters was about 2 - km, as shown in Figure 3.2._'

the spatial resolution of the current-meter data was' coarser than the

L e

‘average. eddy size. To obtain the flow field.for this fine spatfal

resolution, it is necessary to synthesise, or generate. a conFormabie
fleld of velocity vectors.

Two approaches may be used: (1) interpoiation and extrapolation

* - (Lam, 1984) based on a two dimensional arid and a set of observed

currents, without satisfying “the continuity equation in the first

step ThlS generated Flow Fieid will create or destroy mass To avoid

this diFFicuity the objective- analysis method fis used in the second

step by subjecting the :nterpo!ated current Fieid -to‘l‘an

._optimization procedure with a continuity constraint (Sasaki, 1970;

Sherman. f936). This approach couid be generaiized to generate three-

: dimensional Fiow fields iF verticai veiocity observatlons are available
,UnFortunateiy ‘the vertical veioc1ty is very small and beyond the ‘

~ detection capabiiities ~of. avaiiabie direct measurement instruments {1

85
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cm/s).” The vertical ‘veloolty ‘s effectively zero exceptz”blose to'
the shore (within the coastal boundary layer) where upwelling and

downwelling' takes place. In this study, the detalled vertical

" structure of the Flow'and the vertical velocity are significant, so the

ﬁﬁtEFpolation and‘extrapolation approach is not suitable. - -

: (2) The second approach is to use hydrodynamic models to predict-
{

N .
4 - ‘ . ’

ithe filow field. The models are classified into steady and uneteady
/ ' ‘ ' v
- models, with respect to time; . one,” two and three - dimensional - models

dwlth‘respect to space; . and non-stratified and stratified model s wlth

respect to temperature'proFfle. - The model.required in this study is a
three dimensional tlme-dependent. stratified hydrodynamlc model. Three

dimensional models of Flow in a stratified iake are complex. duFFrcult'

- to program-and'use, and the results are dlfFicult to lnterpret'

(Heinrich, et.al.. ,1981) Horeover. to avoid the subgrld diffusion-
problem the horizontal grid size should be approxlmately 500 my and the
vertlcal grld stze. about 2 m.As -a flrst step, such a model of Lake

Erie could use a coarse grid, say 6 km’ horizontal ly, requiring 5000 grig-

points. In the second step the coastal boundary layer near Cleveland

. . o - ‘
‘could be-reeolved using a finer grid of about 0.5 km i. e. 1a, 000 gr{d

pO!ntS Based ‘on the tame scale caLculatlons 1n Chapter 4, the ba51c

time step requ1red is about 15 mlnutes. An eplsode lastlng one week

. thus requlres 672 tlme steps. Using usual main frame resources, such a

model study is expected to be very.expensive' The Ccross- section of the

: central basln oF lake Erie From lO km to the east and IO km to the west

“of Cleveland does not vary sngnlflcantly The wind fleld is also
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consfdered not to vary aver this distance significantly; Therefore the

¥

general flow fleld 1s not expected to vary much In the east—west

-

direction over this distance.

The rigid lld channel—type mode | developed by Simons (1983). has

been modiFied by the. wrlter to include non—llnear acEeleratﬂon terms.

Two different Forms oF the vertlcal eddy vlscosity were also added To

'Flnd the parameters which wil] most slganlcantly aFFect the simulation

results, sensltlvlty analyses were-carried out.-Ihe veriFied and‘
_ R -,

cal ibrated model was then used to generate thé Flow Field in the coastal

2one off Cleveland. Variable flow properties 'in the vertical directiqn

and Tn one horizontal dlreotlon perpendicular to the shore—llne were

‘modelled. An along-shore pressure gradIent was lncluded so that the fiux .

R »

hperpendlcular to’ the channel cross sectlon is zero The results ‘were

R

compared to the avallable current-meter data for several eplsodes._'ln

addition a two-d1mensuonal X~y ‘mode | developed by Slmons and Lam (1982l

-

was tested and used to verle some of the results speclally for weak. or

- .y

nonstratlfled..pertods. ' - T
L 9 '

5.2 CHANNEL-TYPE MODEL "ERCH"

Slmons (1983) developed a model to slmulate the channel—type:

response observed in. the Great Lakes, e g. Lake Ontarlo (Boyce and

Mortimer, 1978) After a strong north west wind lmpulse. alohgshore.'
barocllnfc Jets assoclated wlith nearshore upwel 1 fng and downwelling and

wave-llke phenomena in open water wlth perlods near the inertial period

'VoF the Great Lakes (16-18 h) were ‘observed. Slmons assumed that the

_properties of the flow vary only in two directions: vertical and shore-

3
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perpendicﬁlar. The along-shore pressure gradient “Ps model led such that

the'net ‘along-shore flux i3 zero. The mode] U5es the rigid—lid_

approximation whereby surface gravity waves are filtered out The

Boussinesq approxlmation Is used, (the water density is constant except

in the hydrostatic equation where the density variations aFFect the

gravitatlonal accelecation j.e. fluid’ buoyancy) The model computes the

£1ow Field and the temperature profile at each time step by solving the

\\

whole cross section. using a coarse gr%d\size. The values obtalned are '

#

. used to deFine the oFF—shore boundary conditions oF the coastai boundary

layer whlch_is ‘then resolved using a. Flner grid size. In large—scale

c1rculation. the Rossby number (a measure of the ratio of the nonltnear

acceleration term to the Coriolis term) is of the order oF 10 2, and so T

the nonllnear terms may be neglected [n the coastal zone the length

scale ‘decreases, the velocity aad the velocity gradient lncrease rapldly.z

indicating the importance of the nontinear acceleration terms. Typlical

values for the coastal zone motions in the coastal zone of Lake Erfe .

(Chapter 4) are U=20 cm/s, L=10© and f=10-4 ; the Rossby number (R= U/FL)
fs of the order of 0. 2 For these reasons*the model was modiFied to
Include the vertical and the shore perpendicular nonlinear acceleration

terms. ‘The new model is called ERCH (ERie.CHannei). .

* n

5.2.1 Basic equations and parameters_

The basic equations used in ERCH after adding the nonlinear terms

are:



du v -
——— 4 ——— = )
X az _
au Auw)  a(uw) \ap 3 au
———z - - -+ fv - e e (Ay ——=)
t - Tox az Po ax_’ S ax ax
. ] . . ~—
~ d du
‘. ® + === (A == )
8z az
v a(uv) 3({vw) '1-"ab l d av
——— == - - fu = ——— —— 4 - (A —)
at % .oz . Pg 3y ax ax
L J + a 3V
*a + == (A, ——-)
Wiz
a3z az
3P
~—— = -pg
az
aT autT awT
——= 4 m——— f mem =
at ax 9z
p=p(T) - P
where:
t s time, g
z ‘isrvertical digtance positive upward, lﬁ‘f

Xs Y shore—perpehdicular and_sﬁore-parallel-ddstances.

u,v,w are the fluid velocities in the X, ¥ and z

. . directions respectively.
f '.IS COFIOI!S parameter. assumed constant at‘gggA
l/s.’ : C e

-
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[5;l]

‘[5.2]

[5.3]
[5.4]

5.1

[5.6] .
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— 5 is the fluid density, .

Po s the reference water density at 4°C, '
Ay Is the hcrizontal eddy viscosity; ~

A; is the vertical eddy viscosity, |

9 ' .is the gravitalonsl acceleration,

Th . is the temberature

Equation [5.11 is the equation of contlnmty. usmg the r|g1d-lld.

’ approximation It ls known that For large-scale circulations In lakes

the divergence is 50 much smal Ier than the vortic1ty that 1t can be

‘ neglected The surface elevatlon is determined only by the velocity-

potenttal of the d1 vergent -component The rigid-l id approxirnaticn or the
surface gravity wave fi lterlng approxlrnation simply removes the di vergent
part of the Flow, 1. e. vV = an/at o m equatmn [5. 11, where Vis the
horizonta] gradient operator and 6n is the Free surface elevat:on
re]ative to the mean water Ievel The rigld-l id approxi‘r_nation is
justified t§ - - ,' i‘ e |

£2L2

gH . e R ' '

.where L is ijaracterlstlc Iength and H is the water depth. in the

“central basif of Lake Erie the term in [5 71 is about 0.3, whlle in the

western basm oF Laké. Erie thfs term ig about 0. 5.
Equattons [5 2] .and I5. 3] are the horlzontal momentum

equat:ons in the b and Yy dtrections respectively Equatlon -[5.31 is'j;He :

‘.
FY



91

vertical momentum equation, i.e. the balance between the gravitational
[ v ‘
. acceleration and the vertical pressure gradient, or the hydrostatic

approximation, In the three momentum equations the pressure is expressed

ass

PE=P5+pgn y e

:P{ = In(p - pg) g dz - [5.8]
-z . .
where:
Pe is the external (barotropic) pressure.
P; Is thelinternal (baroclin[c) pressure.
Pg . is the atmospheric pressure at the air/wafér interface.

Equation [5.6] is the equatfon of state, and gives the water

density as function of water-tempefatufe‘és»Follows:_

where the value of the thermal pansion coefficient a is G.BXLU'S oc-2

(SimonsJ 1973L
' In this study the value of the horiiontal eddy viscosity has been
assumed to be constant at 105 cm®s. | |
| The.vértical eddy vliscosit playsHan‘imﬁortant'roIe in the
vertical transfer of momentum. As i

clear from the review in Chapter 2.

_ the 1iterature is replete with representations of the vertical eddy
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viscosity. In general there are two hypotheses concerning the vertical
transFer of momentum,’ The first idea states that turbulence is generated
at or near the air/water interFace and is suppressed at the thermocl ine
by the sharp temperature gradient. Therefore the vertical eddy
viscosity in the hypolimnion is much smailer than*that of the upper layer
epilimnion which is as small as the thermoc!ine vertica) eddy viscosity.
The second idea states that the turbulence in the hypdlimnion is
generated by internal waves as well as at the alr/water Interface. Hence
the value of the vertical eddy yiscosity in the epilimnion is much
greater than in the thermocl ine.

In this study both-apprqaches haVe been used to ceiculete the
vertical eddy viscosity; rThe first aﬁbroech was eppiied to Lake Erie by

Heinrich et al. (1981). The Functionai_Form of the'uenticai eddy

-

- . }
viscosity is given by the product of the eddy viscosity A in the absence

of stratiFication and the stability Function f which is dependent on.

. stratiFication. . . . ‘ i .
Az = Ao F(R}) o - [5.9]

where R; fis the Richardson number. given by:

g a (3T/3z)

Ry = ' [5.10]

p (au/az)2

where u 1s the magnitude of the horizontai veiocity at depth due to the

combined actlon of waves (including |nternal waves) and currents.
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Heinrich et al. (1981) assumed that u Is a function of the surface

velocity U, cm/s and decays exponential ly with depth as fol |ows:
u = u, exp(z/D) | [5.11]

where D Is an empirical constant and of the same order of magnitude as
the wave length of the surface waves. The surface wave velocity is

expressed as function of the wind stress 1., as fol lows:

W

*

. 2 ‘
Tw=p Cpug _ [5.13]

where Cp is the drag coefficient.
Heinrich et al. (1981) used the Sundaram et al. (1970) formulation for

the thermal expansion coefficient:

a = 1.5x1075 (T-4) - 2x1077 (T-4)2 | [5.13]

[

They also used the fol lowing Form'of' the stabf ity function (Munk and

. Anderson, 1948):

f= (l+e, Ry"V/2 ©[5.13)

e
where gp.is anempirical constant. The ve,ﬁ:ical eddy viscosity in the
absence of stratjification, A, was assumed to be a function of the wind

stress, distance from surface and wave amp!itude:

Ag = Ag (Cy + Cp €2/D) | - [5.14]
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where C, ahd,cz are empirical constants and A; is a function of the ylnd

I
&

" stress and 1ake depth.' From [5.10] to [5.14], the vertical eddy

viscosity is expressed:

\ AL (Cy + Cor e 2/D) : ‘
I W . [5.15)
-~ : L p2e22/D |

(140, Cpga-———m————— -— /2

The second approach wae‘recently‘applied to Lake Erie by Lam et
at.’ (1983); This form of the eddy viscosity was original ly proposed and
used by Walters et al. (1978) in Lake Washington. _Three leFerent‘

vertical eddy,vlscosltles are assumed ‘one for each layer:

T

) o : 9 .

Epilimnfon  Aj'= Ay (I¥op Ry)™! - y ——= - - [5.16]
' S - -z s . az p ) .- .
\\‘\ ) i . - . .

. ' . 2 ‘ :

Mesolimnion A, = Arc (Nyc / Ne)yl/z : [5.17]

‘ dp g )

Hypol imnion A, = Ag - ¥ = —~. [5.18]

T Z p B ‘

vwhere A, 1s the air/water interface eddy viscoslty parameter, N is the
Brunt-vaisala Frequency, TC denotes the value at the thermocllne. AB
represents the llmitlng value of the bottom turbulence induced by wind.

deFined by AB = ZATC and gy is an emplrical constant, The value of Ag ¥

was related to the wind veloclty W using the empirical Formulatlon

£
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(Walters et al 1978), deyeloped for the vertical eddy diffusivity:

A, =5 x 0.0045 W - . v (5.19]

where W fs‘jn cm/s, Ao-is in cmzls andithe factor 5 is a caljbration
parameter. Lam et al. (1983) used the Following'relatlon for the

equation of ‘state:

»
1

~dp/p = a (T-4) &T ' ' - [5.20]

‘where a is the thermal expansroﬁ coeff1c1ent and is-equal to.13 6x10 6
oce, The second term in the r1ght hand side of [5.16] and [5.18]
attains a large positive value for unstable situations in whlch dp/az is
large but negat1ve.. This indicates instantaneous adjustment by rapid'
mixing. The value of Y has been taken to be cohstant.at,4.6x103. The
squared Brent-Vaiséla-Frequency'in equation [5.17] has been_abproximated '
by: | . | |
.g 3 T

N zom ooz - g (T - 4) —- | [5.21]

p. 9z ' . az - ' L

F

The ealculétlon Ftom'one'Iayer‘to‘anothef'le achievedlby the
conseFvation oF:vertical eddy viScosfty -

The turbulent eddies are restr1cted by the lake bottom. therefore

the eddy d:FFusivity in both approaches is assumed to decrease in

proportion ‘to the square\9F the ratio between the Iocal water deeth‘;nd

the maximum depth. To compute both aoproaches to the vertical eddy'"

viscosity{ two subroutines were written by the writer, the first
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subroutine (DIFFUSE]) solves [5.15] using a finite difference method for
each point in the x-z plan and each time step. The second sub.routine
(DIFFUSEZ) solves [5.10] to [5.18] using a Finite difference method The
intersection of two successive vertical eddy viscosity profiles Is used
a‘s a criterion to switch from one profile to another. The calgulations
are perforrr}ed for each point In the x~z plan and .each time step.
Bouodary conditions: |

At the eir/water interface where z = 0, the heat flux snd the

wind stresses are given by:

p KZ aT/3z =g =10 .
P Az du/az = Ty
} p A, 3v/3z = Twy [5.22]

where'K is the eddy diFFusivity coeFFicTent end q 1s the surface heat
flux. The eFFeo{ of the heat fiux on the vertical c1rculat|on over a
~short time period (week or_'so)' can be neglected. The wind stres_ses in

the x and vy directions respectively are given by:

~
{3

Qx Cp (Da/P) Wu

Sy

1]

Cp (pa/o) W V | | | 7'[5.,23}_'

where CD is the surFace drag’ coe‘Fﬁuent. py is air density, U and V

are the w1nd speed components in the X and y dlrectlons respectlve]y.

Severa] values have been reported for’ CD,. in this study a value of 2x10” -3

-
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has'_been used. “The rigid-lid approximation impl?es that the vertical -

velocity‘w at the surface z=0, equals zero.

At the bottom, z =-h, the shear stresses tp, and 1, are given by: -

2 2
. 0.002 up (up + vg)1/2

Thx

k

1]

Tby

@where Up and vb are the bed veloclties in the X and y direction-

respectively (at the first grid level above the bottom) in cm/s The

bottqm shear stresses are relatedrto the vertical veloc1ty gradients by:‘

n

Tox = P Ay (Su/éz)

gy e Ay (v . [5.25]

At.z —h, the bottom heat flux is assumed to be zero and the no- siip
condition is used J.e. u = y'= w = 0. The initial conditlons are

deFlned by a known temperaigre proFi!e and by starting from a state of

{

rest. Progham ERCH solves‘[S.l] to [5.6] numerically using explicit and

.2

impllcit Finite difference scheme .

Init!ally ERCH solves the whole
Cross section using a.coarse grid siz& and then solves the coastal
boundary layer using a finer grid size. The values of the velocities and

temperature obtained from the.coarse grid ¢alculations are used to define

the off-shore boundaries of the fine grid. The functional flow Is given-

a
ot

'ﬁ.

