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ABSTRACT

Pollution In the coastal zones of the .Great Lakes has become more

ser lous in recent years.• T.h I,s Is due to In~reased use of coasta I water

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

~/'/'--of~~contamlnantsthat enters a lake do so from the shoreline via
/ \

dl scharges -from sewer, overf1 ows, industria I outfa I Is and runoff. Such
_/ .

discharges contain particulates and other mat~rlals of density gr~ater

•

than that of lake water. Many heavy metal's with,toxic components are.

present in these fract Ions. The dynaml c behav lor of these part ,I c Ies In

the coastal and offshore waters Is thus of great Importance. The

principal removal processes for these materials are transport and

particle settling. An understanding of the characteristics of ,nearshore

currents. dlffus Ion and temperature patterns Is essent f a I to determ Ine

their effect on removal processes. and in 1;urn.on coastal biol~gical and

chern! lOa I processes. This study. Is limited to the physical fluid

mechanics of coastal zones.

The structure of the nearshore flow In the vlclnlty.of Cleveland,

Ohio is analyzed In detai I in this study. The Impact Of Cleveland. ,one

of the largest urban and Industrial agglomerations on the shoreline of
'.

Lake Erie, in terms of additional loading is thought 'to be considerable.

A computer program (ADVDIFF) was developed to' calculate the mean flow.

horizontal turbulent length and time scales, horizontal dlffuslvltles and

kinetic energy.', ADVDIFF uses filtering techniques, spectral analyses and. ,
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statistical analyses. FIve episodes representing three dIfferent flow

regImes whIch may exIst In the coastal zone were chosen for specIal

analyses.

To generate the coastal currents, a rigid-l id,. channel'-type model

with fine grid size In the coastal zone was used. A model orIgInally

deve l·oped by SImons (983) was modifi ed to inc I ude non linear acce I erat ion

terms and tw'o different forms.of the· vert i ca 1 eddy vi scos i ty. Also, a

two dImensIonal x-y model developed by SImons and Lam (1982) was modified

and used to exp I al n some of the observat ions. Both new mode Is (ERCH,

ONELAY) were verified, calibrated .and appl ied-to Lake Erie.

A computer program (SEDTRAN) was deve loped to pred I ct the I nf low

sed i ment concentrat I on dl str I but I on with I n the coasta I zone. SEDTRAN

..
so I ves numer I ca I I y the three d I mens i ona I t I me-dependent mass transport

equat I on Inc lud i ng the sett I I ng term.' The mode I uses the currents and

dlffasivities computed by ERCH and ONELAY and the statistical an~lyses,

respectively. SEDTRAN w'as verified using several test examples, and
....... ' .

. part ia I I y va I idated using the avai I ab I e data set. The mode I was app 1 led

to many cases of sett I I ng act I v Ity that may take. place 1n the coasta I

zone. The results were used to defIne a representative Influence zone

for a po 1 I utant source at CI eve I and•

. J

(v)
,.



J

ACKNOWLEDGEMENTS

I wish to acknowledge with deep and sincere gratitude the

assistance. guidance and encouragement of my advisor Dr. W. James. am

thankful to my supervisory committee members. Dr. C.R. Murthy. Dr. W.

Snodgrass and Dr. J. V I achopou I os for the i r ass i stance and cont i nu i ng,

intreset in the work.

Spec Ia I thanks are due to Dr. D.C.L. Lam and T.J. Simons for the

use of their hydrodynamic models. In addition I wish to thank J.A. Bul I

and F. Chlocchio for producing some of the plots used In this study.

The author Is gratefu I to the Nat i ona I Water Research I nst i tute

(Bur I i ngton. Ontar i 0) and the Great Lakes Env I ronmenta 1 Research

Laboratory (Ann Arbor. Michigan) for providing the current meter data

used in this study.

I am grateful to the Civi I Engineering Departmen~. McMaster

University for prOViding the support during the study period. I am also

1;hankful to the Irrigation 'and Hydraulics Department. Cairo 'University

for having provided study leave.

Finally. I must thank my wife Faten. my daughters Ola and Yomna'

and my family for their assistance. support and patience during my study.

(vi) .



TABLE OF CONTENTS

ABSTRACT

ACKNOWLEDGEMENTS

LIST OF FIGURES

LIST OF TABLES

(

page

iv

. ~. vi

x

xvi
",

1. SCOPE AND OBJECTIVESJp'THE S~UDY
1.1. INTRODUCTION

1.2. OBJECTIVES

1.3. OUTLINE OF THE STUDY

3

3

, .

