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I

PROJECT OVERVIEW

There have been concemns expressed for some time that unconfined placement of material
from dredging activities would cause potential adverse impacts on sensitive nearshore
areas. Typical nearshore sensitive areas are beaches, water intakes (private or municipal),
and wetlands and all are typically located some distance away from the placement site.
Two issues require elaboration before answers can be obtained about the potential impact.
The first question becomes, is the material from the site actually transported to the sensi-
tive area?; while the second questions is what are the intensities of the water quality con-
stituents associated with particles once (of if) they arrive at the nearshore zone from the
placement site? Simple measurements at the nearshore site are the integrated sum of the
sediments being carried to the site from not only the disposal site, but from other natural
sources such as river tributary input or wind-driven circulation. Therefore, separating out
the impacts specifically due to the disposal site is not achieved and the more basic ques-
tion of whether placement site particles even get to the area is not addressed.

To perform the correct analysis, one must know not only the magnitude of the sediments
entrained at the site, but the frequency, duration, and magnitude of the resulting particle
transport to the sensitive areas. Therefore, it is necessary to describe the conditions
required to cause the nearshore impact and, if necessary, this must be a probabilistic
description. The presumption of this project is that the most robust assessment of the
impacts must include data necessary to address both questions outlined above but that to
date the first question has been ignored in most impact assessments. This proposed
research program is therefore designed to respond robustly to the first question by pursuit
of three objectives.

a. Determine by field measurements and model elaboration the entrainment and
sediment flux climatology of the placement site;

b. Determine and quantify the conditions that most probably will result in placed
material being transported to the sensitive area and the duration and intensities
of the resulting particle loads; and

¢. Compare the relative intensities of the sensitive site particle load from the
placement site to those sensitive site loads originating from other sources

(such as tributary input or local resuspension), during those times when placed
particles are delivered to the nearshore site.

This project emphasizes and quantifies the physical conditions which are the basis for the
impacts and leaves the associated water quality issues to other projects.

This report, Volume 1, by S. Fan and K. Bedford, is the first of a series of reports docu-
menting the progress towards and results from pursuing these objectives. Volume 1
summarizes data from the field experiments performed at the site in 1996. The conclu-
sions of the report are: First, barotropic motions due to seiches and storms are the




dominant source of low frequency currents at the site; second, wind waves arise quickly
at the site and rapidly evolve into shallow water waves which erode material from the
bottom; and third, water level and water column velocities from the Great Lakes Fore-
casting System were sufficient to track the wind and seiche effects.

The project WEB pages at http:/superior.eng.ohio-state.edu/~sean/ficld.html and
http://superior.eng.chio-state.edu/~jklee/cooldata.htm] contains significant amounts of
field data and site characteristics and these pages must be included and reviewed as a
portion of the report.




CHAPTER 1. INTRODUCTION : BACKGROUND, OBJECTIVES, AND SCOPE

Due to the shallowness of the western basin of Lake Erie, regular dredging is neces-
sary to maintain waterway traffic. The subsequent disposal of the dredged material,
however, raises environmental concems. After disposal at an offshore site, the dredged
spoil may be released back to the water column via sediment entrainment or
resuspension. The spoil material may be spatially transported and cause the degradation
of water quality, for example, at a water supply intake. Therefore, the determination and
selection of a suitable sediment-dumping site needs to be thoroughly investigated.

In order to fulfill the above-mentioned purposes, the US Army Corps of Engineers
considered the possibility of reopening a previously used sediment dredge spoil dumping
site in the western basin of Lake Erie. However, the previous knowledge about this
sediment-dumping site was based on the irregular and sparse on-site sampling. Therefore,
in the summer of 1996, five field data deployments were performed by The Ohio State
University with the Acoustic Resuspension Measurement System (ARMS), which
provided high quality data of the wind wave, current velocity and the suspended sediment
climates at the spoil dumping site. | ‘

The objective of this report is to analyze information obtained from the sediment
dredge spoil dumping site in the western basin of Lake Erie. The analysis is based upon
the results from a field data collection project (ARMS) and a set of &ata obtained from the
numerical model output (Great Lakes Forecasting System, GLFS, developed by the Ohio
State University). By comparing the ARMS field data with the data output from the
GLFS model, we can evaluate the model performance. The comparison of data and model
output results is also a good indication for future studies such as selecting a proper sedi-
ment transport model or calibrating the parameters in the model calculations.

There are five main sections in the following report. Chapter 2 contains a
description of the data used in this study from ARMS and GLFS, and includes an
introduction to the setup of the ‘96 ARMS experiment. Chapter 3 summarizes the data
comparison results between ARMS and GLFS. Chapter 4 illustrates the sediment




resuspension response to the important forcing functions, wave and current, at the site of
interest. Chapter 5 includes a simplified seiche analysis which tries to quantify long wave

effects on the bottorn current. Chapter 6 contains a discussion and makes conclusions.




CHAPTER 2. DATA DERIVATION

2.1 Field Data from ARMS Experiment

Please refer to the project WEB pages listed in the project overview for additional
information concerning the field data and deployment.

2.1.1 Deployment Site and Experiment Time Periods

The deployment site was located in the western basin of Lake Erie at (41°48°36” N,
83°17°00” W) (Figure 1). A total of five data sets, each from a 4-day continuous deploy-
ment, were collected near the bottom of the water column at the deployment site. During
each deployment, ARMS collected more than 110 MB of data and stored the data in an
on-board laptop computer. The deployment time periods are listed in Table 1.

Table 1. ARMS Deployment Time Periods for the 1996 Lake Erie Experiment

; EST 07/27  04:20 pm
Data Set #2 08/02 01:39pm EST 08/06 01:39pm EST

Data Set #3 08/14 02:16pm EST 08/18 02:16pm EST
Data Set #4 08/22 12:55pm EST 08/26 12:55pm EST
Data Set #5 09/11 12:48 pm EST 09/15 12:48pm EST

2.1.2 Measurement Variables, Locations, and Sampling Rates

ARMS collects four kinds of data. First, four vertically aligned 4 Hz Benthic
Acoustic Stress Sensors (BASS) measure the three dimensional velocity field at heights
of 125 cm (BASS I), 90 cm (BASS II), 55 cm (BASS IID), 20 cm (BASS 1IV) above the
bottom (AB). Second, an Acoustic Concentration Profiler (ACP), with a 1 Hz sampling
rate, resolves the sediment concentration profile by 107 bins from the bottom to 124 cm
AB. Third, two 4 Hz pressure transducers at 533 cm and 195 cm AB record the water

pressure variation. Finally, a thermister records the water temperature every 3.2 minutes
at180cm AB.




2.1.3 Available ARMS Data

Collections of pressure and sediment concentration data were unsuccessful in data
sets #1 and #2 due to sensor malfunction. Temperature data were also lost during the
second deployment. Except for the data mentioned above, all the other data items are
available, Table 2 is a list of available data items from these five data sets.

Table 2. Avaijlable Data from ARMS Deployments

Data Set #1

Data Set #2 No Yes No No
Data Set #3 Yes Yes Yes- Yes
Data Set #4 Yes Yes Yes Yes
Data Set #5 Yes Yes Yes Yes

2.2 ARMS Data Preprocessing
2.2.1 Time Scales

Physical processes, which take place in the water column, can be categorized by
their differing time scales. Low frequency events, such as astronomical tides or seiches,
usually have pertods of more than 12 hours or several hours, Periods of long gravity
waves range from about 5 minutes to several hours while periods of short gravity waves
range from 1 to 30 seconds. Other higher frequency processes (turbulence) often have
periods of less than 1 second. When dealing with specific phenomena, it is natural that
one will try to separate the cffects from those belonging to other different categories: This
can be done by applying the averaging technique. Therefore, before data are subject to
further analysis, the determination of proper time scales for the averaging process is an

essential step and requires careful consideration.

2,2.2 Block Averaging

Reynolds averaging in time (7) is the most common averaging scheme which can be

-expressed as foilows:

ﬁ:%_ﬁal(-'r)dr | (1)




where o is the arithmetic averaged value of data time series, &{7);
T is the temporal averaging period, or the averaging window size;
t is the beginning time of the time series data of7).

Through the averaging procedure, one can filter out high frequency fluctuations in
the data. However, a proper choice of the averaging window size is very important.
Another thing which needs to be considered during the selection of window size is the
data stationarity. Bedford et al. (1990) indicated that in order to adhere to the requirement

of stationarity, the typical averaging window size should be ten to fifteen minutes.

As a result, a data length of 10 minutes was selected to be the averaging window
size when analyzing wave parameters. For longer period activities like current and seiche,
a larger window size of 20 minutes was first selected to filter out the high fluctnation
activities. In this way we can avoid the unnecessary confusion caused by the activities

with periods less than 20 minutes.

An 84-hour time series data length was selected for the analysis of the ARMS
parameters. The same 84-hour time period was also selected when we made data com-
parison between GLFS and ARMS. The reason for not selecting the total length of the
data record is to avoid field effects introduced from the beginning setup activities (caused
by the diver). The first 5 to 6 hours is considered as an adjustment time for ARMS.

2.2.3 Power Spectrum Analysis

Power spectrum analysis is widely used to examine the periodic features in time
series data. It is a standard procedure and the details will not be stated here. Basically it is
accomplished by performing a Fast Fourier Transformn (FFT) to transform data from the
time domain into the frequency domain. Before the data are subject to the FFT, however,
they need to be filtered and detrended to reduce noise, as well as filtered with a Hanning
window to reduce data leakage (for details, see Stull, 1988).

The software package applied to perform the power spectral analysis in this report
was MATLAB (version 4.2c.1). From the results of the power spectral analysis, one can

easily determine distinct spikes in the freqﬁency domain, and then find the corresponding




time periods of different events (tides, seiches, long waves, group waves, short waves,

etc.) contained in the time series data.

It should be noted that the Nyquist frequency, which represents the highest fre-
quency that can be resolved by the power spectrum, is equal to 1/(2At) if the sampling
time interval is At. Therefore, for an 84-hour data length, a data interval of 20 minutes is

sufficient enough to resolve the long period activities like a seiche or current.

2.2.4 Calculations of ARMS Parameters
The equations and the procedures for the derivations of ARMS data are briefly

described in this section.

2.2.4.1 Water Elevation (Water Surface Fluctuation)
Based on the hydrostatic assumption, time series of water elevation records can be
derived from the pressure data through the following equations:

_ptpgz )
pgK,

where 1] is the elevation of water surface relative to the still water level (SWL); p is pres-
sure; p is the water density; g is the gravitational acceleration; z is the depth below the

SWL of the pressure transducer; K, is the pressure response factor expressed as:

coshk(d+z)

K (2=
p(2) cosh kd

3)

where k is the wave number and d is the water depth.




2.2.4.2 Wave Parameters
The wave parameters include the significant wave height, the significant wave
period, the mean wave direction, the wave orbital velocity, and the bottom excursion

amplitude. Calculation of these parameters is described as follows:

(1) Significant Wave Height and Wave Period

Significant wave height and wave period are determined by performing a zero up-
crossing technique on the water elevation data. For each selected block (10 minutes), one
can calculate the averaged water elevation as the SWL, then count the zero up-crossing
events and record both the individual wave heights and wave periods in that block. The
averaged value of the highest one third individual wave heights will be the significant
wave height, and the corresponding averaged wave period will be the significant wave
period. '

(2) Wave Height Correction
Due to dynamic effects in the flow field, there usually exists a discrepancy during
the process of pressure-water elevation transformation. It is necessary to correct this error

for the wave height calculation and equation (2) will be rewritten as:

_N(p+pgz)
‘n_-—
peK,

where N is a correction factor which accounts for the dynah:ic effects in the

(4)

transformation process, and all the other variables remain the same as in the equation (2).

Values of N depend on wave period, water depth, wave steepness, relative depth

~ between the SWL and the pressure transducer, etc. Usually N < 1 for short-period waves

and N > 1 for long-period waves (SPM, 1984). However, information about how these
factors influence N is still not complete due to the complexity of the influencing factors.
The nonlinearity induced by K, also causes some degree of difficulty during wave height
calculations. For the reasons mentioned above, Kuo and Chiu (1994) proposed a transfer
function technique to combine the dynamic effects of N and K, in the wave height

calculations.




Based on the laboratory experiments performed by Kuo and Chiu (1994), the trans-
fer function only depends on the location of the pressure transducer, z; the wave angular
frequency, @; and the gravitational acceleration, g. During the procedures of wave height
correction, the transfer function has its major advantage of reducing the complexity and
uncertainty from the determinations of N and K. The relationship between the transfer
function and the wave heights is expressed as:

TF= é)

| ol

where TF is the transfer function; P is the wave height based on equation (2); and H is the
wave height after the correction. The transfer function is calculated by:

2 2 :
TF = exp(—0.90522 - 0.027), with 012 2<50 and %20.07 (6)
g g

where d is the water depth and L is the wave length.

(3) Mean Wave Direction

By estimating the directional spreading function, one can calculate the mean wave
direction from the spectral representation of wave properties (i.e., cospectra and covari-
ances of p and v, or p and v). Buchan (1984) illustrated these procedures and performed
the calculations in both the frequency domain and the time domain. The resuits of these
two approaches show good agreement (Buchan, 1984). The equation for the calculation of

mean wave directions Bwav in the time domain is as follows:

Bway = arctan {%’f} )

where Cpy is the covariance of pressure and v-velocity; Cp, is the covariance of pressure

and u-velocity. The covariance is calculated by:

N
Cor=2-3 B-Fr- (®)
i=1




where N is the total data number in one block; B and ¥ represent p and u, or p and v,
respectively; B and ¥ are the averaged values of B and ¥ in that block, respectively. The

mean wave direction _§wav is then converted to the compass direction (69 degree offset,

see Figure 1).

(4) Wave Orbital Velocity and Amplitude at Bottom (U, and Ay)
According to linear wave theory, the wave orbital velocity at the bottom U, is

calculated by:
U, = %%Ioosh kd 9

where L is the wave length and T is the wave period. L can be derived through wave
number k by solving the dispersion equation (Dean and Dalrymple, 1991). The bottom
excursion amplitude A, is calculated by:

_HgT?* 1

Ay =
4xl. coshkd

(10)

2.2.4.3 Horizontal Bottom Current

Horizontal bottom current velocity can be calculated from the z and v velocity
components collected by the BASS. Data collected by BASS IV (20 cm AB) are selected
to compare with GLFS data for the reason that near bottom areas are of most concern for
sediment transport. After block averaging, the magnitude of horizontal bottom current
velocity is calculated by:

VAT - (n

where U and Vv are the block averaged values of the u and v velocity components,

respectively. The bottom current direction @,,, can be calculated by:

Ocur = arctan(-z_—) _ {12)




Same as the calculation procedures of mean wave direction (8wav), 8., is then converted

to the compass reading.

2.2.4.4 Temperature

Temperature data are retrieved and compared directly with the data from the
numerical model output. However, the recording time periods for temperature are a little
different from those of other ARMS sensors. The four successful recording time periods
for temperature are listed in Table 3. The time series temperature data ére first converted
from EST to UTC time and then the proper 84-hour periods are selected for comparison.

Table 3. Temperature Recording Time Periods (EST Time)

Beginning Time | 07/23 12:00:01 | 08/14 12:19:24 | 08/22 11:36:47 | 09/11 12:20:01

_Ending Time | 07/27 11:56:49 | 08/1812:16:12 | 08/26 11:33:35 | 09/15 12:16:49

2.2.4.5 Sediment Concentration and Grain Size Distribution Analysis

Two one-liter grab samples were taken from each of the last four ARMS deploy-
ments at two positions (top: about 1.0 m AB; bottom: about 10 to 15 cm AB) at the
experiment site. Grab samples were then brought back to laboratory to analyze. The
measurements of the total suspended solid were based on Standard Methods for the
Examination of Water and Wastewater, 16th ed., 1985. The measurements were carried
out at Dr. Hal Walker’s Water Chemistry Laboratory, 130 Agriculture Engineering, The
Ohio State University. Each grab sample was partitioned into three parts to enable
repeated measurements. The results of total suspended solid (sediment concentration) for

each sample are shown in Table 4.

The grain-size distribution was measured by the Automatic Particle Size Analyzer,
Hiac Model-320, at Dr. Keith Bedford’s Coastal Engineering Laboratory, 018 Civil
Engineering, The Ohio State University. Again, each grab sample was partitioned into
two or three parts to enable repeated measurements. The analysis results were plotted by
MATLAB to calculate the values of dso for each sub-sample. Table 5 lists the analysis

results of dsp.
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The ACP records 140 bins (bin #1 is on top) of acoustic signals. With the help of
total suspended solid analysis, the acoustic signals are converted to concentration values
(mg/). The concentration data, which corresponds to the same 84-hour time periods
(UTC) of the other variables, are then extracted from Data Sets #3, #4, and #5 for future
analysis.

Table 4. Total Suspended Solid Analysis

8/2 Bottom 1-1 0.1974 0.2007 208 15.87

1-2 0.1963 0.1997 188 18.09 16.58 1.31
1-3 0.1983 0.2010 171 15.79

8/2 Top 2-1 0.2037 0.2040 203 1.48
2-2 0.2020 0.2023 211 1.42 1.45 0.04

2-3 0.1935 0.1936 205 (0.49) | (1.13)" (1.12)°
8/14 Bottom 3-1 0.2004 0.2046 211 1991 |

3-2 0.1985 0.2034 220 22.27 21.89 1.82

3-3 0.1967 0.2022 234 23.50

8/22 Bottom 4-1 0.1915 0.2025 213 51.64

4-2 0.1918 0.2036 224 52.68 52.90 1.39

4-3 0.2000 0.2124 228 54.39

8/22 Top 3-1 0.1919 0.1924 220 2.27

52 0.1912 0.1917 238 2.10 2.06 0.24
5-3 0.1976 0.1980 222 1.80 -

9/11 Bottom 6-1 0.1927 0.2028 232 45.53
6-2 0.1861 0.1984 236 52.12 49.15 3.71

6-3 0.1794 0.1910- 224 51.79

9/11 Top 7-1 0.183%1 0.1855 230 10.43

7-2 0.1931 0.1957 229 11.35 10.25 1.20

7-3 0.1993 0.2014 234 8.97

" Numbers in parentheses represent outliers or statistics including outliers.