2 2 ‘ |
0.002 v, (u, + vy) /2 cm?/s? [5.24]

R
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In Figure 5.1, The input parameters to ERCH are: the horlzontal

increments DX and DXX in meters for the coarse’ and Fine grids

'respectively. the number of the coarse grid horizontal increments
covering the whole cross section JT, and the . coastal zone JR, the

-correspondlng water depth Tn meter HY and HVV, the number of the vertical

1ncrement corresponding to the maximum water depth KM; the temperature

Ll

profile corresponding to the maximum depth TO(Z)in oc; the numericafl

time step DT in seconds; the number of days of simulation NDAYS and‘

hourly time serles of wind speed and dlrection The model calculates’

) the shore—perpendicular and shore-parallel components of the wind - stress

usfng equation [5.23]. and 5olves the thermodynamuc equétton [5.5] using

a two step Lax—NendrpFF,scheme;(thhtmyer.'1963). The -horizontal

I moementum eauations [5.2] and.[S 3] are solved in two steps. In the-

first step the left hand side is solved only For the last. term in the

-, right hand side ustng a backward impliclt scheme “The va]ue of the

vertical eddy viscosity is calculated usmg [5.1‘5] or [5.16] to .[5'18]"
In the second step, [5.2] and_[5.3] e&cciuding the last term in both,
are solved explicitly. The values obtained fFrom the First step .are used

as Initial values in the term for the time derivative. The horiZontalJ

diFFus:on term is evaluated by centered drfferences. and the presssure -

gradlent is evaluated by -centered differences. The nonl1near terms are
evaluated by forward diFferences-when the velocities are negative and
backward diFFerences when the velocities are positive. 'Henceﬁthe"one—

sided diFFerence s a]ways on the upwind side of the point at which the

 time derlvative is evaluated _ The upwind d1FFerenc1ng_1s only F1rstf
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Enter: DX JT, JR, HV. HVV, KM, TO DT, NDAYS
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«CROSS ‘
Setup boundary conditions
for the fine grid

O
TPLAX
Solve thermodynamic equation
using two-step Lax-Wendroff scheme

"f///// - - (fine grid)
.' ';;,/’f( | ) ;
, STABLE : :
¢ Adjust temperature instabilit
. {(fine grid)
Vertical eddy|— 1
viscosity | N
o o UPRED -~ . ‘.[MPLIQ[T
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- Printout temperature and ‘
. velocity components maps.
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<

END

-

'Figure 5.1 Functional flgw chart for program ERCH

-
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order accurate but there is no restriction for spatial instability,
Chapter 6 provides more details. This procedure is used for solving both

' -

the coarse grid and fine grld ‘for each time step | ML 3

- 5.2.2 ERCH verification and sensitivity -
' There 1s a8 degree of uncertainity associated with the estimation
of model input and parameters.- Each meteorologica] and 1 imnological
'parameter wi l 1 have some effect upon the flow field and temperature
dtstr:butlon. the extent of which varies considerably From parameter to
parameter_. 'Forr _example a-small variation in an input parameter may cause
a large diFFerence in the model output In this case the model fs sald
_ to be "sensitive" to this paremeter, and vice-versa. Sensitivity
analysis ‘dl ~l ows the modeler .t° conoentrate his data abstraction effort on
the parameters \_vhlch_,wil | mo_st signiFieantly affect the model results. |
“In.carrying out_sensitfvity analysis for program ERCH. a cross-
section simi Iar to the Lake Erie cross- section at Cleveiand was used and
' the FoI Iowing parameters wer‘e varied: wind speed, wind direction,
horizontal eddy viscosity. vertwal" eddy v‘iscosity and bottom Frict.i'on
Table 5.1 summarizes the analyses.\ The model ‘was run for one prototype
day using a2 15 minute time step and the effect on the u and v current
components were Studled. -In -anures 5.2 and 5 3 , the results are

N
plotted for six points at distances 2, 7 and 15 km from shore the at both

- -

the water surface and 10 m belogw the water surface.
The initial values and the variabi 1 ity ranges used in carrying out
the-sensiti'vit.y..anaIyses are typical of those used in |ake modelling.

The wind.speed was varied from 0.2 to 3.0t imes the initial valueof §
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TABLE 5.1 ERCHSENSITIVITY PARAMETERS
,\ -

Paramefétﬂ, Initial value Range of variability

L]

AN
wind speed ) 1-15
W (m/s) '

Wind direction - 45° - 225°-315°
{degrees from -
north)

Horizontal eddy = 103 0= 108
viscosity _ ‘ Lo
Ax__(cm2 /8) '

- Surface-vertical -1 - - p -~ 500
eddy viscosity :
A, (cm© /s)

Bottom friction :
coefficient Cp 0.002 o (0.001-0.003)

15km

.
4

nom

»

Legend for Figures 5.2 and 5.3
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m/s. Figures 5.2a and b indicate'that, by decreasing the wind speed by a
factor '0.2. both the u and v components decreased to almost zero, and by
Increasing the wind speed by a factor 3, both components increased by a -
Factcr of 3 to 13; This indicates that the model Is highly sensitive to
the wind speed.. Figures-S.éc and d show the eFFect-oF changing the wind
direction, Again the model is found to be highly sensitive to the wind
direction. " | | ’

Figures 5.3a and b-shcn the effect of changing the'horizontal eddy
viscosity onﬂthe.u and vtCOmponents. Changing the horizontal eddy
viscosity by 3 to 6 orders of magnitude caused a change of only 10;201
in both‘components, 50 -the model is inwsensitive to the horizontal eddy
.viscosity. This‘is due to the fact that the vert}cal shear.stress in
[5.2] and [5.3] is larger than the horizontal shear stress. [n Figures
5 3c and d the veloc1ty components u and v were Found to be highly
sensitive to a decrease In verttcal eddy stcosity especial ly near "the
surface. A large vertical velocity éradient is deve]oped'herg!to balance
the decrease in the vertical eddy viscosity coefficient in accordance
wlth [5.221. The velocity components were found to be less sensitive to
an increase in the vertical eddy viscosity from the initial vaide.ln
Figure 5.3e and f the velocity components u and Q wersa Found“to be
|nsens1tive to the variation of the bottom Frictton stress except at
point 4 close to the shore and t0'the bottom An increase of 50% in

v-component due to 50% decrease in the bottom friction stress at point 4

fs observed. The change in the temperature was smal l with respect to .

the variation of all stated parameters over this short time..

«-../. T
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The channel~type response was tested by fnputting a sustained

strong wind veloclty of 10 m/s from the north- east quadrant for a

duration of one day. The results are presented in Figure 5.4. Figure
5.4a shows the isotherm plots in the x-z plane using 19C intervals. The
transport of surface waters due to w;nd set-up is from the north shore
towerds'th? eouth‘shore, upwel 1 ing the colder water to the surface along
the south shore. This can be observed from the ti)lted isotherm in Figure
5.4a. Fjgure 5.4b. presents a piot of the contour lines of the shore
berpendicdlar component v. The plot shows a strong southward near-
surface Flow accompahfed by a broad'returh.fiow at 10 m depth. This flow
Is due to the effect of the Corfolis Force and is an indication of the
wind- dr1ven Ekman layer. The Increase and decrease of the shore-
perpendicular component hoving oFF—shore, ts due to the eFFect of the
Frfctional;end ihertial boundary layer giscugsed in Chapter 4. Figure
5.4c presents the same plot as Figure %.4b, /but For the shore—parallel
compodeg;. The velocity contour 1ines show that the water in the shallow
regions close to the shore is accelerated‘in the direction of the long-
shore component of the wind (coasta} jeﬁa}A Holeg off-shore the flow,
returns at:the deeper central lake region. This flow pattern is similar
to the results dgtaihed by Bennett (l974)ir\%oplying a channei-t?pe
mode to 1ake Ontario'and is a‘cloeed basin analogy to the "bottom skooe

current” of Weenink and Groen (1958). Figure 5.4d presents the contour

'lines of the vertical velocity. The vert:cal veloc1ty is eFFectlvely

zero at the central region of the lake and non-zero values are observed'
close to the shore. A downward flow in the south shore and an upward

F]ow at the north shore of the lake are observed 1nd1cat1ng downwelltng
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(a) Temperature‘oc

Figure 5.4 Temperature and
T responce.

(b} shore perpendicular
component {cm/s)

flow profiles of the channele-type
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_(c) Shore-parallel

component (cm/s)

(d) Vertical component

{em/s x 193

Figure 5.4 Continued

-
.
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. and upwel 1 ing respectively. The vertical vejocity is about 3 orders of

magnitude (1073) smaller than the horizontal velocity.

The effect oF stratificatlon on the "coastal jet* was studied by

?running ERCH.using all the above parameters for two diFFerent temperature.
'_proFlies.A representlng homogeneous and stratified lakes. The results
_are presented by plotting contours of equai shore-paralle] components in

the x-z plane Figure 5.5a presents the homogeneous case and Flgure_
.

55b the stratified .case. The results show that ‘the coastal jet 1s wider

_in the stratified case while the Jet 18 deeper ‘in the homogeneous case.

The diFFerence between the twofcases;reaches S cm/s at the water surface

‘close to the shore and also at 15 m From the water surFace at the lake.

center.
The eFFect oF using a Fine grid in the coastal zoneg Is presented'
in Figures 5. Ga .and b.. The variation of the .u and v components

respectively with the distance From shore at the water surFace for both

fine 0.5 km and coarse 3 km grid Sizes s given. It can be seen-that

7

f-close to the shore the velocity difference between the two ‘cases reaches

25 cm/s.

-The'eFFect of the nonlinear acceleration terms has been tested by

’ running ERCH with and without the nonlinear terms using the previous

'parameters Figures 5. ?a and b present the distribution of the shore~

parallel component in the x-z plane within the coastai zone fncluding and
exciuding the nonlinear terms respectlveiy it can be seen that by -
1ncluding thé nonlinear terms the veloc1ty, the w1dth and the depth of .

the coastal jet are decreased. This result is also observed in Figures

Ry
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(a) v (em/s)

(b)

Figure 5 S Longshorecurrent profile for ahomogeneous Iake (a) and.a
stratified lake (b}.’
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(a) éhore-para%lel
i
component (cm/si,

linear model.

ha U
e PN

:

(b) Shore-parallel
component (cm/s)

o nonllnear model
anure 5. 7 Longshore current DT‘O‘FI les for lmear mode |
nonlinear model (b).

(a) and-
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5.8 and b by plotting the yariationﬂoflthe U , v components with
distance from shore at the 10 m depth. Including the non!inear terms
.caused a reduction of up to 6'cm/s for the u component and 11 cm/s for

;_the v. component. = - . o '

5.2.3 ERCH resuits and discussion .

’ ERCH was used to simulate one episode of strong shore-parai lel
hcurrents (Hay 25 to 31) and one eplsode oF weak currents (June 1- 6) The"'
two Forms oF verticai eddy viscosity discussed earlier {subroutines
‘DIFFUSEI and DIFFUSEZ} were used in sumuiatlng both episodes Tabie 5.2

_ lists the constants used The horizontal increments were 3 Km and 0.5 Km

ifor the coarse and the fine grids’ respectlveiy, the vertical increment

~was i. 25 ms ‘and the: time increment was varied between 10 and IS5 min to
~ achieve numericai stability |
| The.re:uits.For the weak current episode are presented in Figures
5.9 and 5.10 Fbr the- shore—perpendicular and shore- paraiiei components '
.respectiveiy Figure 5.9 shows the onshore oFFshore wlnd veioc1tyf'
together with the observed current and the two computed currents at seven |
iocations cover;;g the coastai boundary tayer. At al.l stations,‘in the '
first 12 hours or so, the computed current is quite diFFerent from the
observed but For the rest of the time the same flow pattern is obtained
using. both DIFFUSE! and DiFFUSEZ Ciose to the shore the thermociine is
not formed due to the depth restriction. 50 the values of the vertical
eddy v1scos1ty obtained from both- Formuiatlons are ciose. Far from shore

the thermociine is formed at 10m depth The vaiues oF the vertlcai

- eddy viscosity obtained from DIFFUSEl for depths greater than 10 mare
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‘TABL|E 5.2 ERCH: constants |
Constants _ uni;; | o éon‘msnts )
A; =207,  Ag cm?/s, 1, dyne/cm? iff__ [5.15]
T —— s8] -
D =%00 = m - 0 ts;lsi;:-
UiCD = 0.00225 B - . '.[5;15]-‘
Ao = 2xAq s (516
9 = 0.03 ., e £ 26 1
¥ = 4.6x103 R ms :[5-16]
a = 13.6x1078 . oc-2 fﬂ_ '[5.201- ;
 Cp= 2x1073 RS | [5.23]
(o ='»;..25x10f3~ , | _g/_cm3 ' o | [5.‘.2.3] |
=1 . . g/em3 | ' [5.23] '_ .
g=98l' ' cns? o
| e A -
, ) .
"

@
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much hfgher than those from DIFFUSEZ. The temperature profile and the
vertical eddy viscosity are.presented in Figure 5.11. In Figure 5.9,
close to the shore at station 37, the currentswcomputed by DIFFUSE! and
DIFFUSE2 are close to the observation. Far from the shore DIFF_USE?\lJ “aives
hfgher ano closer velues to the observations than does DIFFUSEé.

. ngure 5.10-is similar to Figure 5.9.but f1lustrates the, shore
parallel component and the same remarks appiy to F'fgure 5.10. In this

rs

episode, ERCH predifts the currents reasonably well using.DlFFUSEl.
- In the May eﬁ%sode ERCH was used to simulate the currents using
DIEFUSEi. The resuttglobtained are presented in Figures 5.12 and 5.13 for
the shére-parallel and shore-perpendicular currents respectively. Figure
5.12 presents the shore-paralle} wind velocity together with observed
currents usinﬁjERCH. Figure 5.12 also presents computed resulte for the
one-|ayer hodel wbich.is‘discussed in the next part of this chapter. The

i

results are presented Ffor four stations within the coastal zone. The

T computed currents obtained from ERCH are quite diFFerent from the

observed. occasuonally having an opposite-sense. The same remarks apply
to the shore-perpendicular component plotted in F1gure 5. 13. In thlsl
episode the wind blew from NNE at a velocity approachjng 16 m/s and the
water built ‘up rapidiy in the western basin developing a high barotropic
pressure gradlent _against the wind stress The pressure gradient
'( developed a strong current at 10'm depth agalnstrthe wind direction.‘
"This strong wind 1mpulse completely mixed the central basin of Lake Erie,

as shown in Figure 4.10. For.th{s case a depth integrated two

adifnenéional model may be expectedito give better reéultér The'one-layer
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Water depth (m)

Figure 5.11 Temperature and compu‘ted”,ve‘rtical diffusivity A

(DIFFUSE] and DIFFUSEZ2) profiles for. June 1 and 4.
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mode | developed by Simons and Lam (1982) was used to obtain currents for

- this episode. The mode 1 Formulatlon. sensit!vity and app]ication are

[

presented in the next part of this dissertation:

5.3 ONE-LAYER MODEL "ONELAY" | o

The mode | developed by Simons and Lam (1982) assumes that the

baSIH is relat1vely well—mlxed vertlcally. The model computes the

vertically integrated current and the free surface elevatlon for a given

~

wind and given: inflow and outFIou . The non-llhear acceleration terms

' are dropped, the Coriolls. term is Included, and either | inear or

T

nonlinear bottom friction can be mode 1 1 ed.

' 5.3.1 Basic equations and>parameters ' N\

The model solves the vertical ly integrated equations of motion and

continuity:

au - Az ( ,

— = fV-gi-—--BU+ 1, ' S [5.26]

at ax ‘

v az’ C Co o
~—~ = - fU -gH ~—~= - BV + ¢ [5.27]
at IJ 3Y 1_wy' N ) ‘ + 7.-
3z au  av = _ .
— = = me— e e - : [5.28]
at ax dy : ‘ . :

. where t is'time. U and V are the vertlcally lntegrated current.

' correspondlng to the horizontal coordinates x, y (x clockwise From y)
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respectively, z is the Free sur#ace dispﬁacement From a mean . level
(positive upward), H is the mean depth of the basin, B fs 8 “bottom stress

coefficient, f is the -Coriolls parameter. and LI and 'twy ﬁ\the wlnd

stregg\components divided by water density. \'

The bottom stress coefficient B fs glven by one of the fol lowing

¢ -

forms: S ‘ . N

1inear B = a/H ' ' . a = 0.01-0.05

!

4

Cp (U2 + v2)1/2,2 ' Cp = 0.002 [5.291

Nonlinear B

The wind stress fis computed using [5.23].