2. BACKGROUND REVIEW

2. I. INTRODUCTI ON

2.2. DATA ANALYSIS

7

7

7

i
2.2.1 •
2.2.2.
2-12.3.

Diffusion
Coastal currents
Coastal temperatures

7
16
1B

·' '.;

3.

4.
..

2.3. HYDRODYNA~IC MODELS

2.4. TRANSPORT MODELS

PHASE 1: DATA ANALYSES

THE LAKE ERIE FIELD DATA-SET
(

3. I. INTRODUCTI ON

3.2. FIELD PROGRAM

THE COASTAL BOUNDARY LAYER OF LAKE ERIE

.(vii)

."

19

22

2B

2B

29

38



4.1. INTRODUCTION

:

38

4.2. 'CL1HATOLOGY OF COASTAL CURRENTS

4.3. DATA ANALYSES

4.4. -SPECTRAL CHA~ACT~RISTICS - ,.,
4.5. NU~ERICAL FJLTERING

4.6. EDDY DIFFUSIVITY CALCULATIONS

4.7. EPISODIC (SINGLE EVENT) ANALYSIS

4.7.1. Strong shore-parallel current event
4.7.2. Weak current event
7.7.3. Current reversal event

39

45.

47

55

. 58

58
74
76

~..

4.8. HORIZONTAL EXCHANGE' COEFFICIENTS • 78

5.

4.9. DISCUSSION

,
PHASE 2: HYDRODYNAHIC HODELS

\
HYDRODYNAHIC HODELS,

5. I • INTRODUCTI ON

5.2. CHANNEL-TYPE HODEL "ERCH"

."
83 ~

,

85

85

87

5;3. ONE-LAYER HODEL,"ONELAY"
..

5.2.1.
5.2.2.
5.2.3.

5.:L I.
5.3.2.
5.3.3.

Basic equations and parameters
ERCH ver'fication and sensitivity
ERCH results and discussIon '

Basic equatIons and parameters
model sensitivity
ONLAY results and discussion

,

88
101
114

129

129
131
131

6.

• 5.4. DISCUSSION

PHASE 3: TRANSPORT HODEL

TRANSPORT HODEL. "SEDTRAN".

6. 1. INTRODUCT ION

(vii i)

1.3 I

135

135

•



•

•

(

"
(2.

DEVELOPMENT OF THE THREE DIMENSIONAL MODEL "~EDT"~" 137
1.

6,2; I. Basic equations and parameters 138
6.2.2. Numerical techniques 144

• 6.2.3. Operation of the program 150

6.3. SEDTRAN VE~IFICATION· 152

6.4 " SEDTRAN SENSITIVITY 161

6.5 SEDTRAN VALIDATION 167
•

6.5.1 . Dye experiment 167
:6.5.2 Suspended solids 172

6.6 SEDT&AN APPLICATIONS 196
(1

6.6.1. Point source 196
:~).' ~. • 6.6.2. Sediment patch 212

6.6.3. Vertical line source 218
6.6.4. Neutral density tracer 220

6.7 THE INFLUENCE ZONE OF A NEARSHORE SOURCE 220

6.8 DISCUSSION AND CONCLUSIONS 224

7. SUMMARY AND CONCLUSIONS
~

228
~

BIBLIOGRAPHY 233

APPENDIX A: SPECTRUM ANALYSIS 243

APPENDIX B: LOW-PASS FILTER 245

. , APPENDIX C: LIST OF NOTATIONS --.... 248

/
(ix)



Figure

1.1

3.1

3.2

3.3

3.4

4.1

4.2

. 4.3

4.4

4.6

4.7a

4.7b

4.8

4.09

'.

Ll ST OF FIGURES

Study scope a~d objectIves

Study area i n ~ne vic i n i ty of CI eve l.and, Lake Er i e.
~ . - .. '

Detai Is of depth cot<'tours and current-meter moOring
sites •.:

Profiles along the main transects with current-meter
locations.

Bar chart summary of the current-meter data.
I

Time series vector plots. Clevela~d, Lake Erie. Hay
11 - Jul y 28. 1979. • •

Wind and current ~ose hlsograms. Clev~l.and. Lake
EPie. Hay 11 ~ July 28. 1979.

Vector-average currents off Cleveland for Hay11-July
28. 1979. Current-meter depths are noted at the
arrow-head.

Functional flow chart for program ADVDIFF.

Kinetic energy density plot for mooring 37 (al and
mooring 36 (bl: Time-series data used from Hay 11
Ju 1Y 30, 1979.
. .

KI net' c energy aens I ty plot for moor I ng 12 (al a[ld
mooring 34 (bJ: Time-series data used from Hay II ­
July 30. 1979.