The distance between two adjacent bins is about 1.16 cm, After observing the time
series concentration data at bins #107, #108, and #109 (Figure 2, 3, and 4), we define bin
#108 as the bottom for all three data sets (#3, #4, and #5). The location of bin #1 is then
defined at 124 cm AB.
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Table 5. Values of dsg

8/2 Bottom 1-1 51.29 45.55 8.12

1-2 39.81
8/2 Top 2-1 39.11 36.11 4.24

2-2 33.11

8/14 Bottom 3-1 43.35
3-2 41.69 42.90 1.06

43.65

8/22 Bottom 4-1 45.60
4-2 43.15 43.97 1.41

4-3 43.15

8/22 Top 5-1 43.65
5-2 41.69 41.12 2.86

5-3 38.02

9/11 Bottom 6-1 45.37
6-2 42.66 42.16 3.48

6-3 38.46
9/11 Top 7-1 43.15 39.73 4.84

7-2 36.31

2.3 GLFS Data

Based on the Princeton Ocean Model (POM) and GLERL-Donelan wave model, the
Great Lakes Forecasting System (Bedford & Schwab, 1994) provides estimated data for
comparison with the field data collected by ARMS at the “96 experiment site. The corre-
sponding hourly data from GLFS includes water elevations, wave parameters (height,
period, and direction), analytical wind field information (velocity and direction), current
information, and water temperature.

The grid resolution currently used by GLFS in Lake Erie is 2 km. The experiment
site is surrounded by four grid points (Figure 1) and estimates from these four points are
extracted from the model first. After examining the model output, we found only small
differences among these four points. Thus, instead of a linear interpolation, data from the
nearest point is selected for comparison with field data. The distance between the selected
model grid point and the deployment site is about 0.9 k.
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GLFS is based on the sigma coordinate system for model calculation. For the Lake
Erie application, eleven layers of grid points are used in the vertical direction (1st layer:
water surface; 11th layer: bottom). The depth at the selected grid point is about 6.1 m. As
a result, data from the 10th layer (about 61 cm AB) is extracted for data comparison.
However, the averaged local depth is about 7.7 m around the ARMS deployment site.

This gives an error of about 1.6 m in the water depth.

GLFS operates according to the UTC, which is 5 hours ahead of the EST. It should
be noticed that the time difference must be converted before performing the data compari-
sons. The time conversion between UTC and EST is UTC = EST + 5 hrs.
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CHAPTER 3. DATA COMPARISONS BETWEEN ARMS AND GLFS
3.1 Time Periods for Data Comparisons

For the reasons mentioned in section 2.1.3, the data comparison will concentrate on
Data Sets #3, #4 and #5. Time period for data comparison begins right after the ARMS
adjusting time period (the first 5 to 6 hours in each data set). A total of 84-hour time
period is selected from each of these three data sets (#3, #4, and #5) as the comparison
time period.

3.2 Water Surface Fluctuations (17)

The water surface fluctuations from GLFS show good agreement in trend with the
field data (Figures 5, 6, and 7), except there is a phase lag in Data Set #4. The averaged
root-mean-square (rms) errors for 77 between GLES and ARMS are listed in Table 6.

Table 6. Averaged RMS Errors Between ARMS and GLFS:
Water Surface Fluctnations and Wave Parameters

Data Set#3 [ 3.73 9.74 0.57 +10.96 +14.71
Data Set#4 | 4.65 6.71 0.59 +16.67 123.07
Data Set#5 | 7.92 16.77 0.48 +12.40 +12.19

*Calculations for the averaged rms errors are under high wave conditions only.

3.3 Wave Parameters and Wind
The maximum wave heights from ARMS are 57.24, 50.48, and 106.35 cm for Data

Sets #3, #4, and #5, respectively. Table 4 also lists the values of the averaged rms errors

for all wave parameters. The predicted wave heights from GLFS basically follow the
trends of ARMS data (Figures 8, 9, and 10). Time series ratios of wave heights
{GLFS/ARMS) are plotted in Figure 11.

Wave periods show a larger discrepancy for the low-wave periods. Time series
ratios of wave periods (GLFS/ARMS) are plotted in Figure 12. Wave directions are close
to each other during the high-wave periods. That is, in Data Set #3, 08/15/06:00 to
08/16/06:00 (UTC); Data Set #4, 08/24/03:00 to 15:00 (UTC) ; and Data Set #5,
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05/14/00:00 to 09/15/12:00 (UTC). During these high-wave periods, ARMS wave direc-
tions also follow GLFS wind directions very well. As a result, except for the wave height
parameter, the averaged rms errors for all the other wave parameters are calculated only
for these high-wave periods.

Time series ratios of water depth to wave length (d/L) are given in Figure 13. All of
the waves in Data Set #3 and #4 belong to the category of deep water waves ( d/L > 0.5).
Most of the time, waves in Data Set #5 are deep water waves. However, from
09/14/13:00 to 09/15/04:00 (UTC) waves belong to the category of transitional waves
(0.05 <d/1.<0.5).

It is obvious that wave height relates to wind velocity strongly. Wind is always the
main forcing function to increase the wave height. However, an exceptional case is found
in Data Set #4 during the time period 08/24/00:00 to 08/24/12:00. In this time period we
find a significant increase of wave heights corresponding to an insignificant variation of
local wind velocity. The reason why this happens can be found after we examine the
corresponding plots of the global wind field and the plots of wave heights for Lake Erie
(Figures 14 and 15, products from GLFS). In Figure 14 (08/24/00:00, UTC), the wind
field is calm around the deployment site. But in the northeast part of the western basin,
there is a stronger wind from NEE to SWW. High waves in this region are heading
toward the deployment site. In Figure 15 (6 hours later) we find that the waves cansed by
this stronger wind field have arrived at the deployment site. Thus, the increase of wave
heights at our deployment site during this period of time can be exlﬁlained as a result of

the wave propagation from the northeast of the western basin.

3.4 Bottom Current and Wind

Maximum bottom current velocities from ARMS (BASS IV) are 6.38, 5.82, 7.37
cm/s for data #3, #4, and #5, respectively. The corresponding averaged rms errors of
bottom current velocities between ARMS and GLFS are 2.02, 1.83, and 4.09 cm/s,
respectively. Plots of time series horizontal bottom current velocity (BASS IV) and the
GLES surface wind direction are given in Figures 16, 17, and 18. Comparisons have also
been made for bottom current directions between GLFS and ARMS as well as the direc-
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tions between bottom current (ARMS) and incoming wind (GLFS) (Figures 16, 17, and
18). There were no special patterns between wind directions and bottom current direc-

tions, though a reversed current phenomenon was first expected at the beginning of the

analysis.

It is interesting that in Data Set #5, even during the high-wave periods (large storm
e\;ents), the bottom current exhibits small variations in magnitudes in the ARMS data.
This implies that the bottom current velocity is not sensitive to the magnitude of surface

wind velocity.

3.5 Bottom Temperature

Temperature data from GLFS follows the trends of the ARMS data closely (Figure
19). It shows a very good agreement in Data Set #3 (the temperature deviations between
GLFS and ARMS are within 1 °C). In Data Sets #4 and #5, however, there is a deviation
of about 2 to 3 °C. The averaged rms values of temperature for Data Sets #3, #4, and #5
are 0.75, 2.14, and 3.15 degrees, respectively.
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CHAPTER 4. WAVE AND CURRENT EFFECTS ON THE BOTTOM

4.1 Wave Orbital Velocity and Bottom Excursion Amplitude

In the bottom boundary layer, waves are more efficient in causing sediment resus-
pension, while currents are more capable of transporting the suspended load horizontally.
Accordingly, the sediment transport models are usually categorized into three directories:
the pure wave model, the pure current model, and the combined wave-current model. As
a result, except for information about wave height and wave period, the values of wave
orbital velocity at the bottom Uy, and the bottom excursion amplitude A, are also impor-

tant indices for the selection of a proper model in the shallow or transitional water areas.

Values of Uy and A, for Data Sets #3, #4, and #5 are shown in Figures 20, 21, and
22, respectively. Most of the time, both values of U, and A, are small. And both values
are only significant under the high-wave conditions. The maximum magnitudes of Uy, for
Data Sets #3, #4 and #5 are 3.73, 3.89, and 12.02 cm/s, respectively. The maximum Ay
are 1.72, 2.03, 7.10 cm, respectively. When Uy, and A, are small, current becomes the
dominant forcing function for the sediment transport. '

4.2 Sediment Concentration Response to Wave and Current at Bottom

Time series sediment concentration at 20 cm AB and the integrated sediment mass
(from bottom to 124 cm AB, per 1 em?) for Data Sets #3, #4, and #5 are shown in Figures
23, 24, 25, respectively. For viewing convenience, time series of the ARMS wave height,
horizontal bottom current velocity and direction (20 cm AB) are re-plotted with sediment
concentration (20 cm AB) and shown_ in Figures 26, 27, and 28. Because of the different
effects of wave action (to initiate sediment suspension) and current (to keep sediment
suspended), we expect that conditions with higher sediment concentration would be

associated with high-wave and larger current time periods.

Combined wave and current effects on the bottom sediment concentration can be
observed in Data Sets #3, from 08/15/06:00 to 08/16/03:00. After 08/16/03:00, current
keeps sediment suspended and lasts until 08/16/20:00. During the second period of sedi-
ment resuspension time (08/16/03:00 to 08/16/20:00), the magnitude of bottom velocity
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is not very significant. However, after observing the bottom current directions, we first
assume that sediment resuspension conditions are favorable when current directions point

to north or range from southwest to south.

In Data Set #4, although the higher waves begin to form at 08/24/03:00, the current
directions within this period of time are mostly heading toward the east. Without the help
from current (current is not within the favorable directions), sediment concentration at 20
cm AB during this period of time is even less than that under a mild wave condition
which is associated with a SSW current (08/25/18:00 to 08/26/00:00). A mild combined-
wave and current condition can stiil be found during this time period. However, the peak
concentration at 08/25/13:00 defies explanation at this moment. The first peak in the
concentration at 08/23/13:00 may be caused by the current only (current directions point
to near north or range from S to SSW).

Data Set #5 displays the most dramatic time series sediment concentration record.
From 09/13/06:00 to 09/14/12:00 almost nothing happens on the bottom, despite the fact
that wave heights and current magnitudes are both larger than those in the previous two
data sets. High-wave conditions prevail during this deployment time period. Directional
current effects on the sediment resuspension can only partially explain the small sediment
concentration between 09/13/06:00 and 09/14/12:00 (current directions are not within the
favorable ranges most of the time), because effects from wave heights should not be
ignored (wave heights keep on increasing from 30 to 80 cm) during this period of time.
However, after 09/14/12:00, the sediment concentration begins to increase and the com-
bined-wave and current effects are clearly shown after this point. Waves would be the
dominant forcing function during the time period 09/12/12:00 to 09/13/06:00, because
current directions are not within the favorable ranges most of the time. With a little help

from the current, the time series concentration shows a small peak at 09/12/21:00.

The directional current effects on the sediment concentration might be attributed to
the characteristics of the local bottom topography. However, the resolution of current site-
scan sonar maps (bathymetry data) in hand (maps with Journal of The Great Lakes
Research, 1997, vol. 2) is not sufficient enough to describe detailed bottom features of the
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experiment site. Bathymetry data with higher resolution at the deployment site would be
very beneficial for any further analysis.
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éHAPTER 5.SEICHE EFFECTS ON THE BOTTOM CURRENT

Seiches are standing waves. They can be found in enclosed basins like seas, lakes,
and inlets, as well as in open basins like channels or bay areas. Wind, air pressure
fluctuations, tide, earthquake, etc can generate seiches. However, one of the most com-
mon origins of seiche activity in a closed lake basin is caused by the wind-induced piling-
up of water at one end of the basin, which leads to the fluctuating and periodic motion of

water when the wind decreases.

People often overlook seiches because their effects usually do not last very long.
Another reason is due to the low frequency of occurrence of extreme events. However,
for sediment transport in the bottom boundary layer after a storm event, if there is no
other sigmificant extemal force to change the water dynamics, seiching could be an

important factor.
5.1 Seiche Periods

A power spectrum analysis was performed on Data Sets #3, #4, and #5 for water
elevation (Figures 29, 30, and 31) , u-velocity (Appendix), and v-velocity (Appendix),
respectively. The distinct periods which correspond to the peak frequencies are found
from the power spectrum diagrams for each data set and their values are listed in Tables
7, 8, and 9. The lowest six seiche periods for the Lake Erie basin, from Hamblin (1987),

are listed in Table 10 for comparison.

Although the 14.56-hour period, which corresponds to the first mode seiche in Lake
Erie, has been found in all three data sets, it is most frequently shown in Data Set #3. This
should not be a surprise after examining the water elevation data, wind field data, and
wave height information (in the plots of wave parameters). In Data Set #3 (Figures 5 and
8), a storm event is followed by a long period of mild wind condition, which is perfect for
observing the seiche activity. Data Set #4 (Figures 6 and 9) is a little too calm to initiate a
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Table 7. Spectral Analysis on Data Set #3 (20-Minute Averaging

0.8 56 14.56
712 538 429 538 538 548 548

308 272 330 3.19 282 393 393
1.94

Table 8. Spectral Analysis on Data Set #4 (20-Minute Averaging)

1456 14.56

8.63

617 619 619 619 619 6.19 485 6.19

393 393 360 3.93 393 360 325 393

173 188 206 2.15 2.72 3.08
1.40

Table 9. Spectral Analysis on Data Set #5 (20-Minute Averaging)

619 619 6.19 6.19
.3.93 393 393 393 393 393 393 393 393
2.59 282 282 232 282
1.87 2.05 2.05
149

significant variation of water elevation, while Data Set #5 (Figures 7 and 10) is generally
a series of storm periods. However, both Data Sets #4 and #5 show two distinct peaks of

6.19 and 3.93 hours, which are close to the third and the fifth mode seiche periods,
respectively.
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Table 10. Observed & Computed Periods of the Lowest Six
Gravitational Seiches of Lake Erie (after Hamblin 1987)

1 14.38 14.08 14.14 -1.6 14.40

2 9.14 3.92 8.95 2.0 9.10

3 5.93 5.70 5.84 -1.5 5.91

4 4.15 4.11 4.20 12 4,18

5 — 3.69 372 3.80

6 3.32 —
*Platzman & Rao (1964a) “Platzman & Rao (1964b) *Hamblin (1976)

It is worth mentioning that in Data Set #3 the first mode period (14.56 hours) is only
shown in the elevation and v-velocity data. This can be explained by the fact that the v-
direction is almost identical with the longitudinal direction of Lake Erie, and the u-
direction is perpendicular to it (see Figure 1).

The basin length for possible transverse seiches passing the deployment site is about
30 ki (Figure 1). Based on the Merian formula, if an averaged depth in the western basin
of Lake Erie is 8 m (Saylor and Miller, 1987), the 30 km transverse length in the western
basin will give a Ist-mode transverse seiche period of 1.88 hours. From the power spec-
trum diagram of water elevation data of Data Sets #3 and #4 (Figures 29 and 30), a
distinct spike with period of 1.73 hours has been found and would be close to this 1st-
mode transverse seiche. Another possible longitudinal seiche which could pass the
deployment site is between the west end of the western basin and Pelee Island (Figure 1).
The distance between these two point is about 93 km. When we apply the Merian formula
with the average depth of 8 m, a 1st-mode seiche period of 5.83 hours for the western

basin can be derived.

It should be noted that the Merian formula is only a rough estimation of the seiche
period. This formula is based on the assumption of a rectangular basin with a uniform
depth everywhere. It also neglects the effects due to the earth’s rotation as well as friction

at the water-air and water-bottom interfaces. As a result, one should be very careful when
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applying this formula. For the seiche analysis, the Merian formula can only be used as a
tool for testing calculations.

5.2 Theory and Equations for Seiche Calculations in Closed Basins

5.2.1 Equations for Standing Waves (Long Waves)
Seiches in Lake Erie can be considered standing waves in shallow water (fong wave

theory). The wave celerity C can be calculated by:

C=.zd (13)

The simplest formula used to calculate the seiche period is the Merian formula:

Tsch = 21 (14)
n./gd
where Ty, is the seiche period corresponding to nth node; 1 is the basin length.
For a standing wave in a long rectangular basin, water elevation, 7,, is expressed as:
H
Ns= —2-cos-kx cosmt (15)
The horizontal water particle velocity, U, under a standing wave is:
Us=J-E—-I-I—sinkxsin(ot (16)
d2

According to the long wave theory, the vertical particle velocity is insignificant
when compared with the horizontal particle velocity. Long waves can be considered as
shallow water waves (the wave length is much greater than the depth of water body).
Water particle motion under a wave follows a circular orbit. When water depth becomes
shallow, the circular orbit will gradually change to an elliptical orbit. In the limit as the
water depth becomes extremely shallow, the orbit will become a line (Figure 32). As a
result, if the ratio of wave length to water depth becomes extremely large, the horizontal
particle velocities will be nearly the same for one particular cross section (from water
surface to the bottom). Further, for a standing wave, U is maximum under the nodal

point and zero under the wave crest.
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5.2.2 Standing Waves with Frictional Damping

The seiche phenomena is a kind of free oscillation in a water body. It usually dies
out gradually due to disturbances from outside forcing. When the wind is mild and has
little effect on water body, bottom friction plays an important role in seiche damping. The

quadratic friction law can be applied to the long wave and is expressed as follows:

= PIUI | a7
8
where f is the Darcy-Weisbach friction factor and U is the fluid velocity. The absolute
sign is introduced to show the periodic change of friction direction. U = Uy, cos mt and
Up is the maximum magnitude of U. After Fourier expansion and an approximation for
ulul:

2
T = pr—mCOS ot = prmU
3n K74

(18)
For uniform depth the vertically integrated equation of motion in the x-direction becomes:

W__;_w=d_
ot gax pd ax AU (19)

where A = fUy/37d. After combining with the continuity equation, the wave equation can
be derived as:

#n, . an__ 3%
e AT e @0

Assuming the solution has the form
H,

where the subscript I represents the undamping conditions, and substituting (21) into (20},

the solution becomes:
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1= %e"”it cos® tcoskx (22)

1 A
and © = ’1————
T I 4((01)

The horizontal velocity can be derived through the continuity equation:

where W, =

(S Y

Us= %1/ ®? +oZe ™ sin(m, t+&)sin k;x (23)
1
where £= a:rctan-oﬁ— : B
[0

T

A detailed derivation of the above equations may be found in Dean and Dalrymple
(1991).