The mdpe | uses a single staggered grid The water depth and the

.Free surFace elevation above the mean are defined at the centre of a

fgrid square These values represent averages over this grld The
[

’ vertically Integrated water transport U ls def ined at the centre oF the

leFt and right sides of the grld square while the V- component is deFined

-at the lower and upper sides. ' 3,' ) i_. \\“p
5 The model first predicts the free surface elevation. the TR
/ b . .

component and then the V—component at all time steps using the Iast

available value of’all variables. Numerical stabi]ity is achieved ifs

At < AS/J j and

At < 1/B

a9 . ." . ~

where At is the time step and AS is the grid size (Platzman, 1963). I
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-
this study 4§ = 6.667 Km, Hy,. = 62 m and t = 180 s,
o
5.3.2 Model sensitivity -
Sensitivity analysesl were carried out using Léke Erie I?Jathymetry,
The eFFect of .the wind stress: wind direction, inflow and outflow
tréﬁsport (Detroit and Niagara rivers), and the bottom friction on the

k3
free surface elevation and the current transports were studied. In each

Mase the modei was run for one day using‘a-3‘ minute time step. 'The

, effect of the u.;sual parameters ;.-asastudied at three- locations about 6.7,‘

13'.4 ‘and 27 km off C'leveland.' The results are presented in Table 5.3.

The results show that the free surface e'lev-ati'on Is highly sensitive to

the change in the wind épeed, wind 'direc'ti.on and the 1ﬁFlow transpo-rt.

The outflow transport has ‘nearly~’,a_,"l:-i"|105t no eﬁFect due “to lits ;'emotehesé

from the study site. The current transports are less sensitivg to the.

.parameters than the free S_I;H'FECE elevatton. The-eFFect of the botf.om_
.Friction was also found to be signiﬂcant. -:’-

Smce the Simon and LZ mode | us?s constant wind stress.‘l the model

was modified by the writer to him‘:ludz _Bburly average wind speed and

- direction time series for the wind stress calcuiations. The mddi.ﬁird

model is called ONELAY (ONE LAYER).

__ , y /
5.3.3 ONELAY results and discussioh; .

For the May episode two runs were carried out us:i“ng I inear gnd
~nonlinear bottom friction. The results for nonlinear bottom friction |

‘were higher ana closer to tfie observed flows than those for the 1inear
' [N A
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~

Table 5.3, ONELAY sensitivity parameters

-
—— ————

Parameter Initlal 'Range of Max. and min. factors of change

value variability U
Co. . : -z u S

-J' L : ——

Windstress 1 0-2 -7.5, 7.5 -1, 2.5 -0.5, 2

degree/cm :

~ “Wind 7 .

direction 459 1350—2259_ -10, 10 -2.5, 1.0 -1.5, 3.5

- degree from ‘ o '

north .. - - A

_ - - R
Inflowsx  5.07. 0.0-10.14 -8, 8 0.2, 2.0 ° 0.6, 1.2
108 m3/day ‘

Outflow x  5.52 . 0.0-11.04 — R —
108 m3/day : . ) :
Inflow- :

Outflow x 5.07-5.52 0.0,0.0 - -8, 8 0.2, 2.0 0.5,1.1
108 m3/day —i0.14,11.04

__Bottom  linear

npnlinégr_ 2,7 -1.1, 3.8 1.5, 2
friction _)) | ' ‘
n ) .
S
q *
~
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‘bottom friction. The results are plotted'ih Figures 5.12 and 5.13. In
both cases the results obtslned from ONELAY are closer to the observed

flows at all moorings than the results obtalned'From ERCH.

5.4 ° mscusslon S | e |

According to a study in Lake Ontarlo (Bennett; 1974), the wlnd
term In [5.26] has to be greater than the pressure term In the nearshore
zone, to produce nearshore Flow in the dlrection of the wind nearshore.
The opposite ls frue in deep water. This was confirmed by ERCH ONELAY
and observed currents do not conform to this. On the other hand ERCH
does not account For(e) shore lrregularlty in the east-west dlrectlon
{b) the leFerehce‘in the water depth between the oentral'and western
‘ba51ns, which is large and develops a boundary at the lower lSln The
eFFect of such a boundary ts -increased in the case oF north—westerly wind
~ where a high barotroplc pressure gradient is developed along the lake’s
maJor axis.

In spite oF the fact that ONELAY gives better results than the
ERCH for the May episode. the model results are not deemed to be
l appropriate for this study. ONELAY predicts the vertlé;lly lntegrated '
currents over a relatively coarse grid of about 6.7 km (currents between
the grid polnts were lnterbdlated). ONELAY is adequate’ for the
.predlotion of the vertically _integrated 1ake circuletion duriné
nonstratified periods, where the entire lake is solved, u

Close to the shore (st. 37}, both ERCH and ONELAY produced results
difference from the observations. Sensitivity analys:s oF both ERCH and

ONELAY showed that the shallow central basin is highly sensltlve to wind
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speed and direction. The average wind stresses over the first two days
of the May storm were 2.2 and 1.9 dyne/cm? for MET. 26 and MET. 24
;ehpectively. For sueh stress diFFerencés bétween the north shore and™
(almost) tpeibésln centre, the entire basin.may spin anticlockwise
Forhing one cell. Because of the cSmbinati;n of the barotropic return
Flow in the lake’s major axi$ and the anticiockwise rotation of the
central basin, the alongshore fFlow in the south shore-waé against the
w%nd. Sa;ﬁor and Hiiler (t983), uslnb cdrrent-meter data fn the central
basin of Lake Erfie, observed that the.tﬁo-cell resbonse_to the wind
described by Gedney (1971) is not formed durinq sfgnificant wind stress-'

impulses. The pattern frequently forms a one-cel 1l circulation where the

flow is apparent |y more barotropic than predicted.

ERCH is'used to generate the flow field for several dayé in
Chaptef 6, aﬁa the results'in all cases are in agréement wlth the

observations.
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CHAPTER 6

TRANSPORT MODEL “SEDTRAN™

~

6.1  INTRODUCTIGN

The general goal of a water quatity model is to predict the

. concentration of a contaminant over space and time, knowing the boundary

1

conditions, the initial flow etructure'ahd the jnitial contaminant

concentration distribution. The contaminant concentration is highly .

sensitive to the mean current and turbulent fluxes. Truly predictive

water quality mode s necessarily include the prediction of the current

and turbulent fluxes as well as the concentratlon But itxis useful in

fmany cases to use sophlst1cated water qual:ty models without

~

51mu1taneously predletlng the current and turpulent_Fluxes. In this case

the hydrodynamic model is run first, the abpropriate data are stored and

then used tofrun the mass‘transport model. In the less diFFicult
s:tuattons. where the current and ‘turbulent Fluxes are known - from
observations , the mass transport mode | only is run.

In the preseut study the hydrodynamic models are.run First to
generate the current field (Chapter 5), the current ‘field is stored and
then used as input to the mass transport model. The Field observations

are used to verify: calibrate and validate the hydrodynamic models and to

.estimate the turbulent fluxes by means of the diffusion coefficient
- calculations (Chapter 4).

- : ; | i
To study the effect of the different flow regimes discussed in

”
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very‘difficult, if not impossible,'to establisn.a reFérence,concentratiqn
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Chapter L.on the sediment diatribution within thelcoastal boundary 1layer,

both the defailed vert%cal sﬁrueture-of the horizontal flow and the

vertical velocity have.to_be incorporated in the mass transport model.

Thus a three—dimensfonal time dependent mass transporf model is required.
t ‘ .

Sediment transaort and depesition in coastal zones can be d%vided
into two major topics according to the sediment sdurce: (i) sediment
discharge from a landlsource (sewers, industrial outFalls and runoff),
and (ii) sediment }oad generated by erosion and - resuSpen51on of the Iakew
shore and bottom, ’

Sediment resuspension calculations reauire measurements of a

reference concentration for each time step of the simulation period, to
. - . o

construct the lodgarithmic-suspended 1oad concentration profile. It is

for each time step; The other alternative js to relate the reference |
- . “ . M -

. concentration to the“shear velocity and the bed load'discharge (Einstein,

1950) For more detalls refer to a preﬁlgus study ( Elzawahry .1981).

’TBed 1 oad calculatlons rEqUIre relatlng the sediment characterlstlcs to

fthe Flow properties through some emp1r1cal constants in an iterative

procedure. It is not an easy . task to develop three- dlmen510nal time

'dependent sedlment tréﬁP\'rt mode 1's capabie of comput:ng the sedrment bed‘

Ioad the sediment resuspension dtstr1but|on and the inflow sediment-
dlstrpbutlon. Such models are expected to be very costly and the results
are expected to be difficult to iterpret. When qgen (1971) formulated a

Ionéitﬂdinal dfspersﬁan'equation for suspended sediment Qith a noving

bed, the work involved many simplifications and Formulations. Moreaover,

~ the sediment resuspension is highly influenced by thermal stratification.
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,
The thermocline behaves as a diffusive floor preventing the bed sediment
from resuspension in the epilimnion.
A computer program cal.ed SEDTRAN was developed by the author to
’:l <y i

predict the Inflow sedimentIEOncentpation distribution within the coastal

‘boundary 1ayer. The program soives'numerigaiiy the three dimensiona)

LL]

time depénqent mass balance equation including the settling term. The
program solves the sediment transport equation using a forward time
dIFFerence, central finite difference for the diFFusion terms and upwind
Finite ‘difference with flux— corrected transport technlque for the
advection and/setti;ng terms.

The ability of the numerical model to simulate efficlently ‘one, .

" two or three spacé varfables s I11ustrated by many numerical test

examples. ‘The mode| was partially validated using the 1imited suspended -
sediment measurments collectedxgxhehe water quality Iaboratory at f
Heideiberg col lege. Part of the data pUbllShEd by the U.S. Geologlcal

Survey (USGS) 1979, have also been used in the vaildatlon The program '

"was used to simulate many settling activity cases which may take piace in:

-

rcoastal waters. At the simulated cases were- used to deFine° (1) a

3'representative zone infiuenced by a nearshore source oF pollution and (2)

;wfthe sediment grain size distribution across the coastal boundary layer.

" p——

‘6.2_ DEVELOPMENT OF THE THREE DIMENSIONAL MODEL "SEDTRAN"

A computer program catled SEDTRAN (SEDiment TRANsport) was written

by the author to solve the three-dimensional time-dependent sediment mass

‘balance equation. The sediment concentration s assumed to_be a function
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of the three space coord1nates and time. The three velocit 4components in

the alongshore: the cross-shore and the wertie !rect ons previously
Computed by ERCH (Chapter 5) are . input to SEDTRAN which generates a three

dlmen5|ona1 sedtment plume/patch The-three veloc ty components are

assumed to vary only 1n the alongshore and the crfss- shore dlrect1ons
The horizontal diFFuslvities are assumed to be congtants or Functions oF
time. the values belng obtalned From the stat1st1 al analysis perFormed
in ChaptEr 4, The vertlcal eddy dfFFusivityﬂ\s assuped to be a Funct1on
oF time, wind.stress water temperature and water depth The sefit 1 ing
veloclty is calculated For each grain slze using Stokes T aw For Rey olds
numbers |855 than 0, l‘ahd the relation reported by. Slmon and Sentruk
(1977) for Reynolds numbers large;/jhan 0.1. SEDTRAN simulates.up to 10 .

sources of sediment with varlabl locations. The source concentrations

. R : , .
can be'constant or time dependent' The modél stmuiates a continuous
source to generate a plume and a. spike to generate a patch. The bottom
topography is also accommodated by SEDTRAN

6.2.1 Basic.equation and.parameters _ ~

P

The concentratlon d!stribution of suspended sol ids 1n aL:urbufent

Flow field can be shown to follow &
. S -
m @ ';12 (4) . (5) 1 (6)
3. - 3(UC) A(vC) B(WC) . 2 aC a2 at
Tmm o mmmmm e o i (K - ) + - ( KPE)
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7 (7) (8)
3 ac . ac . ' : .
+ - fK, - ) - wg ———- g [6.1]
3z 0z ' az - L
where '
C fs the mean value of suspended solids concentration = '
. .
t Is time

”

Xy ¥ are_the shore-paralle! and the shore-perpendlcular coordinates

z Is the vertical coordinate, positive upward. - ' o

u s the shore-parallel velocity o

v is the shore-perpendicular Gelocit; - T

W - fs the vertical velocity o

Ky is the shore-parallel .diffusion coeFFicTent‘ - Cor
Ky” is”the shore-perpéndicular dirfusioin éoeFchieht:‘

K, s the vertical diFFusion coeFFicient

W is the settliﬁg or Fall velocity oF sUSpended sol1ds

o~

I'nderiving [6.1] the mass transport due to the'molecular diFFusion is
much less thhn that due to the turbulent Fluctuation. and is neglected
Equatlon (6. 1] can represent the conservation of any other

-

‘transFereble scalar quantity in a turbulent Flow, such .as neutral dens1ty

-

tracer, heat and'energy The equation yields the b.la €] €tween . the

~
rate of chenge of concentration. the - netlﬁransport b FTuud mean mot ion

-
(advect1on te;@;). the turbulent net diffusion - (dlffu51on terms) and the

net downward flow of suspended sol-1ds due to the gravitational ForCe

(settling or sink te{m). in the case of a neutral denslty tracer such as
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“dye, the fall ve[oeity is set equal to zero.

The.eelocify components u, v and w are previously comeuted by ERCH
(Chapter 5) and stored to be used In SEbTRAN The three velocity )
components - are assumed to be functions of the cross- shore and the -
vertical directions and the:variabillty with the alongshore‘dlrectlon fs.
neglected ( channe! model). Refer to Chapter 5 ‘for more dlscu5510n.‘
The_fall-yelpcify We is calculated %or each grain size-in the

-sediment inflow distribution using ‘Stokes law for particles less thaﬁ

0.0625 mm (silt and clay):

. ‘ ‘ FE . ' > *\/-‘ . .
~o lps -p ) g Ds . s ‘
W, = : [6.2) -

18 u
where |
Pg ™ is the suspended sediment density, o ' o
. . T . ' v
o} is .the water density,
g Is gravity acceleration, = T ' =

Ds is the sediment particle diameter.

u - is the dynamlc v15coc1ty of the FIu:d.

EquatTBh'[&z]iis a belance between the_berticle.budyant weight and the

\ .

resisting force reeulting from the fluid drag, wi h- drag coeFFIcfent
Cq=24/R,, wﬁere Ry, is Reynolds number. Equation [6. 13 only applied If
Ry < 0.1 (Dg ¢ 0 0625 mm), where the downward f1ow of suspended sediment
is treated as low Reynolds number Flow and hence the tnertia term s h
drepped. .For larger Reynoids nqmpere theﬂieertia term cennot‘be

neglected. Considerable ] tterature on incorporating the inertia force in
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(6.2] exipts.(Proudman and Pearson. 1957; Langlois, 1964; and Happel

'and.Brenner.'1973).i In thls study, for particle sizes blgger than 0.0625

E_m_.\the experimental relation reported by Rouse (1937}, and given in

_ .Figure 6.1, is used. A weighted arlthmatlc mean for the fall veloclty (s
calculated to get tHE mean fal velocity W

The fall velocuty obtalned from [6 2] and Flgure 6 [ Is for :;

single particle ln an lnflnlte flutd. If only a few closely spaced

,particles afe in the fluld, they wiiel fall in a group with higher

5 velocity than that oF a slngle partlcle On the other hand. if pal‘tlcles |

are dlspersed throughout the f"luu:l, the lnterFerence between nelghborlng

particles will tend to reduce thelr Fall velocity (h:ndered sett1ing).

The theoretlcal results. reported by HcNown and Lin (1952) is used wlth

typlcal concentratlons observed ln the study area to calcylate the eFFect‘

" of the sedlment concentratlon 0n falr velocuty. The results showed a

.

rnaxlmum decrease of 41 in the fal 1 veloclty, thereFore the eFF;ct fg-

m

.neg 1l ected here.

-It is well known that the cha acterlstics oF turbulent quantltles
L]

such as turbulent lntenslty and diFFu lon coeFFlclent are aﬁgected by~ the
suspenslon of solld partlcles. The mtensuty oF turbulence of the flow -

is damped as a: result of increased energy consumptlon needed to suspen

-

sedlment and hence the diffusion coef-‘Flclent decreases The ratl

between the eddy leFuslvltles for (a) suspended sol ids and (b) c\

<.
water {s a Functlon of sedlment and ‘geter densutles, ‘sediment fall

+d

velocity, sediment concentration, water depth, bottom roughness, shear

veloclty and von Karmen coefﬁlclent (Hino, 1963). The mathematical
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-

jékpressfon derived by Hino (1963) was used with typlcal values oF the

e

previous}y ment 1oned paremeters to Flnd the effect of the sediment

. -co/centratlon on the diFFusmn COEFFICIent The results showed a maxlmum

wdecrease of 8% In the diffusion coefficient. In this study the suspended

-

_sediment eddy diffusivity is taken to be equal ' td that-of clear water.

