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Preface

The work reported herein was conducted as part of the Upper Mississippi
River-lllinois Waterway (UMR-IWW) System Navigation Study. The informa-
tion generated for this interim effort will be considered as part of the plan
formulation process for the System Navigation Study.

The UMR-IWW System Navigation Study is being conducted by the
U.S. Army Engineer Digtricts of Rock Island, St. Louis, and St. Paul under the
authority of Section 216 of the Flood Control Act of 1970. Commercial
navigation traffic isincreasing and, in consideration of existing system lock
constraints, will result in traffic delays that will continue to grow into the future.
The system navigation study scope is to examine the feasibility of navigation
improvements to the Upper Mississippi River and Illinois Waterway to reduce
delaysto commercial navigation traffic. The study will determine the location and
appropriate sequencing of potential navigation improvements on the system,
prioritizing the improvements for the 50-year planning horizon from 2000 through
2050. Thefinal product of the System Navigation Study is a Feasibility Report,
which is the decision document for processing to Congress.

The work was performed by personnel of the Coastal and Hydraulics
Laboratory (CHL), U.S. Army Engineer Research and Development Center
(ERDC), during 1996-1997. The study was under the direction of Dr. James R.
Houston, Director, CHL; Mr. Charles C. Calhoun (retired), Assistant Director,
CHL; and Mr. C. E. Chatham, Jr., Chief, Navigation and Harbors Division
(NHD), CHL. Experimentsfor this study were conducted by Drs. Stephen T.
Maynord and Sandra K. Knight, NHD, with assistance from Ms. Sheila Knight
and Mr. James Sullivan. The analysis and preparation of this report was done by
Dr. Knight.

At the time of publication of this report, Dr. Lewis E. Link was Acting
Director of ERDC, and COL Robin R. Cababa, EN, was Commander.

The contents of this report are not to be used for advertising, publication,
or promotional purposes. Citation of trade names does not constitute an
official endorsement or approval for the use of such commercial products.



1 Introduction

Background

Physical model studies and prototype data have been collected and analyzed as
part of the Upper Mississippi River-lllinois Waterway System (UMRS) Navi-
gation Feasibility Study for the purpose of developing a vessel-wave predictive
tool for commercial tows. The approach used was to examine existing analytical
technigues for predicting wave heights produced by vessels, determine their
suitability and applicability to the vessels and waterways of the UMRS, and
modify/validate them with physical model and available prototype data.

Purpose of Model Development

The analytical model selected and validated for prediction of wake wavesin
this study has been incorporated into an existing software package, NAVEFF
(Maynord 1996), developed at the U.S. Army Engineer Research and Devel op-
ment Center (ERDC) to systemically evaluate physical effects produced by navi-
gation traffic. NAVEFF aso contains an analytical approach for quantifying
return current and drawdown for a given set of traffic characteristics and channel
conditions. Asapart of the environmental studies for the Navigation Feasibility
Study, this model will be used to predict physical effects at transects along the
main channel of the UMRS for variable traffic conditions. These physical effects
will be coupled with biological models and sediment models to determine
potential impacts of increased traffic.

The predictive equations related to physical effects of commercial tows will
a so be coupled with a methodol ogy for sizing riprap bank protection in lock
approaches, canas, and narrow waterways. Results of this analysis regarding
wave-predictive equations and riprap design guidance found in Martin (1997) will
be incorporated into guidance for Corps of Engineers’ field offices. Itis
important, because of the spatial and temporal scope of the UMRS project and the
potential application by field offices, that the analytical approachesin NAVEFF
are not only accurate but are computationally simple and make use of attainable
input data.

Chapter 1 Introduction



2 Predictive Wave Equations
for Commercial Towboats
with Barges

The hull of amoving vessel creates a pressure disturbance on the water
surface generating waves. The vessel creates transverse and diverging waves
intersecting at peaks that form a distinct pattern in deep water (Verhey and
Bogaerts 1989). The shape of the vessel hull and the speed of the vessel dictate
the magnitude of these waves known as secondary waves. Figure 1 isadiagram
showing this wave pattern. The hull-formed waves are typically deepwater waves
with periods of 1to 3 sec. These waves should not be confused with the long-
period shallow-water wave, drawdown, generated by the displacement of water by
the vessel.
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/ DIRECTION OF WAVE PROPAGATION -

—
—
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—

\ INTERFERENCE
PEAKS

DIVERGING WAVES LINE OF LOCATION

OF SHIP WAVES

TRANSVERSE WAVES
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Figure 1. Ship-wave angles and definition sketch
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A number of predictive equations have been developed for the prediction of
secondary waves from amoving vessel. Many of these are presented in Sorensen
(1997). These equations comein avariety of forms predicting wave height as a
function of various independent variables such as blockage ratio, vessel draft,
beam width, vessel length, hull entrance length, channel width, and displacement
volumeto name afew. All predictive equationsinclude vessdl speed. Many
include hull form or shape factors empirically obtained from data, and some
related magnitude to distance from the vessel.

Review of these equations led to the selection of the analytical approach
developed by the Delft Hydraulics Laboratory and presented as guidance in the
Permanent International Association of Navigation Congresses (PIANC) on the
design of flexible revetments on inland waterways (PIANC 1987). There were
several reasons for adopting this approach: (a) analysis of wave data collected at
ERDC (Martin 1997) correlated well with the approach; (b) arelationship was
needed for the UMRS study that related wave height to distance from the vessdl;
(c) the coefficient is afunction of hull form and could be determined empirically
from existing data; and (d) the parameters required for the solution are easily
obtained.

The equation predicts the maximum secondary wave height, H, produced by
commercial tows such that,

s -0.33 v o2 @
=1 (hj (,/gh}

where

Hmax = maximum trough to following crest
oy = coefficient regarding hull type and draft
h = depth of water
s = distance between vessal’s edge and the point of interest
Vw = speed of vessdl relative to water
o, = exponent experimentally determined to be between 2.67 and 4.0
g = gravitationa acceleration

The last term in the equation, the Froude number, is based on vessel speed and
water depth and defined as

Vw

Jon @

Fr=
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For typical hydraulic studies, the dimensionless Froude number generally
utilizes a current velocity and a characteristic length-of-channel depth near the
point of interest. Vessd draft or length might be appropriate characteristic lengths
if the vessel were in aconfined or shallow channel or if designing vessel hull
forms, respectively. If one were describing the Froude number for purposes of
evaluating shear stresses near the shore because of vessel-generated currents, one
might select the peak return current and water depth during drawdown to describe
the dimensionless Froude number. In the case of predicting the decay of waves
in achannel, as they diverge from a moving vessel, the most appropriate
characteristic velocity is vessel speed, and the length is water depth at the vessdl.
The latter iswhat was selected for this study.

Equation 1 was based on empiricaly fitting the dimensionless values of
Hmax/h, §h, and Fr to data collected in both model and field studies. Literature
suggests that wave height isinversely proportional to the cube root of the distance
from the sailing line, thereby setting the exponent for g'h at -1/3 (Sorensen 1997;
Verhey and Bogaerts 1989; Havelock 1908). This relationship was assumed to be
valid for this study and is demonstrated in the analysis section.

Previous research at the Delft by Blaauw et al. (1984) had determined a, to be
2.67, but PIANC (1987), Verhey and Bogaerts (1989), and Boeters, van der
Knaap, and Verheij (1995) recommended avalue of 4.0. When a, is set at any
value other than 2.67, the depth of water becomes aweighting factor in the
prediction of the vessal wave height, thereby invalidating the deepwater
assumption. Hochstein and Adams (1989), Gates and Herbich (1977), and
Sorensen (1997) relate wave height to the square of the vessel speed. Using an
exponent of 2.67 makes the equation closer to these relationships.

The values of a; , the hull form coefficient, were based on different types of
vesseals. In Blaauw et al. (1984) for push tow units, the recommended values for
o for loaded and unloaded vessels were 0.8 and 0.35, respectively. Inthe
references from PIANC (1987) and Boeters, van der Knaap, and Verheij (1995),
the coefficient for o; was determined to be 1.0.  In both PIANC (1987) and
Verhey and Bogaerts (1989), loaded pushtow units were not regarded as a
significant source of secondary waves primarily because of their speed. Figure 2
shows the comparison of maximum secondary wave height of data collected in
Martin (1997) compared with calculated values of the maximum secondary wave
height using two different methods: (a) Blaauw et a. (1984) with o; equal 0.8 and
o equal to 2.67, and (b) Verhey and Bogaerts (1989) with o; equal 1 and o,
equal 4.0. Some of the scatter in this figure can be attributed to the fact that the
coefficients were not developed for this data set.

Chapter 2 Predictive Wave Equations for Commercial Towboats with Barges
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Figure 2. Comparison of measured with calculated values of secondary waves
using two methods and Fiscal Year 1993 (FY93) data set

According to al the references using Equation 1, the validity is generally
restricted to deepwater conditions and nonbreaking waves. These conditions are
defined as an Fr lessthan 0.7 and Hyex/h less than approximately 0.6,
respectively. Sorensen (1966) confirms this stating the Fr should be less than 0.6
or 0.7 to qualify as a deepwater condition. The definition for deepwater or
shallow-water waves is actually a function of the ratio of water depth to wave
length and based on wave cdlerity. A shallow-water wave is generally described
asonethat “feels’ the bottom. The Shore Protection Manual (1984) and
LeMehaute (1976) suggest that the wave length to wave depth should be greater
than 0.5 to be classified as a deepwater wave; from 0.05 to 0.5 isthe transition
zone, and less than 0.05 is considered a shallow-water wave.

Though not described as limitations in the references, data collected and used
in the Dutch research were based on sailing line distances of less than or equal to
100 m and generally were taken in aflume of constant depth laterally across the
channel.

Chapter 2 Predictive Wave Equations for Commercial Towboats with Barges



3 Development of a
Commercial Tow-Wave
Predictive Equation
for the UMRS

Development of the predictive toolsin NAVEFF, though independent of the
actual distribution of tows on the UMRS, was conducted in such a manner asto
characterize awide range of conditions that actually exist or could occur. Actua
configuration type and frequency of prototype vessels on the UMRS are included
in the physical effects analysis for the environmental impacts using the system
model NAVEFF. Inputsto this analysis were based on historical fleet characteris-
ticsfor each pool. Although there is an amost infinite combination of towboats
and barge configurations on the UMRS, the historical data were used to aggregate
the length, width, drafts, and speed of the vesselsto give 27 likely combinations.
Additionally, both directions (upbound and downbound), two types of towboat
propulsion (kort-nozzle and open-wheel), and three tow positions (sailing lines)
were selected to make atotal of 324 potential computations of physical effects
using NAVEFF at each cross section for each discharge condition. Details
regarding the selection of these variables and the economic analysis regarding
probability of occurrence of each of the vessel characteristics in each pool will be
described in a separate report on the system model.

Available Data

Coefficients for typical U.S. inland commercial towboats with barges had not
been developed prior to this analysis. Two physical modd data sets and four
prototype data sets from the UMRS study were available to evaluate waves
produced by commercial tow traffic. Wave datawere collected at 25 Hzina
physical model at ERDC under various vessel-operating conditions and at
various lateral locations in two different channel models. The first data set was
taken in a 1:25-scale model depicting a UMRS cross section of the lllinois River
at Kampsville, IL (Maynord and Martin 1997). Another data set was obtained
from a 1:30 scale model of the Mississippi River at Clark’s Ferry (Maynord and
Martin 1998). Additionally, prototype data were collected by the Illinois State
Water Survey (Bhowmik et al. 1996) at four sites on the UMRS. Because of

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS



missing information, or in the case of some of the prototype events, nonstandard
tow configurations, several events were eliminated leaving 241 data points for
development of the coefficient oy in Equation 1. Another data set collected at
ERDC inal:25 scale physical model of atrapezoidal section in 1993 (Martin
1997) was used for verification of the results. This data set included 52 events for
loaded three-wide by five-long barge trains pushed by atowboat. In al data sets,
atow consists of atowboat and barges with each barge being 59.4 m long and
10.7 mwide. Descriptions of data-collection techniques and details of the
analysis for each data set are found in the literature cited.

The 241 events used to develop the predictive equation, both prototype and
model, included a wide range of tow characteristics and wave measurements.
Tow configurations varied from a one-wide by one-long barge train to athree- by
five-long barge train with most events (158) falling in the latter group. Vessel
drafts ranged from 0.61 to 2.74 m. Some events were upbound and some down-
bound. The distance, s, ranged from 14 to 332 m with many data points in excess
of 100 m. Vessal speeds relative to the water ranged from approximately 1.5 to
5 m/sec. Water depths at the gauge varied from lessthan 1 to 12 m. Depth at the
sailing line ranged from 4 to 13 m.

