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ABSTRACT OF DISSERTATION

"W ATER TEMPERATURE EFFECT ON SAND TRANSPORT 

BY SIZE FRACTION IN THE LOWER MISSISSIPPI RIVER"

Sediment transport characteristics in large alluvial rivers are influenced by many 

variables. In this study, the effects o f  water temperature on sediment transport by size 

fraction are investigated in the Lower Mississippi River. The flow and sediment data for 

this study were collected near the Old River Control Structures Complex (ORCC) on the 

Lower Mississippi River at water temperatures ranging from 9 °C to 31 °C in 1998. 

Velocity magnitude and direction data were obtained using an Acoustic Doppler Current 

Profiler (ADCP). which is an accurate, reliable and easy-to-use high-performance current 

profiler. The suspended sediment concentrations were measured using a U.S. P-63 

suspended sediment sampler, which is a common depth-integrating, discharge-weighted 

sampler. Bed material gradation samples were obtained using a drag bucket, which 

collects samples from the top layer o f  the bed material.

First, the analysis o f  the effect o f  water temperature on the transport o f  sediment 

is investigated by considering the water temperature effect on both the vertical 

distribution o f  velocity profiles and the vertical distribution o f suspended sediment 

concentrations. The analysis o f  the effect o f  water temperature on the vertical 

distribution o f  velocity profiles was based on the fact that water temperature changes 

both the viscosity o f  water, v . and possibly the von Karman parameter, k  . The analysis 

of the effect o f  water temperature on the movement o f sediment is made both directly and 

indirectly. In the direct analysis, the sediment concentration and transport values at
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different water temperatures are compared. In the indirect analysis, the effect o f  water 

temperature on the main parameters affecting the sediment transport characteristics such 

as the von Karman parameter ( k  ). Rouse number (/? ,). and reference sediment

concentration ( C , ) are observed first, then these effects are deployed into effects o f  water 

temperature on sediment transport.

Second, sediment transport was analyzed based on the comparison o f the 

measured and calculated suspended sediment concentration profiles by size fractions. 

Rouse's suspended sediment distribution equation was used to calculate concentration 

values for comparison w ith the field measurements by size fractions.

Finally, the analysis o f  the effect o f  the Coriolis force on the flow direction was 

accomplished by investigating the relationship between the ratio o f  the Coriolis 

acceleration to the gravitational acceleration and the flow direction measurements.

The following conclusions were obtained:

1. A change in water temperature somewhat changes the vertical velocity profiles and 

definitely the vertical distribution o f  suspended sediment concentration: thus, the 

suspended sediment transport amount in the Lower Mississippi River. On average, a 

water temperature increase o f  1 °C causes approximately a 3.09 percent decrease in 

the suspended sand transport. When the individual sand size fractions are considered, 

there are about a 2.79. 3.40. 1.42 and 1.49 percent decrease in the suspended very 

fine. fine, medium and coarse sand transport, respectively.

2. The average sediment concentration decreases with water temperature regardless o f 

sediment size, but the sand concentration decreases more than the silt and clay 

concentration with the same range o f  water temperature change. While, on average.
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suspended sand concentration decreases by approximately 2.00 percent, suspended 

silt and clay concentration drops o ff  by only 0.35 percent with a 1 °C increase in 

water temperature. As far as the individual sand fractions are concerned, a change in 

water temperature influences the fine and very fine sand fractions the most. There is 

about 2.48 and 1.40 percent decrease in the suspended fine and very fine sand 

concentration, respectively, with a w ater temperature rise o f 1 "C.

3. The reference sediment concentration near the riverbed is also affected by water 

temperature change. This conclusion mainly results from the analysis o f  the fine and 

very fine sand concentrations because the amounts o f  both the coarse and medium 

sand near the riverbed are relatively low. With a water temperature increase o f  1 °C. 

there is about a 1.69 and 0.90 percent decrease in the fine and very fine sand 

concentrations near the riverbed, respectively.

4. Both the calculated and measured Rouse numbers are the same for very fine sand. As 

the sand size increases however, there is a difference between the calculated and 

measured Rouse numbers: the calculated Rouse number values being a lot higher than 

the measured ones for coarse sand. For example, the calculated Rouse number for 

coarse sand is approximately 6.5 times higher in February and 3.5 times higher in 

August than the measured Rouse number.