. The_horizontal eddy dif’Fusfvit'ies are aeslumed‘ to-be constant and

were derived from the statistical ‘analys'is in Chapter £ [n'the case of a

Patch the diffusion ca{eff’icients are assume‘d'to be a function of time

* AW
(difFus‘ion t'ime); The values and the d!FFusIon laws used are reported

later in th!s chapter . ) RN

. )

The vertical eddy dfFf-'us!vity is assumed to be a Function oF the

water depth. wathr temperature and the wind sheir 5tre55'
Kg (C) + Cp /D),
e Dz e"'ZZ/D 8T

Equation [6.3].is similar to [5.15] where Kq 15 assumed to be equai to

As" - K : . \ "

The' d!Ffusion of momentum is accompl Ished by both<X(a) the pressure'

Fiuctuations and (b} the translation of the water partlcles. whereas the

diffusion of-' material is accomptished only by the latter (b). This is®

16.3]

143

.

utiTized in [6.3] ‘by using a power of 3/2 instead of the power 1/2 used .

N -

in [5.15]. ‘ 5

et
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" Analytical techniques for sclving

"

6¢232‘ Numerical ﬁechnfques

-

anéport and diffusion

équatipn [6.1] do not-exist except #or lefand ideal lzed éases;

| useq_For‘verifipatton.oF the SEDTRAN cous n this chapter. Thus J
‘ finite difference techniquescare used to solve [6.'l] numerical ly, * ° | |
| . The time derivative (term I in [6.11) is spproxinatecfy a finite

difference form a using Fcirward difFére_nc:e scheme (FDS), while the‘second s J’V

- .-prdé; terms” (diffusion térms 5,6 and 7) are approximated using a centra{/fi R

. difference scheme (CDS). . |

Approximétlng the advection terms 2!3,4 and 8 in [6.1) in a simple

finlte diFFéréhce:Form without fnviting fnaccuracy'or fnstabliity seems

to be impogsible. For the moment ') et us.drop-terms.,3,4,6,7 and 8 from
o [6.17s i{., . : . \;\p J .

ac ac aZc E L #
. A S 16.4)
X
s | “at ax ax?

s o~ . -

4 a i ~

' oo L ] - . .
Let i,j,k and m represent a grid poin‘bof space coopdinatles x,y,z at a

\\\#fjjy{'t'respectjvely such Wvat Ci,j,k is the s spehded sediment °
concentration at grid point (i,j.k) at time m. Approximating [6.4] in a

finite difference form, using forward time difference scheme and central

-

difference scheme for the. advection and diffusion terms, yields:

- .‘ r‘-.

% o . ‘ ﬂ
y | . - - | .
Ci,j.k = Ci,j,k - Cigt, 3.k~ Cite, gk

T e i} —— — e gy ™ -

B m <« m

" ‘ m

Ci+1,j,k =2 Ci,j,k + Ci-1,j.k '
2 - N L6-5
‘ ; . Ax2 i
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/ respectively. It is easy to conciude from these values that the sotution

N ﬁ\\\ 14
which can be rearranged as
f\ -~
Ci ik - Ci Jok Kx zr) CaM
- “Re i+l,j,k = i.Jsk
At 28x2 : ’ | ! N
.-.b
m . ) :
.+ (2+Re) Ci-1,j.k) . | [6.6]

where Re = uax/Ky is cal Ted the cell Reynolds number. Equation {6.6] can

‘be shown (Peyret and Tayler. 1981) to be stable.only iF'Re less than 2.

If Ry is greate'r than 23 an unstable solution is obtained. Thisgind of

. Instability is called spatial Instabiiity and occurs even when steady

P

state problems are solved, The only way to use CDS.and avoid the spatial
Instabl lity is to use a very Fme grid. Typical values for the coastal

zone of Lake Erie (Chap_ter 4} are: 20 cm/sec H Kx =‘ 104 cmzlse.c; and

‘the spatilal incremerft must'be less than 10 meters. To simulate a lS km

by 15 km area, 1500 1500 grid poi‘nts‘ for one le®fel are re To

generate the current and the’ sediment concentrat!on ver tiis very fine

grid. computer memory of at%l east 1000 and 100Q s are anticipaté@i\
2 ¢ .
For ERCH and SEDTRAN respectivély. Moreover the computation time is

expected to be long: to simulate one day rea l- tfme\t 2000 and 100 0 ép

seconds -are requ!red on a CDC Cyber 170/730, for ERCH and'_‘SE-.TRAN

“will be very expensive.’ Su!ta%lé computers were not avaf lable-at the

‘ . : e N
To avoid fﬁgﬁetfa‘l instability, non-centered difference {(one-

time of this research.

. . : .« ’
sided diFFerenchuch as upstream .difference sc:heme (UDS) may be used

v

St e 4 g a v . e —————— s o et = o - —
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For the advectlion terms. In the UPS, "backward" and "fOnward"
differencing are used depending on the velociﬁy sign. Backward
differences are used when the yelocltles are positive, and vice-versa.
-Toos'the difference is aiways on the upstream side of the polnt'whlch-the

time deqlvative is evaluateo; i.e.,

m+1 Coom

m m
c Ci - C = Ch_
_1—J—k———.-...._lj._'.‘_<_ ‘: -u i'jl‘j_ i l"li'k f'or u > 0
AF : . Ax ’
m mo
C - C ‘
- + k 'k i" 'k .
==y 1t1,] : J for u <0 [6.7]
o Ax T

~ The UDS can be.showh.(ﬂesiﬁber and Arakaﬁa, 1976) to be stable For alt
Re- Even though thls resolves the spatial lnstabllity. the schéme
introduces other leFlculltles. Roach (1972). using let 5 ‘stability

analysis showed that '£6.7] ls equlvalent to

N .
¢ duC aZc '- s

= - + K pm———- - - . [6.8]

t ) .

Q7% 3t ax A ax2 ‘

l-lh ) ' : W ’
uax ? . “y . '

Kart= --E——\ {1 - Cn) " ’ . . [5-9]

“where Cn = uAt/Ax is known as the Couran‘m:umber. The method introduces

a non—phys:cal d!FFusron coeFFICIent K hich is known as numerlcal or

art?
artlFlclhl dIFfuslvlty To mlnlmlze the artificial leFu51on. Cn must be
chosen to be as’ close to l.as possrble. In practice, lt is lmposslble to

simultaneously keep Cn in the three directlons Xe- Y and z at all p01nts
> .
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equal to I. Typical values are u=20 cm/sec, At = 15 minutes, ax = 300 m,
Cn = 0.6 and Kgrt = 1.2 x 10° em?/sec. The artificfal diffusion
introduced by the UDS is thus about 10 £imes larger than the actual
diffusivity, which canhot ‘be accepted. Many other FIh’f‘te(d’iFFerence
schemes are app] ieabl'e. but e.l | have the problem oF:-'.-tloo much ndif’Fusion or
spatial 'ihstabi Tity. ~ |

The: ‘only way to’ suopr"_ess .the. artif-‘ieia] diffusion and
_‘simultaneousty‘e‘:hieye the desired aecuracy is to add "a_nti-diFfusion" to
 the scheme to balence the unwantedldiFFusion. A suitable method was
. proposed by‘ Chlaudri (i97l) The generai -and complete method wasl
developed by Boris and Book. (1973) and Book et al. (1975,1981), and is
- cal led F]ux corrected transport technique (FCT) The method uses two_
steps. (1) use a scheme wh1ch introduces artlficial diffusion, such as
...UDS and (2) eliminate the artificial diFFus:on by using the results of

the Ffrst step as inftial values to solve the diFFusTon equation with

' -negatlve values of. Kaptr 1.6

art ~—5- S [6.10]

} The antidiFFusion as given in, [6 10] removes the error mtroduced in the
- first step but new maxima and minima are Formed where they are physical Iy

unreasonable ‘The new mtnima is actual ly negetwe. In order For the

| antIdIFFusion stage to be non-negative, Borls and Book (1973) . gave the

Fol lowing qua? itative 1imitation:
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This qualftative
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"The antidiFFusion stage should generate no maxima or

mini

ma in the solution, nor- should It accentuate already

existing extrema.”

L]
imitation is transiated to quantitative form in,steps

—_  (d).and (f) in tHe following paragraph.

igorithm Is used to solve equation [6.1]. The sequence of

operation is summarized for simplicity only in the x-airéction [6.4] with *

*

positive velocity as‘fol lows:

(a)

.

{b) -

(¢)

(@

Diffuse C :

'Transport

< where

Compute

Correct

e

- v
m+1 m Kxbt® q m m
Crogvk = Gl * =5 (Cien, jok = 23,5,k + Ci-g, oK)
“C:_ .
m 1 m At m T m )
Cidok = Ci, g,k - . (URCi, §,k — uLCi-1,j,k

m - m- -,
UR = 1/Z (Ujsy, g,k + Yp,g,k)
f*’ . m J m J b
uy = 1/2'(”i.j.k + ui_l'J'k)

the first differences: )
- mt1 w1
A sC Ci+l'jvk - Ci'j'k
. i+1 2' |k = = ) )
. /2] » 80X Ax

the antidiffuse flux:

o

S = slanldiyy g, 5,k)

Fi+1/2,§,k= Semax{0,min[S.A{-1/2,§,k+ Ai41/2,].k

Mi+1/2,5.k +S.8§+4372,5,k1}



where:

Mi+1/2,§,k = 1/2 Crygy 2 5,400 = Cnygg/2,5,k)

At

Cni+l/2, k= ~~== max (Ug,u)
Ax
4

(e) AntidIFFuse-

Ci J K = Ci j k *Fi-172,5.k - F1+1/2 ok
{f) Final congentration:

Add results of a énd e.

It is tmportant to mention here that step (b)%ls a finite difference

approximatton‘using the second order upwind or "donor cell“ method . The

"donor cel 1" method is more accurate than the first order upwtnd, since

-

it maintains something of the second order accuracy (Roach, 1972). The

same procedure is repeated for all advectlon terms and the settllng term.

-The numerical solution is stable only if:

Atg — | (6.117

Ax Ay Az

Equation [6.1] is solved for the following boundéry conditions
(1) Open boundary: the open boundaries are aséumed to be_Far from the

source where the diffusion filux may be assumed to be zero, i.e.,

H
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oC aC
Ny Ky ~=== + ny K, ~==— = 0 [6.12]
ax dy - :
where n=(nx,ny) fs unit wvector to the boundéry : b
(2) Free surface: \
ac _ -
Ky, =——— =0 S ' - [6.13]
Py . iz } o

" (3) Solid boundary: both the advection and diffusion fluxes are assumed

. to be zero, f.e., 3C/a3an=0 for laterai boundary and Kn 8C/8x + "sC=0 for

bottom {(deposition boundaryL

6.2.3. Operation of the program

%

The Input parameters to SEDTRAN are:. the numerical time step; the

time increments to input current; wind and source concentrations; number

g _ L S
. of hours of simulation; the three spatia) fncrements; number of grid

polints at each direction; number of sources: water depth; vertical

temperature profile.sediment grain sizecHstrtbution wind velocity;
and the three velocrty components. SEDTRAN computes the number of
vertical increments corresponding to each water depth. the fall velocity
using [6. 2] or Figure 6.1. The wind stress is computed using [5.23] and
the vertical diffusivity 1s computed ueing [6;3]r The sediment
concehtration_ovef the grid points is compoted using the FCT procedure

discussed earlier. The sediment concentration is printed out level'by

level for the gtven prlntout tlme lncrement. Figure 6. 2 shows tgﬁf

. SEDTRAN functlonal FlowAEhart



.
w7

SEOTRYAN
Enter: DT, DTHAP, DTCURR, DTSORC, NHRS,
DX, DY, NPX, NPY, NPZ, NS, HV, T.

i

DEPTH
—
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P
Calculate no. of vert!cal grid
points for each water depth. ‘
1 =
FVEL
Enter sediment graln size distributlon v .
and caiculate fall veloc!ity
- ) J
SQURC
Enter source locations
and concentrations
Inpu
current & NO .
‘ ingd?
. .Jk 7
¢ :
YES ! : . ’ T,
‘\ ..‘
- CURR _ W7
. Enter: u, v, wand T . :
(Hydrodynamic models) .
I T -
1 .
' STRESS ' "
Enter wind speed and direction,
. and calculate wind stresses
~ . - * -
DIFFUSE : ‘
I v Calculate vertical DiIffusivity
‘ . TRANS :
_ \ : : - Compute concentration distribution
\ . {DIffuse, Advect and Antlidiffuse (FCT))

SEDTRAN . A )
Printout concentrations
L i
%, -

Figure 6.2 Functlonal' flow chagt for program SEDTRAN
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6.3  SEDTRAN VERIFICATION

- VeriFlcation imp1\es testing'the program'code, structure and
numerical techniques by ¢ erison of model responses with theoretlcelly ,
anticipated resuits in as many cases as possible For which the
anticipated results are known. As mentioned earller. analytical solution '
of [6.1] is pOESIb]E only for a few special cases. PBSQUl]] (1962).
Csanady (1972) and Fisher (1979) give the details. In this study the-
test examples have been chosen on the Following basis: (1) the solutron
s known and the behaviour oF the solution ‘can be preecrlbed because the
physicel neture‘of ~the problem ls known;” (ii) the solution is simple so
that we may concentrate on the. reliability of the results rather thap the
diFFicultles oF obteining the solution and (i11) the tests contain as
manytjifferent practical sutuations as possible. Seven test exemples

were chosen to simulate cases of: 1-D edvection; 1-D diffusion; 2-D

diffusions; 3-D diffusions; 1-D advection/diffusion; and 2-D

) advection/diffuslons as Follows.

v -

1. . One dlmen5|onal advection:. to 51mu|ate -one dlmen510nal pure

"y

advection (terms 1 and 2 in [6. l]). a rectangular wave was chosen Smith

Lam“(l975) simuhated the rectangular_wave~using

diFFerent finite elemant and leFerence techniques. 1n this study the

rectanguler weve is simylated using ubs end UDS+FCT end the'results are

‘shown' in RSgure 6. 3 a. to the presence oF the discontinulties the

' rectengular wave provokes a. large number of short-wave components, hence

‘very accurate- results cannot be obtained unless a réeemall spacing Is

used (Smith et al.. 1973). - Figure 6.3a shgfs the effect of the.

- ' - e
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e e UDS+FCT '
I . '
——  ‘ups - :
©100F  eeeee. — ~7 u=30 cm/s
. E : Ry \: At=160 s "
- ao[ : : d / N\ Ox=60 m
. d \ t= 1600 s
GQ o . ,/ \|\\ A ) . - /.r
. : : i ' :
B I { A T
* ot ' : ’
20 X y/ i \ v
: : b
i 'l/jj 3 L L\ f X :

2 4 8 8 10 12 X 100
Distance {m) .
(a) .

Computed
At=1000 s
6xz2100 m
_ 2
Kx—l m~/s
X
; —) e | o
-6 -4 ‘_‘8 =G =4 a2 o 2 4 6 X 100
e Distance (m)
p) ) oL (b)
C‘. , AN —.— Exact
100 — E—— o e
“\\' """" Computed
st 7 -
\ - (same as b
50 \ but t=10% s)
-—\ 254 \}\: 7 .
- ¢ - Iy 2 F“‘&-"— ‘.l x
2 .4 6 8 . w0 12 X100 ¢
v " - 'Distance (m)
(c) .
- - _ : : L 7
Figure 6.3 SEDTRAN verifdication:, !-0 advection (a) andi-D.
~ diffusion (b and c}. . L

Tﬁﬁ\\\
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artificial leFuSIQn lntroduced by UDS, (Kgry = 1. Bxl04 szlsec) and the

improvement Introduced by using UDS+FCT when 60% of the error is removed
Smlth et -al. (l973)|reported that even ‘high order Flnite elements cannot
produce'satistactory results. -Boris and Book (1973) and Lam GF§15)} of
Vseverel Finite dIFFerence and element schemes, showed that UDS+FCT',
produce the closest results to the exact solution (refer to Chapter2 For
more dete?ls). “ :
'2.._ xOne—dimeneionalfélffusion;. the, case of one—dlmen51onal diffusion
was VEFIFIEd using a delta‘Functton (pulse) and step Funct:on as fol lows:
(.) Delta Function. In thts cese the one diFFusion equation
(terms | and 5 in [61]) Is solved for In!tial concentratlon'
Cix, 0)-ﬁ6(x).where d is the delta Funct!on and Mis the pulse

strength . The analytlcal sotution is given by.

%t %B N X2 ..u
R TP R exp (==—=-= ) R {6.13]
o Jacx Kt o T

(b} Step function: In this case the one diFFusIon equation is

'solved for initial concentratlon C(x,0) =0 if x ¢ xo and C(x 0) -
\
= CO if XD XQ- The analytical solut10n is given by.