Kinetic energy density plot for mooring 37, time­
ser ies data used from Hay II - JU I y~. 1979.

Coherence between moor I ngs 11 and 29.

Running means for Hay 25-30 episode obtained by the
application of 19-14 and J8-24 cutoff low-pass
filters.

Dally average temperatur~ proflies for June and July,
1979. FTP 40. . ~-

(x)

P~ge

4

30

31

32

34

41

42

44

46

49

51

51

• 54

59·

..



, 4. 10

4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

5.1

5.2

5.3

5.4

5.5

5.6

rr 5.7

Time'series of temperature observed for moorings 35
and 34.

Total kinetic energy and mean velocities u and v for
Hay 25-30 episode as a functidn of distance offshore.

Total kinetic energy and mean velocities u and v for'
July 1-6 episode as a function of distance offshore.

Alongshore and· onshore/offshore ki net I c energy
var i at ions as a funct Ion ofd i stance from the shore
for Hi'!y 25-30and'Ju I y 1-6 epi sodes;

Hean, fluctuational and total kinetic energies
var Iat ions ,as a funct Ion of d I stance fro'm the shore
for Hay 25:'30 and July 1-6 episodes.

Turbu I ence I nd I ces I x and i y as a .fiirr".unct Ion of
di stance from the', shore." J
Representative Eulerian autocorrelation coefficients
for u and It components.

Time series of observed. temperature for moorings
39/10, 37/10 and 36/10 during June and ,July, 1979.

Hor i zonta I' exc~ange coef~ ik: i f;m'ts:(a'lK x and (b) Ky
as a function of time (al I (0 m current meters) •.

Diffusion coefficient as a ,function of length scale
(a I I moorings both directions).

Functional flow chart for program ERCH.

ERCH sensitivity analysis.,

ERCH sensitivity analysis (cont.)

Temperature and flow profi les ,of the channele-~ype

responce.

Longshore current profile for a homogeneous lake (a)
and a ~tratified lake (b).

Velocity components u and v as a function ,of di,stance
from the, shore' for fi ne ~~rid coarse gr ids.

. l,.ongshore cur.rent profi I es for ,I i near, mode' (a) and
nonl inear model (b).,

(xi)

'1

61

63

64

66

68

69

70

77

81

82

~ 99

103

104

108

II I

112

In



~I '

5.8 Velocity components u and vas a function of distance 116
from the shore for I inear and nonl inear models. ,

5.9 Shore perpendicular wind and observed and computed 117
currents (DIFFUSEI and DIFFUSE2) as a functIon of
time, June 1-6, 1979 episode.

5.10 Shore Parallel wind and obseni'ed and computed 121
currents (DIFFUStl and DIFFUSE2) as a function of
time. June 1-6,' 1979 ep isode.

5.11 ~Temperature and computed. vertical df.ffuslvlty 124
(DIFFUSEI and DIFFUSE2) profi les for June 1 and 4. '

5.12 Shore-para lIe I wind and observed and copmuted 125
currents (ERCH and ONELAY) as a function of time,
May 25-30, 1979 episode.

}

Shore-perpendicular wind and observed and copmuted
currents (ERCH and ONELAY) as a function of time,
May 25-30, 1979 ep i sode.

Fa lIve Ioc Ity as funct I on of part f c Ie s I ze(Rouse,
1937).

Functional flow chart for program SEDTRAN.

127

A42

151

SEDTRAN verification, 1-0 advection (a)~ 153
diffusion (b and c).

SEDTRAN ver I f I cat Ion, . 2-D .d I ffus Ion. (a), 3-D,'
diffusion (b) and 1-0 advection/diffusion (c).

156

Smith and Siemons results (2-D advection/diffusion), 158
Initial concentration distribution (a) and.
concentration distribution at 2500 sec. (b).

6.6

- 6.8

6.9

6.tO

lj. J 1

SEDTRAN results (2-D advection/diffusion) at 2500
sec. for UDS (a), UDS+AD (b) and UDS+FCT (c).

Campar I son between, SEDTRAN and' ana I yt ica I resu Its.

SEDTRAN ~ensltlvlty analysis.

SEDTRAN sensitivity analysis.

SEDTRAN sensitivity analysis.

SEDTRAN sensitivity analysis.