5.3 Water Elevations and Horizontal Velocities Under Seiche Effects

Because Data Set #3 is the most possible time period for the seiche activities, it is
selected as the data set for seiche analysis. Only the first mode seiche will be considered
here due to the fact that energy in the lowest mode is much larger than that in all the other
modes. Energy of a distinct peak in a power spectrum diagram can be derived by
summing up the area under that peak (see Figures 29 and 30 as examples).

The starting time of the seiche activity is assumed to happen when the water eleva-
tion difference between Toledo and Buffalo reaches its maximum after a storm period. By
observing the water elevation data of Toledo and Buffalo (Figure 33), which is output
from GLFS and corresponds to Data Set #3, this starting time is determined to be
08/16/04:00, and the water elevation difference is near 40 cm. From the wind velocity
data (Figure 5), we find that the wind velocity decreases gradually after this point and the
magnitude is less than 5 m/s after 08/16/12:00 and further decreases down to 2 or 3 m/s
for the rest of the time. As a result, surface wind effects are assumed to be negligible after
08/16/12:00. Tidal effects are not considered to be significant in Lake Erie. Platzman and
Rao (1964b) have shown that the increase of seiche period caused by the earth rotation
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(Coriolis force) in Lake Frie is only about 1.3%. Therefore, effects from tidal and

Coriolis force are both neglected here.

Lake Erie is considered to be a rectangular basin with an average depth of 18.6 m.
The length of the lake is assumed to be 354 km (SPM, 1984). These assumptions will
give a 1st mode seiche period with the value of 14.56 hours according to Merian formula.
Calculating the difference between the maximum and minimum in the water elevation
data before the time of 08/16/12 derives an initial wave height (about 30 cm). The
location of the deployment site is about 10 km southeast of Monroe, Michigan. The
values of the friction coefficient f range from 0.0025 (smooth) to 0.3 (rough) for long
waves (Dietrich, 1980). For Lake Erie, most bottom areas in the western and central basin
are quite flat. And the vertical scale is very small compared to the horizontal scale. As a
result, Lake Erie is assumed to have a smooth bottom. Seiche activity will have a much

smaller friction factor than the value of f illustrated by Dietrich et al. (1980).

The results from the calculations of 77 and Uy under frictional damping are given in
Figure 33. The water surface fluctuation, 7, closely simulates the field data. The
maximum value of the horizontal particle velocity Uy (under a damping seiche) is about
2.5 cm/s in the longitudinal direction of Lake Erie. This value is about 25% of the

maximum magnitude of bottom current velocity in Data Set #3.
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CHAPTER 6. DISCUSSIONS AND CONCLUSIONS

Data from GLFS is compared with the field data collected by ARMS in the summer
of 1996. The average depth at the deployment site is about 7.7 m. Data comparisons
between GLFS and ARMS show that water surface fluctuations are close to each other.
GLFS wave heights follow the trends of field data closely, but the wave periods deviate
from the field data during low-wave time periods. The wave directions follow the field
data during the high-wave periods. These results lead to the same conclusion, that is, only
under a strong effect of external forcing function (wind) can the model clearly resolve the
wave parameters. The random characteristics of the waves are the main reasons for

difficulty in the model simulations.

The maximum bottom current velocity is usually under 8 cm/s. Even under strong
wind forcing, the field data shows that there are no special patterns matched between
wind directions and bottom current directions. The bottom current circulation in western
basin of Lake Erie is not sensitive to the surface wind for the conditions observed here.
However, circulation patterns of bottom current are hard to be resolved by only a one-
point measurement. A muti-point spatially distrubuted measurements in the current field
would be very useful for further analysis.

Temperature data from GLFS matches the trend of the field data, though there is a
small offset (1 to 3 °C) between them. The reason for this discrepancy might be attributed
to the difference between the real water depth and the digitized grid depth ( about 1.6 m
difference between them) because temperature calculated from the POM is very sensitive
to the water depth.

The small values of U, and A, from field data imply that a current is more fre-
quently the dominant forcing at the experiment site. Sediment resuspension events at the
deployment site are sensitive to wave heights, horizontal bottom current velocities and
directions. The favorable bottom current directions for sediment resuspension activities
are found to be near north or when they range from south to south southwest. The direc-

tional current effects on the sediment concentration at the deployment site might be
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caused by the local bottom topography characteristics. The current site-scan sonar maps
with low resolutions are not accurate enough to support the analysis results. A detailed

description of bathymetry data at the deployment site will be crucial in future analysis.

Power spectrum analyses have been perfomed on pressure, u-velocity, and v-velocity
data from ARMS Data Set #3, #4, and #5. The results show a clear 14.56-hour seiche
period ( first mode), which is quite close to the observed value of 14.38 hours (Platzman
and Rao, 1964a) and the theoretical value of 14.40 hours (Hamblin 1976). Seiche with
damping effects has been studied based on a simple Merian formula. The calculated water
surface fluctuations agree with field data very well. The horizontal water particle velocity
caused by seiches has the same order of magnitude as the bottom current velocity. The
maximum seiche-induced horizontal velocity in the longitudinal lake direction is about
25% of the magnitude of maximum bottom current velocity. According to Platzman and
Rao (1964b), if a one foot amplitude is assigned to Buffalo and a free oscillation begins, a
maximum current speed of about 0.1 ft/s will appear at the location nearby the deploy-
ment site. The simple calculations of seiche based on the Merian formula are

encouraging. However, a more accurate model should be applied for further analysis,
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Figure 1. Lake Erie 96 Experiment Site
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Figure 2. Time Series of Sediment Concentration at Bottom (Data Set #3)
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Figure 3. Time Series of Sediment Concentration at Bottom (Data Set #4)
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Figure 4. Time Series of Sediment Concentration at Bottom (Data Set #5)
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Figure 5. Wind & Water Surface Fluctuations (Data Set #3)
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Figure 6. Wind & Water Surface Fluctuations (Data Set #4)
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A.23. Power Spectral Density of V—Velocity (Data Set #5, BASS II)
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A.24. Power Spectral Density of V-Velocity (Data Set #5, BASS IV)
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Figure 7. Wind & Water Surface Fluctuations (Data Set #5)
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Figure 8. Wave Parameters (ARMS : ____ GLFS ;: —-) Data Set #3
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Figure 9. Wave Parameters (ARMS : ____ GLFS : ——) Data Set #4
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Figure 10. Wave Parameters (ARMS : ____ GLFS : —) Data Set #5
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Figure 11. Ratios of Wave Heights
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Figure 12. Ratios of Wave Periods
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Figure 14. Wind Field and Wave Information From GLFS
(August 24, 1996 00:00 UTC)
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Figure 15. Wind Field and Wave Information From GLFS
(August 24, 1996 06:00 UTC)
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Figure 16. Wind & Bottom Currents (Data Set #3)
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Figure 17. Wind & Bottom Currents (Data Set #4)
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Figure 18. Wind & Bottom Currents (Data Set #5)
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Figuze 19. Bottom Temperature Comparisons (ARMS : — GLFS:—)
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Figure 20. Wave Orbital Velocity and

Bottom (Data Set #3)
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Figure 21. Wave Orbital Velocity and Amplitude at Bottom (Data Set #4)
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Figure 22. Wave Orbital Velocity and Amplitude at Bottom (Data Set #5)
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Figure 23a. Time Series of Sediment Concentration at 20cm AB (Data Set #3)
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Figure 23b. Integrated Sediment Concentration (Data Set #3)
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Figure 24a. Time Series of Sediment Concentration at 20cm AB (Data Set #4)
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Figure 24b. Integrated Sediment Concentration (Data Set #4)
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Figure 25a. Time Series of Sediment Concentration at 20cm AB (Data Set #5)
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Figure 25b. Integrated Sediment Concentration (Data Set #5)
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Figure 26. Conc., H1/3, Bottom Cur. Vel. and Dir. (ARMS Data Set #3)
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Figure 27. Conc., H1/3, Bottom Cur. Vel. and Dir. (ARMS Data Set #4)
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Figure 28. Conc., H1/3, Bottom Cur. Vel. and Dir. (ARMS Data Set #5)
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Figure 29a. Power Spectral Density of Water Elevation (Data Set #3, P1)
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Figure 30a. Power Spectral Density of Water Elevation (Data Set #4, P1)

10 r T
14{6 hrs - — —: 95% confidence interval
N
2
S| _
<
g
N
= E2/E1 = 0.058
= E3/E1=0.008
g1’ ¢ ]
i
§_ =573
“ 10} .
107 10”
Frequency (Hz)
. Figure 30b. Power Spectral Density of Water Elevation (Data Set #4, P2)
14.56 hrs = = —: 95% confidence interval
~~ e - - <
. \
g0 r 6.J9 brs 7
$ E2/E1 = 0.040 ; \/539:31:5
Z E3/E1=0028
210" 1.40 brs -
=
§‘ =5/3
“ 1072} El -
10°° 107 10~ 107
Frequency (Hz)




4

Figure 31a. Power Spectral Density of Water Elevation (Data Set #5, P1)
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Figure 32. Water Particle Motion Under Shallow Water Wave
(Figure Source: Shore Protection Manual, 1984)
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Figure 33. Water Surface Fluctuation and Velocity Caused by Seiche
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APPENDIX

Power Spectrum Diagrams for U And V Velocities
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A.3. Power Spectral Density of U-Velocity (Data Set #3, BASS T
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A.3. Power Spectral
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A.7. Power Spectral Density of V-Velocity (Data Set #3, BASS 1)}
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A.9. Power Spectral
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A.11. Power Spectral Density of U-Velocity (Data Set #4, BASS T
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A.17. Power Spectral Density of U-Velocity (Data Set #5, BASS 1)
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PROJECT OVERVIEW

There have been concerns expressed for some time that unconfined placement of material
from dredging activities would cause potential adverse impacts on sensitive nearshore
areas. Typical nearshore sensitive areas are beaches, water intakes (private or municipal),
and wetlands and all are typically located some distance away from the placement site.
Two issues require elaboration before answers can be obtained about the potential
impact. The first question becomes, is the material from the site actually transported to
the sensitive area?; while the second question is what are the intensities of the water
quality constituents associated with particles once (or if} they arrive at the nearshore zone
from the placement site? Simple measurements at the nearshore site are the integrated
sum of the sediments being carried to the site from not only the disposal site, but from
other natural sources such as river tributary input or wind-driven circulation. Therefore,
separating out the impacts specifically due to the disposal site is not achieved and the
more basic question of whether placement site particles even get to the area is not
addressed.

To perform the correct analysis, one must know not only the magnitude of the sediments
entrained at the site, but the frequency, duration, and magnitude of the resulting particle
transport to the sensitive areas. Therefore, it is necessary to describe the conditions
required to cause the nearshore impact and, if necessary, this must be a probabilistic
description. The presumption of this project is that the most robust assessment of the
impacts must include data necessary to address both questions outlined above but that to
date the first question has been ignored in most impact assessments. This proposed
research program is therefore designed to respond robustly to the first question by pursuit
of three objectives.

a. Determine by field measurements and model elaboration the entrainment and
sediment flux climatology of the placement site;

b. Determine and quantify the conditions that most probably will result in placed
material being transported to the sensitive area and the duration and intensities
of the resulting particle loads; and

c. Compare the relative intensities of the sensitive site particle load from the
placement site to those sensitive site loads originating from other sources
(such as tributary input or local resuspension), during those times when placed
particles are delivered to the nearshore site.

This report is Number 2 of the series and is authored by A. Ben Othman and K. Bedford.
The objective of this report is to document the use of an existing database of 25-year
hourly circulation data for Lake Erie to determine the frequency and duration of storms
and transport that result in materials from the placement site being directly transported to
the nearshore sensitive site. The basis of this report is the 25-year historical database
recreated by the Great Lakes Forecasting System. The models are briefly described as is
the climatologic database. The frequency, duration, time of travel, and number of site
“hits” are summarized. The results indicate that wind driven circulation and seiches are
dominant and that in every year of the 20-year record, at least one event is of sufficient
magnitude and duration to have surface currents reach the vicinity of the intake pipes.

vil
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The same cannot be said of the bottom currents for which no event is even of sufficient
strength and duration to reach the intake pipes. These results suggest that clay particles,
easily entrained from the placement site and mixed to the surface, could also be trans-
ported to the intake pipes by at least one event per year.

The project WEB pages at http://superior.eng.ohio-state.edu/~sean/field.html and
http://superior.eng.ohio-state.edn/~jklee/cooidata.html contains significant field data and
site characteristics and these pages must be included as a portion of the report.

viil
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CHAPTER 1: INTRODUCTION AND OBJECTIVES

1.1 The Management Problem

It has been a common practice to dredge the channels of the Maumee River and the
bottom of Lake Frie and then dispose the material at a location in the lake, particularly
the Western Basin. However, there have been growing concerns that this unconfined
placement of dredged material could cause serious effects on sensitive shoreline regions
due to material transport from the site. These sensitive sites are typically beaches and
municipal and private water intakes. Based on the potential threat to these sensitive
areas, some questions need to be answered. The first question is: “can the material from
the disposal site actually reach the sensitive sites?” The second question is: “when and if
these materials reach the sensitive sites, what are the intensities?” The latter question can
be addressed by conducting basic field experiments. These experiments would consist of
measuring the sediment concentration at the sensitive area. However, this simple method
does not indicate whether the measured particles originated at the disposal site or not.
Chances are they did not because there are many contributing sources of sediments
(tributaries) that would cause materials to reach the shoreline and because winds could
resuspend and czirry particles anywhere in the lake. Therefore, it is worthwhile to
conduct a study focusing on the effects of the dredged material placed at the sensitive
sites. The study of the transport of placement site partiéles to the shoreline, necessitates
the recognition that these particles are carried away by wind, gravity, wave and current-
driven water column physics which derive from randomly occurring storms.
Consequently, one must know not only the magnitude of the sediments entrained at the
site, but the frequency, duration, and magnitude of the resulting particle transport to the

sensitive areas. Furthermore one must describe the conditions probabilistically.

1.2 The Technical Problem and Proposed Solutions

In order to address the problem probabilistically, a robust data base needs to be
accumulated and tools necessary to analyze that data must be developed. This study also

requires field data that would ensure as much as possible the reliability of the results.
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The system used to conduct this study is the Forecasting/Nowcasting sysiem, called the
Great Lakes Forecasting System (GLES). It was designed to make regularly scheduled
predictions of the physical status of each one of the Great Lakes. The GLFS products
are the following variables: the full three dimensional temperature and velocity
distributions, the water surface levels and fluctuations, along with the deepwater and
nearshore wind wave distributions. GLFS uses the three-dimensional Princeton Ocean
Model (POM), otherwise known as the Mellor Blumberg Model, which will be discussed
further in Chapter 3. It also uses the US Army Corps SHALWAVE spectral based wave
prediction code and the NOAA GLERL Donelan wave prediction code.

1.3 Objectives

Using GLFS, this study is going to provide a system for determining the
susceptibility of a sensitive site to impact from an offshore activity site. A series of
probabilities and histograms will be determined to display the magnitude and duration of
the sensitive site exposure to the material transported from the unconfined disposal site.
Velocity predictions made by GLFS will be the basis for predicting the transport
conditions under which a particle at the placement site could possibly reach the sensitive
sites. The analysis resulted in the creation of a statistical summary of the patterns that

govern the transport of the activity site material towards the sensitive areas.
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CHAPTER 2: THE SETTING

2.1 Lake Erie Weather and Flow Patterns

Among the Great Lakes, Lake Erie seems to attract considerable attention from both
researchers and the public. The attraction results from several characteristics of this lake.
Lake Erie is the shallowest of all the Great Lakes, its maximum depth is 64 meters in the
central basin. It is the most sediment dominated, with shorelines subject to erosion
through wind waves and storm surges and significant sediment input from the Detroit
River, Lake Saint Clair, and the Maumee River watersheds. Because of its shallowness,
Lake Erie is susceptible to meteorological activities. These come in the form of wind

induced storm surges and seiches.

2.2 Western Basin Site Characteristics

The Western Basin of Lake Erie (Fig. 2.1) is the shallowest section of the lake. Its
maximum depth is 10 meters. It is bounded by South Bass, Middle and North Bass
Island on the East. The Maumee and Detroit Rivers enter the Western Basin and are the
major sources of riverine sediment input to Lake Erie.
2.2.1 The Army Corps Placement Site

The dredged material placement site is located at 41°48.6° N and 83°17.0° W in
water of 6.1 to 7.0 meters of depth relative to IGLD Low Water Datum. During the 1996
study scason, the average water level was 1.07 m above datum, yielding a depth range of
7.17 to 8.07 meters.
2.2.2 Location of Water Intake Pipes

The sensitive site analyzed here is the Toledo water intake pipes located on shore
12,600 meters from the placement site. If a coordinate system is positioned at the place-
ment site, such that North is 0°, East is 90°, South is 180°, and West is 270°, then the
water intake pipes lay southwest of the placement site 12,600 meters distant at the sector
angle 210-225°. Note this sector as our results probabilities are presented by dividing the

360° arc into 24 15° sectors. The water intake pipes are in the Sector 14 direction.
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CHAPTER 3: THE LAKE ERIE DATABASE
3.1 The NEORSD CSO Project

The North East Ohio Regional Sewer District (NEORSD) found it necessary to
search for a solution to the problem caused by the Combined Sewer Overflow (CSQO)
discharges from the Cleveland Ohio area. These discharges were adding up to 1.9 billion
gallons of untreated water that goes directly into Lake Erie every year during storms
(Podber, et al., 1994). The solution consisted of hiring a team of consultants who would
prepare a phase 1 CSO facilities plan. There were several members in this team. The
Ohio State University Great Lakes Forecasting System (GLFS) team of Ohio State was
contracted to perform real-time forecasts of Lake Erie conditions. Their mission was to
quantify the velocity and thermal state of Lake Erie waters over a 20-year period. A 20-
year database of hourly velocity, temperature, and water level data resulted from this
study. Historical meteorological data were used as the input forcing for the purpose of
this task and GLFS was run in hindcast mode. The numerical model used for the
calculation of Lake Erie currents, temperatures, and turbulence was the Princeton Ocean
Circulation Model (POM) (Blumberg and Mellor 1987). The Podber et al. (1994) paper
is included in the Appendix to this report for a more detailed review of the NEORSD

project.