. - C - - . . ‘ ‘
Clxyt) = o= {1 - erf (=~———==- )} [6.14]
2 - . J4.th - '

M. * . o . “ 9

_ Flgures 6.3b and ¢, show a3 compar:son between SEDTRAN results and the
‘exact solutlon ([6.12] and [613]).' It can be seen that SEDTRAN predicts

the concentration in both cases reasonably well., - ' B h‘\\\_
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2 .
3. Two-t‘iimensional d\iffus‘ions: the two-dimensfonal diffusions case
was 'verif*‘ied by solving terms 1, 5 and 6 in {6.1]) for the slug case
(delta function), using the initial condition C(x,y,0) = Hd(x)é(y). The

analytical solution is given bByT

' Mo X2, ey |
C(xert) B ommmm s e— EXp ( ‘ - - -) [6.[5]
' Wy /(-fvdet Kyt

Comparison between SEDTRAN results and the exact solution for x and Yy

. 4; Three dimensmnal diffusions the three-dimensional diffusions

directions is shown in F‘igure\,&.ia.
' ]

\gquatnon (terms 1, 5, 6 and 7 in [6. l]) Is solved for the slug case using

the init’/ial condition C(x.y,z t) = M &(x) &(y) &(=2). The analytical :

solutlon is given by:

»

. o
. SR M ~ -x2 -y? :
s C{xyyy2,t) = . exp ( -
_ . ™
- 32 ke ky 2 Kt Ayt
~ 2z T 1
e I _ [6.16]

The reeu}ts are shown tn Figure 6.4db for both SEDTRAN'and [6."15] for %, y
and z directions. | | | “
S.H One dimensional advection/diffusion- the one drmensuonal advection .
-d1FFu51on equatlon (terms I, 2 and 5 in [6. l]) which is known as the lake “y
the_rmocl ine model is sol ved for the step function, using the 1nitia‘1,

condition previously mentioned in part 2.b. The analytical solutfon is

-
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-
K. =3 m2/ i - K =1 mz/s
x Sc, ot=1000 s . c. %
a0t Ax=Ay= 100 m 304
t = 6000 s ‘
201 201
. 19_-.:_ 101, -
G e A
’ L _—':‘-X/l i ‘.‘EL:\ o X N 1 ‘{” M y
~6 =4 -2 0 2 4 6X100-56 -4 --2 0 2 4 X100
_____ Exact | ' Distance {m) -
‘ {a) - -
—--—— Computed o
c S AE=1000 s c - ,
3ot K _=3 m2/s ot 30¢
X o Ox=Ay =Az=100 m
201 20¢ = 204 K = 2
Ky=lm2/s t 6090. s K =0.5m"/s
Yl .oy .. of
-4 /-’—‘ \‘ i X —_ /”\ ‘ 1__'y . : .V/\\‘__' Z ]
2. 0 2 4 xwo0 -4 2 0 2 4 y100 -4 -2 0 2 axico
Distance (m)+% '
"~ (b) . ™
. ) 3
c X
o O .
Jr , (\ /
100 d u=80 cm/s
st N Kx=0.2 m2/s
sol At=1000 s
Ax=150m
25 | ‘ .
' ' t = 10" s
Q A ! = - L "\_b\ -
& 2 e 24 3 x100 | =
Distance (m) :
— Exact
(c)
----. UDS+FCT
T ~-— UDS
- UDS+AD

Flgure 6. 4 SEDTRAN verlFicatlon. 2-D d1ff‘u51on (a), 3- D drffusion (\ )
and 1-D advection/diffusion (c)

‘.

°
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T j , . given by: B : I ‘ ;
- Cq (T - XQ) - ut)

C(‘x t) = —=== {1~ erf (- )} Al6.17]
2 . YK t ' .
g,
- N ’ N | y i . ) .y

. Comparison between UDS, ubs and anti-dif-‘Fusion without flux correction

MS+AD). UDS+FCT and the exact solutaon is shown *in Flgure 6.4c. The
artrﬁmal diffusion mtroduced by - UDS. the new maxima and minhne—-and t:e
negative values assocliated with UDS+AD and the removal of the art\ficial
. | | _ diffusion by UDS+FCT can be seen in Flgure 6. dr:. ‘The. UDS-I-FTC'I"\.removed 751!

" of the &rror Introduced by UDS. L

o . -
6. Two dirriensiona] adveation/diffusion. Siemons (1970) Smith et al.

S )
W o (1973) and Lam (1975) sol ved the two dlmensional advectmiffue‘ion
equation (terms f, 2 5 and 6 In [6.1]) f-'or' the nmtral concentratlon

shown in Figure 6.5a. F1gure 6.5b shows the results obtained by Siemon

(1970) and Smlth et ajl. (1973) The regults of applying SEDTRAN using
ups, UDS+AD and U +FCT are shown in Figure 6 Ga. b and c. Figure 6.6a

shows that UDS do not produce negative concentration but tr_ﬁoducés

high artiflcial ion g_&(a,.t = 9.4)(104, Re = 4.7). The UDS+AD ‘removes

the artificial diffusion and creates negatlv'e values, Figure 6.5b. The

=

UDS+FCT removes the artificial diffusfon without" creatlng new maxima, |

minima or negative values. . - - | *
' , ' hf '
P Figure 6.7 summarizes the comparison between SEDTRA and the
ﬁ. o ~ analytical solutfons’ of-' the Flrat five verif’ication cases. using

different values of currents and diffusivies. .

o
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;thmith and Siemons results (2- D a

concentration distributlon (a) and
at 2500 sec (b)

 boocooo
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5 -9 4 -9 |2 ~10 4. 10.-23 32 143 372 680 820.710 454 i94 41 ;2 -2
29 -3 7 -8 9*-7 2 4 -8 1l 49 221 S12 664 543 267 91 Il -2 O
14 %ﬁ 4 -5 6 -7 5 -0 -10 32 270 400 2 . 88. 6 -4 0 0 0 0
24 - 7 -8 11 -10 6 ‘4-15 22 -1l -22 95-132-82 .12 3 -0 O 0
g8 0 2 -3 3 =2 1 1 -4 5 -1 -6 111868 8 0 0 0 0 O
0 00 0 0 0 O & 0 0O O0¥1 <1 2 .0 G 0D O O O
. Smith’ solution (t= 2500 s)-
: £ (b} Slemons and Smith solutiohs
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6.4 SEDTRAN SENSiTlVITY

-

carring-out the sensTtivity analysis are,typicai values used In lake.

size. Tabie 6 | summarizes the analysis

lel

In carrying out sensitivity analysis for SEDTRAN a cross-section

~simi lar to the Lake EBrie cross- section at Cieveiand was used. The

Followlng parameters were varied . the three velocity components u, v and

; wi the diFFusion coefficients Kx. Ky and K i and the sediment particle

SEDTRA_N. was run For four
prototype hours using Ax = Ay = 400 m..Az =5%m and At = 306 sec. The
effect oF'ohangind the‘ﬁorementioned rameters on-the\makimum
concentration and plume Iength (LP) paraiiel to the shoreline and width
(WP) perpendicular to the shoreline at each level were studied - The

maximum sediment concentration is important for an evaluation oF the

signiFicant parameters to show the extent of. poliution along the

"shoreiine and the sediment penetration across the coastal boundary layer

' respectively. The initial values and'the ranges of variabiiity‘used in

Y .
modelling.

..

\\‘.

! localteﬁfect ofé;gzpollutant source. The plume length and width are™ **

Flgure 6 8 shows the resuits of changing the shore—parai Iei and

shore-perpendicuiar components. Figures ESBa and d show that the maximum

i

‘yice-yersa. The maximum concentration s highiy sensitiue to the 1ow

.,veiocity range below 10 cm/sec and: oF iow sensitivity to the high range.

The piume iength is ‘highly sensitive to u-and low sensitivity to v

oF 1 ow sensntlwty to u (thures 68c and ),
. ]

Flgure 6.9 shows the eFFect oi" changing the vertical veIocnty W

te, . a o . l
o . . . . g

L

.
-

céncentration‘at.ali ieveis decreases with the increase of u and Y and E

’ (Figures 6.8b and c), whjle the piume width is h:ghiy sensittve to v and'."



TABLE 6.1 SEDTRAN' SENSITIVITY PARAMETERS

< 162

Parameter Initial value . Range of variability
: min Comax
Shore-parallel 25 12 50
velocitly, u (cm/sec)
Shorgtperpendicular 12 6 25
velo fty, v (cm/sec)’ - _
‘Vertical velocity, .01 -.06 .05
w {cm/sec). o ‘
“Shore-paral lel 1.5x104 1.5x103 - 1.5x105
diffusivity, K, (cmé/sec)” o ﬂ .
Shore-perpendicuiar ~ -3.0x103 .- fl.Ox}ﬂa- 1.0x104
diffusivity, K, (cmZ/sec) oo L | 3 -
.. Vertical diffusivity, 20.0 0.0 100.
K, (emé/séc) ' |
o T
-Particle size, .03 .003 .1
Dg (mm) - ‘
-
.".‘ v
I
[ 5 )
» } “ - s ‘ -
’ L B S —
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'
H l

“and the sed‘iment-particl-e-size D For negative values of w

(downwel llng) the maxlmum concentratlon and the plume length and. Hldth

\-.

were Foun&to be lnsensltlve, because the vertical Flux was hlghly

. lnFluenced by the lnltlal value of-‘ the Fall velocity. JFop p051t|ve

values of W (upwel 1 mg) the sediment reaching the lower levels decreases
dramatlcal ly (no ﬂ/aslment reaches the lower ’level at the e"d of the
smulatlon time). he,ce the plume length and wldth decrease rapldly
(Flgures 6. 9a b and c). |

. / : : .
The maxlmum concentratlon and the plume length a:j width were

f-'ound to-be highly sensrtlve to Jhe change in” the sedlment rticle size.-
The Fal 1 veloclty is proportional to the square of the particle slze.
hence the vertlcal flux is hlghly mf’luenced by the partlcle 51ze I,n

Fygures 6. 9d e and £, decreésmg the part1cle s¥2e causes a smal I

lncrease in the plume length and width ‘at the surFace .and .a_ large

.

- Increase at lower levels, and vxce-—versa.

¥ : :
Figure G 10 shows the eFFect of changlng the horlzontal leFuslon _

: b K
coeFFlclents Ky and Ky. The plume wldth and length were found to He. oF
low sensitlwty to K,‘ and Ky rsspectlvely (Flgures 6. lO c and e).‘ TI}e
maxlmum concentratlon decreases with the lncrease Mth oF Kx and Ky

(Figures 6.10a and d). The maxlmum concentratlon wa,s_ Found to be of low

sensltlvlty to both oF and K . The plume width and length increases
x Y

with the increase oF Ky ‘and. K respectwely. Th\e sensltl'&lty of the

IS L
plume width to K, 1s higher than that of the ptlume length to Kx {Figures

6. lOb and f) because the advectlon domlnates ’the leFuslon more in the

alongshoref;%ctlon than the cross- shore dlrectlon It is 1rrportant to
J .

‘|‘ o r-“"

PO I
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note that in splte of the low sensitlvlty oF the downstream
céﬁcentrations (source downstream) ?the upstream cqncentrations were
highly sensitive where a Factor oF change {a sen51tiv1ty Factor) of 8 was
ob;erved | _

Figure 6.11 ;\\ws the effect of the vertical diffuslon Ky. The
- maximum concentration was Found to be. highly sensitive espedﬁal ly at the
lower level where the downward sediment flux increases by the increase of
Ky and vice ~versa (Figure Slla) The plume length and width were Found
to be sensitrve to Kz (Figures 6.11b and c).
: | ,
6.5 SEDTRAN VALIDATION - R |

Validatlon impiies the companison of modfl‘results to Field

asurementsﬁbto another model known to be accurate or some other adequate

.

criteria to ensure tha model productlons agree with real data (James.

1978). The most accurate method oF validation oF a model is the"

compar ! son - oF responses From the’ veriFied model with corresponding Field"

measurements. Calibration o# empirical parameters to achieve proper

' results may be necessary. in some cases. No complete data and .

observations existed in the coastal zone oﬁaLake Erfe in the vlcinity of

Cleveland For 1979 Several attempts were carrled out to validate‘

z

" The First attempt was to generate a dye patch similar to that o

SEDTRAN. . . - . - -

6.5.1 Dye. experiment Ty | - _ e

L)

observed in Lake Ontario for the per\od JUne 27-29, " 1972, (Hurthy. 19?6)4'

Figure 612a shows the dye concentrations observed 7 -hours and 26 hours ¥

N
/ Ll

1
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. For 7 and 26 hours It c|n be seen that SEDTRAN results are very close

. : ' 170

(1} the eFfect of artificial diffusion in the case of a patch. and (2)

. the eFFect[‘f the variabllity oF the diFfuslon coefficient with time.

SEDTRAN-Was run using UDS and UDS*FCT with constant Ky = Ky, = 2x104

em?/sec and UDS+FCT with bOth of Kx and Ky, as functions of diffusion

tﬂ{\ulhe results are given in Figures 6 12 and 6. 13 Oue to the high

artificlal diffusion introduced by yos, - the results show that the patch

dimensions {1ength and width) are much Iarger than those observed and the

' concentratlons are less than those observed as shown in Figures 612a and

b. The.eFFective diFFuslon coefficients are plotted in Figure 6.12c.

.after dye release and the corresponding current vectors. To demonstrate_

The observed clpckwise curvatures from the leading edge to the tralling

3 {p.t 4

"edge and the higher concentrations in the leading edge. Figure 6J2a. are

due to the vertical structure of the horizontal current (vertical current

shear in the mean Flow. wind induced Ekman transport). Okubo (l971l and

EY

,‘Hurthy (1973) provide more details. The vertica; struckure of the.

current and lt'S variability with time were not available to input to -

SEDTRAN, thereFore the actual patch shape. is not expected to be properly

UDS+FCT with constant K. _ _,2x104 cmzlsec The decrease in the patch

%= K

antidiffusion stac ~gan be observed Thejresults obtalned by Lam (1976).

using UDS+FCT t simul te the actual plume are plotted in Flgure 6 l3b

to Lam’s results.

To demonstrate

rgenerated by SEDTRAN. Figﬁre 6.13a shows the resuLts obtalned by - usingv

!dimenslons and the lncrease in the concentrabions due to the?.
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A

the leFuslon relations calculated From the actual patch concentratlons
(Hurthy} 1976) were used. The diffusivities were converted to Functlons

- of time as Follows- b

0.69 t1-15 . - -

X
tl

1

a.6 x 1074 ¢l 7 o g gy

Ky

plotted in Figure 6 l3c. Figure 6. 13d shows the results obtalned u51ng

UDS+FCT with varlable leFUSlVltIES in accordance w1th [6. 18] e‘

concentratlons at 7 hours in the case oF varlable leFuslvities were less

 than. those of constant dlffusrvrtles as shown in Flgure 6J3c, whlle the o

concentratlons were hlgher at 26 hours. 'In the case of var:able-'

leFUSlVltIES'_Kx and Ky were lower than those of the “constant

_diFFu51vltles _case before about 2 and 12- hours respectlvely. and hlgher'

after that.