(xii )

159

160

163

164

166

.168



6.12

6.12

6.14

6.15

6.16

6.17

'6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

6.26

SEDTRAN va 1Idat Ion: (a) observed dye plume (Murthy,
1976), (b) SEDTRAN results (UDS) and (c) dIffusIon
dIagram (UDS)

SEDTRAN va'lldatlon: (a)' SEDTRA'N results (UDS+FCT),
(b) computed dye plume (Lam. 1976), (c) SEDTRAN
results (UDS+FCT.and time variable dlffuslvities) and
(d) dIffusion diagram (tfrne variable dIffusion
coefflcfEmts)

HCWQL samp I I ng stat Ions.

Sediment grain size distribution.

Computed flow profiles at 12:00 hours on July. 17.
1979.

Computed SSC plume at 18:00 hours on Ju I y 17. 1979.
po f nt source at 1 km offshore and part I c I e size "of
0.02 mm.

Computed flow profiles at-18:00 hours on July 17.
1979.

Computed SSC plume at'OO:OO hours on July 18,1979,
po I nt sotJrceat 1 km offshore and part I c I e size of
0.02 mm.

Computed flow'proff les at 12:00 hours on July 17.
1979.

Computed SSC plume at 18:00 hours on July 20.1979.
point source at 1 km offshore and particle size of
0.02 mm.'

Computed flow profIles at '12:00 hours on August 17,
1979.

Computed SSC plume at 18:.00 hours on Augus~, 1979.
point source at 1 km offshore and partl~le size of
0.02 mm. l

\
Computed flow profiles at 12:00 hours onl.August 27,
1979.

Computed SSC plume at 18:00 hours on August 27, 1979.
po I nt source at 1 km offshore and part I c I e size of
0.02 mm.

Computed flow profiles at 18:00 hours on August 27,

(xiii)

0'

169

171

173

179

180

181

184
J

186

187

J8B

..,,..;...~

191

192

193

194

.~
...-J



6,.27

1979.

Computed SSC plume at 00:00 hours on August 28. 1979.
poInt source at 1 km offshore and particle size of
0.02 mm. -

195

6.28 Computed flow prof! les at 12:00 hours on July 1. 197
1979. ,

6.29 Computed SSC plume at 18:00 hours on July 1.1979. 199
po i nt source at~ 1 'km offshore and part i c Ie size of
0.02 mm.

,
6.30 Computed fl'ow profiles at 12:00,h9urs on July 2. 200

1979.

6.31 Computed SSCplume at 18:00 hours on July 2. 1979. 201
poInt source at 1 km offshore and particle sIze of
0.02 mm.

6.32 Computed flow profIles at 12:00 hours on July 3. 202
1979.

6.33 Computed SSC plume at 18:00 hours on July 3.1979. 202
po Int source at 1 km offshore and part f c I e size of
0.02 mm.

6.34

6.35

6.36

6.37

Computed'flo,w profiles at 12:00 hours on July 4.
1979.

I

Computed SSC plume at 18:00 hours on July 4. 1979.
po I nt source at I km offshore and part Ic I e size of
0.02 mm.

Computed flow profIles at 12:00 hours on July 5.
1979.

Computed SSC plume at 18:00 hours on July 5, 1979.
poInt source at 1 km offshore and partie! e size of
0.02 mni.

205

206

207

208

6.38 ,Computed SSC plume, at 18:00 hours on August 24. 1979, 210"
point source at 3 km offshore and partIcle sIze df
0.02 mm.

6.39 Computed sse plume at 18:00 hours on August 24. 1979. 211
po I nt source at 3 km offshore and part i c Ie size of
0.1 min.

6.40, Computed SSC plume at 18:00 hours on August 24. 1979, 213
poInt source at 3 km offshore and partIcle size of

(xi v)



6.41

6.42

6.43

6.44

6.45

6.46

6.47

0.005 mm.

Computed S5C patch at 1:00 hour on August 24, 1979,
poInt source at 3 km offshore and particle size of
0.1 mm.

Computed SSC patch at 3: 00 hour on August 24. 1979,
point source at 3 km offshore and partlcle.slze of
0.02 mm.

Computed SSC patch at 3:00 hour on August 24, 1979,
point source'at 3 km offshore and particle size of
0.005 rom. . v.:
Computed.~SC plume at 18:00 hours on August 24. 1979.
vert i c131 line source at 0.5 km offshore and part Ic Ie
size of 0.1 m';. .

Computed·SSC plume at 18:00 hours on August 24, 1979,
vert i ca IIi ne source at 0.5 km offshore and part I c Ie
size of 0.02 mm.

Computed SSC plume at 18,00 hours on August 24. 1979.
vert i ca I line source at 0.5 km offshore and part I c I e
sIze of 0.005 mm.

Neutral densIty plume at 18,00 hours on August 24,
1979, point source at I km offshore.

215

216

217

219

221

222

223
/

....,.