Data Limitations

Though there are limitations and variability in model or prototype data sets,
both were necessary to develop predictive equations. Field data can be variable
because of a number of factors. Limitationsin accuracy of the instrumentation, as
well as the inability to monitor and/or control the natural fluctuationsin river
currents and wind conditions, can contribute to the variability of measured
physical effects. It is often difficult to distinguish, particularly during windy
conditions or during high flows, the actual hydrodynamic effects produced by the
vessel versus those naturally occurring. In the prototype data, there can also be
inaccuracies in recording tow draft, tow position, and tow speed, al of which
contribute to the magnitude of the measured wave height or vessel-induced
currents. For instance, atow recorded as fully loaded is generally assumed to
have a2.74-m draft for a particular configuration. In reality, the tow often
contains a dightly mixed combination of barge shapes and drafts.

In the physical model, there is a better opportunity to conduct controlled
experiments, varying each contributing parameter with more accuracy. Physical
models have the advantage of systematically testing each independent variable
and evauating a range of conditions outside the bounds of those that can be
captured during afield-data-collection exercise. There are limitationsto the
physical model. In the experiments conducted at ERDC in the navigation effects
research facility for the UMRS study, some of the mgjor limitations deal with
scale effect, flume length, and the inability to reproduce ariver bend. Descrip-
tions of these limitations can be found in Maynord and Martin (1997 and 1998).

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS



Analysis of Time-History Data

To separate long-period wave responses from the time-history wave data, a
Fourier transform method was used. Essentially, the data are transformed from
the time domain to the frequency domain; low-frequency data are filtered out; and
the remaining high frequency data are converted back to the time domain (Press et
al. 1986). These higher frequency waves, or secondary waves, were filtered from
the UMRS time-history data using a maximum frequency of 2 Hz and minimum
frequency of 0.25 Hz. Figure 3 shows typica time-histories for an event
beginning with the unfiltered event, the long-period response, and the short-period
wave response. Wave heights were measured as trough to crest, upward crossing
the still-water level. Each wave height and period in an event were measured for
each filtered time-history response.

Characterization of vessel waves has not been researched to the same extent as
wind-driven coastal waves. For engineering design purposes, a characteristic
wave height is often selected that statistically represents the wave spectrum. In
coastal design, the significant wave height, Hs, isfrequently selected, which is
defined in the Shore Protection Manual (1984) as the average of the highest one-
third of the waves. The waves produced by a vessel typically ramp up to a peak
and then return to background conditions over a short period of time. On
commercial tows, there is sometimes a double peak because of the stern waves,
and an event lasts several minutes.

In the literature on vessal-produced waves, an often used characteristic wave is
the maximum wave, Hnax , that occurs during the event.  Since it was unclear as
to what would be the best characteristic wave height to develop for vessel waves,
the analysis of each event included several different statistical representations of
the waves in addition to H,. From each filtered time-history event, a computer
program was written not only to extract H . but other statistical values including
the average of the highest three waves, Ha, the average of the highest five waves,
Hs, the average wave height for the event, the total number of waves per event,
and the average wave period during an event. In the extraction program, an event
was defined as all waves that occur above 20 percent of Hs. This had been
recommended by Dr. Robert Sorensen, Lehigh University, as one possible way to
focus on the more significant waves.

Figures 4-11 show the distribution of samples and the cumulative frequency
distribution of the UMRS data sets for maximum wave height (Figures 4-7) and
wave period (Figures 8-11). Maximum wave heights for al data (Figures 4, 5,
8, and 9) were recorded from approximately 4 to 40 cm with periods ranging
from approximately 1 to 3 sec. The mean wave height was approximately 12 cm.
Figures 6, 7, 10, and 11 give the distribution of wave height and period for
prototype events only. As shown, maximum recorded peak wave heights for
prototype data were less than 25 cm and for all dataup to 40 cm.  Prototype
period appears to be closer to 1.5 sec as opposed to the mean period of all data of
2 sec. Appendix A isasummary of pertinent data extracted from the time-
histories for each event.

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS
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a. Total wave response, unfiltered.
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b. Long period wave response, drawdown.
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c. Short period wave response, secondary waves.

Figure 3. Typical time-history wave response for a tow in a confined channel
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Development of Coefficients

As stated, Equation 1 assumes deepwater criteriaare met. Attenuation, wave
breaking, refraction, and other complex phenomenain the very nearshore are not
described by this equation.  All data used in the development of the coefficients
met the criterion of having Froude numbers lessthan 0.7. All but two events met
the nonbreaking wave criterion of wave height to depth at the gauge point less
than 0.6. Assuming wave lengths on the order of 6 m, water depth should be
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greater than approximately 3 m to meet the deepwater criterion established in
LeMeHaute (1976). It appears that there could be conditions at depths less than
this that would actually be classified as transitional waves. Violation of these
criteria as waves approach the nearshore may explain some of the scatter in the
data.

It was assumed that wave height diminishes with distance from the sailing
line. To demonstrate the validity of using sto the -1/3 power in Equation 1,
maximum wave height and sailing line for a set of data collected at a constant
vessel speed, 3.5 m/sec, for three-wide fully loaded vesselsis shown in Fig-
ure 12. Thetheoretical curve represented in the figure is based on «; of 0.8 and

11
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o, of 2.67. All datadid not have a strong correlation to distance from the vessel.
In some instances, wave gauges may not have been located at the precise location
to capture peak wave heights because of interference peaks. This, likewise, may
explain some scatter in the data. However, based on the literature, the exponent
of -1/3 was not changed. Datawere also analyzed to determineif at 100 or more
m away from the vessel, the predictive equation still trended in the same pattern as
data at less than 100 m from the vessel. Checks were made to ensure that
reflections because of proximity to shore or depth at the gauge were not biasing
results or invalidating the predictive equation.

In the original analysis by the author, both a; and o, were obtained through a
statistical regression using amultiplicative model. Using the independent

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS
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variables from the experimental data, a statistical software package, STATGRAF,
was used to select the values of both o; and a, that best fit the dependent variable,
wave height. Following this analysis, o, was set at 2.67 for several reasons. (@)
experimentally fitting both did not produce better correlations and only appeared
to complicate the development of the predictive tool; (b) as was stated before,
fixing o, at 2.67 was felt to be more theoretically reasonable because of the
deepwater assumption; and () this value more closely followed the exponential
relationship to vessel speed of other methods.

The analysis was then focused on the determination of o, the hull coefficient.
A linear regression model in the spreadsheet package Quattro Pro version 6.01
for Windows was used for all remaining analyses. The best fit value of «; was
determined from the analysis by fitting the independent variables, sailing

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS
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Figure 12. Relationship of maximum wave height to sailing line, Vw = 3.5 m/s,
three-wide loaded vessels

line and vessal speed, on the right-hand side of Equation 1, to the dependent
variable, wave height.

To evaluate goodness of fit, amethod used by Maynord (1998) to analyze
return currents and drawdown on the UMRS was adopted for this study. Maynord
(1998) does not recommend use of the standard correlation coefficient, but
suggests using terms called the mean relative error, MRE, and the mean trend
error, MTE. These are defined as follows:

Calculated - Observed
2| I

n

5 Calculated - Observed

MTE= Opserved @)

MRE when multiplied by 100 represents the average percent variation, error
band, on either side of data that perfectly fits the model (MRE = 0). MTE
multiplied by 100 is the average percentage the model overpredicts (positive
value) or underpredicts (negative value) observed values when all data are con-
sidered. A low value of both MTE and MRE indicates the model is accurately
predicting observed results.

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS



To determine the best hull shape coefficient(s) for the UMRS data, the vessel
events were aggregated according to different criteriato determine what param-
eters had the most effect on the outcome.  To begin with, al 241 UMRS events
were used, and o,; in Equation 1 was determined through regression analysisto be
0.59 for measured values of Hyex. The comparison of measured and cal culated
valuesis shown in Figure 13. Inthe plot, prototype data are distinguished from
model data so that one can get the feel for the variability and range of values from
each type of data. The value of MRE was 0.372 and MTE, -0.105.
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30 40

Hmax, measured, cm

= Model = Prototype

Figure 13. Comparison of measured with calculated values of Hpay, all UMRS
data, oy = 0.59

Data were then extracted and analyzed according to vessdl draft, length, width,
direction of travel, and submerged cross-sectional area. Prototype data sets were
compared with physical model data sets. Table 1 contains a summary of the
different data sets used to obtain o, and the number of observations on which the
regression was based. MTE and MRE were not calculated for al different
coefficients.

Only one data set, the Clark’s Ferry physical modd data, was extensive enough
to evauate the effects of tow length on variability of wave height. Wave data
collected in the Clark’s Ferry model for events related to configurations of three
by four, three by three, three by two, and three by one were not consistent with
data collected for the three by five tows. The analysis of these data yielded higher
values of a; than other tests. Errorsin the data collection or analysis could not be
ascertained. The same data set had been used to extract the long- period
drawdown, and no abnormalities were noted in the magnitude of these data
(Maynord and Martin 1998). It is possible that an error occurred in either the
conversion to prototype units or in the analog-to-digital conversion of the

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS
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Table 1
Summary of Computed Hull Coefficients for Different Aggregated
Data Sets

Number of
Data Observations o
All UMRS data 241 0.591
All loaded 204 0.642
All unloaded 27 0.444
All loaded 3 x5 129 0.624
All prototype 43 0.371
Prototype loaded 3 x 5 17 0.511
Prototype loaded 3 x 4 7 0.668
Kampsville model loaded 3 x 5 32 0.646
Kampsville model loaded 3 x 4 15 0.614
Clark’s Ferry model loaded 3 x 5 81 0.623
Clark’s Ferry model loaded 3 x 4 15 0.988
Clark’s Ferry model loaded 3 x 3 8 0.718
Clark’s Ferry model loaded 3 x 2 8 0.706
Clark’s Ferry model loaded 3 x 1 8 0.862
Loaded 1 x3 8 0.504
Loaded 3x 3 8 0.72
All upbound 108 0.557
All downbound 133 0.643
All data with area less than 30 m? 40 0.456
All data with area between 30 and 65 m? 7 0.56
All data with area greater than 65 m? 194 0.660
Prototype data with area greater than 65 m? 28 0.606
FY93 data set 52 0.582

signal. Evaluating the coefficients for the oneto four barge lengths in this data set
indicates that a single-barge tow and a four-barge tow produce higher peak condi-
tions than the two- and three-barge tows. In an unpublished analysis of tow length
by the author, results of anumerical study suggest that under the same operating
and channel conditions, a single barge-length vessel can produce peak values of
return current and drawdown higher than longer tows near the vessel. Comparing
magnitudes at some distance away from the tow, the effects increase as tow length

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS



increases. Tows with four and five barges had similar peak values. Similar
conclusions were drawn from physical modd studies by Maynord and Martin
(1998). Because of the questionable nature of this data set, tow length was not
considered as a pertinent factor for adjusting the coefficients. However, the
Clark’s Ferry data were not discarded since they only constitute approximately
16 percent of the total number of events. Any error associated with this
assumption only leans to a more conservative approach.

The most obvious trends in coefficients were related to width, draft, and cross-
sectional areaof thevessel. Loaded vesselsyielded a coefficient of 0.642
compared with unloaded, 0.444. Thisfitswell with the Blaauw et a. (1984)
recommendation of 0.8 for loaded and 0.35 for unloaded push tows. The wider
barge train (three-wide) resulted in a higher coefficient, 0.72, than the narrowest
bargetrain (one-wide), 0.50. Since areaincorporates both width and draft, this
analysis was deemed most appropriate. Small areas (less than 30 m?) include
three configuration types. (a) two-wide, empties, (b) one-wide, loaded or empties,
and (c) three-wide, empties. The intermediate area (30-65 m?) covers two-wide
loaded configurations. Over 65 m? would pertain to athree-wide loaded tow.
Coefficients of o, obtained from the regression were 0.456, 0.560, and 0.660,
respectively. Using the area approach would provide a predictive method suitable
for mixed draft fleets or other odd configurations and barge sizes, aswell as
standard sizes.

Verification

The coefficients developed for the UMRS data were verified using the FY 93
dataset. The three-wide by five-long loaded events were used from the UMRS,
making it comparable with the other, yielding an «; equal 0.62. The FY 93 data
set yielded avalue of 0.58. This gives an approximate 6 percent error per
prediction. Using the value of 0.58 to cal culate maximum wave height and
comparing it with measured values in the FY 93 data set resulted in an MRE of
0.409 and MTE of 0.294. Again using the FY 93 data set and a coefficient of
0.62 to compare calculated with measured values yields dightly higher values of
MRE and MTE of 0.461 and 0.382, respectively. Figure 14 compares measured
values of H,s from the FY 93 data with computed values using the 0.62 coeffi-
cient. A summary of pertinent datafor each event isincluded in Appendix B in
English units. Methodologies for data collection and analysis of these data are
found in Martin (1997).