6.5.2 Suspended solids' " _ | . o
t : ’ ' oo

- To ‘the author = knowledbe. the only suspended &C ment

concentratlons (SSC) available in. the &lcinlty oF the. Clevelan'

zone for 1979 are the data collected by Heldelberg College Hater uality

Laboratory (HCHQL), and reported by Rlchards (1931) Durlng 1978 and-

'1979 HCHQL conducted a sampllng program at leFerent sites,

‘nearshore port:on of Lake ETIE, one oF which was near Cleveland as

-~

« in Figure 6.14,. Water samples were taken at 1 m below surface and )| m‘v'

#

.above bottom. but all SSC bottom samples were unsuccessFul. During 1979'

PR 172 T

where t is the d1FFusuon tlme. The dIFFUSIQn diagram for.K, and K are ‘

coastal

TN
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. 3' o
each statlon was to be sampled on each of Four crulses. Durlng eachp
‘cru:se, each statlon was to be sampled on three succe551ve days. Table
6.2 summarizes all the avallable S5C data lncludlng the time of . samplmg‘l
for each statlon during the .summer’ perlod | o
. The_ second data set which 13 relevant to thls study is the dafly.
average dlscharge and SSC publlshed by the USGS (Nater Data Report OH 79—
2). The dai ly average dlscharge and SSC at several streams trlbutary to
Lake Erie were. reported for the period October. 1978 - to September. 1979
Cuyahoga river whlch flows through Cleveland was one of the streams
sampled. Sampllng statlon I. shown |n Flgure 6. 14. was about 12 km
upstreem of theirlver mouth The suspended sediment grain size
dlstrlbutlon was reported only For one day (August 28, 1979l ~ The ‘dafly
average dlscharge and SSC for. the Four days mentioned earlier (Iable 6 2)
are s.urnmarlzed in Table 63 | | . \ :
. The sediment data required to generate. the sedlment plume by
nSEDTRAN are the source locatlon, '§5C and sedlment.graln slze.
dlstributlon. The source location was, assumed to be at:the Cleveland
harbour entrance statlon. -about l km oF‘Fshore (statlon 86). Because all .
the avallable measunements were taken at 1 m below the surface, the
s:ngle point source is assumed to be located at the water’ surface. " The
eFFects oF changlng the souroe locatlon and uslng more than one source
are dlscussed later in thls chapter The source SSC 15 avai lable (Table
) 6 2) for July 17 and August 24 1979 For the rest of the study pEl"‘IOd
the source SSC had to ‘be estlmated u51ng the avallable data ' Out of Four.

measurements (Aprll 17, July 17, August 24 and October 8, 1979) the

observed SS5C at the harbor entrance (statlon 86) was less than that of-
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Table '6j.2-.v HCwWQL suspe_;id_éd -sédimént da_ta.sum;a;_-y o . ‘  SRR
Station  July A7 1979 July 20, 1579 Aus. 26, 1975 . Aes. 20, 1979 - .
Number . - SSC - time SSC time BSC . time - - SSCp time. -
-~ 0 mg/l Ao mg/le 0 mg/l ;;'
BRI y—i:l;. RN T S
7 S L T2 s o L 5.6 - <9:08
2 o - o T \
3 A S 43 11:27 R 1.5 11:00
79N = - 1.6 10:55 -1 -} i 5'ff16f§3 P
75 -1 -1 14.0  8:35 -1 -1 _22?; 3:53
76 -1 -1 -1 -1 T 4.7 - 11:58
77 -1 -1 -1 -1 N (9 12041
78 -1 - 1.7 13:08° . -1 -l 1.8 12:577
19 - 4.1 8:08 - .65 8:31
" 80 -1, - 26 '13540” a0 o e ;5:2;
BI . -1 -1 - 2.9 14:03 = -1, u'3;8 ; }4:65
&2 4l -t 1.4 15:84 -1 o Ip 1.3 -14:58
83 o1 o1 1.a 1428 -1-"_-41' 3.4 14:28
Y 9.4 I;:ZD -1 -l 8.7 15:25 .. -l 1
a5 8.9 15:06 L I S VIV S LU S o
86 5.0 15:36 - -1 . -] 9.8  15:00 = -1 1
81 s.2 ‘laas 4 S 7.4 14:25 . - A—l- )
o8 -1 -1 L1 15:20 -1 -1 2.2 15:20
8 -1 -1 2.1 14515 -l -1 3.8 1412
90 4.0 14:26 L -1 1.0 1408 o1 S
91 .47 l4:12 S o 53 *13:5;___——:I_ff_“-:}7‘. -
‘ . . : L 3o
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T “Table 6.2 cont inued . :
92 1.5 13:55 -1 -1 3.1 13:33 =1 -1
93 1.1 13:37 -1 -1 2.2 13:20 -1 -1
95 5.1 - 13:04 -1 -1 3.1 11:47 -1 -1
9% 1.2 12:35 /-1 -t 25 1231 -1 -
97 1.1 '1a¥52 R -1 2.1 12:55 -1 .. -
s 9Bl 2009 L 9312 =L, -l 1.3.8 900 - -1 -1°
99 1.5  9:36 -1 -l 2.5 9:43 0 -1 v -
100 1.2 9155 -1, -1 2.0 10.01 -1 -1
101 1l - 1115 . -1 " -1 1.5 T0:26 -1 =1
J o _—
102 1.4 10:20 -1 -1 2.2 .10:05 | -1
'fl'no‘sample ‘ . N
" i . ' 4 A
cE
Table 6.3: U.S. Geological Survey Water Data )
Day, 1979 T July 17 July 20 Aug. 24  Aug. 27
“Daily average . 370 . 242 1210 613
flow, cfs o : :

Daily average . = 17 - 16 281 36
©85C, mg/) ‘




while that oF station 86 was instantanedus" Relating the ratio between.

' increase Toward the river mouth the veioc1ty and the turbulence are -

the river mouth-(station B@) by a factor of 2.

Relating the river mouth SSC to that of  the river station

the instantaneous and the daily average concentrations to the daiiy

average discharge is diFFicuit due to the very smal | -number’ of avaiiabie:

the erratlc variabliity (Tabies 62 ‘and 6.3). Station | was® located

Y

‘reiativeiy ciose to the river mouth where about 10% oF the total drainage

area load was not measured. hence the sediment load is expected to

expected to decrease due to the Fiat river sl opes and the iake backwater

'eFFect Hence the transport capacnty and SSC are expected to decrease

ln this study, in the absence of better inFormation. the daiiy average

- 858C at Station 86 is assumed to beequal to that oF Station l Based on

& .
the above discussion the source 35C Is assumed to be constant, for each -

non- sampied day and equal to 50% of that measured at Station I. . To

%stationjl) uas'a difficult task. Station | SSC were daiiy averages Y

.measurements (the prev:ousiy mentioned dates except Octcber 8, 1979) andj

-:_obtain better estimates of the source. SSC. a river hydrograph and

’ poi iutograph routing with sediment resuspension and deposition mode }

. . . -.

wouid be requ1red. whlch is beyond the scope oF this study For more
detaii refer to James and Eizawahry (1981)

For the iake sedimentlbsize is the. property that varies greatly.

It has been’ shown in the SEDTRAN sensi?ivity analysis that the sediment“

particle size is “the most crltlcai parameter {Figure 659L The sediment

LA

grain size distribution-was not avaiiable for ‘any station sampied by'
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HCWQLf Based onithe'above discussion , the surficial sediment

measurements'of Lake Erie (Thomas et al., 1976 and Richards, 1981) and

'Cuyahoga river grain size distribution, given in Figure 6.15 was used In
this study. The grain size distribution has about 40% clay, 40% fine
silt and 20% medium silt.

To generate the sediment plume emanating from Cleveland for each

of the-Four days (Table 6.2), ERCH and SEDTRAN were run. In each case'

'ERCH was run for two consecutive days, one day before the day oF

51mulatlon to remove the effect of the initial condition (state of rest), .
and the day of sfmulation The same input parameters used to %dn ERCH
{Chapter 5) were usedwexcept for the wind correeponding'to each day. _[n
running ERCH, a numerical time step of 15 minUtea and an hourly averade o
wind speed and direction were esed The currents were printed out every
6 hours and stored to be used For input to SEDTRAN. | g

. Flgure 6.16 shows' the currents‘calculated by ERCH at 12:00 hours

v’

- onJuly 17, 1979. Figure 6.16a is a plot of the contour |ines of v, and

shows aﬁnprth-western near surface fiow accompanied by return flow at

anut 8 m depth. Figure 6.165 presents the same plot as Figure 6.16a.bUt
for 'y,  close to the shore, the entire layer was moving toward the south-

west. Hovihg offshore alflow‘reéurn at ‘about 8 m depth was, observed

'Flgure 6. 16c shows a vertical upward nearshore current. about three

orders of magnitude Iess than the horizontal current, Flgure 6.16

- presents a typlcal case of upwel Ilng Flgure 6.17 shows the results

obtained by SEDTRAN at 18 00 hours of July 17, using the currents at

Flgure 6.16. SEDTRAN was run using Ax = Ay = 500 m, Az =+2.5 m, and At =

300 sec. The values of K were obtained using [6.3] while Kx and Ky were
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Figure 6.17 Computed SSC piumg at 18:00 hours on July l'l, 1979
polnt. source at | km oFFshore and particle size of
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‘aesumed to be conetants of 2x104 and 5x103 cm3/sec respectively (Table
4.5). The fal h veloclty was obtained from [6.2] or Figure 6.1 , using
the grain size dlstrlbutlon in Flgure 6.15. N
In the case ‘of a plume in non- unlform flow such as Flgure 6.16,
the deﬁdbltlon of the leFuslon time [6.18] is difficult. . Defining the
“d{ffusion time as the traveling time, in the case oF a steady state -
plume..!mplles one leed leFu51on coeFF1c1ent value For each tlme Thls‘
ls only accurate at a distance From source equal to the product of the
travelling tlme and the veloclty The other alternative is to use the
leFuslon coeFFlclent as a Function,of,a length scale‘or standard
devlation of conCentratlons according to [4.10]. This procedure.requiras
iterative technloues to keep consistency in thelpredlctlon of C and the
definition of the leFdslon coefficfent. To obtain the value of the
standard‘devlatlon. (l) the three dlmensional Flow pattern must be
obtained; (2) tangents and perpendiculars along the stream 1 ines are
drawn; (3)'using an Interpoliation scheme the’concentrations are obtained
‘at several pointa along the tangents and the perpendiculars; (4) the.
standard devlations are calculated i (5) longitudinal and lateral
leFuslvrtles are obtained using the diffusion retlations; (6) the values

~

of Kx. Ky and K, are obtalned uslng the leFuslon matrix; and (7) the

values of Kx' Ky and Kz are obtarned on the orrglnal‘grld_us1ng the
interpolation scheme. ,This prooedure :% repeated- in lteratlvely for each
point at each time steb. For more dlSCUSSlOﬂ reFer to Lam et al. (1984).

Use of thls technlque in SEDTRAN proved@ﬁo be extremely compllcated and

expensive,
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Figure 6.17. shows the hor1zontalal|nes of equal SSC relat1ve to a

source concentratlon 100 mg/l at, different water depths The plume wasg
. directed toward the south- -west at all depths occupying a relatlvely
narrow wldth The zero concentratlon fs equlvalent to conoentrations
less than 0.1 mg/l. At the surface. the plume extended about 17 km and 4
km along and across the shore respect1vely The plume length.‘wldth ‘and :
concentration decreases with depth. - The concentfations larger than 10%
oF.the source concentration extended only to about 6 km and 1.8 -km along
and across the shore respectively. Most of the conbentrationa_observed ‘
'by HCQNLiin July 17 (Tablé_B.Z) were between 12 hours and 18 hours.
Stations 84, 86, 87, 90 and 91 were excludeﬁ because they were located'in
theharbar. Figure 614 shows the four main sampled sources’ located at
stations 75, 86, 94 and'98 There.ape also some other small_unsampled
creeks. The distance between ‘stations‘as—and 94 js -about 10 km.
Because the flow ls‘aesumed not to vary uithln such'dlstance. ERCH wouldv
produce a similar plume‘to_that_of Flgure 6.17 from sta%ion 94. Flgur;
6.17 ‘Shows that between 0% to 31 of station 94 concentration may be added
to station BG plune concentrations,-whlle 0% to 6% oF station‘98v
concentration may be‘added‘to station 94 plume concentratlons. The
concentration ratios betweén stations 94 - 95. 94 - 96, 98 - 99 and 98 -
106 were about 211, 5%, 7% and 51 respectlvely, while the computed
concentrat:on ratios at similar d1stances from station 86 were about 24%,
3%, 8% and 0%. -.

) Figure 6.i8 ahowslthe f1low prdFiles‘at 18:00 hours on July 17,

197S: Figure - 6183 shows strong near—surFace oFFshore Flow accompanled

by a broad return Flow at about Sm depth Figure 6.18b shows that close
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(c) w (10-:3' cm/s)
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Figure 6.18 Computed flow profiles at 18:00 hours dm July 17, 1979.
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to the shore the entire layer was moving toward the south-weet uith
relatively weak current, while far from shore a return flow can be_
observed. The pIumel computed at Ooﬁ_/r:ours on July 18, 1979 is shown 1n
.Figu&e 6.19. Due to the strong near-surface of’f’shore component and the

relatlively weak shore parallel current. the plume at the surFace was

almost oFFsholre. The pl ume extended to/about 12 km and il km along and
across the shore respectively. Due %o the eFFect of the onshore
component at Iower levels the plume was e]ongated Tn the alongshore
direction occcupying a relat:vely narrow wldth. This case presents a. case
of maximum’penetratlon>aéross thé coastai zone ‘

| Flgure 6. 20 shows the flow proFiIes at IZnQP hours on July 20
1979_ Figure 6.20a shows an almo:.t z:"o shore-perpendlcular component
everywhere. Figure 6.20b shows that a weak near-surface north-western
current was accompanied with return fiow’at about 2 m depth.- Figure 6.20
represents a weak current event. Flgure 6.21 shows how the plume at

' 18:00 hours on July 20 was slightry directgd to the north—east at all

“depths. The plume covered about 6 km by 4 km along and across the shore

-_respectively The concentrat1on ratios between stations 86 - 88 and 75 -

78 were about 141 and 124 reppectively while those computed at similar

‘distances ‘from station 86 were about 8% and 0%.
Py
FlgurEVG.ZZ shows the fiow profiles at 12:00 hours on August 24.

Flqgure 6,22a shows that onshore near-surface flow was-accompanied by

]

return flow at about.8 m depth. Figure 6.22b shows that thé entire layer

was_moving to the north-east ¢lose to the ShOﬁf with return flow at the

intermediate range of t'he water column far from shore (abogt 10 km). The
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Flgure 6.19 Computed SSC plume at 00 00 hours on July 18, l979. ,~-\\
: point source at l km o_ff-'shore and particle size of .
'0.02 mm. . , . ;
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Figure 6.20 Computed flow profiles at 12:00 hours on Uulg 20, 1979.

L}

187



z=-5

Figure 6.21

Computed S5C plume at
polnt. source at 1 km o
0.02 mm. *

18:0¢ hours on July 20, 1979,

ffshore and particle size of
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Figure' 6.22 Coﬁputed flow profiles at 'kIZ:OU hours on August. 17, 1979;’
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.sediment plume at118:00 hours on the ;ame day’ is plotted in Figure 6.23.
The plume was directed toward north-east, The pipme occupled é narrow
width at the éurﬁace and wé; wider at depfh due te the near-surface
énshore flow and the-return,FloQ-at depth respectively. The
] concentration ratios bethen stations 95 - 86 and 95 - 94 were about 32%
and’ZUz. while'the corresponding computed concentration ratios were about
2% and 181%. | -

Figufe 6.24 shows the flow pFOféIESsat 12:00 hours on August 27,
1975, Figuref6,24a éhows an offshore near-surface component with f1ow
return at sbout 5 m depth, Fighre 6.24b shows. a éouth—wésfern nearshore
surFace current with Flow return at an offshore dlstance of about 3 km.
Figure .6. 25 shows that the sedlment plume at 18:00 hours on the sa;e day. 
- was dlrectEd toward the south-west. F:gure 6. 26 shows that the Flowl
profiles at 18 00 hours on the same day were similar to those oF Figure
6:25 except that the near-surface shore perpendicular and alongshore
components are higher and lower respectlvely by a Factor oF 2. Figure
.6.§7l§hows the sediment plume at Q.DO hours on. August 28,11979. At ‘the
sﬁrface;“the—piumé covered an offshore Qistance of 9 km and a longshore
disfance of 5 km. Figure 6.27 shows another caée_of maximum penetration
across the coastal éone.

“Ihé dfFFerences'bétyeen the computed:and observed concentrations
ahd the high values at some statiohs remotelfrom the source were due to
resuspension of bottom sediments, var1ab111ty oF graln size distribution

with time and the effaect of the unsampled creeks Hakanson (1982){

estimated the percentage of e/}ake area that is dominated by erosion and'

. transportation processes or accumul ation., processes from two parameters,
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o

Flgure 6.23 Computed SSC plume at 15:00 hours bn August 24, 1979,

point soyrce at | km offshore and particle size of
0.02 mm. . :
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(c) w (10--3 cm/s)

Figure 6.24 Computed flow profiles at 12:00 hours on August 27, 1979.
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Flgure 6.25 Computed SSC pilume at 18:00 hours on August '27. 1979,
point source at 1 km offshore and particle size of '
0.02 mm. '
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NW (a). v {cm/s)

(c} w.610—3 cm/s)

Figu're 6.26. Computed flow profi les at 1B8:00 hours on August 27, 19'_[9.
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Flgure 6 27 Computed S5C plume at 00: 00 hours on August 28, 1979,
i point source at | km offshore and particle size of
- ’ 0.02 mm. .

’
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lake area and mean denth. Hakanson (1982), studied Swedish lakes with
areas up to only 5000 km2 (Lake Erle central basin area is about 16000
kmz). Based on that study, resuspensiop activity in Lake Erie central
basin is important. The shoreline hydrology is expected to produce high
rain intenslty runoff with short time duration, so errors in sampling

timing may also affect the SSC distribution within the coastal zone.

6.6  SEDTRAN APPLICATIONS

L3
To Investigate the efFect of coastal currents on the suspended
sediment plume and patch and the extent of suspended sediment in both
coastai and oFFshore waters, several types of sediment-related activities

were studied (a) continuous dredging using side—caster dredge; (b)

dumping oF sediment spoi 1.s; and (c)i*iver sediment loads. Those cases .

were simulated by running both ERCH and SEDTRAN.