3.2 The GLFS Mellor Biumberg Model

The core numerical model used in the Great Lakes Forecasting System. is a coastal
ocean circulation model developed by the Geophysical Fluid Dynamics Program at
Princeton University. The model, as depicted by Blumberg and Mellor (1987), is a quasi
three-dimensional, nonlinear primitive equation coastal ocean circulation model with a
second moment turbulence closure submodel embedded to provide a realistic parameteri-
zation of the vertical mixing processes. The prognostic variables are the three
components of current velocity, free water surface elevation, water temperature, turbulent
kinetic energy, and turbulent macroscale. Other main features of the model include:
Boussinesq and hydrostatic approximations, a flux form of the equations, a variable

Coriolis parameter, a bottom following vertical coordinate (sigma-coordinate), the
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Smagorinsky horizontal diffusion subgrid formulation, a centered space and time
leapfrog finite difference scheme, an implicit scheme for vertical mixing calculations,
and an Arakawa-C staggered numerical grid arrangement.

In order to save computer time in three dimensional simulations, this model uses a
mode splitting technique to solve the barotropic mode for the fast moving external
gravity waves such as free surface elevations and the vertically averaged horizontal
currents, and the baroclinic mode for the slow moving internal gravity waves and the full
three dimensional current, temperature, and turbulence structures. This model has been

widely used and it has been successful in modeling estuaries, bays, and coastal oceans
{Kuan, 1996).

3.2.1 The Governing Equations

The dynamic and thermodynamic equations govemning the circulation of the lake
depict the velocity, free surface elevation, and temperature fields. These equations

include the continuity equation

du

V-V+—=0 G.1)
Jz
the momentum equations
du du 1 ap ] du
—+V-Vo+w——fv=—— K +E, 3.2
at T T Tk T M3t G2
and
du ou lop 9 du -
v Wiwstfu=——ZE +—(K,,—)+F, 3.3
ot YT P, 9y 8( ) 3
d
pg=—<F (3.4)
z
the conservation equation for thermal energy
06 g0 9 do
—4+V-VO+w—=—(Ky—)+F 3.5
3 TV T eyt G2
The hydrostatic approximation yields
Po Z Po
6
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In these equations, V is the horizontal velocity vector with components (u,v); w is the
vertical velocity; and @ is the temperature. The free surface is located at z = 1y(x,y.t) and
the bottom is at z = -H(x,y) where 1 is the free surface elevation and H defines the
bottom topography. The quantity f is the Coriolis parameter; g is the gravitational

acceleration; p is the pressure; p, is the reference density; and p , is the in situ density

and it is a function of temperature and time. The quantities Ky and Ky denote the
vertical eddy viscosity and diffusivity of turbulent mixing for momentum and heat
equations respectively. All of the motions that are not directly resolved by the model grid
are parameterized in terms of horizontal mixing processes and most of these processes
are dominated by the large scale motions. The terms F,, F, and F, found in equations
(3.2),-(3.3), and (3.5) represent-these unresolved subgrid scale features. In contrast to the
process of vertical diffusion which is controlled primarily by the small-scale motions, it is
the large-scale motions that lead to horizontal mixing. In general, horizontal mixing is
modeled in direct analogy to molecular diffusion. The horizontal Reynolds stresses and
fluxes are assumed to be the gradient of a mean property multiplied by an empirical

factor. F,, F,, and F, in the Princeton ocean model are given by

F, = E%(%MEEH [AM(a—u+a—V)] (3.7)
d ou du av

R o= 5,005 {AM(— Fwl (3.8)
0 0o 0 26

E, = é—;(AHa % —(Aq o3y (3.9)

where Ay and Ay are the horizontal eddy viscosity and diffusivity coefficients,
respectively. These coefficients can be expressed in terms of the mean flow quantities.
By assuming that the horizontal eddy coefficients are related to the size of the largest
eddies being resolved in a model and to the local deformation field, the Smagorinsky

formulation for Ay is used

Ay = (CxAYD (3.10)
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where Cy is a constant and A is the grid spacing. The deformation field, D, is defined as

X dy

The coefficient Cy is usually determined by trial and error as it depends in part on the
size of the eddies present. The Princeton ocean circulation model uses Smagorinsky's

formulation to determine Ay which is directly related to Ay by

(3.12)

wheres, is the turbulent Prandtl or Schmidt number for which a constant value is

assumed.
3.2.2 The Mellor--Yamada Turbulence Closure

One of the most important features in numerical hydrodynamic modeling for lakes
and oceans is the parameterization of turbulence. Based on Rotta's (1951) energy redis-
tribution hypothesis and Kolmogoroff's (1941) hypothesis of local, small-scale isotropy,

Mellor and Yamada (1974} make a sequence of closure assumptions to form a set of
equations for the Reynolds stress tensor u;u (1] X,¥,Z), u;8, and 0%. The vertical

mixing coefficients Ky and Ky are calculated from
KM = qlSM, KH = QISH (313)

where Sy and Sy are analytically derived stability functions, prescribed from the quasi-
equilibrium modification by Galperin et al. (1988), of the level 2 1/2 model of the Mellor

and Yamada second-moment closure hierarchy (Mellor and Yamada, 1982):

1-3C,—(6A,/B))
'[1-3A,G4 (B, +6A,)]1 (1-9A,A,Gy)
3A,Gy((B, =3A,){1—(6A, /B)]—-3C,(B, +6A,)}
: [1-3A,G4(B, +6A,)] (1-9A,A,Gy)

Sw =A

(3.14)
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Sy=A 3.15
72 1-3A,Gu(B, +6A,) @15
where Gy = (2R (3.16)
q P, 9z
The turbulence velocity scale q is calculated by the turbulence energy equation
q’ 2, 04" _ 9 . . 99
—+V-Vg"+w——= —(qlS, =) +2(P,+P, —€)+F, 3.17

and the master length scale, 1, is given by the g° [ equation (Mellor and Yamada, 1982)

dg’l dg’l 3 dq’l
= +V V(q21)+w-a-z—-= --a—z(qISq —-é—z—)+511(1>s +E,P,)

1

—-15[1+E)2]+Fl (3.18)
where
q3
e = Bl (3.19)
P, = KM[(-83>2+(8—")2] (3.20)
oz oz
p, = K, 2P (3.21)
p, 0Z

In equations (3.17)--(3.21) P; represents the transfer of kinetic energy from the
mean motion to the turbulent motion or the shear production; Py, represents the exchange
between the turbulent kinetic energy and the potential energy of the flow system or the
buoyant production; and € is the viscous dissipation converting the kinetic energy into
internal energy of the fluid. The length scale calculated by these equations is a
characteristic length of the turbulent motion at any point in space or time. The terms Fy
and F| in equations (3.17) and (3.18) represent the horizontal mixing terms and are
parameterized in direct analogy to that of © except that q® and q¥1 replace 0. L is a
measure of the distance from a solid surface. For lake problems L'=(n-20'+ H+2)"

Near a surface (where z =-m or z = H) it may be shown that both 1 and L are
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proportional to the distance from the surface and k (=0.4) is the constant of the
proportionality. Various length scales of turbulence are related to the master length scale

following Mellor and Yamada (1982):

(ALA2,B 1 B2) = (0.92,0.74, 16.6, 10.1) (3.22)
and

(E.,E,) = (1.8,1.33) (3.23)
Mellor(1975) shows that the remaining constant, Cy, is related to the others according to
C = %(1—61%,]31‘1 ~AB,?) = 0.08 (3.24)
3.3 Bottom Following, ¢, Coordinate Transformation and Final Model Equations

It has been known that the use of the ordinary x, y, and z coordinate system in
numerical modeling has certain computational disadvantages in the vicinity of
bathymetric irregularities. Phillips (1957) therefore introduced a modified coordinate
system which is obtained by transforming the vertical coordinate, z, in the X, y, z, and t-
system to an independent variable sigma such that

Z-1

X*¥=x, y¥ =y, G=H—+n,t*:t. (3.25)

Using this definition, equations (3.1), (3.2), (3.3), (3.5), (3.17), and (3.18) are
transformed to the following final model equations:
on ouD ovD dw

on_ oubD oD dw _ 3.26
ot ox 3y 9o (3:26)

duD ou’D dJuvD duw oan
—fvD+gh—
8t+ax+8y+ao'vgax
0 Kyou, gD*rdp ocdDoo,
=2 - B _ S o0dg’ +F 3.27
36 D 36 p. lax Damas O Thr (327
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VD ouwD ou’D ovw on
fuD+gD—
at " ax " dy i dc ThbTe dy
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90D 06uD 00vD deéw 9 K, Bc
+ + = —(—=

ot ox ay * 3¢ 95 D s °
_3¢’D | dug’D  avg’D  awg® 9 K 3q®
"o " ox oy 9 T30 D 36

2Ky Ou, OV, 2g. dp 2Dq°
— N — - LKy ——
" D [(ac) +(ac) I+ o

8q21D Jug’1D avq2D+awq A o K
ot ax dy d6 d¢ D do

Ky . du ov g
El—-Y[(—)? +(—) 1+ E; =Ky —-——®+DR
T D[(ac) +(80) I ’p, 190 B, M

where®=(1+E, /xL)

The horizontal viscosity and diffusion terms are defined as

F, = ——a ~(2DA, —a“) [DAM(—au +—~a")]
du av av
- 2 (2DA,,
FY [D Mo ay ]'f' ( ay

o
[

é‘;(DAH ‘é—) + _a'}_{[DAH (537]

2

d dq” 0
Fo = (DA aq b [DAH(—q—

dq°1 aq21

F. = —Q—(DAH )-i-——-[DAH(
ox
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(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)
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It should be noted that these horizontal diffusion terms are not what one would obtain by
transforming the conventional forms to the sigma coordinate system. Justification for the

present forms can be found in Mellor and Blumberg (1985).

3.4 The 20-Year Climatological Database

The Great Lakes Forecasting System was used at the Ohio State University to per-
form the 20-year hindcast of Lake Erie water properties, thus generating the 20-year
database of conditions from 1972 to 1992. Even though GLFS was developed to make
real-time forecasts of lake conditions, the system was easily modified to perform hind-
casts by substituting historical data sets for the usual real-time data acquisition of the
system (Podber, et al., 1994). The POM model was used by GLFS to produce this data-
base. The model used a 5 km grid resolution which generated a horizontal grid of 81 by

24 grid cells. In the vertical direction 11 slices were used.

In 1990, the POM was run for twenty years, consecutively. For each year the
historical data was used as input for boundary conditions. The result was the creation of
a twenty-year database that contained the following information. The hourly three-
dimensional velocity components: u, v, and w velocities; temperature; integrated
velocity; heat fluxes; wind stress; water elevation; and depth. The values are stored in a '
permanent database and can be extracted by means of a FORTRAN program that will
print out any variable by accessing the elements of its array. The velocity arrays are

three-dimensional.

For this study, the full 20-year hourly database of the variables listed above were
extracted for the placement site defined in Chapter 2 and subsequently analyzed for fre-
quency, direction, duration, time of travel, and magnitude of the events at the placement

site. Therefore, a complete climatology of the placement site can be obtained.
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CHAPTER 4: DATA PREPARATION
Climatology data and subsequent probabilistic analyses are discussed in this chapter.
4.1 Selection of Data

The Lake Erie disposal site in the Western Basin falls in the following meridians:
(41 degrees 48 minutes and 36 seconds North and 83 degrees 17 minutes and 0 seconds
West) this corresponds to the grid node (5,20) in the 5 kilometer grid of the Princeton
model. These data were extracted from magnetic tapes and were stored into the
temporary directory of the Cray Y-MP8 supercomputer. The Cray supercomputer was
used because of its ability to handle large jobs. The data in ASCII format were stored in
separate files that contained u and v velocities of a water column in the chosen location.
The data in the water column at the placement site had to be sliced in order to extract the
surface velocity, and the bottom velocity. These values were sorted into surface velocity
files, contained velocity values one cell below the surface, bottom velocity files,
contained velocity values one cell above the bottom of the lake, and an integrated
velocity. Several small UNIX shell scripts were written to slice the data in the desired
manner and provide new files that contain the hourly u and v velocities for each year.

This was the final step in preparing the data for analysis.

4.2 Computational Methods

There are several computational methods that can be used in order to draw some
conclusions about the data. Since the main goal of this study is to determine if Lake Erie
flow has a preferred direction from the disposal placement site location to the Toledo
water intake pipes, the first step of the analysis is to determine whether or not the data
possess a directional bias. Computationally, two methods were chosen: the Rayleigh
Test of Uniformity and the Mean Value. The computations showed that there was a
directional bias. A series of computational models were created for further study in order

to reveal the bias and provide detailed information about the data.
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4.2.1 The Statistics

The first statistic determined was the mean. Of course, this is the simplest method
to use. As the data were plotted, initially the mean served as an aid to determine
uniformity of the data. The second statistic is the p value, it represents the Rayleigh test
of uniformity. This test calculates the probability of the null hypothesis that the data are
distributed in a uniform manner. A probability less than the chosen significance level
(.05 by default) indicates that the data are not distributed uniformly and consequently
they show evidence of a preferred direction, (Kovach, 1994). As we will see in the
analysis of the results, the mean proved to be not needed for the purpose of this study.
The Rayleigh test of uniformity was also dismissed because of the strong bias the data

has shown.

4.2.2 Computer Models for Statistical Analysis

The raw data generated by the POM model had to be sorted even further. The first
analysis model computed the direction of the flow every hour. A FORTRAN program
was written for that purpose. It successfully converted all the u and v velocities into two
pieces of information: the first was the hourly change of direction of the flow and the
second was the magnitude of that velocity. The first model read the values of the
magnitudes of u and v velocities and computed the direction in degrees. Adjustments
were made to ensure that 0° represents the North direction. Then a subroutine was called
to sort the data. The subroutine used the computed directions as input and converted the
360° possible directions into 24 sectors. Sector O represents 0-15° North. Sector 6

represents 90-105° East. Sector 18 represents 270-285° South, etc.

The subroutine was designed to perform pattern recognition. This method was
necessary in order to group all the velocities in their respective directions, thus being able
to count the number of events going towards any direction. Frequency of occurrence was

calculated and statistics were compiled for each one of the sectors separately.

There were 6960 hours worth of data per year, representing three seasons: Spring,

Summer, and Autumn. Since the lake is frozen during winter there was no need to

14




generate any velocity values from the model for the icy season. Each one of those hours
was inspected by the pattern recognition procedure and was saved under an array in the
FORTRAN model. Most of the array variables that were created by this model were
doubly subscripted integer arrays. They store the sector number, thus tracking the
direction, and the hour during which the event has passed through that particular sector.
The primary step was to sort all the events into direction specific events by comparing the
sector number to the direction of the event. When all the events were finally sorted into
their respective sectors, another subroutine was used in order to determine the duration of
those events. The new subroutine used the same pattern recognition principle that is, it
checked the direction of an “event hour” associated with it. If the following event was
also tracked by the model into the same sector then the hour was checked again in order
to determine a duration for that event. The duration of an event is determined by the
number of consecutive hourly events that are tracked into the same sector. Several
repetition and selection structures were necessary in producing the code for this particular

task in the computer model.

The model also kept a count of the duration of each event. The model output
consists from a set of integer values that give the sector number, the total events and the
number of events for each duration starting with the one hour events and ending with the

events that last more than 10 hours.

15
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4.3 Output Presentation

Circular plots and rose diagrams were used in conjunction with linear histograms to
present the results. An IDL computer graphics program was written to plot the statistical

information generated by the computational models.

4.3.1 Rose Diagrams

Rose diagrams consist of different wedges emerging from the center of a circle.
The center of the circle represents the study location and each sector represents the
direction towards which the flow is moving. The radius of each one of the wedges
represents the number of events, meaning the number of hours during the time period
studied that the flow is following that direction. Different colors (or shades) represent the
duration of each type of event. The shorter the radius, the longer the duration. Each rose
diagram visually showed several pieces of information regarding the flow in a particular
location. The project WEB page contains color versions of the IDL figures. Figures 4.1-

4.2 contain the 1979 plots for surface and integrated velocities.

The IDL program for the rose diagrams reads the integer values generated by the
computational models. These values are the following: Sector number, total events per
sector, number of times the flow changed directions; and a flag, set to detect the longest
duration event specific to the direction determined by the sector number. The trick was
detected by the number of events being zero. If it is not zero, the flag is incremented by
one, indicating a longer duration. If the event were zero, then the flag would default to its

fast value. This was systematically done by using an iteration based on the hours 1 to 11.

After the lengths of the radii were generated above, the wedges were drawn and
colored. Several repetition structures were used to complete the coordinates of the
polygon vertices in order to repeatedly draw and fill the polygons for each sector and
each duration. The graphics procedures use several additional routines to draw and

calibrate the rosette.

16
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4.3.2 Linear Histograms

Linear histograms were generated to display the same information as the rosettes.
These linear histograms emphasized less the direction of the flow and more the number
of events and their duration for each direction. See Figure 4.3 for a 1979 surface velocity

example.