Chapter 3 Development of a Commercial Tow-Wave Predictive Equation for the UMRS
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Figure 14. Comparison of measured with calculated values of secondary
waves, using FY93 data o; —0.62
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4 Development of a Time-
History Associated with
Commercial Vessels

To evaluate potential resuspension of sediments because of vessel wake waves,
atime-history of the event was needed. From the analysis, the average wave
period was approximately 2 sec, and the number of significant wavesin the wave
train (those greater than approximately 20 percent of the average highest three
waves during the event) was on the order of 75. However, when reevaluating the
actual wavefiles, it was determined that the actual duration of the events
produced by commercial tows was longer than what was represented by the
number of waves above the 20-percent H; value. There were severa reasons for
thisdiscrepancy. First, the program to extract number of waves did not account
for the interspersion of smaller waves between larger ones and therefore would
stop counting as soon as the criteriawere met. Second, because of the length of
the physical model flume, only the peak and a portion of the time-history data
could be captured before reflections in the flume interfered with the data. Finally,
defining the vessal event in this manner truncates the event, particularly for higher
peak values. When for instance a maximum wave of 30 cm is produced, al
waves less than 6 cm are removed from the time- history. Reexamination of the
time-history data indicated that an event might better be described as the number
of waves above aminimal value. Thiswould ensure that the entire event was
captured above a critical threshold.

After examination of the field data, a generic time-history pattern was
developed to be used with the predicted peak to generate the sequence and dura-
tion of the wave events. The duration of most prototype events was on the order
of 400 sec, and the minimum measurable wave height above background noise
was on the order of 2 cm. Upon calculating the peak event, H, the time history
can be generated according to the diagram in Figure 15 showing the number of
waves, N;, versusthewave height, H. Hy 0ccursat N; of approximately 25 and
transitionsagain at N; of 75. H owisdefined as the greater of 20 percent of Hyax
or 5cm. For thisanalysis, each wave represented a wave period of 2 sec, so the
whole event is 400 sec with the most significant part of the event occurring in less
than 2.5 min. As can be seen, the maximum wave occurs early in the time-
history, then tapers to background conditions. Figure 16 shows this generic

Chapter 4 Development of a Time-History Associated with Commercial Vessels
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Figure 16. Generic time-history plotted on actual time-history of events caused

by Dixie Patriot

time-history plotted on top of an actual vessal-wake response collected from the
Dixie Patriot during the Kampsville field-data-collection exercise. The tow was
pushing a one-wide by three-long fully loaded barge train at a speed relative to the
water of 2.19 m/sec and at a distance of 161 m from the wave gauge.
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5 Recommendations for
Prediction of Commercial
Tow-Wake Waves

Based on the review of the literature, the analysis conducted, and factoring out
depth, the following equation is recommended for prediction of maximum
secondary wave height

2.67
Hm(v_J ®

Jo

where o, isafunction of the submerged cross-sectional area of the barges, such
that:

If Area <30 m?, (2 wide-E, 1 wide-F/E, 3 wide-E)
o = 0.5

If 30 m? <Area< 65 m? (2 wide-F)
o = 0.6

If Area> 65 m’ (3 wide-F)
o = 0.7

Coefficients were raised to the nearest tenth over those determined from the
analysisand shown in Table 1. The same limitations apply to vessel Froude
number and depth as Equation 1, and the method is valid for distances from 10 to
approximately 335 m. Comparisons of measured with calculated values of Hyy
arefound in Figures 17-19 for each three cross-sectional areas, respectively. The
MRE using this methodology was 0.363, and the MTE was -0.0168.

To generate an approximate time-history of each maximum wave event, use
the diagram in Figure 15. This method for predicting and generating atime-
history of secondary wavesis recommended for usein evaluating sediment
resuspension because of vessel passage in areas where actual wave data are not

Chapter 5 Recommendations for Prediction of Commercial Tow-Wake Waves
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Figure 18. Comparison of measured with calculated values of H,y, tow
cross-sectional area between than 30 m? and 65 m?, o, = 0.6

available. This methodology was used in modeling the systemic effects of boat
waves on the nearshore environment for the UMRS.

In summary, both a method for predicting wave height and the time-history
associated with it have been developed for commercia tows on the UMRS
system. The wave-height model was based on the development of coefficients
related to the hull cross-sectional area using an extensive data set of commercial
tows. It has been verified to an independent data set and compares well with

Chapter 5 Recommendations for Prediction of Commercial Tow-Wake Waves
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coefficients found in the literature. Based on the statistical analysis, the model
tends to underpredict by less than 2 percent when considering all data. The
model, however, isfelt to conservatively estimate wave heights since coefficients
were rounded up to the nearest tenth and since analysis of prototype data alone
tended to produce lower coefficients (See Table 1).

The predictive model developed herein can be applied to both the UMRS
study to evaluate environmental impacts or used to estimate wave height for
design of bank protection. These wave height formulas have been programmed
into the system model NAV EFF to evaluate literally hundreds of miles of river,
one cross section at atime, and predict physical effects. The predicted wave
heights from NAV EFF have been coupled with the generic time-history and the
available bottom sediments to predict resuspension in the nearshore. Economic
traffic forecasts and probable fleet characteristics along with biological models
related to aguatic macrophytes, mussels, and fate of transported sediments will be
coupled with this analysis to evaluate environmental impacts of planning
aternatives for the Navigation Feasibility Study.

The results of these equations are also appropriate for bank protection design.
The methodology for design of bank protection considers both maximum
drawdown and maximum secondary wave height. A conservative approach is
incorporated in the selection of vessel speed to predict either drawdown or wave
height and in safety factors for sizing stone (Martin 1997).

Chapter 5 Recommendations for Prediction of Commercial Tow-Wake Waves
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Appendix A

Secondary Wave Data on the
Upper Mississippi River -
lllinois Waterway System for
Commercial Towboats

Al



19°C
YA 4
or'e
79'¢C
62'¢C
62'¢C
ST1'¢
6€C
ev'e
44
8T'¢
66'T
99T
€0¢C
9eC
11°¢
vee
L0
cee
6SC
9¢'¢
98¢
06'¢
[4 4
1 A%4
S9'¢C
8v'¢
1¢¢
9eC
26'C
66'C
v.'¢
VA4
S6'T
6T
1 A%4
YA
80¢C
96T
(054
€1'¢e
€9¢C
79'¢C
29s
pouad
ANy

€8'8T
¢0'6T
29'1¢e
ST'9¢
90T
S'9T
v1°ST
[4pA
¥S'L
6.9
.01
98'0T
197
61'6
ST'6T
6T°€T
8¢'6
6’y
09'6
Ii'CT
€Y1
cEYvT
SL'6T
0L'¢e
68°0C
€L°0¢C
18°LT
S'ee
6€°0C
6L°€C
05'8¢
6T°CT
8E'TT
€8
6¢'8
98'ST
11797
TC°0T
LEVT
¥5'8¢
8y'v1
G8'8T
T9'ST
wo
SH

€1°0C
¥8'1¢
16'T¢C
YASWEA
LY VT
7.7
99'GT
29’8
G6°L
€T°L
6E'TT
99'1T
S0°S
98'6
80°0¢
88'€T
69'6
[A4°]
186
€8°¢CT
L2'ST
06'vT
18°0C
S0'€C
v,L'1¢
89'T¢
Y161
TT've
9T'T¢C
9¢'Se
18'8¢
09'¢CT
€0°¢CT
L1'8
006
8.°9T
G8°LT
19°0T
ve'ST
€C'1e
S'ST
G2'0¢C
1997
wo
€H

99'TC
[tAVX4
ge'ee
60°0€
6LVT
7581
LELT
LE6
LV'8
62°L
et
LOET
€9'G
60°0T
0T'1C
vT'ST
70T
S0'9
GS'0T
89°CT
€2°8T
[4 1"
19'TC
e
€972
veve
€2°6T
S0'S2
c0'ze
08¢
79°6¢
CTeET
79T
8¢'6
£6'6
16'8T
68°0C
8¢¢T
LT9T
26'8€
G9'GT
88'T¢
29°LT
wo
xewH

vZ's
vZ's
vZ'S
vZ's
88’
vZ's
ov'eET
vZ's
€8’
vZ's
vZ's
88’V
€8’
vZ's
vZ's
ve's
vZ's
vZ's
ov'eT
26’9
26’9
0€9
0€9
26’9
26’9
ov'eET
ov'eET
ov'eET
ov'eET
26’9
26’9
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
w

MO1®
yidaq@

86
98¢
8T'S
00's
86'€
86
00'TT
98¢
16'C
0cT
oT'e
98¢
16'C
86
vS'v
98¢
86
0T'¢
00ct
Sy
0S'S
06'v
9T'¢
Sy
0S's
00'TT
00ct
00'TT
0oct
Sy
0S's
86
98¢
98¢
86
98¢
98¢
86
86
98¢
86
98¢
86

OM®D
yida@

0°'SST
TOLT
ovT
ovT
0°00¢
0°SST
00T
TOLT
0'v8¢
Tzee
0°'SST
T9CT
0'v8¢
0°SST
0cet
T0LT
0°'SST
| AAA
7'€9T
0°0.LT
0°SST
€8yt
L'6VT
0°0.LT
0°'SST
0°0LT
7'€9T
0°0LT
7'€9T
00T
0°SST
0°'SST
T0.LT
TOLT
0°'SST
TOLT
T0.LT
0°'SST
0°'SST
TOLT
0°'SST
T0.LT
0°'SST
9O/M 0]
Moy abp3
s

Te8
9'G.T
T'eee
L'TEE

Te8

Te8
2’697
9'G.T
L'T18T

9€T
L°06T
9'S.T
L'18T

128
TS1T
99T

Te8

0'SsT

6'68
8'¢8T

298
8'cec

€69
8'¢8T

298
2’697

6'68
2'69T

6'68
8'¢8T

298

Te8
9'S.T
9'G.T

Te8
9'G.T
9'S.T

Te8

TZ8
9'G.T

TZ8
9'G.T

Te8

w

aloys
01 OM

8'1vT9
8'VT9
8'v19
8'vT19
819
8'v19
S'v¢9
8'vT9
8'vT9
819
8'v19
819
8'1v19
8'V19
8'1vT9
8'V19
8'VT9
8'v19
S'v¢9
0',29
0',29
| x44c]
| x44c]
0',29
0',29
S'v¢9
S'v¢9
S'v¢9
S've9
0',29
0',29
8'1v19
8'V19
8'V19
8'v19
8'v19
8'v19
8'v19
8'v19
8'vT9
8'1vT9
8'v19
8'v19

w

Yipim do
Jauueyd

91°89
91°89
91°89
91°89
91'89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91'89
91°89
91'89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
¢1'6¢e
¢1'6¢e
[4%14
[4%14
4914
c1'6¢e
c1'6¢
[4%14
c1'6e
c1'6e
¢1'6¢
¢1'6¢e
eale
09S-SS0.10
MO

SE'8.LT
G2'9¢
Ge'L62
Ge'L62
Gg2'L62
08'L€2
Ge'L62
GE'8.T
Ge'L62
Gge'L62
Ge'L62
Gg2'L62
Ge'L62
G2'9¢
Ge'L62
GE'8.LT
06'8TT
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
Ge'L62
w
yibus|
abeq

[4
[4
(4%
(4%
(4%
(4%
[4
[4
[4
(4%
(4%
(4%
(4%
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
(4%
(4%
[4
[4
[4
(4%
(4%
[4
[4
[4
(43
(4%

w

yipim
abureq

€T'¢e
€T'¢
€T'¢
€T'¢
€T'¢
€T'¢
€T'¢
€T'¢
€T'¢e
€T'¢
€T'¢
€T'¢
€T'¢
€1°¢
€T'e
€T'e
€T'¢
€T'¢
€T'¢e
€T'¢
€T'¢
€T'¢e
€T'¢
€T'¢
€T'¢
€T'¢
€T'¢e
€T'¢e
€T'¢
€T'¢e
€T'¢
160
160
160
160
160
160
160
160
160
160
160
160
w
yela

£X€e
XE
GXe
GXe
GXe
12:$3
GXe
£Xe
GXe
GXe
GXe
GXe
GXe
XE
GXe
€XE
ZXE
GXe
GXe
GXe
GXe
GXe
GXe
GX¢e
GXe
GXe
GXe
GX¢e
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
Juod
MoL

0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s’e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
0s'e
69
69'€
€8¢
€8¢
9y
9y
or'v
or'v
144
Sv'v
19V
19V
09¢
09¢
09'¢
09¢
0s’e
0s'e
0s'e
0s'e
or'v
or'v
or'v
or'v

s/w

MA

3 33U 0T S S5SOUTOTUT S S S 53U 53 533U 53 5353 000D S5 5T 5T 5 3 533U 5T 5 3 35 35T O

pn
una

28'e
28'e
8T'€
8T'¢
8T'¢€
8T'¢
28'€
8T'¢
Z8'€
8T'€
8T'€
8T'¢
8T'€
28'e
8T'€
28'€
8T'¢
8T'¢
28'€
8T'¢
8T'¢
00'€
00'€
LL'Y
LL'Y
80t
80t
LL'Y
LL'Y
9T’V
9TV
8¢'¢
8¢'¢
26'¢C
26'C
Z28'e
8T'€
8T'¢
28'e
cL'y
cL'y
80t
80t
s/w
SA

g0
g0
€0
ce0
ce0
ce0
2ce0-
ce0
2ce0-
ce0
ce0
ce0
€0
2ce0-
[440]
€0-
[440]
€0
€0-
150
190
€8°0
€80
S0-
S0-
[440]
[440]
€0-
€0-
150
150
€0
€0
€0-
€0-
€0-
ce0
ce0
€0-
€0-
€0-
€0
€0
s/w
BA