6.48 Influence zone of a sourc~ wIthIn 3 km offshore
dIstance';

6:49J>-rSpatlal distrIbution of sedIment grain sIzes within
} the coastal zone off Cleveland.

''';

(xv)

225

226



LIST OF TABLES

Table

2. I Sunrnary of dIffus Ion mode Is.

3.1 Current meter system sunrnary, 1979.

3.2 MET system symmry, 1979.

3.3 FTP system symmary, 1979.

4.1 Computed mean and turbulence parameters using 18-24
low-pass filter May 25-30, 1979 episode.

4.2 Computed mean and turbulence parameters using 18-24
low-pass filter July 1-6, 1979 episode.

4.3 Computed mean and turbulence parameters using 18-24
low-pass filter June 1-6, 1979 episode.

4.4 Computed mean and turbulence parameters using 18-24
low-pass filter June 7-21, 1979 episode.

4.5' Computed mean and turbulence parameters using 18-24
low-pass filter July 7-31, 1979 episode.

5.1 ERCH sensitivity parameters.

5.2 ERCH constants.

5.3 ONELAY sensitivity parameters.

6.1 SEDTRAN sensitivity parameters.

6.2 HCWQL suspended sediment datasunrnary.

6.3 • U.S. "Geological Survey water data.

(xvi)

\

page

9

35

36

36

71

72

75

79

80

102

115

132

162

175

176



I':

CHAPTER 1

SCOPE AND OBJECTIVES OF THE STUDY

INTRODUCTl ON1.1

\

;
Coastal zones of Great Lakes are very complex environments.

I .
InvestIgatIons of these nearshore regIons have becqme Important In

recent years due to increased demands on coastal/zones caused by

popu 1at i.on and industr ia I growth. A substant Ia I port Ion of contam Inants

enters a lake from the shore I Ine via discharges from lewers. industri.al
I

outfal 1s and runoff. The principal removal-processes lor these materials

are transport and partIcle settling. An understandIng of the

characteristics of nearshore currents •• dl;fuslon and t mperature patterns

Is essentIal to determine their effect on the removal processes. and in'

1

turn. on coastal biological and chemical processes.
I

Sed Iment Is cons Idered to be one of ma In Ind Ices of water
• i -

I . •
pollution. All discharges lito t~ coastal zones contar P,!3rtlculate and

other materials of density ~reater than lake water. Many heavy metals
i I

• l I

. with toxic components ar~ present in these fractioAs. The dynamic
- I \

behavIor of these heavy PartIcles In both coastal and o\fshore waters Is

thought to be of great importance. ~

The sediment dlstJr~ution In the coastal 'zone Is influenced by the

coastal current regime. the mixing processes and the~mal structure.

Three types of current s ructure can be readily identIfIed: {Il strong

shore-para I lei current r1gimes 'persisting for'several da~s. {ZJ episodes

\



2

of reversals of cu~rents and (3) episodes of weak currents. The mixing
. .

processes govern the passage of sed Iment through the coasta I boundary

. layer where the diffusIve eddIes are limited to the pro.xlmlty of the

shore line. The therma I structure In the coasta I zone is camp 1icated. It

Is commonly observed that a strong thermae I Ine acts as a "dIffusive

floor" suppress Ing the vert Ica I turbu 1ence and fnh IbIt Ing dl ffus ion of

materIal Into the hypo I Imnlon. However the wind stress and associated

water currents move the thermoclIne vertIcally (upwelling and

downwelling); if the wind stress is great enough the thermocl ine may

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

coastal and offshore waters may then occur.

The questlon·ls frequently.asked whether a shoreline or nearshore
I

source of contamInants Is a problem only to the Immediate area
I

sUlroundlng the outfal I, or whether the entire basin Is affected by the

mater Ia t~ The answer may be determl ned by the Interp Iay between two
I . •

t ime-sca Ies, 'one character Ized by the sett I Ing of the sed Iment and the
I •

other characterIzed by the transport andinlxlng of nearshore parc'el s Q.f··
I
I

water with the main body of the lake. The-mlxTng processes In turn are

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

materIals through the coastal boundary layer where the dIffusIon eddies

I
are lImIted by the proximIty of the shoreline and ii) a time-scale which

governs the diffusion of material through the main boy of the lake.

The starting point of thIs ,work Is) the observat anal program

undertaken by Canada Centre for In Iand Waters (CC I W) and the Nat Iona I

Oceanic and Atmospher'lc Administration (NOAA) in the vicinIty of

CI~veland. Ohio, in Lake Erie, during 1979. The cIty of Cleveland






























































































































































































































































































































































































































































































