As for the longest duration per sector, after plotting all the linear histograms, the
longest durations were extracted for each direction and year. These longest durations
served as a major tool in computing the worst case scenario for the directional analysis of
the flow from the disposal site. These tasks were accomplished using the same
techniques used in the linear histograms. The method was based upon extracting the
longest duration for each one of the sectors. As it tumns out, that value was already
extracted by using a counter that increments every time the number of events in the sector
is not zero. The longest duration is the number associated with the last non-zero value of

events per sector. For an example, refer to Figure 4.4,

To graph the magnitudes associated with each direction for each one of the velocity
values, the maximum value, the minimum value, and the average value of the magnitudes
per direction for each one of the years studied were chosen. The graphs were created
from the previous data files and an [DL program that used the same pattern recognition
techniques described above. Maximum values were denoted by an asterisk, the minimum
values were denoted by an x, and the average values by an 0. The information relevant to
sector 14 was again highlighted with a different color by the use of a conditional
statement and a repeal structure. Figure 4.5 is an example of this plot for the 1979
bottom velocities.

Two additional graphs were generated: the first combined the results from the
longest duration plots and the magnitude plots to generate a maximum distance plot, and

the second put the aggregated distance traveled towards the sensitive site together

19
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into one plot. Techniques used to generate the first type of plot were the same as the
magnitude plots. The second and final type of plot, however, needed a few
manipulations. In order to extract the maximum distance traveled towards the sensitive
site for each year, the IDL program that constructed the distance plot had to be run
repeatedly for each year; a new step that would open a file to be updated each time the
program is run. The values stored in this file were the distances traveled towards the
sensitive area, thus creating yet another input file for the final IDL plot. This last plot
than displays the maximum distance traveled towards the site fore each year under study.

Figure 4.6 is an example of this plot.
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CHAPTER 5: DISPOSAL SITE CLIMATOLOGY

The Rayleigh p test results showed a strong bias in the data. The values were not
clustered around the mean and the p values were almost zero for most of the cases, which
is a clear indication that the data had a preferred direction. The pattern analysis detected
the number of events in each sector (Table 5.1). These events are the combination of the
one hour events and the longer duration events as well. Please refer to appendix F for

more statistics.

Table 5.1 Integrated Velocity Event Statistics

Sector Number
Number of Events
0 155
1 198
2 207
3 238
4 345
5 521
6 468
7 348
3 273
9 238
10 219
11 186
12 197
13 211
14 264
15 332
16 448
17 533
18 485
19 325
20 277
21 184
22 161
23 147

5.1 Annual Flow Patterns

There is an obvious pattern that governs all the annual data. Even though there are
differences in total numbers from year to year, the data show that the preferred direction

for the events is consistent from year to year. For the surface flow the preferred direction
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is between 45 to 90° from North, with the majority showing an East to North East
preference. When examining the linear histograms, we can almost predict the second set
of 10 year preferred direction by projecting off of the first set of 10 year data. The
dorninant direction is noticed as well as a second dominant direction which is 180° away
from the preferred direction. The differences occur when we examine the longest

durations, especially when focusing on the direction towards the Toledo water intake

pipes.

5.1.1 Surface Flow Patterns

After generating the flow rosettes, the directional patterns were gathered for the sur-
face flow. All the yearly data showed very similar patterns. Each year showed a domi-
nant direction of flow going to East North East (ENE) This direction is affected by the
wind direction since it is a surface flow. The linear histograms show the same
information but they emphasize the direction in degrees. Also the linear histograms show
two peaks 1807 apart. The first peak is very evident but the second one is not nearly as

high in frequency of events.

5.1.2 Bottom Flow Patterns

The dominant flow direction in the bottom is 180° opposite from the dominant
direction of the surface. This means that the flow at the bottom is going West South West
{WSW). On some occasions we find the flow going West or West North West (WNW).

This is due to the seiches in the western basin of lake Erie.
5.1.3 Integrated Flow Patterns

The integrated velocity patterns were very interesting. In fact if we would overlay a
surface velocity histogram and a bottom velocity histogram for the same year, they would
produce the integrated velocity histogram. The integrated velocity showed a bimodal
pattern, in that there were two peak directions 180° apart. This is exactly what should
happen with the integrated velocity since it is the barotropic response of the lake and

therefore reflects the seiche motion of the lake particularly well.
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5.2 Aggregated 20-Year Patterns

The statistical analysis of the entire data proved a definite directional bias of the
data. Whether the data was representing surface, bottom or integrated flow, the results
showed that the data did not cluster around the mean. This indicated that the directional
distribution is not a normal distribution. The surface and bottom flows were unimodal
but did contain subsidiary observable secondary peaks, while the integrated velocity was
bimodal.

Even though there were distinct differences between all the patterns the cumulative
data representation of the surface flow matched everywhere the data were picked. The
circular histograms as well as the linear histograms continued to show that the preferred
direction of the surface flow is the ENE direction. Of course, the values of events added
up to a very large number because of the cumulative effect from all the years studied,
while that of the bottom is WNW and the integrated velocity again has a bimodal

character.
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CHAPTER 6: SENSITIVE SITE RISK

In the previous chapter the results were discussed and flow patterns were compiled
and categorized into surface patterns, bottom patterns and integrated patterns. At this
point we need to determine the impact of these patterns on the concerns of this study. All
along we have kept track of the magnitudes of the velocities traveling towards each
direction. The pattern recognition models (computational or graphical) have identified
the longest duration event for each one of the directions. Based on these results, the
magnitudes and durations of the events and their directions were extracted for each year
studied, and the worst case event was identified for each year. In this chapter, attention is
shifted to the sensitive site and the impact of this directionally biased flow at this site.
The water intake pipes lie southwest of the disposal site, which corresponds to sector

number fourteen, which is between 210 and 215° from North.
6.1 Annual Event and Duration Climatology

Before proceeding to a cumulative summary, it is necessary to analyze the behav-
ior of the annual data. The annual event histograms were reviewed previously. Here,
each event is analyzed to determine the longest duration of flow in any one direction for
each event. Using 1979 as an example, Figures 6.1-6.3 contain the histograms displaced
according to sector. Please note Sector 14 is the direction of the water intake pipes. It is
seen that rarely is there a surface flow event of more than 5 hours in duration and for
Sector 14 whether the integrated, surface, or bottom velocity directions are greater than
three hours. Figures 6.4-6.6 contain the maximum duration per sector per event for the

year 1979, which further confirms the histogram analysis.

Velocities are associated with these events and Figures 6.7-6.9 contain the 1979
sector plots for maximum, average, and minimum velocities in each sector. The blue
color denotes the intake sector and again the dominance of the bimodal seiche is

apparent.
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Finally, for each year the maximum velocity per sector is multiplied by the maxi-
mum duration per sector to obtain an estimate of the possible travel distance an inert
particle would travel in one event. The 1979 data contained in Figures 6.10-6.12 reveal
small possible excursion distances for the integrated and bottom event but, as may be
seen in the surface velocity plot, considerable distances of travel are possible with the

surface velocities.
6.2 Cumulative Sector 14 Impact

Figures 6.13-6.15 contain cumulative estimates of the maximum potential excur-
sion distance due to any one continuous event. As is seen in the bottom and integrated
velocity distance traveled plots, no one event transports material very far from the
placement site. However, it is quite possible during a one surface velocity event clay or

silt particles to be carried to the intakes.

In conclusion, Figure 6.16 contains the surface velocity distance traveled plot for
the sector (#15) west of Sector 14 and it is readily seen that particles may travel a

significant distance during certain events.
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CHAPTER 7: CONCLUSIONS

While a considerable amount of visual information was generated in this study, the

conclusions relative to the goals of the research program are relatively straight forward.

First, over the 20-year period of the study record the dominant circulation features
are wind driven currents and the resulting storm derived seiches. The wind derived
surface currents are predominantly to the northwest, away from the water intakes. A
corresponding bottom return flow is directed 180° opposite to the surface. Bottom
currents are always smaller than the surface currents. Integrated currents reflect the

expected bi-directional seiche activity, in neither case, directly towards the intake pipes.

Second, in the 20-year record, no single flow event was of sufficient magnitude or
direction to result in bottom currents carrying material entirely to the intake paper. The

same result occurred for the integrated velocity field.

Third, in the 20-year periced of record each year contained at least one single event
with a surface velocity of magnitude and direction sufficient to carry material to within

the intake pipe vicinity.

Fourth, with regard to conclusion two, it is implied that heavier sand sized particles
at the placement site will remain near the bottom during transport and will not reach the

intake pipe as the bottom currents are insufficient during any one single event.

Fifth, with regard to conclusion three, fine particles such as clays will easily
resuspend into the near surface of the water column and could reach the sensitive site

during any one annual event.

Sixth, the analysis here considers only single events and the possibility of even
bottom sitting sand particles to reaching the intake pipes during a succession of transport

events is high.
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The following are the rosettes that represent the directional flow emanating from the location at

the center point.

Al

A2

A3

Ad

AS

A6

Al

A8

A9

A.10
A1l
A12
A3
A4
A5
A.l6
A17
A.l18
A.19
A.20
A2l
A22
AZ23
A24
A25
A.26
A27
A28
A29
A30
A3l
A32
A33
A4

Figure Captions

Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:

APPENDIX A

The Rose Diagrams
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The following plots will show the longest durations that have been registered for each one of the

APPENDIX B
The Duration/Direction Plots

years and the seasons. The cumulative data is also represented.

B.1

B.2

B.3

B4

B.5

B.6

B.7

B3

B9

B.10
B.11
B.12
B.13
B.14
B.15
B.16
B.17
B.18
B.19
B.20
B.21
B.22
B.23
B.24
B.25
B.26
B.27
B.28
B.29
B.30
B.31
B.32
B.33
B.34
B.35
B.36
B.37

Figure Captions
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Duration per Direction for the Year 1971
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Duration per Direction for the Year 1983
Duration per Direction for the Year 1984
Duration per Direction for the Year 1985
Duration per Direction for the Year 1986
Duration per Direction for the Year 1987
Duration per Direction for the Year 1988
Duration per Direction for the Year 1989

Surface Velocity: Duration per Direction for Cumulative Data
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Duration per Direction for Cumulative Data
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Durations Per Direction. Data Representing: Surface Velocity 5_1978
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Durations Per Direction. Data Representing: Surface Velocity s_1980
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APPENDIX C
The Longest Duration/Direction Plots

The following plots will show the longest durations that have been registered for each one of the
vears and the seasons. The cumulative data is also represented.

Figure Captions

C.1  Surface Velocity: Longest Duration per Direction for Cumaulative Data
C.2  Integrated Velocity: Longest Duration per Direction for Cumulative Data
C.3 Bottom Velocity: Longest Duration per Direction for Cumulative Data

C4
C5
C.6
C7
C8
C9
C.10
C11
C.12
C.13
C.14
C.15
C.16
C.17
C.18
C.19
C.20
C.21

Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:
Surface Velocity:

Longest Duration per Direction for the Year 1970
Longest Duration per Direction for the Year 1971
Longest Duration per Direction for the Year 1972
Longest Duration per Direction for the Year 1973
Longest Duration per Direction for the Year 1974
Longest Duration per Direction for the Year 1975
Longest Duration per Direction for the Year 1977
Longest Duration per Direction for the Year 1978
Longest Duration per Direction for the Year 1980
Longest Duration per Direction for the Year 1981
Longest Duration per Direction for the Year 1982
Longest Duration per Direction for the Year 1983
Longest Duration per Direction for the Year 1984
Longest Duration per Direction for the Year 1985
Longest Duration per Direction for the Year 1986
Longest Duration per Direction for the Year 1987
Longest Duration per Direction for the Year 1988
Longest Duration per Direction for the Year 1989
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The following plots will show the magnitudes as a function of direction maximum, minimuam,

APPENDIX D
The Velocity Magnitude Plots

and average magnitudes velocities.
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D.8

Figure Captions

Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Surface Velocity:

Magnitude per Direction for the Year 1971
Magnitude per Direction for the Year 1972
Magnitude per Direction for the Year 1973
Magnitude per Direction for the Year 1974
Magnitude per Direction for the Year 1975
Magnitude per Direction for the Year 1977
Magnitude per Direction for the Year 1978
Magnitude per Direction for the Year 1980
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The following plots will show the magnitudes as a function of direction maximum, minimum,

APPENDIX E
The Distance Traveled Plots

and average magnitudes velocities.
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Figure Captions

Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Bottom Velocity:
Surface Velocity:

Distance Traveled per Direction for the Year 1971
Distance Traveled per Direction for the Year 1972
Distance Traveled per Direction for the Year 1973
Distance Traveled per Direction for the Year 1974
Distance Traveled per Direction for the Year 1975
Distance Traveled per Direction for the Year 1977
Distance Traveled per Direction for the Year 1978
Distance Traveled per Direction for the Year 1980
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Introduction

Maintenance and improvement of navigation channels m Lake Erne require extensive
and recurring dredging operations. The dredged material is disposed either n confined
disposal facilities or, more commonly at offshore disposal sites. The unconfined
placement of dredged material, however, raises concerns of potential adverse impacts on
sensitive near-shore areas, Such sensitive sites are typically beaches, and municipal or

private water intakes.

In an effort to evaluate the relative impact of different sediment sources on sensitive
near-shore areas a multi-grain, multi-source sediment transport formulation was used,
largely focusing on the impacts of the disposed sediments at the existing disposal site in
the Western basin of Lake Ere. In this study four sediment sources were selected to
represent the sediment inputs in Lake Erie, namely: a) lake botiom sediments, b} the
sediments originating from the disposal site, ¢) suspended sediment mputs from Maumee
River, and d) suspended sediment inputs from the Detroit River. The sediments of each
source are represented using three size classes (sand, silt, and clay) but the sediment
particle diameters for these classes vary slightly among the sources. This was necessary
for two reasons: First, to be able to “track™ the different particle sizes originating from
different sources; Second, to ensure that the settling velocities, as calculated by the

gediment model, will be, if not identical, very close in value.

The above approach allows the identification of the sources of the sediment material
transported at the sensitive area and, evaluates the relative intensity of the sediment load

transported from ecach source, to the total load transported. The sediment size
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distributions of the suspended and bottom sediments found in Lake Erie will be
presented in Chapter 3 of this report.

The calculations were performed using the CH3D circulation model coupled with a
sediment model, known as CH3D-SED model (Spasojevic and Holly, 1994). The latest
model includes a module for the advection and turbulent diffusion of the suspended
sediments, as well as a sediment module that describes the evolution of the lake bottom
(as bottom sediments are being transported) and the entrainment of the bottom
sediments. Both sediment modules are discussed in detail in Chapter 2 of this report. The

initial and boundary conditions required for the model runs are discussed in Chapter 4.

This study covers, a one year ice-free test period, from April 1, 1997 to December 31,
1997. The model results were saved every hour, resulting in “huge” amounts of data that
demanded significant disk storage and data reduction and management. The nine-month
model run was split in bi-weekly model runs at the end of which the results from the last
two time steps were saved in a so-called “hot start” file. This “hot start” file is all that is

needed to proceed to the next bi-weekly run.

The model results include: a) the full 3-D velocity field, b) the 2-D vertically
averaged velocity field, c) the 3-D temperature field, d) the 3-D sediment concentration
field, €) the bottom sediment fraction distributions and, f) the changes of the bottom
elevation. From these results, trajectory maps and time traces of the variables have been

generated.
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Chapter 1

Site Characteristics

1.1 Lake Erie Bathymetry

Lake Erie is the Southern-most and fourth largest of the Great Lakes with a total area

of 25667 km . The length of the lake is approximately 388 km with a maximum width of
92 km. Its maximum depth is 64 m (observed at the Eastern basin) which makes it the
shallowest of all the Great Lakes. Due to its shallowness, it is susceptible to weather
effects, especially to wind induced seiches. The lake receives walers from the St. Clair
River, Lake St. Clair the Detroit River, the Grand River, the Sandusky River, the

Cuyahoga River and the Maumee River.

41

Figure 1.1 Lake Erie bathymetry map.
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Erosion of the shorelines and sediment discharge from the streams cause a continuous
accumulation of sediments at the lake bottom, considering that the only natural outlet of
Lake Erie is the Niagara River.

1.2 Site Characteristics

The Western basin of Lake Erie (Figure 1.2) is bounded at the North by Canada at the
East by a transect from Marblehead Point through Kelley's Island to Pelee Point and at
the South by the Ohio mainland. Tts maximum depth is about 10 m. The main sources of
riverine sediment inputs are the Maumee River, accounting for 37% of the total riverine
discharge in the lake(Herdendorf et al., 1977), and the Detroit River. The bottom of the
Western basin of Lake Eric is composed mostly of mud (semi-fluid silt and clay-sized
particles) which covers about 3/5 of the total area, followed by sand at about 1/5, and
mixtures of sand and mud for the remaining portion (Verber, 1957).

LAKE ERIE: Westem Basin

Figure 1.2 Location of the disposal and water intake sites at the western basin of Lake
Erie.



o’ o b = e = % e of o o w o W %as =®* s b

1

The location of interest for the present study is the Toledo, Ohio, water intake area,
which is located 12600 m south south-east the disposal site. The disposal site is located
at 41°48.6' N, and 83°17.0' W, in water of 6.1 m to 7.0 m depth relative to IGLD Low
Water Datum.
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Chapter 2
Methods of Study

2.1 Model Selection

The numerical hydrodynamic model used in this study to calculate the free water
surface displacements, the three components of the velocity, and the temperature of Lake
Erie, is the CH3D (Curvilinear Hydrodynamics im 3 Dimensions) circulation model. The
model was developed at the US Army Corps of Engineers Waterways Experiment

Station.

In the present study, CH3D has been used in its sigma stretched version. Ths version
also includes a two-equation turbulence closure model, known as the k-g8 model, for the
parameterization of turbulence (Chapman et al, 1996). The suspended sediment
volumetric concentrations, the bed-surface particle size fractions, the bed elevations and
the density changes due to the presence of suspended sediment, have been calculated
using the CH3D-SED model. CH3D-SED was developed at the lowa Institute of
Hydraulic Research during the period from August 1991 to December 1993, It includes a
three-dimensional suspended sediment module and a two-dimensional mobile bed
sediment module, which have been properly modified and coupled with CH3D-WES
(Spasojevic and Holly, 1994).