069
069
069
069
069
069
LT€C
069
069
069
069
069
069
069
069
069
069
069
LT€C
1291
1291
Ts€C
Ts€C
1291
1291
LT€C
LT€C
LT€C
LT€C
1291
1291
069
069
069
069
069
069
069
069
069
069
069
069
swo

e}

0'91S
0'91S
0915
0'91S
0915
0'91S
L'¢lS
0'91S
0915
0'91S
0'91S
0915
0915
0'91S
0'91S
0'91S
0'91S
0'91S
L'¢lS
S'TSS
S'TSS
615
v'6vS
S'TSS
S'TSS
L'¢lS
L'¢lS
L¢lS
L¢lS
S'TSS
S'TSS
0915
0915
0'91S
0'91S
0915
0'91S
0'91S
0'91S
0'91S
0'91S
0'91S
0'91S
dASN
N33
|00d

S1VOdMOL TVIDHIAWNOD dOd SHIAN NO V1vad IAVM AHVYANOD3S

syen
syen
syen
syen
syen
syen
syen
syen
syen
SY1:1Te}
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
SY1=1Te}
syen
SY1=1Te}
syen
syen
syen
syen
syen
syen
syen
syen
SEEIS

ereq

8EPED)
8EPTII
agNAY|
agNAY|
sTENI
TENYO
Z8EPY0
TENED
28epdl
pPINAY|
Jenno|
sTENI
gTEN
8EPTII
Jenno|
8EPED)
TENZO
pPINAY|
Z28EPY0
8TENDY
8TEPIY
icheya
icheya
L.vPdYy
L.vPdYy
80¥Nyd
80¥NYd
2LyPYd
2LyPYd
9T¥NdY
9T¥NdY
2znno|
2znno|
62pno|
62pno|
8EPNI|
TENND|
TENND|
8EPNI|
Lypno|
Lypno|
oynna|
oynno|
aweN
1591 /MO

Appendix A Secondary Wave Data on the Upper Mississippi River

A2



16'T
L7
€0¢C
€0¢C
6T
S0¢C
8e¢C
S0¢C
06T
v8'T
oee
68T
66'T
T0C
08T
6SC
GS'¢
q1'¢
06T
90¢C
6T
T0C
T19C
veT
€ce
11°¢
0ee
vee
€5¢C
LEC
q1'¢
69T
98T
oee
19C
96T
1T¢
90¢C
[45%4
L0°€
6C¢C
LL'T
0Le
29s
pouad
any

0T'0T
€L'6
8.6
or'oT
YASWA
c9'6
veet
S8
88'TT
68°€T
L1971
6861
6597
€6'8T
T09T
Te'ST
VveET
a8l
0L'TT
ce' Tl
61'6
vS'ST
TL.T
16’6
08¢t
S9'6T
LT
6T°LT
68'GT
Te'ST
€997
[4oh 4%
G9'GT
or'9T
VveET
9097
veet
617'ST
09°€T
€261
€0°0¢
€CET
¢9'91

wo

SH

oot
16°0T
€9°0T
88'0T

69°L
0c’0T
€G'ET

856
Tect
¢e'ST
18'ST
v9'T¢
S0'8T
€9'61
€8'81
6897
99'€T
G9'GT
96°¢T
vo'TT
1207
ceLT
69'8T
6.°0T
6G°ET
¢8'0¢
¢0'8T
Sv'81
96'8T
S0°LT
8¢'81
0T'ST
€9°LT
9G°LT
TSVT
144!
6T°ET
€097
6EVT
0c'Te
89'T¢
1144
19T

€H

9¢'TT
¢L'0T
€T'TT
8T°¢CT

6L
8L'TT
12797
A
19°CT
or'9T
19’61
§S6'¢e
98'¢e
19'T¢
TT'T¢
S0'6T
T6°€T
0€’LT
6G°ET
19°CT
LLTT
€L'EC
08'6T
V9'ET
€0'ST
0€'Te
96’61
9'0¢
8861
98'¢e
0cee
LS'ST
8L°LT
GG°0¢
0c'9T
¢0’LT
LEVT
1997
617°9T
0°'S¢
€8'Ge
¢L'LT
10'8T

xXewH

88'Y
€8 v
ves
ves
ve's
ve's
26’9
6’9
6’9
ves
ves
ve's
6’9
ves
ve's
ves
0c9
0c9
ve's
ves
ves
ve's
6’9
6’9
¢6'9
26’9
€8
ves
ve's
ve's
ve's
ves
88'Y
ves
ves
€8y
or'eT
ve's
or'eT
ves
ves
88V
ves

MO1®
yidaq@

98¢
16'¢C
86
98¢
86
98¢
vS'v
0S'S
0S'S
vS'v
0T'¢
8T'S
vSv
00'S
oT'e
0cT
9T'¢
06’7
86
98¢
98¢
86
Sy
0S'S
0SS
vSv
16'C
86
98¢
98¢
98¢
98¢
98¢
86
86'€
16'¢C
00°¢cT
86
00°TT
86
98¢
86'€
98¢

OM®
yida@

Tect
ovL
0'GST
T0.LT
0'GST
T0.LT
00T
0'GST
0'GST
0cet
Teee
oVl
00T
oVl
0'GST
Tcee
L'vee
€eL
0'GST
T0.LT
T0.LT
0'GST
00T
0'GST
0'GST
00T
ovL
0'GST
T0.LT
T0.LT
T0.LT
T0.LT
Tect
0'GST
0'GST
ovL
¥'e9T
0'GST
00T
0'GST
T0.LT
0002
T0.LT
OM 01
moy abp3
s

96T
Tey
T¢8
96T
T¢8
96T
8'€8T
c'98
c'98
TSTT
0'ST
44
8'€8T
L'TEE
1°06T
9€T
€69
8'¢ec
128
96T
9'6.T
T¢8
8'€8T
c'98
c'98
8'€8T
TEY
T¢8
96T
96T
96T
9'6.T
96T
T¢8
T¢8
ey
668
T¢8
2697
T¢8
9'6.T
T¢8
9'6.T
w

aloys
01 OM

8'v19
819
819
819
819
819
0'2¢9
0'2¢9
0'2¢9
819
8'v19
819
0'229
819
819
8'v19
T'¢ce9
T'¢e9
819
819
819
819
0'229
0'229
0'229
0'229
8'v19
819
819
819
819
8119
8'v19
819
8'v19
819
S've9
819
S've9
8'v19
819
8'v19
819

w

yipim do
|auueyd

91°89
91°89
91°89
91°89
91'89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91'89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91'89
91°89
91°89
91'89
91°89
91°89
91'89
91'89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91°89
91'89
eale
J9S-SS01D
MO |

S¢'L62
S¢'L62
08°L€C
S¢'L6C
G2'9€
08°L€C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
08°L€C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L62
S¢'L6C
08°.€C
08°L€C
S¢'L6C
S¢'L6C
S¢'L6C
Sc¢'L6C
S¢'L6C
S¢'L6C
SC'L6C
S¢'L6C
S¢'L62
08°.€C
06'8TT
08'L€C
S¢'L6C
06'8TT
S¢'L6C
S¢'L6C
GE'8LT
S¢'L6C
S¢'L6C
06'8TT
S¢'L6C
G2'9€
08°L€C
S¢'L62
S2'9€
w
yibus|
abreq

[4
4
ce
ce
4
4
4
4
4
ce
ce
ce
4
4
4
4
4
4
[4
[4
4
4
4
4
43
4
[4
4
[4
[4
[4
4
[4
[4
[4
ce
4
ce
4
[4
4
[4
[4

w

yipim
abureq

€T'¢
€T¢
€T'¢
€T'¢
€T'¢
€T¢
€T'¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T'¢
€T'¢
€T'¢
€T'¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T¢
€T'¢
€T¢
€T'¢
€T'¢
€T'¢
€T¢
€T'¢
€T'¢
€T'¢
€T¢
€T¢
€T¢
€T¢
€T'¢
€T'¢
€T'¢
€T'¢
w
yeia

GX€e
GXe
XE
GX€e
X€e
XE
GXe
GXe
GXe
GXe
XE
GXe
GXe
GXe
GX€
GXe
X€e
X€e
GX€e
GX€e
GXe
GX€e
GXe
GXe
GXe
GXe
GX€e
XE
ZXE
XE
GXe
ZXE
GXe
GXe
EXE
GXe
GX€e
CXE
GXe
Xe
XE
GXe
Xe
Juo)
MO

09¢
09¢
09¢
09¢
09¢
09¢
6.¢
6.¢
98¢
98¢
98¢
98¢
98¢
98¢
98¢
98¢
18°¢C
18°¢C
S0'€
S0'€
S0'€
S0'€
vee
vee
Tee
Tee
05'€
05'€
05'€
0G'€
0G'€
05'€
0G'€
05'€
05'€
05'€
05'€
05'€
05'€
05'€
05'€
05'€
05'€

s/u

MA

53O T S5 53T 30U 3 5330UD 5 3 33050UDDCD S5 5T T S 5T T T T T DT T T OTT S 5T T T T T O

pmn
na

[43x4
[4x4
[4°x4
[4x4
[4°x4
[4x4
8¢¢
8¢¢
JASR
8T'€
8T'€
8T'€
JASR
8T'€
8T'€
8T'€
0L€
0L€
€L¢
€L¢
JASR
JASR
€L¢
€L¢
[4:R>
c8'e
8T'€
[4:R>
8T'€
8T'€
8T'€
[4:R>
[422
8T'€
8T'€
[4:R>
8T'€
[4:R>
8T'€
8T'€
[4:R>
[422
8T'€
s/u
SA

ce0-
ce0-
ce0-
ce0-
ce0-
ce0-
150
150
16°0-
ce0-
ce0-
ce0-
T16°0-
ce0-
ce0-
ce0-
€8°0-
€8°0-
ce0
ce0
cg0-
ce0-
150
150
16°0-
16°0-
ce0
ce0-
ce0
ce0
ce0
ce0-
ce0-
ce0
ce0
ce0-
ce0
ce0-
ce0
ce0
ce0-
ce0-
ce0
S/w
BA

069
069
069
069
069
069
1291
1291
1291
069
069
069
1291
069
069
069
TGeC
TG€C
069
069
069
069
1291
1291
1291
1291
069
069
069
069
069
069
069
069
069
069
LT€C
069
LT€C
069
069
069
069
swio

o]

0'9vS
0'9vs
0'9vs
0'9vs
0'9vs
0'9vs
S'TSS
S'TSS
S'TSS
0'9vs
0'9vs
0'9vs
S'TSS
0'9vs
0'9vs
0'9vS
V'6vs
V'6vs
0'9vs
0'9vs
0'9vs
0'9vs
S 1SS
S 1SS
S'TSS
S'TSS
0'9vs
0'9vs
0'9vs
0'9vs
0'9vs
0'9vs
0'9vS
0'9vs
0'9vs
0'9vs
L'¢lS
0'9vs
1'¢/S
0'9vs
0'9vs
0'9vS
0'9vs
dAON

A9|3

100d

S1IVOIMOL TVIOHIWNOD 404 SHIAN NO V1va IAVM AHVANOD3S

sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
syeD
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
sye|D
syeD
sye|D
sye|D
sye|D
sye|D
sales

ereqg

Z62pll
z62p|
62PY
262p9|
62PT
62PY
8zznay
8zznay
LEEPOY
1epAo
pIpAd
9(PA?|
LEEPOY
9(PA?|
1epAo
papAd
piogomar
piogomar
€12n9
€12n9
LEEPI]
LEEPI]
€/znoy
€/znoy
Z8epoy
Z8epoy
sTEN|
8EPYO
TENZD
TENYO
81END
8€pzo
Z8epll
8TEND
TENED
z8ep|
8TENYD
8€pzo
8TENYD
8eNTo
8EPYO
Z8epll
8eNTo
sweN
1S91/MOL

A3

Appendix A Secondary Wave Data on the Upper Mississippi River



€51
88'T
/8T
96T
0T'¢
09T
76'T
88T
€6'T
68T
Z6'T
88T
28T
€L'T
L7
06'T
/8T
19C
8v'C
76'T
0oge
91°¢
[4 4
s8¢
€eC
60¢C
(o4
cee
LT
28T
8eC
00¢
60¢C
v0'¢C
08T
cee
10C
cee
62'¢C
78'T
vee
€0¢C
c0¢
29s
pouad
ANy

SL°S
cL9
86°L
66°0T
GE'6
6.°S
€06
LV'6
86°L
TT°0T
898
80'TT
656
796
v.'0T
€T'1T
.8
98'6
Y911
626
9T°¢T
[A4]
€ecT
SLT1T
¥S'S
€8°L
09'vT
9’8
6°S
92’6
2e’6
vETT
0L°0T
JA AN
866
19°CT
60'TT
LSVT
144
S9°9
66°L
086
Ve
wo
SH