6.6.1 Point source .

| For tne case of dredging the harbot entrance er'constructing al
nearshore.structure using suction dredging (side-caster dredge), a
surface point source | km offshore was simulated. Fer disposal of heavy
particles..e surface source is the worst case. since tne entire water
column is'polluted,-Tnis7case was simulated for the period July 1 to 5,
.1979 when alStrong shore parailel current persisted. The currents,
computed by ERCH were input to SEDTRAN using Ax = Ay = 500 m, Az = 2.5 m,
At=300 sec,.Kié.S x 104 cmz/sec and K? =6x 103 cmZ/sec. A grain size-

distribution similar to that of Figure 6.15 was also used. Figure 6.28
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Figurg 6.28 Compufed flow profiles at 12:00 hours on July 1, 1979,

o
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shows the flow profiles at 12:00 hours on July I. Figure 6.28 shows a
near-surface onshore component accompanied with return flow at 5 m depth,
~strong nearshore north-east flow 'with‘return flow at about 9 km offshore,

and a downward nearshore current. Figure: 6.29 shows the computed

sediment plume at 18:00 hours on July I. The plume was directed taward

)

the north-east occupying a narrow width at surface ang wider at depth. At
the surface the plume extended about 10 km and 2 km along and across the
ehore respectively At 10 m depth the plume also extended to the 4-0 km
but 5 km across the shore,
Flgure 6.30 shows the Flow profiles at 12:00° hours on July 2..
Figure 6.30- shows a strong near- surFace onshore component accompeni ed by
return flow at about 5m depth, near-surface weak south-west current:
w—i—th"r{t}'r\ ‘r'low at 'abou’t 4 m'depth and a downward nearshore current. "
Figure 6.31 shows the computed sediment pLume at 18:00 hours on July 2
The plume was directed toward the west at’ the surf-'ace and north at l(; m
depth. The plume, at the surface. extended about 5 km and 2 km along and
across the shore respectwely. and about 7 km and 4 km ai\:\ 10 m depth At
surFace the 10% and 20% concentration covered about. 1.5 km.and 0.5 km of
the shore respectively.
F!gure 6.32 shows the flow proFiles_at 1_2:.00‘hours on _.July 3. F;gure :
- 6.32a 'shous,e' weak 'of-'Fshore component aceompeni_ed withfreturn flow
between 1.5 m an’d Sm depths oniy. Figure 6.3.2‘b shous a‘we‘ak north-east
' curreht everywhere. Figure €6.32c shows several weak vertical eddies: .
Figure 6, 33 shows the ‘computed sedlment plume at hB 00 hours on July 3.

At al depths the plume was shifted toward north east oAt the surface,
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.

igure 6.29 Computed SSC plume at 18:00 hours on July 1, 1979,
point source at 1 km offshore and -particle size of
©0.02 mm.” T
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Figure 6.31. Computed:SSC plume at 18:00 hours. on July 2, 1979,
point {'Eur‘ce at: ] km offshore and particle size of. .

LA 0_.02 mm.-
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~{a) v (en/s)
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Figure 6.32 Computed flow profiles at 12:00 hours on July 3, 197S.
. . I » .



Flgure 6.33 Computed SSC plume at 18:00 hobGrs on July 3, 1979,
polnt source at 1 km offshore and particle size of
0.02 mm. )
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the 107, 207 and 307, concentrations covered about 1.5 km, 1 km and.O.S km
of the shore re;pectively. while only the 10% concentratlon-covered about
1.5 km of the shore at 10 m depth.
| Fifgure 6.34 shows the flow profiles at 12:00 hours .on July 4.
Both the shore—parallel and shore- perpendicular components reversed their
dlrectlons to south-west and north-west respectively. Both.eomponents
. were accompamed with return flow at about 5 m depth Figure o3ﬁc
shows a nearshore upward current. The computed sedlment plume at 18:00
hours on July 4 is plotted in Figure 6.35. At all depths the plume was
. directed toward the west. occupying a relatively wide band -across the
coastal zone. The plume extended to about 9 km and 7 km along and across
~ the shore respectively. At surFace the 40% concentration covered about
//GUDxnot the shore. A
F?gutj,f;iﬁ shows”the flow profllee'at‘lz:OO hours on July 5.
Figure 6.36a showe near-surface offshore compohent.with return flow at
about Sm depth. ‘Figure 6.36b shows that, close to the'shore. the entire
iayer was movlng'wlth a strong south-western current with a return flow
below 5m depth 6 km offshore Figure 6. 36¢c shows a nearshore upward
: current. Flgure 6.37 shows the computed sedlment plume at 18:00 hours on
July. 5. At alj depths the plume was d1rected toward the south -west,:
extendlng to about 13 km and 5 km along and across the shore'
rbepectlvejy. At surface the 50% concentration covered about 250 m of
the shore.
The Flow proflles computed for thelperlod July l,to 5, 1979, show
several current direction combinattons for u, v and w with different

magnitudes between -weak and strong currents. The computed sediment

ke
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Figure 6:35 Computed SSC plume at 18:00 hours on .thly 4, 1979,
. point source at | km offshore and particle size of
0.02 mm. : . S i

v
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. (b) u (Cm/s)
Y

(c) w (10—3 Cm/s)

Figure 6.36 Computed flow profiles at _12:00 hours on July 5, 1979,

6 -



Flgure 6.37 Computed S5C plume at 18:00 hours on July 5, 1979,
point source at 1.km offshore and particle qize of
0.02 mm.
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plumes also show d!FFerent.shapes at_ different directions with increasing
shorel ine concentratlons with time. The _concentrations‘decreased as a
function of distance from the source as is to be expected. _ﬂThe p.l ume
shapes and dimensiohs' were not always simiiar For all- depths, for example
Figures 6.31 and 6.20. During the five day simulation the plume extended |
about 18 and the 10% concentr'ation eb'ou't' 8 km and 2 km. along and across
the shorze. respectively. The maximum shorel Ine cg@cen{:—ration.was about
54% of the source concentration and covered about 250 m of the shore,

To study the effect of the ‘'source loc_:‘,‘;':!‘u‘:lonw across the coaetal
‘boundary layer, a surface’ point source locateed 3 km offshore was used.
The flow profiles for August 24 were compdted, Figure 6.22. The same
parameters used earl ter tor‘the August 24 sediment ‘pl nme (section 6.5)
nere,dsed. Figure' 6.38 shows the computed sediment plume at_rllB:OU hours
on August 24. Due to the relative re_moteness of the shore f-‘rorn the
source, the plume was elongated ln 'the. horizontal mean current
direction, and relatively wider than that oF Figure 6. 23 The plurne
extended about 10 km and 5 km along and across the shore line
respective!y. corresponding to about 0 83 and I. 66 of thure 6 23. The
"maxlmum shorel me concentratlon was abol.ltL % oF the source concentrat:on.\’

As mentloned ear| 1er the most critical parameter s the sediment
grain srze.'_ S0 two addi;g;iona-l cas'es, representing fine sand and very
Fine siit, were studfed : Flgures 6.39 and 6.40 show the computed
sediment plumes at 18:00 hours on August 24 f-'or particle sizes of 01 mm

and 0.005% mim respectlvely In the casa of the fine sand range (Figure

6.39), the plume covered 3 re-lativalyi.smal ler area at all depths, whiler
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' _ F‘igur't_e 6.38 Computed SSC plume at 18:00 hours on Augu‘st 24, 1979,
point source at 3 km.offshore-and particle size of
.- 0.02 mm. - o
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Figure 6.39 Computed SSC plume at 18:00 hours on August 24, 1979,
: point source at 3 km offshore and particle size of

" 4

0.1 mm.
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the 0% concentration did not reach the shoreline The plume exterded to
about 4 km and 3 km along and across the shore respectively The
concentrations computed at lower depths were relatively high, having a

’ Wl sl ’
maxrmumfvaiue oF 80% and 70% at 5 m and lO m respectively 1

Figure 6.40 shows that the piume computed usnng the very fine 51lt

“frange was sen51tive to the horizontal current. At the surFace the plume

,4"__‘

covered about 18 km and 5 km along and across the shore respectively./
"The max imum shoreline concentration was about 2% oF the source
concentration .The concentrations at lower depths were relatlvely small,

} ‘having a maximum value oF ‘about 171 and 31 at 5 m and IO m depths‘_i

respectively
. . <
Dredging and dumping of dredge spoil is one of the most serioUS

' and. Frequent oF the problematic activities which take ptace in coastal
_waters. Nearly atl dredge sponl disposai 31tes in U S coastai watems *
are in the near shore areas, in. water less than 30 m deep (Bishop, 1983)i‘
At the dredge site there s much turbulence and resuspension oF sediment.

*‘IF the sediments are polluted. resuspension can greatly increase the
toxic materials concentration in the surrounding area. Despite.this. the
_'aFFected area is reiatively conflned. On the other hand the piume thet )

;develops during spoil dumping may have a more wide spread eFFect

Figures 6. 23 6 39 and 6. 40 represent the fmpact zone of a side-caster

' dredge for . three grain sizes that could he expected in dredge spoil.

-'6.6.2. Sediment patch - _ - L
o The transport of sedimentpparticles dumped fn the coastal zone was

..lnvestigatéd by againgassuming a surFace instantanuous source tocated 3.
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Figure 6.40 Computed SSC plume at -18:00 hours on August 24, 1979,

12,0 - polnt source at 3 km offshore and particle size of
0.005 mm, ‘

g
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" km of fshore, The sediment patch was simuiated uslng the August 24

currents and the parameters for -the particie 5|2e ranges given eariier,

Figure 6 41 shows the computed sediment patch at 1 00 hours on August - 24 .

For amparticle Slze of 6.1 mm, Due.to the hlgh settling velocity (0. 5
cm/sec), no sediment was Found in the upper 5 m. Sedlment was Found
below the 5 m depth with 1ncre351ng concentrations downward. LAt the 5 m
depth the patch extended about 2 km along and across the shore with
max iMim concentrations of lz of the original dumped sediment
concentration. At 10 m depth the patch extended about 4 km along and
'{across the shore respectively with maximum concentration oF 9%. The

centre of the gravity oF the patch almost did not move. the Flow being

domlnated by vertical advection (the settling term) One hour later. no

sediment was found 4n the entire water column. Figure 6.42 shows*the ‘

sediment patch at 3: 00 hours on’ August 24 For a parttcle size of 0.02 mm,
. Sediment concentrations were foyhd thr0ugh the entire water co;umn with a
~max imum concentration at 5 m depth, where the patch covered about 6 km
‘and 3 km along and across the shore respectively. corresponding to about-
4 km and ka at ?0 m depth. The centre oF gravity of the patch moved
about 2 km Tt:;;?aurface arid the 5n1depth Due to the decrease ln‘the
shore paraLiel component and the oFFshore flow return the centre oF
_ gravity oF the:?atch was almost stationary at 10 m depth, |
Figure 6.43 shows the sediment patch at 3:00 hours on Auguat 24
#or a particle size of 0.005 rmm. The sediment concentrations were Found
only in the upper 5 m'with a maximum concentration at the surface. The

L]

patch covered abodt 7 km and 3 km along and across the shore'respectively
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Computed SSC paﬁch‘at 1:00 hour on‘August 24, 1979,
point source at 3 km offshore and particle size of
0.1 mm. ‘ ‘ : . o
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z=-5m

Figure 6. 42 Computed S5C patch at 3:00 hour on August 24, 1979,
point source at 3 km oFFshor‘e and particle size of
0.02 mm,




z2==2.5m

z==5 m

. Figure 6.43 .Computed'SSC patch at 3:00 hdur on August 24,: 1979,

point source a_t 3 km offshore and 'Partlcle size of
0.005 mm. ' o S

'
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ét the surgace,-corresponding to 5 kmand 3 kmat 5m depth.' The Batch
centre of gravity moved ;;out 2 km at the surface and 1.5 km at the 5 m
depth. At 9:00 hours on August’ 24, no sediments were Found in the water
coloumn for a parﬁ?cle size of 0.02 and the 0. 005 mm patch reached the
shorellne\ot the surface with concentrations less than»O.DAz. [t iIs
important to note that, though conoentrations computed for the patch were
much less than those of the plume, the fnitial patoh‘concentration is
usual ly much higher than that achieyed by theicootinuous source
concentration. | - '

-,

6.6.3 -Vé?tical line source
rl
-~

Major sources oF coastal water pollution are rivers, where runoff.

.

;ndustrlal and waste loads are emltted. The annual average suspended
sediment load from the Cuyahoga -river is about 2 x 103 tons/year. Close
to the river mouth the suspended sediment transport is inFluenced more by

the river inertia than coastal currents. Rlvers flow 1nto the lake as a

te

turbulent Jet such that inertia decreases rapidiy at ‘distances. about 16-

20 .times the river width, A vertical 1ine source of 100 mg/1 located 500

-

m off'shore was used to simulate the river. “The plume was computed using:

the Adgust 24 currents for the three partfclé sizes given earlier.

| F1gure 6.44 shows the sediment‘p]ume at 18:00 hours on August 24
for a’'particle size oF 0 1 mm. The plumeals elongated in the alongshore
direction at all depths oocupying a very narrow width. The plume covered
»an afongshoro distance of 5 km and an across-shore distance of 1 km with

maximum shoreline concentration of 65% of the -source concentration, Due

to the bottom slope,éFFect and the flow return, the plume extended 1.5 km

.

//
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Figure 6.44 Computed SSC plume at 18:00 hours on August 24, 1979,
vertical line source at 05 km offshore and particle

size of 0.1 mm.
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across the shore at 10 m depth. Figure 6.45 shows the sediment pldme at”

v - : -
18:00 hours on August 24 for a particle size of 0.02 mm. At the surface

'the.plume extended about 12 km and 1.5 km along and across the shore

respective]y with a maximum shorel ine concentration of 657%. Similar

_plume shapes were Found at lower depths but with decreased P lume Iength

and increased plume width. F19ure 6.46 is the same as Figure 6.45 but.
for a.particle eize of 0.005 mm. Similar shepee can be observed with

increased plume dimensions. At the surface the plume extended about 14

km and 1.5 km along and across the shore respectively.

6.6.4 Neutral density tracer

A surface point source Iocated 1 km oFFshore was simulated u51dg
the August 24 currents and a zero fal) veloc1ty. This case may represent
any conservative neutral densLty pollutant, for example Chloride. The
computed plume at 18:00 houes on August 24 is plotted in Figure 6.47. At-'
the surfece, the plume extended aboutfl4 km and 3 km along and across’the
shore respectively. The maximum condentrations-et the 5 m and 10 m

depths were about 9% and 4% of the source concentratlon. The plume

extended in the alongshore directlon about 1. 16 tames that of Flgure‘

6.23. _
r
6.7 THE”INFLUENCE ZONE OF A NEARSHORE SOURCE - | ¥
Baeed on the tesUlts for ail the simulated caeee and #or'some:'
other cases not reported here (such as June 1-6), as well as the

sen51t1v1ty analysis, an "influence zone" of a nearshore source (located
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Flgure 6.45  Computed SSC plume at 18:00 hours on August 24, 1979,
' vertical line source at 0.5 km offshore and particle
slze of 0.02 mm.
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Figure 6.46 Computed SSC plume at 18:00 hours on August 24, 1979,
: vertical 1ine source at 0.5 km offshore and particle
- slze of 0.005 mm. : - ‘

o
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* Figure 6.47 Neutral density pleq'ne at 18:00 hours. on August 24
' 1979, point source at | km offshore
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up to 3 km offshore) is Plotted In Figure 6.4é., The - ines of constant

percentage of source concentraticn represent the zone of effective

2 pollution, for example in the region between the 10% 1ine and the

shoreline, the 10% concentration may be found Fdr any flow regime that
may exiét and fdr‘any coneervative (neutral dr heavierfdeneity)
substance. The.eeme results were used again to find the epatial
distribution of the sediment particie sizes across the coastal boundary
layer. Figure 6.49 shows the settling areas of the three previous
particle sizes. The results are in agreement with the distribution of
percent-size fraction in surficial sediment in Lake Erie (Thomas et el..
1976) where the surficial sediment grain size distribdtidn is about éO% :
sand and 20% silt up to 7 km off Cieveland and more than 60% clay beyond,

A

15 km oFFshore. _ _

To fully validate a weter qdaiity'modei euch'as SEDTRAN, ndlluéant
samp]ing is recommended over an area similar to that givenkin Figure
648 but at horizontal and vertlcai lncrementalhdlstances of the order
of 1 to 8 kin and 3 to S.meters respectiveiy: The horizontal distancee

offshore should fol low the contour 1ines given in'Figure 6.48. The

sampling stations should to form transects pén llei. 45 degrees and

1
perpendicular to the shoreline The obsarvations—must be Frequent to

" .cover different flow regimes and loading activities.-

6.8 DISCUSSION AND CONCLUSIONS

Several typical sediment-related activities which may take place

in the coastal boundary layer were sfmuiated using ERCH and SEDTBAN'

(river flow to the coastal zone, continuous dredging and'ﬁnstantaneous

.‘ .
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sediment dumping). ALl the casesyre simulated fn the nearshore area
l(within 3 km offshore). The suspended sediment concentration to a

minimum value _oF 0.1% of the source concentration was‘ tracked. The

simulation included all the possible turrent combinations. for ,the three

9

7 \ typical sediment grain sizes: "very fine silt, medium silt and fine sand.
. . L v ) i

The Pesults showed that, in most cases, concentrations more than 107 of
-

the source concentratfon extended only to about 1/2 of the’ total plume

\"?mth or width. The plume shape and dlmensions were not constant at sl

—_—

depths, due to the vertical variabi lity of the currenté. The max{mum

N -distance of travel in the alongshore direction was at the surface, and
- Was. caused by the maximum near-surface shore-parallel current. The

maximum penetration across the coastal’ zone was not alw'ays at the

surf-'ace,» especfally In the cases of downwel Jing, where the offshore

227

component takes place at depth. The maximum shore concent‘rations were

- 1

due to the river sources. Flgures 6.48 and 649 should prove useful For‘

the design of oFFshore or nearshore projects such as a water treatment

».

plant, recreatio‘n areas,’ har;!!our maintenance and nearshore dredging or

-

, dumping. ' o

=




— | . - CHAPTER 7

o\ ) ~ SUMMARY AND CONCLUSIONS

1

/;//’ R Dlschargés into the coastal zon%s of “the Great Lakes contain

contaminated particulate and other materlals'oF density greater than or
| equal to that of the lake water. The dynamlc behav1or of these particles
ln the coastal and oFFshore water s basic to an understanding of the
removal processes (transport and paEticle set:?inglh_This study FocuSes

——;:Sh/ on the eFFect of nearshore currents, dIFFuslon and temperature patterns

on these transport and removal processes.. To the authors’ knowledge.