2.2 The Hydrodynamic Model

The CH3D hydrodynamic model, is a 3-D, non-linear primitive equation circulation
model. The basic assumptions mcorporated into the model are: a) the vertical distribution
of the fluid pressure can be described by the hydrostatic approximation and b) the

[
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Boussinesq approximation and the eddy viscosity approach can describe the turbulence
mixing. The hydrodynamic equations governing the circulation of the lake include the
continuity equation, the momentum equations and the conservation equation for the

thermal energy. These equations in a Cartesian coordinate system (X, y, z) are:

du dv  ow
$+g+—é‘;—0 (21)
du ou’ duv duw 1 dp a[ 'au] 0 du 8[ au]
au P SV B4 PN I L I LY PO ¥ )
5 ax oy Tz Y o ax axlhax) oy Moy e a2 PP
v duv dv’  dvw 1 dp 8[ av] 2 v 8[ av}
ad eyt R O A VG P2 A Y 23
at+ax+ay+az t p08y+ax b ox +8y Ahay "% A"az 23)
Ry 2.4)
oz

and

(2.5)

_E?_'_l"_+auT+8vT+avT__§_[K B_T]_'_i g T +i[K a_*r]
3t ax ody dz x| "ox] oyl "dy]| ozl ‘oz
Integrating equation (2.4), from z to n which implies a hydrostatic vertical pressure

distribution, reveals:

2 gn-2)+ o L Pacs @9

Po z 0

In the above equations (2.1 through 2.6), u, v and w, are the velocity components in
the x, y and z directions respectively; and T is the temperature. The free water surface is
located at z = N(x, ¥, Z) and the bottom is at z = H(x, y) where, 1, is the free water
surface elevation and H defines the bottom topography. The Coriolis parameter, f, is
defined as 2-Q-sin®, where Q is the rotational speed of the earth and © is the latitude; p

is the pressure; p, is a reference density; g is the gravitational acceleration; and p_, is the

in situ density which is a function of temperature, salinity and time. The quantities A,,

7
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K, denote the horizontal turbulent eddy viscosity and eddy diffusivity coefficient

respectively and, the quantities A , K_denote the vertical turbulent eddy viscosity and

eddy diffusivity respectively.

The relationship between density, temperature and salinity is given by (Spasojevic
and Holly, 1994);

F-

PR . 2.n
Pow = 50,698 P
where p__is the density {gu:n":. The functions P and a, are calculated as follows:
P=5800+38-T-0375-T* +3-8 (2.8)
a=1779.5+1125-T-0.0745 - T* —(3.8+0.01:T)-58 (2.9)

where T is the temperature in degrees Celsius and S is the salinity in parts per thousand
(ppt).

Equations (2.1) through (2.4) have been expressed and they are used m non-
dimensional forms. Dimensionless parameters introduced by this process are the Froude
number, the Densimetric Froude number, the horizontal and vertical Ekman number and
the Rosby number.

2.2.1 The k- Turbulence Model

One of the main features in numerical hydrodynamic modeling is the
parameterization of turbulence. CH3D uses a two-equation turbulence closure model
known as the k- model (Rodi, 1980). According to this model the relation between the
eddy viscosity, A, and the parameters, k, and €, is determined by dimensional analysis

and it can be written as:

F
J’h:l__"k? (2.10)

8
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where ¢, is an empirical constant, k, is the turbulence energy per unit mass and £, s the

rate of dissipation of turbulence energy. The distributions of k and £ arc determined from
transport equations as follows:

dk dk  d [ A dk
— 4y, —=—|—— [+P+G-¢ (2.11
cht u'&x. Bx,[ﬂt 31,] =L
and
de de _d | A de £ g
E-I-U:EIEE[EE]+E|E[F+C15}—EEI (2.12)

where: P and G are the siress and buoyancy production of the kinetic energy. The values
of the empirical constants are non tunable as they have been obtained from numerous

experimental applications: ¢ =0.09,0, = 1,0, =13,¢, = 14l,¢,= 192, and ¢, = 1.O (G

hﬂ}ﬂr,cizﬂ-ﬂ.ﬂﬁ < D).

2.2.2 The Curvilinear and the Sigma Coordinate Transformations

The numerical solution of the governing 3-D partial differential equations requires
discretization of the natural field mto a collection of elemental volumes (cells). This
discretization must conform to the boundaries of the natral flow field in a way that the
boundary conditions can be represented accurately. The use of 2 curvilinear coordinate
system gives a solution to this problem by providing coordinate lines comecident with all
boundaries. The transformation of the physical field with the curvilinear coordinates as
the independent variables maps the boundary segments in the physical field to vertical or
horizontal lines in the transformed field. The transformed field appears to be composed
of rectangular blocks and the points neighboring the computation site can be readily
identified.

The partial derivatives with respect to Cartesian coordinates are related to partial

derivatives with respect to curvilinear coordmates by the cham rule, which are written as
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(J. F. Thompson et al., 1985):

A, =Ay(E)  (i=1,23) (2.13)

1

where A, is a scalar-valued function and ‘éj are the contravariant base vectors of the
curvilinear coordinate system. In the CH3D model the (x, y) horizontal coordinates are
transformed in the (§, 1) horizontal general (non-orthogonal) curvilinear coordinates and
the fluid velocity is transformed such that its components are contravariant. From

equation (2.11), for i, j = 1,2 and A, =u, A, =V, X, =X, X, =y, Ay =1, Ap =V,
1 _ 2 — 1 _ 2 _ . . wya
(§ )xs =X, (i )xl =X (& )xz =¥e, (& )xz =¥y, We obtain the Cartesian velocities (u,

v) in terms of the contravariant components u, Vv as:
u=xu+x,v and v=y u+y,v (2.14)

In the vertical direction, another type of transformation has been adopted by the
developers of the CH3D model. Upon this transformation the vertical coordmate, z, has

been transformed to an independent variable sigma (o) such that:

Z—n
= 2.15
¢ n+H ( )

where H, is the water depth from the datum where z = 0, and 1), is the free water surface

displacement.

The so called “sigma stretching”, transforms the physical domain in the vertical plaim,
into a rectangular computational domain with upper boundary ¢ =0, and lower boundary
o = -1. Its use simplifies computational disadvantages in the vicinity of bathymetric
irregularities introduced by the use of Cartesian coordinates. |

10
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2.3 The Sediment Model

Sediment is transported by the water, in suspension, saltation or rolling and shding on
the bed. Distinction and separate study of each different mode is difficult and even
impossible. From practical point of view, the sediment transport is divided mto two mam
categories: a) bed load transport, and b) suspended load transport, referring to sediment
carried above bottom by the fluid. In the CH3D-SED model, the two modes of transport
are formulated separately, bul interactions between them have been accounted for. The
sediment equations of the model describe the behavior of a non-uniform sediment
mixture, which is represented by an appropriate number of sediment size classes.

2.3.1 Bedload Transport and Bed Evolution

Considering the elemental volume AV (Figure 2.1) with dimension Al - at least equal
to the maximum average saltation length — and a thickness E_ that coincides with the

thickness of the active laver, defined as the upper layer of the bed including the bed
surface, and assuming a uniform sediment size distribution withm this volume, the

conservation of mass equations can be written as (Spasojevic and Holly, 1994}

For each size class separately:

pji—p}%#ﬁﬁ-ﬂt—ﬁu—ﬁr =0 (2.16)
For the sum of all size classes:

d E,)

ﬁ.ﬂ—meLZ{‘Fiﬁ&-S¢v5F;=ﬂ (217

with the constraint: Zﬂ- =1.

In the above equations, p, is the porosity of the bed material and p, is the density of

the sediment (both assumed to be constant); [ represents the fraction of the mass of one

11
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particular size class over the mass of all sediment particles in the elemental volume; and

qy, is the bedload mass flux expressed as a two-dimensional vector parallel to the bed
surface. The bedload is calculated in CH3D-SED by using an empirical relation
proposed by Van Rijn (1984a). For one particular size class the bedload flux is given as:

Active Stranon | i 8
L ]
oF Srrmrum { I "

Z:Trn::rumhf : : Z
'\4 ; N

Figure 2.1 Schematic representation of bed-material finite elemental volume and the
stratum control volumes (source: Spasojevic and Holly, 1994).

D, [¥-l T
(qy), =0.053-p, - f(s—1)gD, =5 [" UI” ] (2.18)

b

where, D_, is the dimensionless particle diameter; u,, is the bed shear velocity; and u,,

18 the critical shear velocity.

The source term, § , represents the entrainment of the bed sediments into the water

column and has been modeled as an upward near bed mass diffusion term. The source
term, 5, represents the settling of suspended sediments and has been modeled as a

12
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downward near bed settling velocity flux. The source term, 5, describes the exchange of

sediment particles between the active layer elemental volume and an elemental volume
mmmediately underneath, called the active stratum clemental volume (Spasojevic and
Holly, 1994).

With the assumption that the active floor elevation does not change, the mass

conservation equations for an elemental active stratum volume can be written as:
For cach size class separately:
p,{]—-p}i[ﬁ,[ith -E,)]+8 =0 (2.19)
dit
For the sum of all size classes:
d .
IJ,”‘NE[??b—T:-m}‘-Sr =0 (2.20)

with the constraint; zﬁl =1, where, z,, is the bed elevation and B, is the active stratum

fraction of the mass of one particle size class over the mass of all sediment particles.

2.3.2 Suspended Load Transport

The advection and turbulent diffusion of each particular size class of the suspended

sediment can be expressed in mathematical form as:

D(pC) _a |, opC)| a|  dpC)| a|_ dpC)| a8 5 a1
Dt --EI}:|:D‘ ax ]+6‘}'[D' ey ]J’ax[u* dz ]J’az{pc““'} Gt

where:

D(pC) _ a(pC) , A(pCu) _a(pCv) _ ApCw)

112
Dt dt dx dy oz (e

In the above equations, C is the ratio of the mass of one particular sediment size class

13
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to the mass of all size classes within an elemental volume AV, p, is the density of the
sediment-water mixture, represented by all size classes. The expression used by CH3D-
SED for the density of the mixture is (Zhou and Mc Corquodale, 1992, as cited by
Spasojevic and Holly, 1994):

1

P =P+ C-(l —;) (2.23)

where, p_, is the density of the clear water that is ' mentioned in section 2.2, and it is a

function of the temperature and the salinity; and s, is the dimensionless sediment density.

The last term in equation (2.21) represents the gravitational settling of the suspended
sediment particles. The expression used in CH3D-SED for the determination of the fall
(settling) velocity varies with the size of the sediment particles. For the Stokes range, that
is, for particles less than 100 um the settling velocity is given as:

_ 1 (s=1gD;
W= (2.24)

For particles between 100 pm and 1000 pm (Zanke 1977, as cited by Spasojevic and
Holly, 1994) the settling velocity is given as:

s v

W, = 10DLN1+QI(—§:2-Q§‘D—§ —1] (2.25)

where, D, is the particle diameter, and v, is the kinematic viscosity.

The horizontal mass diffusion coefficients, D,, are assigned constant values in
CHD3D-SED (input), while the vertical diffusion coefficient, D, is being related to the

vertical turbulent eddy viscosity, A, as proposed by Van Rijn, 1984b:

_ C 0.8 C 0.4
Dv—ﬁd[H(c—o] _Z(E:J ]Av (2.26)

14
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where, C,, represents the maximum concentration near the bottom and has been assigned

a value equal to 0.65, and 11‘, is & correction factor, constant over the depth.

The equations that describe the sediment processes, similarly with the hydrodynamic
equations, have been expressed in non-dimensional form and the Cartesian coordmates
have been transformed into horizontal curvilinear coordinates and sigma-stretched

vertical coordinates.

2.4 Coupling of the Hydrodynamic and Sediment Models

The hydrodynamic process and the sediment process have not been coupled directly,
instead a separate module has been dedicated to the sediment process, that has been
further divided into two sub-modules; one for the bedload transport and bed evolution
and a second one for the suspended sediment transport. According to the developers of
the CH3D-SED model such a way of coupling the two paris of the model is justified by
the use of a small time step since it minimizes the error introduced by the temporary

uncouplmg.

The assumptions for the coupling of the hydrodynamic and the sediment process
made by the developers of the CH3D-SED model are: a) the transport of single bed
sediment particles and the transport of the suspended sediment have the same time scale
as the fluid flow process, b) the global changes in bed level and bed-surface particle size
distribution have longer time scales, ¢) the suspended sediment concentration does not
change abruptly and d) the density of the water-sediment mixture does not change within
a computational time step.

The two main program moduli communicate fully and continuously. The
hydrodynamic part of the CH3D-SED model provides mnformation about the flwd
velocities, water depths and temperature changes that are required input for the sediment
part. The sediment model in retumn provides information about the changes of the bed
clevation, the bed surface roughness due to the changes of the bed-surface size

15
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distributions and changes of the density that is being cormrected to represent the sediment-

water mixture (Spasojevic and Holly, 1994),

2.5 Numerical Solution

2.5.1 Computational Grid and Numerical Schemes

The computational solution of the governing equations is obtained using a staggered
grid, which implics that the different variables are evaluated cither at the full gnid points
or, at the half grid pomts. Indeed, the vertical velocities are computed at the full grid
points, while horizontal velocities, temperature, density, and concentrations are

computed at the half grid points (Figure 2.2).

®T.pCW ® T.p.C,
mv oW
& U & U

FEELES

T Ll
&Y

Figure 22 Schematic representation of the numerical staggered grid.
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Discretization of the partial differential equations leads to a system of linear algebraic

equations, which are solved using both an internal and an external solution mode. The
external mode solution proceeds by calculating the water surface displacerments, and the
vertically integrated flow velocities. The internal mode solution proceeds by calculating
the vertical component of the velocities, the temperature, the suspended sediment
concentrations, and the dewviation of the horizontal velocity components from the
vertically integrated velocities.

Implicit numerical schemes are used to discretize all the terms of the vertically
integrated continuity equation, and the water-surface slope and bottom friction terms in
the wvertically integrated momentum equations. For the conmvective terms m the
momentum equations, Roaches second upwind difference scheme (Roache, 1972, as
cited by Spasojevic and Holly, 1994) is used, while an upwind difference scheme is used
to evaluate the bedload flux and the settling velocity terms.

Finally the Quickest method (Leonard, 1979), a spatially and temporally third order
scheme 5 used to discretize the conservation of mass equation for the suspended

sediment and the advective terms of the temperature equation.

2.5.2 The Sequence of the Hydrodynamic Computations

In both the hydrodyvnamic calculations and the sediment calculations, CHID-SED
uses a set of input files for internal model initialization (time step for the calculations,
time length of the calculations, type of boundaries, e.t.c), and for the definition of the
different physical constants and varables used i the calculations. The steps performed
during the hydrodynamic calculations are outlined below:

= Read the values of model mitialization parameters from the main model
input file. Here is defined the time step used in the model calculations, the
number of the time steps, the location of the rivers, the type of the flow
rates for the rivers (constant or, vanable), et.c

=  Read the bathymetry data of Lake Erie, and the corresponding values of the
(%, ¥) coordinates. Transform the above data into the curvilinear and sigma

17
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coordinate domain.
e  Set the water depths at the faces of each computational cell.

e Create the 2-D and 3-D arrays required for the storage of the values of the
variables being calculated.

¢ Read the wind speed data supplied, and calculate the wind stresses at the
water free surface.

¢  Read the 2-D temperature data supplied at the water free surface
s  Caleulate the total water depths from the latest water surface elevations.

» Read the river inflow data supplied for the three rivers considered
(Maumee, Detroit, and Niagara).

e (Calculate the water densities and evaluate the baroclinic terms in the
momentum equations.

e Calculate the eddy viscosity and eddy diffusivity coefficients.

e Calculate the vertically integrated flow field from the vertically integrated
equations of the fluid motion.

o  (Calculate the total water depths at the next time level.

e Calculate the 3-D velocity field. The vertical sum of the horizontal
components of the 3-D velocity is forced to match the vertically integrated
values of the velocity to make sure that the continuity equation is satisfied.

e Calculate the convective and diffusion terms in the momentum equations
and use them to compute the vertically averaged flow field and the 3-D
velocity field at the next time step.

¢ Finally, calculate the 3-D temperature field.

The above steps are the omes performed by CH3D-SED for the particular
computations required for this project. In other words, other features of the model have
been turned off. The model, after completion of the computations, is set up to provide the
hourly values for the following variables: a) the 3-D temperature field, b) the 2-D water
surface elevation field, ¢) the 2-D vertically integrated velocity field, and d) the 3-D
velocity field.
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2.5.3 The Sequence of the Sediment Computations

The computations for the sediments involve the close interaction of the two sediment
modules incorporated mto CH3D-SED, that s, the bottom mobile bed module which
performs the required computations for the bottom sediments, and the suspended
sediment module which performs the calculations for the sediments in suspension in the

water column. The computational steps are as follows:

* Solve the conservation of mass equation for each assigned sediment
particle class of all the active layer sediment size fractions, and the global
conservation of mass equation for the bed sediments.

—  All equations are solved together.

—~ The concentrations of the suspended sediments are known from the
previous iteration.

~  The solution gives the active layer sediment size fractions and the bed
surface clevations.

* Solve the conservation of mass equations for a particular sediment size
class, of suspended sediment, along the vertical direction above the same
bottom grid pomt.

- The solution gives the volumetric concentrations for a particular size
class of suspended sediment.

¢ For each suspended sediment size class repeat the previous step.
= Repeat the above steps all over the computational domain.

The model, after completion of the above computations, provides the hourly values
for the following variables: a) the 3-D) concentration field for each sediment size class, b)
the 2-D bed elevation changes, ¢) the 2-D distribution of the bottom sediment class
fractions.
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Chapter 3
Data Collection and Analysis

The decision to engage CH3D-SED in this project came out of its ability to model
sediments of various grain sizes and its ability to model the sediments originating from
different sources. It is note worthy to mention here that, the extensive use of CH3D-SED
required by this project, is the first time ever attempted (to the best of our knowledge).
The way the model was implemented and the implications and requirements of its
application to the present project will extensively discussed in Chapter 4.

The data required for CH3D-SED, that is the data required to establish the boundary
and initial conditions for the model, can be categorized as follows: a) meteorological

data, b) hydrological data and c) sediment data.