26'S
689
80'8
¢S'1T
¢1'0T
609
€6'6
SL'6
6'8
¥S0T
8T'6
L6'TT
ov°0T
8€°0T
oT'TT
1971
LV'6
80T
00°¢T
SL'6
8YV'ET
T1'6
TC€T
8v'¢T
06'S
09'8
¢0'ST
L8
92’9
L1'6
26’6
S6'TT
€LTT
LTET
68°0T
€T'ET
V91T
80°ST
98°ST
81’9
89'8
0€°0T
00'vT
wo
€H

9
Ge'L
0g'8
LLTT
€6'¢CT
G8'9
SO'TT
T2°0T
G8°0T
86°0T
0C'TT
GL'ET
I8'TT
Wit
6v°¢T
T9°CT
09°0T
CVET
v'ZT
86'6
6E°LT
£8'6
SL'ET
88°€T
29
€8'TT
LV'ST
80'6
789
67°0T
€.°0T
99°¢CT
80°¢CT
¢eST
ceet
0S'€T
S8'TT
19°GT
99T
vSL
6.8
0C'TT
8¥'9T
wo
XewH

vZ's
0T’S
0T’S
00'S
00'S
26’9
26’9
8T'S
8T'S
or'9
or'9
00'S
00'S
vZ's
vZ's
26’9
26’9
vZ's
vZ's
88’V
vZ's
vZ's
€8’
vZ's
€8’
ov'eT
vZ's
vZ's
88’V
ov'eT
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
vZ's
ov'eT
ov'eET
€8’
vZ's
vZ's
88’V

MO1®
yidaq

86
or'e
0Le
0L'e
or'e
0S'S
Sy
0L'e
or'e
9T'¢
06'v
or'e
0L'e
98¢
86
Sy
0S's
98¢
86
86
86
98¢
16'C
86
16'C
00'TT
86
98¢
98¢
00ct
98¢
98¢
86
86
86
98¢
86
00ct
00'TT
16'C
98¢
98¢
86

OM®D
yidaa

0°GST
T29T
6°'GET
6'GTT
128T
0°GST
00T
6°0LT
IWAAN
L'Vv/T
€ectT
111
6°G8T
T0.LT
0°GST
00T
0°GST
T0.T
0°GST
0002
0°GST
T0.LT
ovL
0°GST
0'v8¢
00T
0°GST
T0.LT
T'9cT
7'€9T
T0.LT
T0.LT
0°GST
0°GST
0°GST
T0.LT
0°GST
7'€9T
00.T
0'v8¢
T0.LT
T0.LT
0002
OM 0]
Moy abp3
s

T¢e8
1'9¢¢
189
1789
1'9¢¢
2’98
8'€8T
189
1'9¢¢
€69
8'¢ee
1'9¢¢
1789
9'S.T
T¢e8
8'€8T
2’98
9'G/.T
T¢e8
128
T¢e8
9'G.T
Tey
128
L1181
2691
T¢e8
9'G.T
9'G.T
6'68
9'G.T
9'S.T
128
T¢e8
T¢e8
9'S.T
T¢e8
6'68
2691
1181
9'G.T
9'G.T
128
w

aloys
01 OM

819
8'V19
8'V19
819
819
0,29
0,29
819
8'v19
T'2e9
T'2¢e9
819
819
819
819
0,29
0,29
819
8’19
819
819
819
8'V19
8'V19
8'V19
929
819
819
819
S'vZ9
819
819
819
819
819
819
819
S'vZ9
S'vZ9
819
819
819
819

w

91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89
91'89

eale

yipm doj 93s-SS0ID

|jauueyd

moL

tAVAT4
G2'L6¢C
G2'L6¢C
Ge'L6¢
[ tAVAT4
tAVAT4
tAVAT4
08°',€2
08°',€2
08',€2
08',€2
tAVAT4
G2'L62
tAVAT4
Ge'L62
tAVAT4
tAVAT4
G2'9¢
06'8TT
G2'L6¢
GE'8LT
08',€2
tAVAT4
G2'9¢
tAVAT4
tAVAT4
08',€2
GE'8LT
G2'L6¢
tAVAT4
06'8TT
G2'L6C
TV T4
06'8TT
GE'8LT
G2'9¢
tAVAT4
tAVAT4
tAVAT4
tAVAT4
06'8TT
SE'8LT
G2'L6¢
w
[eVE]]
abureq

[4>
[43
[43
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[43
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>
[4>

w

yipim
abeq

€T'¢C
€1°¢
€1°¢
€T'¢
€1'¢C
€T'¢C
€T'¢C
€1°¢
€1°¢
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢
€T'¢C
€T'¢C
€T'¢C
€1°¢
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€1°¢
€T'¢C
€T'¢
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€T'¢C
€1°¢
w
Jeid

GXe
GXe
GXe
GX¢e
GX¢e
GXe
GXe
12:$3
12:$3
7Xe
12:8
GXe
GXe
GXe
GXe
GXe
GXe
TXE
ZXe
GXe
£Xe
12:$3
GXe
TX€e
GXe
GXe
12:83
£X€e
GXe
GXe
ZXe
GXe
GXe
ZXe
€Xe
TXE
GXe
GXe
GXe
GXe
ZXe
€XE
GXe
Juod
MoL

0L'T
28’1
28’1
06'T
06'T
96'T
96'T
66'T
66'T
v0'¢
10k4
60°C
60°C
ST'C
ST'C
e
e
09'¢C
09'¢
09'¢
09'¢
09'¢C
09'¢C
09'¢C
09'¢C
09'¢C
09'¢
09'¢C
09°¢
09'¢C
09'¢C
09'¢C
09'¢C
09'¢
09'¢
09'¢
09'¢C
09'¢
09'¢
09'¢C
09'¢
09'¢
09'¢

s/w

MA

T oo oT oo oo oToT IS IS S IS S 35S S 5D 3 3303035 3 5T T T T T T DUT T DT T T T T T T T O

p/m
ia

20'¢C
vie
vie
(444
(444
VA4
VA4
TeC
T€C
18'C
18'¢C
e
e
VA4
VA4
[4ix4
26'¢C
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
8¢'¢
[4sx4
[4ix4
26'C
26'C
26'C
26'¢C
26'C
26'C
26'C
[45x4
s/w
SA

ce0-
ce0-
ce0-
2e0-
2e0-
150~
190~
ce0-
ce0-
€8°0-
€8°0-
ce0-
2ce0-
ce0-
ce0-
150~
15°0-
[440]
[440]
ce0
[440]
€0
€0
ce0
€0
[440]
[440]
ce0
ce0
[440]
ce0
€0
ce0
ce0-
ce0-
ce0-
ce0-
2¢e0-
2ce0-
g0
g0
g0
ce0-
s/w
BA

069
€9
€19
€9
€9
1297
1297
€9
€19
TSs€EC
TSs€C
€9
€9
069
069
1297
1297
069
069
069
069
069
069
069
069
L1€C
069
069
069
L1€¢
069
069
069
069
069
069
069
L1€¢
L1€¢
069
069
069
069
swo

0

0'9vS
0'9vS
0'9vS
0'9vS
0'9vS
5155
5155
0'9vS
0'9vs
v'6YS
¥'6YS
0'9vS
0'9vS
0'9vS
0'9vS
5155
5155
0'9vS
0'9vs
0'9vS
0'9vs
0'9vS
0'9vS
0'9vs
0'9vS
L'2.S
0'9vs
0'9vs
0'9vs
L'2.S
0'9vS
0'9vS
0'9vS
0'9vS
0'9vS
0'9vS
0'9vS
L'2.S
L'2.S
0'9vS
0'9vs
0'9vS
0'9YS
AASN
ISE!
100d

S1VOdMOL TVIOHINWNOD HOd SHIAN NO Y1va IAVM AHVYANOD3S

syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
syen
SY1=1Te}
syen
syen
SEEIS

ereq

20eZpl
aupuaeAd
aupuaeAd
quydoo)d
quydoo)d
LyeZpay
LyeZpay
YIIAUIASH
UIIAUIASH
glread
dliead
UeN-1uod
UeN-iuoD
JAZ4 S
JAZ4 8]
26¢2poy
26¢poy
62ZnTo|
2eznell
gzenil
2zne)
2znyol
8zend|
62ZnTo|
8zend|
8zenyd
2znyol
2zne)
8zenil
8zenyd
2znell
8¢eno|
8¢eno|
62P2I
62ZPEDI
6ZPTII
262pol
262PYo
262PYo
262epdl
62P2I
62ZPEDI
262pIl

aweN
1s91/MOL

Appendix A Secondary Wave Data on the Upper Mississippi River

A4



68T
v6'T
0T'C
G8'T
VLT
9S'T
0S'T
69T
16T
GS'T
9T'¢C
S0¢C
LET
19T
19T
88T
16'T
96T
8¢
29¢C
19T
cL'T
9S'T
0L'T
€ee
T0C
144
9eC
vee
98¢
8L'T
6V'T
¥0'C
LLT
80¢C
v6'T
29¢C
0S¢
6L T
88T
0T'e
00¢C
69T
29s
pouad
any

€6°0T
8L°0T
898
008
S¢'8
€11
196
S6'8
'y
G8°¢
LT'E
45874
169
v6'S
00°¢T
69°¢CT
A<
T¢6
¢SeT
0g¢cT
TTvT
966
S0'9
9G'TT
80°GT
50T
66
Gqcet
G281
90°0¢
ST'6
or'6
¢S'e
v6'S
ETET
0691
8G°9T
90°TT
88'¢
89
'g
19'6
12'S
wo
SH

¢l
0e' 1T
¢E6
0,8
ce8
0L'1T
980T
156
L9V
8¢t
16°€
697
yXAVA
€19
T9°€T
C¢CET
6€°9T
08'6
SY'ET
66°CT
S9°GT
¢cot
S€9
65°CT
90'9T
96°0T
80T
¢9¢t
€8°0¢
8¢'¢c
€8'6
vT0T
06’
¢l
VT
06T
0T'8T
8’1l
8cv
00y
99'S
€80T
68'G

€H

€G'TT
0T'¢T
896
866
'8
9.°¢T
c9°¢T
€e0T
60'S
LL'E
(444
€LY
/T8
81’9
G6'8T
€6'€T
v0'LT
iZan
SEVT
8LvT
LT'6T
6€°0T
€T’L
¢SET
G897
SS'TT
ST'CT
CEET
S0've
6€'6¢
0E'TT
8¢t
69’7
08
¢eST
6T°0¢
16°0¢
8L'TT
vLv
144
6.°G
ev'et
€59
wo

S2'9
109
0G'€
0G'€
€6
€6
€6
€6
S29
S2'9
S2'9
109
€6
€6
€6
€6
€6
€6
S2'9
S2'9
99
etk 4
€6
€6
€6
€6
99
etk 4
€6
€6
€6
€6
S2'9
S2'9
€6
€6
S2'9
S2'9
oT'v
oT'v
0T's
0T'sS
vZ's

w

XewWH MO1®

ydeag

SO'v
0L€
9c'e
8T'¢
0g¢
0Le
06’
09°¢
S0V
0Le
SOV
0L'e
06
or'e
0L€
09°¢
0Le
09°€
SOV
oLe
9'v
ocy
or'e
06’
06'¢
or'e
00¢
ocv
or'e
06’
or'e
06°¢
S0V
0Le
or'e
06°¢
SOV
0Le
oty
09°¢
or'e
0Le
98¢

OM®
ydaag

096
099
0'vS
o8
0°0€T
o'vS
ovT
o8
09Y
0'GST
096
059
0.6
oorT
0vs
08
o'vS
o8
096
0'SST
069
06TT
LS.
L'CE
L'CE
LS.
168
20T
LS.
L'CE
099
0ce
096
0'GST
099
0ce
096
0'SST
L'v6
L'62T
TLLT
6°0CT
T0LT
OM 0]
Moy abp3
s

S'ov
6°8€
G99
L6
008
069
0’69
098
Sov
68€
S'ov
68¢
076
(0R°174
0'69
098
0’69
098
S'ov
68€
008
00g
(0R174
0’16
0’16
0’8y
0'Sl¢
00g
0’8y
0’16
0’8y
0’16
S'ov
68€
0’8y
0’16
S'ov
6'8¢€
008
o'sv
1'9¢¢
785
9'S.T
w

aloys
01 OM

v'29e
v'29e
¢'90€
¢'90€
0'STE
0'STE
0'STE
0'STE
v'29e
v'29e
v'29e
v'29¢
0'STE
0'STE
0'STE
0'STE
0'STE
0'STE
v'29e
v'29e
AL
T.1€
0'STE
0'STE
0'STE
0'STE
T.T1€
T.T1€
0'STE
0'STE
0'STE
0'STE
v'29¢
v'29¢
0'STE
0'STE
v'29e
v'29e
0'9T¢
0'9T¢E
8'v19
819
819

w

yipim do
lauueyd

8C’€L
8C’€L
8c’€L
8C'€L
8c'€L
8C’€L
8C’€L
8C’€L
8c'€L
8C’€L
8C’€L
8c’€L
8C’€L
8C'€L
8C’€L
8C’€L
8C’€L
8C’€L
8C’€L
8C’€L
00°9S
00°9S
0S've
0S've
0S've
0S've
0S've
(Vh 74
0S've
0S've
¢5'6T
¢5'6T
¢5'6T
¢5'6T
¢5'6T
¢5'6T
¢5'6T
¢5'61
9¢'9T
92’91
91'89
91°89
91°89
eale
J9S-SS01D
MO |