-
-

q; . this is the first attempt to apply 3- dimenslonal translent mass transport
modelp within the coastal boundary layer. "
7 ‘ -

> , The dlssertat on Lﬁ dﬁblded into three lnterrelated toplcs-~'(i).-

., data analyses.

-model ling. The significant Findlngs‘obtained in eaoh part are 1isted

below. K

1. Data analysis -

Wind, current and temperature data collected‘otf Clteveland were
subjected to detailed analyses. A computer program cahled ADVDIFF was
2 - developed to calculate the mean flow, horlzontal turbulent Iength- and
ks t1meﬁ;sales horizontal diFFUSIVItles and klnetrc energy The program
; ' uses Fliterlng technlques. spectral analyses and statlstlcal analyses[
Five episodes representing three dlfferent Flow regimes which may exist
. in the coastal zone were chosen for the special analyses, | '

a The results showed that the lmportant time and length scales wereli

.228

——

hy rodynamic modelllng. and (i11) transport .
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4900 éeeonds and 200 meters respectively. Coastal boundary layer
characteristics were exhlbnted during strong shore paral iel eplsodes
The results showed an Inner ‘coastal -boundary layer dominated by bottom
and.shore Frictlon extendlng about 14 km From the shore. .The entire
coastal boundary layer extended over an oFFshore distance oF 30 km or so,
The shore-parallel exchange coeFFiclents were greater than ror
onshore/offshore by a factor of six. indicating anisotropic turbulence
structure in the coastal boundary layer, The regression equation
. . o T
obteined From plotting the diFFusion coefficient against d1FFusion
1ength sca!e showed that 1inear length scale diFFusion governs the

N

diFFusion in the coastal zone off Cleveland.

"2, Hydrodvnamjc models _
To generate coasta) currents. a- rig1d—l|d channe]—type mode | was
“used with var1able arid size, finer 512e nearshore. A mdoel origlnally
developed by Simons (1983) was modiFied to ‘include (a) ~nonlinear
acoeleratjon terms, and (b) two diFFerent forms of the vertical eddy
'}viscosityf-representing tuo diFFerent hypotheseslfor;vertical tranefer'of‘
‘momentum.wae'modﬁFied model is called ERCH. A two dimensional x-y
‘j model developed by Simons and Lam (1982) was also modiFied and used to -
Justqu part oF the observations. This modlfied model. is called ONELAY.'
The hypothests representlng the eFFects of the wind and the
surFace and” lnternal waves in the vertical eddy viscocity Formulation '

gave better results than that representlng only the wind. In the coastal

_.Zone the length scaIe decreases and the veloc1ty and“the velocity

A

P
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gradient Increase rapidly, Indicating thevimportance of the nonlinear
acceleratton term' Including the nonllnear'acceleratlon terms in ERCH
caused a reductions of up to 6 cm/s and 1l em/s In the'u and v componentsu
respect1vely The resulte obtained by ERCH were in agreement with
observatlons except ln’the case of a strong wind impulse from north;
northeast. .ONELAY gave better-results than ERCH, but was stil1 deemed to
be inadeguate for tnls study. 'ONELAY predicts the vertioallyrintegrated
lake circtilation during nonstratifiechperiods. |
3. Transport mode

A computer program (SEDTRAN) was developed to predlct sediment
concentratlon dlstrlbutlon wrthln the coastal boundary layer. To the

authors’ knowledge. SEDTRAN is the first 3 D transient mass transport

model to use typical episodes of coastal currents in developlng‘the

'temporal‘and spatial distribution oF pollutants. SEDTRAN solves

numerically the three dlmenslonal time dependent mass transport equation
lncludlng the settling term. using upwind finite leference with flux-

. .
corrected transport (UDS+FCT) for the advectlon terms. The model was-
verified agqﬁnst many numerlcal test "examples, and part1ally validated

using the available data set. The results showed that the artificial

.diffusion lntroduced by UDS is one order of magnltude higher than the

actual diffusion. The UDS+FCT algorlthm removed .up to 75% of the error.
SEDTRAN was applled to certaln cases of sedlment acvtivlty that

may take place in the coastal zone. The results were used to define a

-representatlve zone Influenced by a nearshore source In-most cases

concentratlons of more than 101 oF the source concentratlon extended only
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up to about /2 of the total length and width oF the plune The plume -
shape add dimensions were not constant with depth due to the vertical
vari tion of the horizontal currents. The max imum penetration oF the
'.plume across the coastal Zone' was not always‘at'the surface, especial ly
in do welling cases where the oFFshore component takes place at depth

The maximum shore concentratlons were computed for a river source. For

any flow regime that may exist in‘the‘coastal boundary layer off

Clevéland, the inFIuence zonecpf a conservative (neutrail or heavier

-density) substance from a source within 3 kn oFFshore, extends to a
. max imum oF 48 and 16 km along and across the shore respectrveiy.
Concentrations down to 0.17 of the source concentration were tracked.

The computation of an influence zone and the grain size spatiai

e

distribution by a 3-D transient mass transport ‘model using typical

-

episodes In the coastal boundary layer is a new potentiai'interest to the

Great Lakes management._ . o ' oo ”’_”,,«’/

_Fecommendations for future research:

(1) Data analysis

This dissertation represents a step towards a comprehensive study

of the transport and settiing in the coastal zones of the Great Lakes.

More research is needed to ful ly account for all the physical processes
within the coastal zones of the Great Lakes. -

| More field observations within the coastai zones are needed to

reFlne the relation between the Eulerian and Lagrangian frameworks, Ffor
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¢
_ example the relation between the Lagrangiah and Eulerian corre1ograms (B.
- coefficient)p;nd the. Stokes velocityr To.fully validate water_quallty
mbdels.withlﬁ ?ﬁe coastal zohes. extensive field progréms sampling the
different water quality parameters.a}e needed. Pol lufant ggmblihgis
recommended over an area similar to that given in Figure 6.48, but at
horizontal and‘;értiéal distances of the order of 1 to ? kmand 3 to 5
| petérs respectiQely. The observatiens must be Freé&ent to cover

different flow regimes and loading activities. ‘ -

(2) Hydrodynamic modetls |

| Further investigation is needed to elucidatg why the observed flow
is more barotropic than predicted by ERCH and ONELAY. This may Indicate.
that ERCH should be modiFied'tb“iﬁbJude,phe spatial yafiabilf? §F the

wind. . . : : ‘ :

(3 Tfansporﬁ mode N | ot

The sed}mént tranqurt mode | (SEDTRAN) needs further improvement
to include Sediment resuspéﬁsion processes and the length secale dependeht
diFngion coeFFlcieni; 'Finally. sfmilar studies (all three péases
‘covered) in this‘study sﬁould belapplled to-diffetent cbastal sites in:

P

the Great Lakes.

..
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. successive values of lag kat, as follows,

APPENDIX A
. ENERGY SPECTRUM ;:ﬂ:

The Euler1an energy spectrum can be obtalned From ‘the corre]ogram

(Rp(t) vs t) by the Fourier transform relation,

F(n) = 4 Rp(t).cos 2mnt.dt - [/cps)
or. ‘ _ )
E(n) = 4 u? f Rp(t).cos2mnt. gt (cm@ s72/cps) [A.1]

where\the plot oF an) agalnst n Forms the energy spectrum curve and E{n)

against n an be refered Eg\es spectral densnty

For N observattons of x; with averaging interval At, the first

—

3

step is td form covariances Qg of thelvalues xy (i=1,1,3,...,N) for

[y

] [Nk ; N-k N-k

Q = m—— z XX - - z X Z X } »k=0|l|---.vm [A'2]
k = Nk XK Nkilii-Hk .

. 2ince Q is known only at the m+l specific lags it fol lows that

- the spectrum is. determined only for epeciFic Frequenéy bands. centred at

n=0, 1/2mat, Z/mAtu.“, 1/28t.  The fourier rtransform of [A.1] is

accordlngly evaluated in sertes form, w1th Frequency n replaced by h/2mAt

and t;me—lag t by. kat; as foliows:

" m-1

1 | 1
Lo = ~5-- [Qp + Qn] S 2
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!

2 khn 1
—— QU -=— EIQ cos o + —a-%Qm cos wh

-
>
n

-

h = 1.2.....l(m—|y

-
n

1 LR K
L = 55 [ + (=120 ¥ —;ﬁl(-u Q

| - ﬁp . [A.3]
In which it is implicit thathszh s equal to Qp, the variance of the
-series,
. . . r
The quantities Lh are related to F(n} by the equation -

_ Fh = F(nQgat o ‘ : - {A.4]
where An = 1/4mat for the end values (Lg, Lp). otherwise An = 1/2mat.

The values of L are ssmoothed by means of a 3-term weighted average
, *

(Tukey, 1950} as follows:

4

Up = 0.54Lg + 0.64L : ) b
U = 0.54Lp + 0.23(Lp—j + Lppg) for h = 1,2,.... (m=1)
. Up = 0.54Lp 4 0.46Lp" . |
' C : [A.5].

Tukey (1950) suggested that the number of lags be sma!l enough

t

that m ¢ N/15 where 6 <m < 30, r'



APPENDIX B
LOW-PASS FILTER
Graham (1963)designed a low-pass filter with the following

functional definition: ]

H(w) = H(-w)
.‘ : . f
fi(w) = 0; |ul 3 w¢ (the termination frequency) .
,. . ‘
Hw) = 1; |uf .€ w. (the cuttoff frequency)
| we tow
H{w) = -5- ( cos [(-—=-—--- ) m) 41} -wp e € -y
2 . c
Ay
. 1 W= W
Hl@) = —5- { cos L= n] + 1}i wg ¢ w ¢ ut

' Am = mt - wc
[B.17
where H{uw) is the gain function of freguencies (-= to +=), w = 2af, f is

is frequency and t is time. The gain function is shown in' figure (B.l)

* L}

Figure B.1l ‘ e ‘
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The inverse Fourfer transFormatlon Is applied to the basic low-
pass Filter [B.1] 1. 8., o \

. ® jut ' , _—
.h(t) = 5= fe H(m)‘dm | . [B.Zl\)

The wefght function derived from the Inverse Fourier

transformat ¥on \s #*ned in time domaln to be:
,I

1 sin wet + sin wet oo
h{t) = <=—- e e A [B.3]
. 2t “2 = (Mt - mc)z t2

This is the basfc function from which the numerical smoothing welghts”are

derived. To obtain weughts from this function the Follownng constants

must be deFtned.

[
i. The number of weights desired. This number must be

PN odd.-

2. The sampling interval of the data (At). -«
3. The cutoff and termination frequencies (uc and ﬁt)-
To obtain weights evaluate h(t) at distict points, hps where hn =

Ath(t )’- = nAt n= 0'+l'.n-.' *Na

+

To keep maximum error of the Frequenty.gain In the interval (Di'F

<f); at approximately 1%, set N(AL) (fy - Fo)3 2; at approximately 1/2 1, -
| j

/
i

‘The actual functional filter output is gjgbn aé foloows:
. i
. . N . . f .
' . : |
H(w) = hg + 2 % hn cos nata ' (8.5] &

Figure (B.2) shows the actual Funct1onal filter output using n 73 At=20

minute, Ft= 0.083 and fc= 0.041§ coh.
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. APPENDIX C
LIST OF NOTATIONS

diffusion parameter used to define K with the

- diffusion time. .

H

“ L4
cross-sectional area of the Iake {cm?)

vertical eddy viscoslty at lake bottom
(cm?/s)

vartlcal eddy viscgecity in the absence of
stratification (cm</s)

surface vertical eddy viScogity,(cmzls)

eddy v!scocitles in the Xy Y and z directions

respectively (cm? /s)

bottom stress coeFFIcient.'

lefUSIQn parameter for Iength scale lefusion
model

§

effluent concentration (ppm)

empirical constants. - - ¢
drag coefficient.

Courant number.

empiical constant of the same order of magn:tude

. as th&\ wave length of surface wave (cm) .

sediment\particle diameter (mm).

Coriolis rameter f10"4 s~

vertical fiux per unit area

Vgravity acceleration (cm/sz)_ ,jt

water depth (cm)

turbulence indices in the x and y directions
. - ) i

248



SR a . 249

respectively.

surface eddy diffusivity (cm?/s)

1]

eddy diFfusivitiss in the x, vy and z dlrectlons
respectively (em~/s)

artificial (numerical) difﬁpsfon coefficient
{cm=/s) : . .

length scale of eddy diffusion (cm). 5

'

length scale calculated by Taylor (1921) assumption
(cm)

-

= length scales~in the x and y directions respectively
(cm) o

power index (superscript) used in diffusion time
eddy diffusion model.

a power index-of the length scale diffusion model. *

Brunt-Vaisala frequency (s~2)

pressure (gm/cm 52) ;

external -(bafotropic) pressure (gm/cm s2)

intefnal {baroclinic) pressure (gm/cm 52)

1]

external pressure at air/water interface
(gm/cm s2)

o g
diffusion velocity (cm/s)

Eulerlan autocorrelatlon coeff1c1ent.

Richardson number.

N

Reynolds cell number.

.integrated speed tn n:m/s'l

time (s)

temperature (°C) -

subscript denotes valus at thermociine%in;\\\

reference temperature (4 °C)



.measured clockwise from north

time secale (s)

(s)

fluid velocities in the x, y and z dtrectlons
respectively (cm/s)

mean velocitles in the x, y. Zz directions
respectively (cm/s)

fluctuat {Pn velocities in the x, y, z
dlrectigégﬁrespectively (cm/s) .
surface veloéify (cm/s)

bottom velocities in the X, ¥y directions
respectively (cm/s).

vertically integrated velocities in the Xy ¥
directions respectively (cmz/s )

settling or fall velocity (cm/s)
wind speed (m/s)
orthogonal coordinates-.

thermal expansion coefficient (9C™2) -

‘Hay and Pasquill (1959) coefficient.

angle from north to local shore line (degrées)

elevation‘\of the water surface above the mean
level (cm) .

energy dissipation rate (cm2/s3)

fluid density (gm/cma)

‘reference watewr deﬁsity;at 4°¢. -

suspended sediment density.(gm/cma) .
empirical constant. :

instantaneous direction oF current in degrees
»

time scales in the x, y directions respectively

wé

~
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o ' = the standard deviation oftthe concentration
. distribution (cm).

dpr 07 = empirical constants.
E = time lag (s) \
Ty = wind stress (gm/cm 32) .
Thos T = bottom shear stresses in the x, y directlon :
bx* Tby S
*, respectively (c , >
T, WY ‘= wind shear stresses in the x, y direct!ons
- respectlvely (cmz/s ) _
X = shear stress In the x direc across a plane
perpendicular to z. -
&x, Ay, Az = spatial increments in the X,¥ and z dlrections -
.respect!vely.
- At - = time increment (s}~ Lﬁ§
TN = dynamic vescocity of the fluid.
/
. N )
.