3.1 Meteorological Data

The circulation models require that the boundary conditions and the forcmg function
at the free water surface are correctly set. The forcing function is the wind speed or, wind
stress, at the free surface and it is usually obtained from measured data or from
atmospheric models that pass this information to the circulation model. The mformation
is passed either, directly by coupling the two models or, indirectly by obtaining the
information after the atmospheric model simulation is completed.

The availability of the extensive databases of the Great Lakes Forecasting System
made it a natural choice to use these databases to obtam the meteorological data required
by CH3D-SED. The database chosen was the year 1997, and for the ice-free period
between April | to December 31, 1997,
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The meteorological data obtaimed from GLFS were the wind speeds and the
temperature field at the free water surface of Lake Erie. The GLFS gathers these data
from the Marine Observation data set (MAROBS), which include data from twenty
Canadian and US. weather stations, 5 Coast Guard stations, 3 NOAA-AES buoys, 2
CMAN stations and 12 Airways stations. After GLFS receives the data from MAROBS,
it processes them to get the values of the wind speeds and temperatures over the entire

Lake Erie numerical grid (209 x 57 grid points in the horizontal direction).

The hourly wind speed data are adjusted to reflect: a) a common anemometer height
and b) the over-water conditions. The two components (L, V) of the wind speed for each
horizontal grid point of the Lake Erie are obtained by interpolation every hour (Kuan,
1995).

The temperature data coming from MAROBS have a time differential of six hours
and they are interpolated by GLFS over the entire Lake Erie grid for every hour, Further
manipulation of the wind and the temperature data is not required for use m CH3D-SED.
From these data the model mtemnally calculates the wind stresses.

3.2 Hydrological Data

The accurate modeling of Lake Erie requires the inclusion of its tnbutanes data as
well. For this study only the three dominant tributaries were considered, that is, the
Detroit River, the Maumee River and of course the Niagara River,

3.2.1 River Flow Rates

The Maumee and Detroit rivers, with a sediment loadng of 1.8x10° ton'yr and

.s o .
1.4x10 ton'yr (Kemp et al., 1976) respectively, are the most significant tributary sources
of sediment input to Lake Erie and do so in the Western Basin. The total sediment input

that originates from all the other tributaries does nol exceed 0.6x10" ton'yr. The
proximity of the two rivers to the disposal and water intake sites makes them important
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factors in the sediment modeling for the western basin. The Niagara River on the other

hand is the only natural outlet for Lake Erie with a total sediment output of 4.5x10"
ton/yr (Kemp et al., 1976).

CH3D-SED requires the time varying flow rates of the nvers being considered. The
daily flow rates of the above rivers were obtained from the U.5.G.S databases. The daily
flow rates for Maumee and Niagara rivers were available for the simulation year 1997
and were directly used as model input.

As far as Detroit River is concerned, measured data are sparse and not available for
the simulation year. Considering the fact that the flow rates of Detroit river over the
years have a very close resemblance and small value variations (G. F. Koltun, 1990}, the
latest available data from the USGS database (USGS Water Resources of the United
States) were used, which are the data from the year 1977. The flow rate data are shown
in Figure 3.1 and Figure 3.2, Figure 3.1 displays the data as is, while Figure 3.2 displays
the data with the averaging applied for Detroit River. Both the figures are included for

COMPAnson reasons.

3.3 Sediment Data

The sediment modeling requires the inclusion of all the major sediment sources. The
sediment sources m Lake Erie are the bottom sediments, the nverme sediment mputs, the
disposal site unconfined sediments and of course the sedimenis originating from the
shore erosion. Despite the fact that shore erosion is extremely mmportant m sediment
forecasting, and a very significant sediment source, it wasn't considered m this study
simply because the purpose is to determine the relative intensity of the impacts of the
other four sources on the water intake site.
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From January 1997 to December 1997
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Figure 3.1 Daily flow-rates for the Maumee, Detroit and Niagara Rivers for the
simulation year 1997.
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Figure 3.2 Daily flow-rates for the Maumee, Detroit and Niagara Rivers with
smoothing applied on the Detroit River data (simulation year 1997).
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3.3.1 Lake Bottom Characteristics and Sediment Analysis

Qualitative information about the bottom sediments and their gran size distribution
for Lake Erie was oblamed by Thomas et al (1976). The authors used both sediment
sampling and acousting profiling to examine 275 sampling locations all over the lake.
Their results, presented m Figure 3.3, show a distnibution of the bottom sediments based
upon four basic types which are identified as follows: a) sand and/er gravel (S}, b) post-
glacial mud (M), c) soft gray mud with some sand (M) and d) glacial sediments (GL).

el ) i

i1

Figura 3.3 Distribution of the bottom sediment types for Lake Ene.

Following the qualitative distribution of the bottom sediments described above, each
gnd pomt at the bottom of the lake, depending upon 11s location, 15 assigned one of these
typeés. The next step m this analysis 18 to identify the above types with fractions
representing the sediment gramn sizes present.

Quantitative information about the bottom sediments of Lake Erie has been obtamed
from the technical report prepared by Herdendorf et al, 1978, Grab sediment samples
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were taken at 2594 positions from the lake bottom. About 1670 of these samples were
analyzed mechanically for grain size by the sieve method to estimate the percent of silt
and clay. The results were reported as the percentages of sand, silt and clay contents of

the samples.

To classify the sediments into different size classes the Wentworth sediment grade
scale is used. According to this scale a sediment particle with diameter between 0.62 —
2.00 mm is classified as sand, with a diameter between 0.004 to 0.62 mm is classified as

silt, and with a diameter less than 0.004 mm is classified as clay.

To estimate the percent of sand, silt and clay contained in each one of the four
sediment types we first identified the samples taken within the region of each sediment
type. Then we calculated the average percent of each size class for each sediment type

using the following formula:

1
Ej; =Hzfjk G.1)
i k=1

where F, is the average percent of each size class for each sediment type; i, is each
sediment type (M, 8, GL, SM}, Ni is the number of samples corresponding to each
sediment type; fjfk is the percent of each size class for each sample N; and j, is each size

class (sand, silt, clay). The results of this analysis are shown in Table 3.1,

Table 3.1  Definition of the sediment fractions for the sediment types in Lake Erie.

No. of Samples
Sediment Type N Sand Silt Clay
M 759 0.0% 700% 30.0%
SM 137 70.0% 20.0% 10.0%
S 361 970% 20% 1.0%
GL 410 550% 35.0% 10.0%
25




3.3.2 Disposal Site Sediment Analysis

A field data collection project {ARMS) was contacted the summer of 1996 (Fan and
Bedford, 1998) at the disposal site. During the experiment, suspended sediments grab
samples were taken at two positions (at about 1.0 m above the bottom, labeled Top, and
at 10 to 15 cm above the bottom, labeled Bottom). Analysis of the grab samples (Fan and
Bedford, 1998) gave the results shown in the following table.

Tabie 3.2 Total suspended solid analysis for the sediments at the disposal site.

Filter Filter  Sample 5§ Mean STD
Sample Sample  Disk Disk S§  Volume 58
Date No. Mass Muass

® ) (mL) (mg/l) (mgl) (mg/l)

8/2 Bottom 1-1 0.1974 0.2007 208 15.87
1-2 0.1963 (0.1997 188 18.09 16.58 1.31

1-3 0.1983 (0.2010 171 15.79

8/2 Top 2-1 0.2037 (.2040 203 1.48
2-2 0.2020 0.2023 211 1.42 1.45 0.04
2-3 0.1935 (.1936 205 (0,49)* (1. 13)* (1.12)*

8/14 Bottom 3-1 0.2004 0.2046 211 19.91
3-2 0.1985 0.2034 220 2227 21.89 1.82

33 0.1967 0.2022 234 23.50

8/22 Bottom 4-1 0.1915 0.2025 213 51.64
4-2 0.1918 0.2036 224 52.68 52.90 1.39

4-3 0.2000 0.2124 228 54.39

8/22 Top 5-1 0.1919 0.1924 220 2.27
5-2 0.1912 0.1917 238 2.10 2.06 0.24

53 .1976 0.1580 222 1.80

9/11 Bottom 6-1 0.1927 0.2028 232 45.53
6-2 0.1861 0.1984 236 5212 49.15 371

6-3 0.1974 0.1910 224 51.79

9/11 Top 7-1 0.1831 0.1855 230 10.43
7-2 0.1931 0.1957 229 11.35 10.25 1.20

7-3 0.1993 0.2014 234 8.97

¢  Numbers in parentheses represent outliers or statistics including outliers,
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From the mean TSS reported in Table 3.2 calculations included first, the average
between the bottom and the top locations for each day and second, the average
suspended sediment concentration over the four day imterval. The average sediment

concentration for the disposal site obtamed by this procedure was about 22 mg/L.

The area of the lake bottom that is occupied by the disposal site is about 6.31 km”.
The area, however, surrounding one grid point on the 2x2 km resolution grid is only 4

2 : i ” .
km'. Conservation of mass makes it necessary to adjust the average suspended sediment

concentration. The adjustment was made using the following formula:

(ASSC), = w (3.2)

2

where, A is the bottom area of the disposal site, A, is the effective bottom area
corresponding to the grid point, (ASSC), is the average suspended sediment
concentration corresponding to A, and (ASSC), is the average suspended sediment
concentration corresponding to A,. The adjusted average suspended sediment

concentration for the disposal site was calculated to be 35 mg/L.

Grain size distributions for the bottom sediments at the disposal site have been
reported by the Toledo Harbor Planning Group in 1998. The analysis of the samples
distributions was performed using the CRL method 485. The method allows distinction
between particles passing the #200 sieve which can be identified as silt and clay and
retains sand and gravel. The average of four samples showed a 96.2 % of silts and clays

and a 3.8 % of sands and gravel.

Analysis of grab samples from the disposal site was also performed by the Automatic
Particle Size Analyzer (HIAC Model-320), at the Coastal Engineering Laboratory at
0.8.U, and the d, was determined for each sample. Table 3.3 shows the results of the

analysis (Fan and Bedford, 1998).
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The d,; value of the sediment sample gives the particle diameter at which 50 % by
weight is finer or coarser. From Table 3.3, the value for is d50 0.04164 mm, which is

within the limits of the silts.

Table 3.3  Values of d,, for the sediments at the disposal site.

de, (W Meand,, (W STD
Sample Date | Sample Number. Each Sub-sample  Each Sample {2
8/2 Bottom 1-1 51.29 45.55 8.12
1.2 39.81
8/2 Top 2-1 39.11 36.11 4.24
2-2 33.11
8/14 Bottom 3-1 43.35
3-2 41.69 42.90 1.06
43.65
8/22 Bottom 4-1 45.60
4-2 43.15 4397 1.41
4-3 43.15
8/22 Top 5-1 43.65
5-2 41.69 41.12 2.86
5-3 38.02
9/11 Bottom 6-1 45.37
6-2 42.66 42.16 3.48
6-3 38.46
9/11 Top 7-1 43.15 39.73 4.84
7-2 36.31

Sediment particles with diameter greater than d,  can be identified as 46.2 % by

weight to be silts and 3.8 % by weight to be sands and gravel. Sediment particles with

diameters less than d,; have been assumed to be well graded with an equal contribution

from the silt and clay size classes.

3.3.3 Sediment Analysis for the Maumee and Detroit Rivers

Detailed suspended sediment concentration data for both Maumee and Detroit rivers

are sparse to non-existent and the main source of sediment data for the Maurmee river
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used in this report is the annual USGS Water-Data Report of Ohio for the water year
October 1991 to September 1992 (US Geological Survey, 1993).

The suspended sediment concentration C (mg/L) is reported on a daily basis, along

with the mean values of the flow rate Q (ﬁsls) for Maumee River. The regression

between the values of the concentration and the flow rate (Figure 3.4) shows a linear

trend with a coefficient of determination of R’ = 0.75, which is described by the

following equation:

C=0.015-Q+12116 (3.3)

Maumee River (Oct. 1991 io Sep. 1992)

2
R =075092
y= 121163 +00146178x

Q(cfs)

Figure 3.4 Linear regression between the daily flow-rates and the daily concentrations
of the suspended sediment at Maumee River (water year 1992, US
Geological Survey, 1993).

Since the relationship between C, and Q, is defined, it is apparent that the
concentration of the suspended sediments for Maumee river can be estimated for the

simulation year 1997, by use of the recorded daily flow rates along with equation (3.2).
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The results are shown in Figure 3.5.

Maumee River (Jan. 1997 to Dec. 1997}
(estimated from Maumee 1992 data)
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Figure 3.5 Time trace of the estimated daily concentrations of the suspended sediment
at Maumee River (simulation year 1997).

As far as Detroit River is concerned, detailed sediment concentration data are not
available. However, Kemp et al. (1976), have reported the sediment loading of fine
grained material from the various sediment sources in Lake Erie, and the results of their
work are summarized in Figure 3.6. The data used to create this sediment-loading map
span a 35-year period and, therefore, it was assumed that the relative loading from the

various sources can be applied to the simulation year 1997 too.
Defining the riverine sediment loading as:

SL=09-C-Q (3.4)

where, SL (ton/yr) is the sediment loading, C (mg/L) is the average daily concentration,

Q (ﬂsfs) is the average daily flow rate, and 0.9 is the units conversion factor, the total
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sediment loading for the whole year is simply given by:

N
TSL=09),C,-Q (3.5)

i=1

where TSL (tons/yr) is the total sediment loading and N is the number of the days in a

year.

d ANNUAL, FINE-GRAINED
SEDIMENT AGGUMULATION

“®  SHONELINE EROSION INPUTS

T RIVER INPUTS AND QUTPUTS
IN MILLIONS OF TONS/YEAR

Figure 3.6 Location of major sources and sinks of fine-grained sediment material in
Lake Erie (Kemp et al., 1976).

Using the data from Figure 3.6, an average coefficient, f, which represents the
relative sediment loading between the Detroit and Maumee Rivers can be defined as

follows:
>
CDi'QDi 6 .
M ZCMi.QMi .

where the subscripts “D” and ‘“M” denote the Detroit and Maumee Rivers respectively.
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Assuming now that f is constant throughout the year, the daily averaged
concentration of the suspended sediments at Detroit River can be estimated using

equation (3.6) and the results are shown in Figure 3.7.
Cy =F-Cy - %)

From January 1997 to December 1997
(estimated from Maumee 1992 data)

1000 r

C (mgrl)
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Figure 3.7 Estimated concentrations of the suspended sediments for Maumee and
Detroit Rivers (simulation year 1997).

In addition to suspended-sediment loads, the particle-size distribution of the
suspended sediment for the two rivers needed to be estimated. Available data for the
Detroit River describe a suspended sediment mixture with 87 to 100 percent particles
classified as silt and clay (US Geological Survey, 1975b). An average of 6 percent by
weight for the sand size class was used in the present study for the Detroit River. An
average of 7.5 percent by weight for the sand size class has been estimated for the
Maumee River (Toledo Harbor Planning Group i 1993). Finally, a 30 to 70 percent
contribution from the clay and silt size classes respectively has been assumed for both

the Detroit and the Maumee Rivers.
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Chapter 4

Model Implementation

4.1 Numerical Grid

Lake Erie is 388 km long and 92 km wide with a southwest to northeast alignment. In
order to establish the “x” coordinate axis along the longitudinal axis of the lake the flow

domain i rolated by 27.33" clockwise. The resolution of the numerical grd used m
CH3D-SED is 2x2 km which yields 209, “T”, gnd points in the *x™ direction and 57, "1,
grid points in the “y" direction (normal to the “x™ direction).

The grid domain extends outside the flow domain, that is, spans some land area
around the lake. All the land grid points are assigned with a water depth equal to zero, so
they can be identifiecd during the model caleulations. CH3ID-SED m order to
accommoxdate irregular horizontal domams uses a curvilinear coordinate system m the
horizontal direction, and internally establishes the flow domain from the grid domain

using the grid points with water depth other than zero.

In the vertical direction CH3D-SED uses the o-coordmate system m order to
accommodate for the depth vanation throughout the lake. In this project fourteen grid
points in the vertical direction were used, resulting in thirteen irregularly spaced vertical
slices in the (x, v, Z)-coordinate system. The free water surface 15 Wdentified at o =0,
while the lake bottom is identified at @ = - 1. The o-spacings are closer together near the
free water surface and further apart near the bottom A maximum physical vertical
spacing of ~ 6 m is found in the eastern basin of Lake Erie, and a minimum wvertical
spacing of ~ 0.0375 m is found in the western basin of Lake Ene (Kuan, 1995),
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With respect to the numerical grid described above, the location of the vanous siles

considered in this project are shown in the following table:

Table 4.1 Location of the different sources in the numerical grid of the Lake Enie

Location I J  Latitude Longitude
Maumee River 4 46 41.7182 -83.4379
Detroit River 42 36 42.0320 -83.1721
23 56 42.0406 -83.1508

Niagara River 199 16 42,8484  -TR.EM45
Disposal Site 12 47 418033  -83.2805
Water Intake Site 10 41 41.6992  -83.2589

4.2 Boundary Conditions

A detailed description of the type of boundary conditions the CHID-SED model uses,
for both its hydrodynamic and sediment part, can be found in the Mobile Bed
Hydrodynamics Report (Spasojevic and Holly, 1994), However, in this part of the report
the specifics of how the riverime and the free water-surface meteorological boundary
conditions were implemented m this project will be discussed. These boundary
conditions can be divided into three sections: a) meteorological boundary conditions, b)

hydrodynamic boundary conditions, and ¢) sediment boundary imposed at the river

boundares and at the bottom of the lake.
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4.2.1 Meteorclogical Boundary Conditions

The meteorological boundary conditions imposed at the free water surface of the lake
arc the 2-D wind and temperature fields. CH3D-SED for its hydrodynamic calculations
requires the definition of the wind shear stress tensor at the free water surface of the lake.
The two components of the wind stress tensor are calculated from the free water-surface

wind speed as follows:
[th'l. =Cp P, Wi and IZ‘:H]‘_=E.‘,-_,-|‘J_-W§ (4.1)

where (1,) and {'rﬂ} are the wind shear stresses in the £ and 1 directions at the free
= | 1
surface respectively, W[; and W, are the wind speed components, p, is the density of the

air and Cn is the drag coefficient.