S¢'L62C
S¢'L6C
08'L€C
08'L€C
S¢'L6C
S¢'L6C
S¢'L62C
S¢'L62C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L62C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L62C
S¢'L6C
S¢'L6C
S¢'L6C
GE'8LT
GE'BLT
GE'BLT
GE'8LT
GE'BLT
GE'BLT
GE'8LT
GE'8LT
S¢'L62C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L62C
S¢'L62C
GE'8LT
GE'8LT
S¢'L6C
S¢'L62C
S¢'L6C
w
yibus|
abreq

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
L0T
L0T
L0T
L0T
L0T
L0T
L0T
L0T
4
4
4
4
4
4
4
4
L0T
L0T
4
[4
4
w

yipim
abreq

6¢¢
6¢¢
6¢'¢
6¢¢
6¢'¢
6¢¢
6¢¢
6¢¢
6¢¢
6¢¢
6¢¢
6¢'¢
6¢¢
6¢¢
6¢¢
6¢'¢
6¢¢
6¢¢
6¢¢
6¢¢
ST
ST
6¢'¢
6¢¢
6¢¢
6¢¢
6¢'¢
6¢¢
6¢¢
6¢¢
190
190
190
190
190
190
190
190
ST
ST
€T'¢
€T'¢
€T¢

w
Heia

GXe
GX€e
XE
XE
GX€E
GXe
GXe
GX€e
GX€e
GXe
GXe
GXE
GX€
GXE
GXe
GX€e
GXe
GXe
GX¢e
GXe
GXe
GX€E
EXT
EXT
EXT
EXT
EXT
EXT
EXT
EXT
GXe
GXe
GXe
GX€E
GXe
GX€e
GX€e
GXe
ZXT
ZXT
GXe
GXe
GXe
Juo)
MO

1SC
1SC
6S°C
6S°C
19°¢C
19°¢
19°¢
19°¢
2c9¢
c9¢
[4k4
[4k4
€97¢
€9¢
ST'E
ST'E
9E’€
9E’€
8E'¢
8E'¢
oT'e
oT'e
o'e
ar'e
Tce
Tce
Lv'E
Lv'E
66°¢
66°¢
19°¢C
19°¢
[4k4
[4k4
¢s’e
¢s’e
€9°€
€9°€
1T°¢e
1T°¢e
09T
09T
0LT

S/w

MA

T ot ocioTvT?oTvtIssSITS I 3T 33D 33 033093 0533033033 3D S-S 5T 3 33005 3 3 3 53 -5 ST T

p/m
a

8¢t
8¢t
06'T
06'T
ev'e
x4
gv'e
ev'e
16T
T6'T
T6'T
T6'T
sv'e
14
cee
cee
8T'€
8T'€
19¢C
19¢C
96'¢
9G'¢
8¢¢
8¢¢
€0t
€0t
€6'¢
€6'¢
8¢
8¢
gv'e
ev'e
T6'T
T6'T
ve'e
ve'e
[4:x4
[4:x4
or'e
or'e
¢6'T
¢6'T
[40x4
s/u
SA

T.°0-
T.°0-
690
690
S.T0
S.T0
S.T0
S.T0
120
1.0
1.0
T.2°0
S.T0
S.T0
S.T0-
S.T0-
S.T0
S.TO0
1.0
1.0
50
50
S.T0
S.T0
S.T0
S.T0
50
50
S.T0
S.T0
S.TO0
S.T0
1.0
1.0
S.T0
S.T0
1.0
1.0
62°0-
6¢°0-
¢e0-
g0
ce0-
s/w
BA

18¢T
18¢T
G29
G629
08T
08T
08T
08T
8¢T
18¢T
18¢T
18¢T
08T
08T
08T
08T
08T
08T
18¢T
18¢T
4474
5444
08T
08T
08T
08T
444
9474
08T
08T
08T
08T
18¢T
18¢T
08T
08T
18¢T
18¢T
6¢€
6¢€
€19
€19
069
Sswio

o]

0'l2y
0'l2y
08Ty
08Ty
76Ty
76Ty
76Ty
76Ty
0'/2y
0'l2y
0'l2y
0'l2y
76Ty
v'6TY
76Ty
76Ty
76Ty
v'6TY
0'l2y
0'l2y
8'TZY
8'TZY
76Ty
76Ty
v'6TY
76Ty
8'TZY
8'TZY
76Ty
v6TY
v6TY
76Ty
0'l2y
0'l2y
76Ty
v'6TY
0'l2y
0'l2y
0'0zy
0'0zy
0'9¥S
0'9¥S
0'9%S
AanSN
IE]
[ood

S1VOIMOL TVIDHIWNOD d04 SHIAN NO V1vad IAVM AYdVANODIS

a|insdwey]
a|insdwey]
ajinsdwey]
a|insdwey]

a|insdwey]
a|insdwey]

ajinsdwey]
a|insdwey]

a|insdwey]
a|insdwey]

ajinsdwey
ajinsdwey
syle|n
syle|n
syen
sales
eleg

99d0OHM
99ATHM
zo8eNn
zo8eNn
6vNA™
887 NTIM
6vNA™
887 NIM
8ENHHM
8ENOHM
8ENOHM
8ENTHM
67N
67N
659A™
659A™
0r9NTIA
0r9NTIM
€SNOHM
€SNOHM
QouaimeT
QouaimeT
OYNT ™
OYNT A
TONT™
TONT™
uoung
uoung
9/NT™
9/NT™
6YN3T™
6YN3T™
8ENIHM
8ENIHM
29N3A™
29N3A™
9SN3IHMA
9SN3IHMA
ssaidx3axiq
ssaidx3axiq
CEIEM]
CEIE M}
20Zp9|

aweN
1S81/MO0 L

A5

Appendix A Secondary Wave Data on the Upper Mississippi River



9T'T
0C'T
0C'T
00T
€T'T
6°0
€0¢C
81'¢
78'T
SL'T
6V'T
ITT
LTT
vt
98T
62T
LT
9L'T
LT
JA A
SY'T
96T
q1¢
79’1
29T
vZ'T
09T
vt
8Yr'T
i
6L'T
€eT
6T
0eT
€eT
or't
0eT
or't
18T
60°¢C
90¢
00¢
S8'T
29s
pouad
ANy

829
vS'L
LEC
L9
18°€
8¢
6€'S
80°0T
00’8
LV'ET
61'6
69
9’8
61'8
8L¢T
T19'S
GG'ST
ST'6
189
cL9
009
SS°0T
0,8
19'8
29'L
Se’L
0L'6
S9'6
0L'TT
T€°L
899
99’9
G8'9
€9
99’9
99°,
€9
€9'S
66'€
6711
65 VT
€9'6
62’8
wo
SH

199
T8
€9°¢C
T0°L
6C'Y
96'¢
0L'S
99°0T
L1'8
¢L'ET
00T
€e’L
06
€6
G9'€T
28'S
791
16'6
ST'.
069
289
401
44
60'6
S0'8
96°L
L2TT
92'0T
Sv'et
99°L
8'L
28'S
61°L
0.9
28'S
vv'8
0.9
999
9y
S6'TT
VL'ST
cv'oT
€9'8
wo
€H

WA
0L'6
96°¢
L
S6'V
9gEY
919
8L’ 1T
LV'6
8L'E€T
€9°0T
66°L
0€'6
99'0T
TLVT
T16'S
€8°LT
€2°0T
vl
oc’L
99'8
Vet
v6'6
8E'6
61'8
09'8
GE'ST
€T
VEET
96°L
[A4]
089
€8°L
veL
089
8L'6
veL
€T'6
9EY
LV'ET
9T'LT
9L’ 1T
28’8
wo

00'6
0S5’
06'S
06'S
0T'S
09'S
06'S
0L's
0e's
or's
06'S
06'S
06'S
or'9
0T'9
0T'9
0T'9
S2'9
§2'9
99y
99y
jerae]
jerae]
0s’e
0s’e
€6
€6
€6
€6
€6'¢
€6
99'v
99'v
99'v
99'v
99y
99'v
99'v
99'v
oT'v
oT'v
S2'9
109

w

XewH Mo1®

yidaq@

650
650
00'€
00'€
00'e
00'e
00'€
00'€
00'€
00'€
00'e
00'€
00'e
0c0
0c’0
0c’0
0c’0
0L'e
S0V
oc'y
99y
0L'e
SO'v
9t
8Tt
06’
0oee
09’
0L'e
06'¢
or'e
99y
06'¢
99'v
0Ly
90°¢
oc'y
oe'v
o'y
09’
oT'v
0L'e
S0V

w

OM®D
yidaq

0L.2
[\ WAZ4
TTT¢
TTT1¢
TT9¢
TTEC
T11¢
| A4
T1ve
19¢C
T11¢
8'96T
8'1ee
€V6T
€602
€602
€602
0°SST
096
06
ocy
0°GST
096
0'vS
08
ovT
0°0ET
08
0'vS
0.6
oorT
ocy
ST
S€e
S6T
S'T6
0¢6
gZ8
§'GS
06TT
08
0°'SST
098T
9O/M 0]
Moy abp3
s

0'se
0'se
6'¢C
6'¢C
6'¢C
6'¢C
[x44
6'¢C
6'¢C
6'¢C
6'¢C
6'¢C
6'¢C
L'y
L'y
L'y
L'y
6'8€
S'ov
0'0e
008
6'8¢
S'ov
9’99
L'6L
065
008
098
0'69
0’16
08t
008
9.1
9'6ET
G'20T
S'0€
00€
9’08
G99
0'sy
008
6'8€
S'ov
w

aloys
01 OM

0'81¥
0'81¥
2'ee9
T'2e9
2'ee9
2'ee9
2'ee9
2'ee9
2'ee9
2'ee9
2'ee9
2'ee9
2'ee9
000
0°'00%
0'00%
0'00%
'29¢
'29¢
TL1€
TL1€
¥'29¢
¥'29¢
2'90¢€
2'90¢€
0'sT1€
0'STE
0'STE
0'STE
0'sTE
0'STE
TL1€
TL1€
TL1€
TL1€
TL1€
TL1€
TL1€
TL1€
0'9T¢
0'9T¢
'29¢€
'29¢€

w

89°/8
89°/8
89°/8
89°/8
89°/8
8v'¥8
2561
¢S'6T
¢S'6T
¢S'6T
2561
9291

€99
89°/8
89°/8
89°/8
89°/8
8c'€L
8C'€L
8C'€L
8C'€L
8C'€L
8C'€L
8C'€L
8C'€L
8c'€L
8c'€L
8C'€L
8C'€L
8c'€eL
8c'€L
8C'€L
8C'€L
8c'€L
8c'€L
8c'€L
8C'€L
8c'€L
8c'€L
8C'€L
8c'€L
8c'€L
8c'€L

eale

yipm doj 08S-SS04D

|jauueyd

moL

tAVAT4
[ tAVAT4
06'8TT
08',€2
08',€2
08',€2
STAVAY4
08'L€2
08',€2
tAVAT4
G2'L6C
G2'9¢
G2'9¢
SE'8.T
08'L€2
tAVAT4
08',€2
G2'L6¢C
Ge'L62
08'L€2
08',€2
Ge'L62
Ge'L62
08'.€2
08'L€2
G2'L6¢C
Ge'L62
Ge'L62
Ge'L62
G2'L6¢C
G2'L6¢
08°L€2
08°L€2
08°L€2
08',€2
08°L€C
08°L€2
08°L€2
08°,€2
Ge'L62
Ge'L62
GZ'L6¢C
G2'L6¢C
w
yibus|
abureq

[4>
[4>
[4>
[4>
(4%
(4%
[4
[4>
[4>
[4>
[4>
L0T
L0T
[43
[43
[4>
[4>
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[43
[43
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
[4
w

yipim
abeq

|74
|74
viLc
viLe
viLc
12°K4
190
190
190
190
190
[Ah»
190
viL'c
vi'ec
|74
vi'c
6¢'¢
6¢'¢
6Z'¢
6C'¢
62'¢
6C'¢
62'¢
62'¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
62°¢
6C°¢
6¢'¢
6¢°¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
6¢'¢
6¢°¢
6¢°¢
w
Jeid

GXe
GXe
ZXe
7Xe
12,83
12,83
GXe
7Xe
7Xe
GXe
GXe
TXT
TXT
€Xe
12:$3
GXe
12:$
GXe
GXe
12,8
1 2.8
GXe
GXe
XE
12,8
GXe
GXe
GXe
GXe
GXe
GXe
7Xe
2.4
7Xe
7Xe
1243
7Xe
7Xe
7Xe
GXe
GXe
GXe
GXe
Juod
MoL

8L'T
o144
98'T
v0'¢
e
0S¢
oce
ve'e
08¢
ok
1424
LL'Y
9Ly
18T
ve'e
[Ak>
G8'€
81
81T
v6'T
v6'T
S0'¢
S0'¢
TC¢
Tc¢
9c'¢
9c'¢
€e¢
€e¢
Se'¢
Se'¢
e
e
e
e
e
e
e
e
T8¢
T8¢
VA4
VA4

s/w

MA

T T 53 53T 0T T T T T T T T T DT T T T DT OTOT TV O OT T T T T T T T S S S S 30T T T T T T

p/m
ia

T6°C
89°¢
69'¢C
18'¢C
vee
€e'e
LE°C
T8¢
16'¢C
€Ce
19°€
09'S
6G'S
89°¢C
ST'Y
Xon4
99ty
[44
[4K4
8¢
8¢
oce
oce
06°¢
06°¢
ev'e
ev'e
0S¢
0S¢
[4°K4
44
06°¢
06°¢
06°¢
06°¢
06°¢
06°¢
06°¢
06°¢
aece
aece
8c'¢
8C'¢
s/w
SA

€T'T-
€Tt
€8°0-
€8°0-
€8°0-
€8°0-
€80
€8°0
€80
€80
€80
€8°0-
€8°0-
18°0-
18°0-
18°0-
18°0-
TL°0-
TL°0-
50~
50~
ST'T-
ST'T-
69°0-
69°0-
G.T°0-
S.T0-
S.T°0-
G.T°0-
G.T°0-
G.T°0-
61°0-
61°0-
61°0-
61°0-
61°0-
61°0-
61°0-
61°0-
620
620
TL°0-
TL°0-
s/w
BA

968¢
968¢
TS€C
TS€C
TS€C
TS6€C
TS€C
TS€C
TS6€C
TS€C
TS€C
TS€C
TS€C
LEST
LEST
LEST
LEST
18¢1
18¢T
(5944
(5944
602
602
G29
jerae]
08T
08T
08T
08T
08T
08T
(5994
5994
5994
5994
5994
(5994
(5994
5994
6C€
6C€
18¢1
18¢1
swo

0

0’89y
0’89y
9'6vS
v'6vS
9'6%5
9'6v5
9'6vS
9'6v5
9'6v5
S6YS
9'6vS
9'6vS
S'6YS
0285
085
0285
0285
(JWkad
(oWkad
8'1ZY
8'1¢Y
(JWkad
(oWkad
08Ty
08Ty
76Ty
76Ty
76Ty
76Ty
1A 1474
7’6ty
lspnad
lspad
lsprad
lsanad
lsarad
8'TIcy
8'TIZy
8'1ey
0'0zy
0'ozy
(JWkad
(JWkad
AASDN

ISTEl

[00d

S1VOdMOL TVIDHIWNOD HOd SHIAN NO V1vad IAVM AHdVYANOD3S

19S0090.d
19S0090.d
TSH)e|0oid
TSHe[oold
TSHe|oold
TSHe|oold
TsHie|00id
TSHe|ooid
TSHe|old
TSHe|0oid
TSHe|oold
TSHe|0oid
TSHe|0oid
a|ddyoid
a|ddyo.d
a|ddyo.d
a|ddyo.d
a|insdwey]
a|insdwey]
a|iasdwiey]
a|iasdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|insdwey]
a|iasdwey]
a|insdwey]
a|insdwey]
SEIELS
ereq

JNUINDY
JENEREE |
Buepdoo)
dl|iead
Zisyainga
umeqJals
uos3ou3ro
SIUBWSIDNH
18UJ0H
ThAinesguy
S1BIS|OA
Zlamopuns
Tlamopuns
uelol]
uewsny|
yogrea
JBuleND
0SAOHM
0SAOHM
la|quey
la|quey
79AOHM
79AOHM
z08san
z08san
6vad T
6vad T
90Sa
90SAa ™
Sa1M
Sa1M
UBWIOND M
O8SaN
O8SaN
O8SaN
O8SaN
UBWIONDMN
O8SaN
O8SaAN
pIoyoMm
pIoyoMm
99A0HM
99QTHM

aweN
1s91/MOL

Appendix A Secondary Wave Data on the Upper Mississippi River

A6



10T
62T
L0'T
0T
9T
V1’1
8T
9T'T
6ET
€L'T
6€C
vZ'T
260
oT'T
8T
ve'T
18°¢
1.0
187C
¥6°0
19C
6v'C
660
19C
69¢C
S9¢C
29s
pouad
any

6L°€
8G'G
[45874
Ly
S6'Y
6T°L
08'8
e
108
S0°0T
06'9
vv'9
a8’y
9T°0T
'L
vv'9
809
859
19T
€9°L
S0'¢
€8¢
96'S
Sv'e
08¢
6.9

SH

18°€
96°S
e’y
66’7
8T'S
8v'L
€6
97
18'8
ce0T
¢l
199
ve'v
€5°0T
0L,
959
189
9.9
68T
€08
8T¢
1444
19§
6G°€
9T'Yv
0L,
wo
€H

86
€L°9
cLy
6€°S
S9°9
€28
8'0T
80°G
056
€5°0T
S0'8
002
€0'S
SO'TT
181
6.9
08'8
el
v6'¢
09'8
e
8€'G
98'S
€L’
L0'S
85°0T
wo

or'y
oe'y
L6'€
06
06’
oe'y
oe'y
0s'v
ocv
or'y
L6°€
ocv
or'y
06’
0Le
06’
0T'8
08°L
0L'L
06°L
0T'8
0L'L
0L'L
0L'L
0L'L
0L'L

w

XewH Mo]®

yida@

00T
00T
00T
060
060
00T
00T
00T
00T
00T
00T
00T
060
060
060
060
0S¢
0S¢
0e'T
0S¢
0S¢
0e'T
0S¢
0e'T
0e'T
0S¢

OM®
yida@

VXA
L'0TT
L'/8
6'vST
6'VST
L'0TT
L¢TT
LevT
120T
L'LET
VAVA:]
120T
6'VET
9°09T
96981
9991
€00€
€698¢
6°6.2
€06¢
€00€
66,2
€0.2
6'6.C
6°6.C
€0.2
OM 0l
Moy abp3
s

€1t
€1t
€17
T6
T6
€17
€1t
€17
€1t
€17
€11
€1t
T6
T6
T6
T6
L9T
29T
Tet
L9T
L9T
Tet
L9T
Tet
Tet
29T
w

aloys
01 OM

¢91¢
¢91¢
¢91¢
0'sTE
0'STE
¢9T¢
¢9T¢
¢91¢
¢9T¢
¢9T¢E
0'9T€
¢91¢
0'sTE
0'sTE
0'sTE
0'sTE
0'cov
o'cov
o'cov
(OR0)7
(OR{0)7
(OR10)7
(OR{0)7
(OR10)7
(OR0)7
o'cov

w

yipim do i
jauueyd

89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
9€°6.
8C'€L
96'v9
00°9S
9T°¢S
¢SS
v9°8v
ce6¢
[4214
9291
89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
89°/8
eale
J9S-SS01D
MO |

S¢'L6C
08'L€C
S¢'L6C
TV T4
S¢'L6C
08'L€C
08'L€C
08'L€C
08'L€C
S¢'L6C
08°L€C
S¢'L6C
S¢'L6C
GE'BLT
06'8TT
06'8TT
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L6C
S¢'L62C
S¢'L6C
S¢'L62C
STAVA Y4
w
yibus|
abureq

4
4
4
4
[4
4
4
4
4
4
43
4
4
L°0T
10T
L°0T
4
4
4
4
4
4
4
4
4
4
w

yipim
abreq

vie
vie
vie
vie
vie
vLe
8v'¢
6¢'¢
€0'¢
SL'T
€9'T
19T
¢S'T
vie
viec
¢S'T
vie
vie
vie
vie
vLe
vie
vLe
vie
vie
vie
w
Jeid

GXe
XE
GX€e
GXe
GXe
Xe
X<
XE
Xe
GXe
PXE
GXe
GXe
EXT
ZXT
ZXT
GXe
GX€
GXe
GXe
GXe
GXe
GXe
GXe
GXe
GXe
Juo)
MO

8L'T
rA N
0z'Z
8v'z
152
vse
zze
vee
SZ'E
vT'e
vse
€8¢
002
6T'Z
182
TTE
0z'C
€2
8z'¢C
8z'C
Gez
L£2
8v'z
082
zze
eee
s pn

MA “Nd

D3SO T T T T T T T OTT ST T I S 0T 3T T S5 535 0T O

9g¢
8v'¢
8’1
6T°¢C
(444
06'¢
08¢
88'T
€8¢
9G6'¢
8T°¢
St 4
6¢¢
8v'¢
85'¢C
or'e
98¢
68'¢
e
v6'¢
6T°€
0ce
vT'e
e
S0V
19¢C
s/w
SA

8G°0-
9€°0-
9€'0
620
620
9€°0-
8G°0-
9€'0
8G°0-
850
9€0
850
6¢°0-
6¢°0-
620
6¢°0-
99°0-
99°0-
€8°0-
99°0-
¥8'0-
€8°0-
99°0-
99°0-
€8°0-
990
S/w
BA

¢lL
151474
151474
6¢€
6¢€
994
cLL
151474
151474
11974
151474
151474
6¢€
6¢€
6¢€
6¢€
088T
6cL
808T
6¢L
088T
808T
6¢.L
6¢L
808T
6cL
swo

o]

v'ozy
vozy
v'ozy
L'6TY
L'6TY
v'ozy
gozy
v'ozy
vozy
v'ozy
102V
A%
L'6TY
L'6TY
L'6TY
L'6TY
0'S9v
0'S9v
0'99v
0'59v
0'59v
0'99v
0'59v
0'S9v
0'99v
0'59v
anoN
ITE]
jood

SLVOIMOL TVIOHIWNOD 404 SHIAN NO V1va IAVM AYVANOD3S

sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyoid
sdweyoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
sdweyjoid
29S0090.d
29S00901d
29S00901d
29S00901d
29S0090.d
29S00901d
29S00901d
29S00901d
29S00901d
29S00901d
sales
ereq

lrepueyopiy
Ja|quey
leoqyer
pealsw|o
PIMANIC
UWINDWIM
ywsv
pupebns
zalebirepy
QOUIMTIN
1sigpAi4
cinedin
uaaligred
mdxa
zldx3xia
sidx3xig
uosdwoy |
JauLe
20Apiy
[SeYdIN
zyainga
19|1e0S
J9UI0H
eley
sawer
Buiwa|4
aweN
1S91/MOL

A7

Appendix A Secondary Wave Data on the Upper Mississippi River



Appendix B
Fiscal Year 1993 Wave Data

In Full-Scale Units from
Model Data

Appendix B Fiscal Year 1993 Wave Data

Bl



L2°€
0T'e
8¢'¢
cle
vi'e

0T'e
GE'€
90'€
0T'e
¢se
[Ay4

ece
(0]
8¢
8¢
8¢
8¢

J9S

1L
pouad
9N\

8€'T
080
€0
€20
€20

S9'T
09'T
8¢'T
Sv'T
€e0
€€0

08'T
€8T
S0'T
G20
820
8¢°0

4

oneM
089S

0L'T
8¢'T
(015
SL°0
€0
8€0
6€0
9¢'0
€20
vee
clLe
9T'¢
06'T
9T'T
vT'T
S0
6¥°0

6v'T
8¢'T
8.0
€80
050
6v°0
L2'0
6€0
S0°0
900
XewH

9NN\
Xe

08'T
8E'T
SeET
080
8.0
€v'o
e€ro
€C0
€20
89T
88'T
09T
LET
260
160
9’0
9’0
800
200
89'T
0S'T
00T
ST'T
0,0
020
9€'0
0
110
TT0
xXewz

umop
-melq

GLect
GLect
GLect
GLect
qlLect
GLect
GLect
GLect
GLect
0§¢L
05'¢L
0§¢L
05¢L
0§¢L
05¢L
0§¢L
05¢L
0§¢L
05¢L
0§¢L
05¢L
0§¢L
05'¢L
0§¢L
05'¢L
05¢L
05'¢L
0§¢L
05'¢L
y's
‘Isu| a1

abp3
abieg

GL'E9T
GL€9T
GL'E9T
GL€9T
GL'E9T
GL€E9T
GL'E9T
GL€9T
GL'E9T
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
GL'EET
SLETT
SLETT
SLETT
SLETT
SLETT
SLETT
SLETT
SLETT
SLETT