Having defined the wind shear stresses, the boundary conditions for the flow
velocities at the free surface are then defined as:

)

LL and A E=—qr“)‘

4.2
P, Yoz p, Y

ﬁ*["f

The wind velocities, required for the above calculations, were obtained from GLFS,
as explained in Chapter 3, and a typical 2-D wmnd field = shown in Figure 4.1.

CH3D-SED has been slightly modified to accept space and time varying temperature
at the free water-surface for each time step. These data are readily available from GLFS
for the whole simulation period. Since the temperature data are available in six-hour
miervals, CH3D-SED internally interpolates for the temperature values for each time
step. A typical 2-D temperature field is shown in Figure 4.2,
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7159 knots:

Figure 4.1 Wind field at the free water-surface as obtained from GLFS.

{80 iy

4l

Figure 42 Temperature ficld at the free water-surface as obtained from GLFS.
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4.2.2 Hydrodynamic Boundary Conditions

The riverine boundary conditions require the definition of the flow-rates, imposed at
the river boundarics. As mentioned earlier, only the three major tnbutaries were
considerad in the present simulation, two of which, the Maumee and Detroit Rivers, are
inflow boundaries and the Niagara River is the only outflow boundary i the lake. The
boundary conditions for the mflow and the outflow boundaries are simply the daily
averaged flow rates, Q, the values of which were determined by the methods descnibed m
Chapter 3.

CH3D-SED is using the assigned flow-rates to calculate the velocity profiles at the
boundaries (fourteen vertical grid points), which define the boundary conditions for the
velocity field at these locations. In the case of the Detroit River, the total daily flow-rale

was evenly divided between the two grid points that the river occupies.

4.2.3 Sediment Boundary Conditions

The simulation of the sediment distribution in Lake Erie required the definition of
twelve sediment size classes (Table 4.2). These twelve sediment classes were equally
divided among the four sediment sources and the grain sizes (particle diameters) were
selected to represent the typical sediment particle sizes found in Lake Erie. As shown m

Table 4.2, each source was assigned three size classes.

The selected “sand diameters” range between 150 and 147 p and they can be
identified as fine sand. The “silt diameters™ range between 50 and 47 i, putting them in
the coarse silt range, while the “clay diameters” range between 4 and 3 p, putting them m

the coarse clay range.

For each source, CH3D-SED requires the definition of the percentage of each
sediment class as a fraction of all sediment classes at the source. These fractions were
determined by the methods described in Chapter 3 and they are shown in Table 4.2
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While the flow-rates for the hydrodynamic part of the simulation were specified at all

three tributaries, in the case of the sediment boundary conditions, the Niagara River was
treated as an open boundary. Therefore, the daily average concentrations for the
suspended sediment were only specified for Maumee and Detroit Rivers.

Table 4.2 Definition of the twelve sediment size classes and ther fractions for the
four sediment sources in Lake Ene.

; ; {rrain Miameter Grair Size Fractions
Lacanan Size Class w poi
Lake Bott : 150
“m j L] L ]
(Source #1) B 50 Refier to Table 3.1
3 4
Disposal Skte 4 149 38
i 5 49 72.2
(Source #2) p i S
FlAumes Kiver A
3 48 65.0
it 9 13 27.5
Detroit Riv 10 147 6.0
1] ] T
L 47 65.0
(Source #4) 12 ] orepa

The daily concentration C (mg/L) of each sediment class was found by multiplying
the fraction for that class with the average daily concentrations at each tributary. The
concentration profiles at the tributaries (fourteen vertical gnd points) were assumed
constant for each sediment class.

4.3 Initial Conditions

The initial conditions for the 3-D velocity and the suspended sediment concentration
fields are rather simple. Both the flow velocities and the concentrations were nitialized
to be zero everywhere in the lake. The concentration profile of the suspended sediment at
the disposal site was mitialized with a constant value of 35 mg/L (all sediment classes).

For each sediment class, the constant concentration profile was determined by
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multiplying the total concentration of 35 mg/L with the fraction of that class.

The bottom sediments in Lake Erie were assigned three sediment classes throughout
the lake, but for each grid point, a different class fraction distribution was assigned
according with the methods described in Chapter 3. For the grid pomnt corresponding to
the disposal site the class fractions used are the same as the ones used for the suspended

sediment.

4.4 Model Runs and Time Considerations

The computer used for the model simulation is & Silicon Graphics Origin 2000 system
located at the OSU Super Computer Center (http:/oscinfo osc.eduhardware/). Ths
computer is a shared memory multiprocessor system, consisting of twenty-four 250 MHz
P27 processors and 3 GB of mam memory. Each processor has a MIPS RI10000 CPU
and a MIPS R10010 floating point unit. The “sequential” version of the CH3ID-SED
model used for the present simulation was running on just one processor, and therefore,
could not take full advantage of the capabilities of the computer. Undergoing research at
the GLFS lab, in coordination with the Army Corps of Engincers, aims m the
development of a “full parallel” version of CH3D-SED, so that CPU and real time

requirements can be minimized.

4.4.1 Model Runs

The initialization of the model itself, according to the initial and boundary conditions
for the flow field discussed earlier, requires that the model runs for some period of time
(“model spin up™) before the begnning of the actual model simulation. The “spin up”™
pericd used for this simulation was one week prior to Apnl 1, 1997,

The large memory and storage requirements, and CPU time, made it necessary to
break the whole simulation period into eighteen “14-day” periods and one “10-day”™
period, thus dividing the whole model simulation into nineteen individual model runs.
The “interface” between individual runs was the so called “hot start file” created after
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each mun, which is simply a file containing all the vanable values from the previous two
time steps all over the numerical gnid.

The use of a 10 min time step i a) within the lmits of the stability and convergence
criteria of the numerical schemes set by the CH3D-SED model and b) within the
requirements of the hydrodynamic and the sediment model coupling. The CPU time
required for the completion of one time step was ~ 45 5, and most of the computational
time was spent for the sediment part of the calculations.

4.4.2 Time Considerations

The use of the CH3D-SED in such an extend, as one might expect, requires a
considerable amount of time o be spent at the different stages of the simulation. The
time required for the actual execution of a 14-day run, was ~ 26 hours, and the average
elapsed time from job submission to job execution was ~ 14 to 20 hours. Therefore, the
total time spent for a 14-day run, on average, was ~ 40 to 46 hours, bringing the time

required to complete the 9-month simulation to about 760 hours {~ 32 days).

The next stage of the simulation was to compress the model output files, after each
model run was completed, and fetch the files to the GLFS computer facilities for further
analysis and processing. Usually, the time required for this step was ~ 5-6 hours. The
extraction of the hourly data from the model output files and storage m individual files
was necessary for faster analysis and graphical representation of the model results. The
required tume for this stage was about 5 hours per model run.

The graphical representation of the model results includes, in addition to other plots,
the creation of 2-D contour maps for the varipus flow variables, such as vertically
averaged flow velocities, suspended sediment concentrations, total mass of suspended
sediments, e.t.c. The time required for the creation of one set of contour plots was 1.3
hours per model run per vartable. The full set of the contour maps for one vanable
consists of 6576 plots, for the 9-month simulation period, the creation of which required
about 25 hours.
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Chapter 5

Results and Summary Conclusions

The model results, as explained in Chapter 4, were stored for every l-hour time
interval and for each output varisble in individual files. The total number of these
individual files, per variable, for the 9-month simulation period is 6374, The model
results were then plotted out in two different graphics formats, Encapsulated Fostscript
(EPS) and Graphics Interchange Format (GIF89a), producing 13148 plots per variable.
These plots are 2-D contour maps either of the vertically averaged variables or, of the
values of the flow variable al specified vertical levels above the lake bottom.

The production of the plots i these two graphics formats was essential for two
reasons: a) to import these plots m other documents like this report (EPS), and b) to view
the plots on the fly or, even produce animations, within a Web Browser. Here only a
selected set of these plots is included (Appendix A), while the full set is contamed in the
CD accompanying this report.

The other set of plots produced, are the summary plots (Appendix B} which are
simply time trace plots of different flow variables for the %-month simulation period.
While the contour maps represent the global (all over the lake) behavior of the flow
variables at each I-hour time interval, the time trace plots are localized, and they

represent the behavior of the flow variables over time at a specific location in the lake.

In Appendix A of this report arc presented the contour maps of the water-surface
wind speed and temperature, and the contour maps of the total suspended mass of the
“olobal sediments” originating from the lake bottom and the disposal site. The term
“global sediments” is used inclusively here and describes all the sediment classes
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assigned to the sediment source (sand, silt and clay). The units used in the total
suspended mass contour maps are metric tons per unit depth (tons/m). The total

suspended mass has been calculated using the following equation:
TSSM=10_6-C—;—/£=.10'6-£%1§‘II’_(1=10'6-6-Acff (5.1)

where TSSM, is the total suspended mass of the sediments (tons/m), C, is the vertically

. . o 3
averaged concentration (mg/L), V g, is the effective volume (m) where the total

suspended mass is calculated, A _, is the corresponding effective area (mz), and d, is the
water depth (m). The effective area, A, is defined as the area of the horizontal square

extending half a grid point from the grid point where C is calculated, that is, the area
occupied between the half grid ponts: (I-1/2, J-1/2), (i+1/2, }-1/2), (I+1/2, J+1/2) and (I-

1/2, }+1/2). For the grid resolution used for this simulation it is: A_ =4 km’ (constant).

The physical meaning of the units used for the TSSM, can be interpreted as follows: if

a volume of water-sediment mixture is taken equal to 4 km'x 2 m, containing 100 tons/m
of TSSM and let the water evaporate, then the total mass of the suspended solids will be
equal to 200 tons. Therefore, these units for the TSSM serve a dual purpose here: a) to
give a “feeling” of the horizontal distribution of the vertically averaged concentration all
over the lake, and b) to give a “feeling” of the amount of the suspended sediments in the
lake.

In Appendix B of this report are presented the time trace plots of the TSSM at the
water intake site and at the disposal site as well. Here are given the time trace plots of the
individual sediment classes, as well as the time trace plots of the “global sediments”

originating from the different sources.

Another set of plots presented in Appendix B contains the time traces of the “relative
intensity” of the “global sediments™ originating from the different sources, at the

sensitive and the disposal site respectively. The term “relative intensity” is defined
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simply as the ratio of the “global sediments” from one source to the “global sediments”

from all the sources and is dimensionless (expressed as %).

In all the time trace plots all the hourly data are used (6574 data points) but, the units
of the time axis are in year days, so one can see what the behavior of the plotted variable

is on a daily basis. January 1, 1997 is year day 1, April 1, 1997 is year day 91 and so on.

The conclusions of the model results as they can be seen from the plots in Appendices

A and B are summarized in the following list:

¢ Relative impact of the different sediment sources at the water intake site.

— The average relative intensity for the simulation period of the TSSM
originating from the disposal site is approximately 0.5 %.

— Seasonal peaks of the relative intensity of TSSM originating from the
disposal site do not exceed the 3.5 % mark.

— The average relative intensity for the simulation period of the TSSM
originating from the lake bottom is approximately 90 %.

- The average relative intensity for the simulation period of the TSSM
originating from the Detroit River is approximately 2 %.

— The average relative intensity for the simulation period of the TSSM
originating from the Maumee River is approximately 7.5 %.

-~ From early June to late September the riverine contributions are
significantly increased. Observed peaks of the relative intensity reach
the 46 % mark for the Maumee River, and the 7.5 % mark for the
Detroit River.

— The contribution of the sediments originating from the disposal site is
fairly constant throughout the simulation period, but occasional peaks
are observed during storm events. In any case these peaks do not
exceed the 3.5 % mark

— Sand size sediments at the water intake site originate only from lake
bottom sediments and not from the rivers or the disposal site.

— Sand is carried from the lake bottom sediments to the water intake site
only during strong storms. -

- Silt size sediments are transported to the water intake site from the lake
bottom and disposal site during strong storms. Riverine silt size
sediments are not transported to the water intake site.

~ Clay size sediments found at the water intake site originate from all the
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assigned sources with major contribution coming from the lake bottom
sediments. The riverine contributions are not trivial while, the
contribution from the disposal site is low.

Overall the impact at the water intake site of the sediments originating
from the disposal site is fairly small (during storm events) to
insignificant.
This indicates that for other years and severe storm occurrences, the
disposal site contribution to the suspended sediment at the water intake
is negligible.

Composition of the suspended sediments at the water intake site.

The sediments found at the water intake site are mainly fine size
sediments (silt and clay).

The majority of the fine sediments at the water intake site are clay size
sediments.

The majority of the water intake site silt and clay size sediments are
transported from the disposal site during the October to December
storm period.

The majority of the water intake site silt and clay size sediments are
transported from the riverine sources during the May to end of July
period and again during December.

Disposal site.

Suspended sand and silt size classes found at the disposal site originate
from the lake bottom sediments and the sediments at the disposal site.
These size classes are entrained only during significant storm events.

Disposal site sand and silt size sediments do not result from the riverine
SOUrces.

Disposal site clay size sediments originate from disposal, lake bottom
and riverine sources. Transport occurs continuously during storm and
non-storm events.
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Appendix A

Selected Contour Plots of Various Flow
Variables. Simulation Year 1997.
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Figure A1
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Water-surface wind speed and temperature distributions for Apnl 1, 1997
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Figure A2 Horizontal distributions of the global suspended mass of the sediments
originating from source 1 (lake bottom) and source 2 (disposal site) for
April 1, 1997.
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Figure A.3 Water-surface wind speed and temperature distnbutions for April 8, 1997.
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Figure A4 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
April 8, 1997,
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Figure A5 Water-surface wind speed and temperature distributions for May 3, 1597.
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Figure A6 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
May 3, 1997.
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Figure A.7 Water-surface wind speed and temperature distnbutions for May 16, 1997.
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Figure A.B Honzontal distnbutions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
May 16, 1997.
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Figure A9 Water-surface wind speed and temperature distributions for June 1, 1997.
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Figure A.10 Horizontal distributions of the global suspended mass of the sediments
ongmating from source 1 (lake bottom) and source 2 (disposal site) for
June 1, 1997.
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Figure A.11 Water-surface wind speed and temperature distnbutions for July 1, 1997,
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Figure A.12 Horizontal distributions of the global suspended mass of the sediments
originating from source 1 (lake bottom) and source 2 (disposal site) for

July 1, 1997,
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Figura A.13 Water-surface wind speed and temperature distnbutions for July 5, 1997.
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Figure A.14 Horizontal distributions of the global suspended mass of the sediments
origmating from source | (lake bottom) and source 2 (disposal site) for
July 5, 1997.
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Figure A 15 Water-surface wind speed and temperature distributions for July 31

& kol R =

=

, 1997



' on of = s = % = =of = b = s 2% =" =l

= DEapcsal Sha - 500 |
=g : .00

41

= Waber Intaka ' 0.0

Figure A.18 Horizontal distnibutions of the global suspended mass of the sediments
originating from source | (lake boitom) and source 2 (disposal site) for
July 31, 1997.
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Figure A7 Water-surface wind speed and temperature distributions for August 15,
1997
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Figure A.18 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for

August 15, 1997.
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Figure A.19 Water-surface wind speed and temperature distributions for August 24,
1997,
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Figure A.20 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
August 24, 1997
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Figure A.21 Water-surface wind speed and temperature distributions for September 15,
1997,
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Figure A.22 Horizontal distributions of the global suspended mass of the sediments
originating from source 1 (lake bottom) and source 2 (disposal site) for
September 15, 1997
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Figure A.23 Water-surface wind speed and temperature distributions for September 26,
1997,
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Figure A.24 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
September 26, 1997,
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Figure A_25 Water-surface wind speed and temperature distributions for October 15,
1997.



o on s e e = %Y =% o = o v ‘%@ =" = =

Figure A28 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source I (disposal site) for

October 15, 1997.
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Figure A.27 Water-surface wind speed and temperature distributions for October 23,
1997.
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Figure A.30 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
MNovember 1, 1997,
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Figure A.31 Water-surface wind speed and temperature distributions for November 18,
1997,
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Figure A.32 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
November 18, 1997,
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Figure A.33 Water-surface wind speed and temperature distributions for December |,
1997.
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Figure A.34 Horizontal distributions of the global suspended mass of the sediments
origmating from source 1 (lake bottom) and source 2 (disposal site) for
December 1, 1997,
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Figure A 35 Water-surface wind speed and temperature distributions for December 15,
1997,
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Figure A.36 Horizontal distributions of the global suspended mass of the sediments
originating from source 1 (lake bottom) and source 2 (disposal site) for
December 15, 1997,
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Figure A.37 Water-surface wind speed and temperature distributions for December 30,
1997,
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Figure A.38 Horizontal distributions of the global suspended mass of the sediments
originating from source | (lake bottom) and source 2 (disposal site) for
December 30, 1997.
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Appendix B
Summary Plots of the Total Suspended Mass of

the Sediments Originating from the Different
Sources.
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Figure B.2 Time traces of the total suspended mass at the water intake site of the clay
sediment class and the global sediments originating from the lake bottom.
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Figure B3 Time traces of the total suspended mass at the water mtake site of the sand
and silt sediment classes originating from the disposal site.
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Figure B.4 Time traces of the total suspended mass at the water intake site of the clay
sediment class and the global sediments originating from the disposal site.
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Figure B.5 Time traces of the total suspended mass at the water intake site of the sand
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Figure B.7 Time traces of the total suspended mass at the water intake site of the sand
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Figure BB Time traces of the total suspended mass at the water intake site of the clay
sediment class and the global sediments originating from the Detroit River.
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Figure B.10 Relative intensity, percent of the total suspended sediment mass from all
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Figure B.12 Time traces of the total suspended mass at the disposal site of the clay
sediment class and the global sediments originating from the lake bottom.
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sediment ¢lass and the global sediments originating from the disposal site.
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Figure B.18 Time traces of the total suspended mass at the disposal site of the clay
sediment class and the global sediments originating from the Detroit River.
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Figure B.20 Relative intensity, percent of the total suspended sediment mass from all
sources, al the disposal site of the global sediments originating from source
3 (Maumee Biver) and source 4 (Detrot Baver).
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