4 jueq
9|
wouy
181
su|

00'vT
00¢T
00°¢T
00°0T
00°0T
00’8
00’8
009
009
00'¥T
00T
00°¢T
00°¢T
00°0T
00°0T
00’8
00’8
009
009
00'¥T
00'vT
00¢T
00°¢T
00°0T
00°0T
00’8
00’8
009
009
sdy

paads
leog

006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006

p
yeip
abieg

00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00°50T

Y

sd
YIPIM
abieg

0o'ove
00'ove
0o'ove
00°0ve
0o'ove
00°0ve
0o'ove
00'0ve
0o'ove
00°09¢
00'09¢
00°09¢
00'09¢
00°09¢
00'09¢
00°09¢
00'09¢
00°09¢
00'09¢
00°0v¢
00'0v¢
00°0v¢
00'0v¢
00°0v¢
00'0v¢
00°0v¢
00'0v¢e
00°0v¢
00°0ve

i

S
uonisod
MO

00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00€
00°€
00€
00°€
00€
00°€
00€
00°€
00'€
00°€
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
jueq

ual
© 100

00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°'0¢
00°0¢
00°0¢

Y
y
yidaeg

00'00v
00°00%
00'00%
00°00¥%
00'00v
00°00¥%
00'00%
00°00%
00'00%
00°00%
00'00%
00°00%
00'00v
00°00%
00'00v
00°00%
00'00v
00°00%
00'00%
00°00%
00'00v
00°00%
00'00v
00°00¥%
00'00%
00°00%
00'00%
00°00%
00°00¥

Yy
m
UIPIM
wonog

ejeq [9POIN Wi SHUN 9[eds (N4 Ul eled oA E6A

€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N

sauas
1sal

Appendix B Fiscal Year 1993 Wave Data

B2



09'¢
€9°¢

LE°€
€5'€
ore
€T'e
vL'e
vie

99'¢
€9°¢
e€Te

vie

LEE
J8S

I
pouad
anen

040)
8€°0

8v'T
SS'T
S0'T
80T
0€0
8€0

0S'T
99T
060

€20

8E'T
4

aneM
089S

L0'T
v0'T
040
cro
€¢0
9¢'0
98T
Wi
6.1
¥8'T
¥6°0
66°0
LE0
ve0
140
el ]
9G6°¢
Sv'e
9T°¢
€0¢
ST'T
¥6°0
TS0
or'o
T7°0
€T'0
9.0
29’0
08'T
XewH

ane\
Xen

G8°0
G680
6€0
8€0
€20
Tl
8L'T
09T
98'T
8L'T
860
L6°0
€0
Ev'o
G€0
LE0
vL'e
€9°¢
€S'T
SY'T
G.°0
090
8¢0
€20
ST'0
LT0
060
8L°0
06'T
XewzZ

umop
-meiq

GL'8v
SL°8v
GL'8v
SL°8v
GL'8v
S8V
GL'8v
S.°8v
GL'8v
SL°8v
S8V
SL°8v
GL'8v
SL°8v
GL'8v
SL°8v
qLect
GLect
qLect
GqLect
qLect
GLect
qLect
GqLect
qLect
GLect
qLect
GqLect
qLect
u's
‘1suj 01

abp3
abieg

G/'80T
G/'80T
G/'80T
G/'80T
G/'80T
G/.'80T
G.'88
G/'88
G.'88
G/'88
G.'88
G/'88
G.'88
G/'88
G.'88
G.'88
GL'e8T
GL'EB8T
GL'€8T
GL'E8T
GL'€8T
GL'EB8T
GL'€8T
GL'EB8T
GL'e8T
G/L'EB8T
GL'€9T
GL'E9T
GL'€9T
U Hueq
ual
wouy

1s1a
su|

00°0T
00°0T
00’8
00’8
009
009
00vT
00vT
0oct
00¢T
00°0T
00°0T
00’8
00’8
009
009
00vT
00vT
0oct
00¢T
00°0T
00°0T
00’8
00’8
009
009
00°0T
00°0T
00vT
sdy
paads
leog

00'6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00'6
00’6
00’6
00’6
00’6
00’6
00'6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00’6
00'6

Yelp
abieg

00°S0T
00°50T
00°S0T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00'50T
00°50T
00°S0T
00°50T
00°50T
00°50T
00°S0T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00°50T
00'50T
4

sd

UIpIM
abieg

00072
00012
00072
00012
00072
00012
00°06T
00°06T
00°06T
00°06T
00°06T
00°06T
00°06T
00°06T
00°06T
00°06T
00°09€
0009
00°09€
0009
00°09€
0009
00°09€
0009
00°09€
0009
00°0vE
00°0vE
00°0vE

y

S
uomisod
MO

0o'e
0o'e
0o'e
0o'e
0o'e
0o'e
00'¢
00¢
00'¢
00¢
00'¢
00¢
00'¢
00¢
00'¢
00¢
oo'e
oo'e
0o'e
0o'e
0o'e
0o'e
0o'e
0o'¢
oo'e
0o’e
00'¢
00¢
00'¢
Aueq

ual
€100

00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢
00°0¢

y

y
ydaqg

00001
00°00¥%
00001
00°00¥
00001
00°00¥
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
4

mq

WpIMm
wonogd

e1eq [9POIN WIS SHUN 8[edsS (N4 Ul eled AR E6A

€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
salas
1sal

B3

Appendix B Fiscal Year 1993 Wave Data



€0'e
8¢

[4x4

L2°€

62°€
00'€

z8'€
€9°¢
ge'e
Tr'e
J9S

1L
pouad
9NN\

€9°0
S9°0

090

GE'T

0.0
S0

€9°¢C
88¢
0L'T
€L'T

4

m>m.\5
‘098

0€0
vT0
ST'0
0T0
L00
0S¢
8v'e
0gv
€Y
T10°¢C
69T
€80
€0'T
G€0
ov'o
26T
8T'¢
89T
wT
€90
S9°0
050
850
v0'T
|ZA0]
S6'C
88'¢
€9°¢C
09¢
XewH

INe M\
Xen

ro
0c0
120
€T0
€T°0
89¢
0L¢
0S¢
0s€
€8'T
09T
020
89°0
0€0
8¢°0
ST'¢
4
a8'T
89T
020
8L°0
870
8170
880
SL°0
TCE
6T°€
00¢
00¢
XewzZ

umop
-meiq

SLEL
SL'EL
SLEL
SL°€L
SLEL
G.'8Y
SL'8v
G.'8Y
S8V
G.'8Y
SL'8v
G.'8Y
SL'8v
S8y
SL'8v
S8y
SL'8v
S8y
SL'8v
G.'8Y
SL'8v
S8y
SL'8v
S8y
SL'8v
S8y
GL'8v
G.'8Y
SL'8v

u's

‘1suj 0}

abp3
ableg

GL°€0T
GL'€0T
GL°€0T
GL'€0T
GL°€0T
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
GL'E6
G.'8L
G.'8L
G.'8L
G.'8L
G.'8L
G.'8L
G.'8L
G.'8L
G/'80T
G/.°80T
G/'80T
G.°80T
G/'80T
G/.°80T
I Hueq
S]]
woJy

1sia
su|

00°0T
00’8
00’8
009
009
00°0T
00°0T
08'TT
00¢ct
00°0T
00°0T
00’8
00’8
009
009
0S'TT
00¢ct
00°0T
00°0T
00’8
00’8
009
009
00°0T
00°0T
00'vT
00vT
00°¢T
0oct
sdj

paads
leog

SL'€
GL°€
SL'€
GL°€
SL'€
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006
006

yeip
ableg

00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00'S0T
00°S0T
00°50T
00°S0T
4

sd

YIPIMN
ableg

00°0£2
00°0€2
00°0£2
00°0€2
00°0£2
00°G6T
00°G6T
00°G6T
00°S6T
00°G6T
00°S6T
00°G6T
00°S6T
00°'G6T
00°G6T
00°08T
00°08T
00°08T
00°08T
00°08T
00°08T
00°08T
00°08T
00°0TZ
00°0TZ
00°0TZ
00°0TZ
00012
00°0TZ
Yy

S
uonisod
MO

00¢
00¢
00¢
00¢
00¢
00°€
00'€
00°€
00'€
00°€
00€
00°€
00€
00°€
0o0e
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00¢
00°€
00€
00°€
00€
00€
00€
Jueq

ual
€100

00°ST
00'sT
00°ST
00°'sT
00°ST
00°'sT
00°ST
00'sT
00°ST
00°'ST
00°ST
00'sT
00°ST
00'ST
00°ST
00°'ST
00°ST
00'ST
00°ST
00'ST
00°ST
00°'ST
00°ST
00'0¢
00°0¢
00'0¢
00°0¢
00°0¢
00°0¢

4

y
yida@

00°00%
00'00v
00°00%
00'00v
00°00%
00'00%
00°00¥%
00'00%
00°00%
00'00%
00°00%
00'00v
00°00%
00'00%
00°00%
00'00%
00°00%
00'00%
00°00%
00'00%
00°00%
00'00v
00°00%
00'00%
00°00¥%
00'00%
00°00%
00°00¥
00°00¥%
4

mq

Uipim
wonog

€led [SpON wol4 siun 8[eds |Ind ul ereq ane \ €6Ad

€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N

ETIELS
1sel

Appendix B Fiscal Year 1993 Wave Data

B4



GE'€
STA
Tce
XA
8¢
08¢

ve'e
[45%3
cee
Tee
T19°¢
06'¢c

J9s
I
pouad
anepn

a8'T
88'T
€eT
89T
080
€L0

8L'T
0L'T
SE'T
8E'T
€9°0
GL°0

4

SAEM
083

09'T
LS'T
or'T
9€'T
660
¢6'0
650
LS°0
0g0
0c'0o
80°0
170
88°0
780
¢s0
1.0
(0]4l0]
o
€0
XewH

ane M\
Xen

9T'1T
€T'T
160
660
cL0
0.0
fAA0)
ev'0
6T°0
6T°0
€T0
ST0
960
76°0
€90
€80
9’0
830
ov'o
xXewz

umop
-melq

SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SLEL
SL'EL
SLEL
SL'EL
SLEL
SLEL
SLEL
SLEL
SLEL

y's

‘1su] 01

abp3
abieg

GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'8TT
GL'€0T
GL'€0T
GL'€0T
GL'€0T
GL'€0T
GL'€0T
GL'€0T
Y Yueq
ua|
wouy

sia
sy

06'vT
06'vT
00'vT
00'¥T
00°¢T
00¢T
00°0T
00°0T
00’8
00’8
009
009
06'vT
06'¥T
00T
00'¥T
00°¢T
00°¢T
00°0T
sdj

paads
leogd

SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€
SL'€

yeip
abieg

00°50T
00°50T
00°50T
00°S0T
00°50T
00°50T
00°50T
00°S0T
00°50T
00°50T
00°50T
00°50T
00°50T
00°S0T
00°50T
00°50T
00°50T
00'50T
00°50T
4

sq

YIPIM
abueg

00°Gve
00°Sve
00°Gve
00°Sve
00°Gve
00°Sve
00°Gve
00°Sve
00°Gv¢e
00°Sve
00°Gve
00°Sve
00°0€c
00°0€c
00°0€gC
00°0€c
00°0gc
00°0€c
00°0gc

4

S

uonisod
MO

00°€
00°€
00'€
00°€
00'€
00°€
00°€
00°€
00°€
00°€
00€
00°€
002
00C
00
00C
002
00C
002
sjueq

us|
€100

00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST
00°ST

4

y
Nilel=Tg]

00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
00001
00°00¥%
4

mq

UipIMm
wonog

ere( [9PON WIS SHUN 8[edS [INH Ul Bleq aneM E6A4

€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N
€64N

sales
1S9

BS

Appendix B Fiscal Year 1993 Wave Data



REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining
the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions
for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the
Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE
September 1999

Interim report

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

Wave-Height Predictive Techniques for Commercial Tows on the Upper
Mississippi River-1llinois Waterway System

6. AUTHOR(S)
SandraK. Knight

5. FUNDING NUMBERS

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
U.S. Army Engineer Research and Development Center
Waterways Experiment Station
3909 Halls Ferry Road, Vicksburg, MS  39180-6199

8. PERFORMING ORGANIZATION
REPORT NUMBER

ENV Report 15

Seereverse.

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

Available from National Technica Information Service, 5285 Port Royal Road, Springfield, VA  22161.

12a. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

Physical model studies and prototype data have been collected and analyzed as part of the Upper Mississippi River-
Illinois Waterway System (UMRS) Navigation Feasibility Study for the purpose of developing a vessel wave predictive tool
for commercial tows. The approach used was to examine existing analytical techniques for predicting wave heights produced
by vessels, determine their suitability and applicability to the vessels and waterways of the UMRS, and modify/validate them
with physical model and available prototype data.

Based on the literature reviewed and the analysis, both a method of predicting the maximum secondary wave height
produced by a moving commercial tow and the time-history associated with it are presented in this report. The wave-height
model was based on the development of coefficients related to the hull cross-sectional areaand relates maximum wave height
to distance from sailing line and the vessel speed. Thisequation is appropriate for predicting maximum secondary wave
height for the purposes of estimating ecological impacts as well as designing bank protection.

14. SUBJECT TERMS
Commercial tows

Maximum wave height
Navigation effects
Predictive models

Secondary waves
Time history

Upper Mississippi River System Navigation Feasibility Study
V essel-generated waves

Wake waves

15. NUMBER OF PAGES
54

16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
OF ABSTRACT

20. LIMITATION OF ABSTRACT

NSN 7540-01-280-5500

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102



Destroy this report when no longer needed. Do not return it to the originator.