5. There is a water temperature effect on the flow characteristics, also. Flow velocity 

and the von Karman parameter decrease slightly with water temperature. While the 

flow velocity drops o ff  by about 0.66 percent when the water temperature is increased 

by 1 °C. there is approximately a 2.17 percent rise in the von Karman parameter value 

in the main flow region as a result o f  the same range o f  w ater temperature increase.
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6. There is no clear indication o f  whether the flow direction in the Lower Mississippi 

River is influenced by the Coriolis force or not. Although a theoretical analysis 

indicates that the Coriolis acceleration is not negligible compared to the downstream 

gravitational acceleration, the variability in the field measurements does not allow 

substantiating the theoretical results.

Suleyman Akalin 

Department o f  Civil Engineering 

Colorado State University 

Fort Collins. Colorado 80523 

Fall. 2002
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Chapter 1. INTRODUCTION

Historical records o f ancient civilizations, such as China. Egypt, and 

Mesopotamia, show that people have always been subjected to both the beneficial and 

harmful influences o f  sedimentation. Seasonal floods provide rich silt deposits, moisture 

and soil nutrients necessary for agricultural productivity, but erosion may cause damages 

to agricultural land by reducing the fertility and productivity o f  soils. The quality of 

water and its suitability for consumption may be seriously affected by the presence o f 

sediment in water. The deposition o f sediment in stream channels and hydraulic and 

general-purpose structures reduces the flood-earning capacity o f  stream channels, 

damaging the structures or increasing the maintenance cost for these structures.

In spite o f the fact that sediment flow has always significantly affected the 

development o f  civilizations, the process o f  sediment flow was not investigated until 

relatively recent times. Although much progress has been made, many o f  the variables 

and parameters governing the transport and deposition characteristics o f  sediment are in 

need o f  research. The know ledge o f  the sediment flow process is necessary to understand 

the underlying causes and effects o f fluvial sediment, and to find feasible solutions to the 

sediment problems. There is also a need for a well-organized data collection program 

and a good river engineer who should have a broad understanding o f  river morphology to 

estimate the long-term effects o f natural or man-made changes to a river.

Any change, whether natural or human-induced, in the hydrologic, hydraulic, 

climatic, vegetative, geologic, or topographic characteristics o f  a drainage basin can 

cause rivers (or some reaches o f rivers) to lose equilibrium. In most alluvial rivers, such

1
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changes occur continually: therefore, to transport sediment with maximum efficiency, the 

channel always tries to adjust itself to these changes by changing its position, shape, 

dimension, and pattern (i.e.. degradation, aggradation, meandering, or braiding). By- 

means o f  such adjustments, a stream tends toward a certain hydraulic geom etry and 

slope.

The vertical distribution o f the suspended sediment concentration takes much 

attention o f  the scientists in the world because o f  its importance in estimating the river 

sediment load, in modeling natural channels, and in improving the sampling procedure. 

The study o f  flow direction change in rivers is also important to understand the rivers' 

morphologic changes. The problem o f  the vertical distribution o f  suspended sediment 

concentration, like many other engineering problems, has been studied by empirical 

methods in order to develop working formulas for field measurements. However, it is not 

appropriate to expect that such formulas will be universally applicable, considering that it 

is almost impossible to study enough field data to establish a truly general law . In recent 

years great progress has been made in studying the problem o f suspended sediment 

transportation by using the knowledge o f  turbulent transport mechanism. A good 

suspended sediment transport theory should use the knowledge o f  the mutual interaction 

o f  suspended particles and the turbulence required to agitate the particle motion.

Variables affecting the suspended sedim ent concentration or transport and the 

flow direction are numerous and interrelated. The major factors affecting the suspended 

sediment transport and flow direction are stream discharge, vertical distribution o f  the 

velocity profile, flow depth, sediment and fluid characteristics, sediment load.
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longitudinal riverbed slope, bank and bed resistance to How. vegetation, climate, geology, 

and man-made works.

Other variables affecting the suspended sediment concentration or transport, and 

flow direction are water temperature, particle size fraction, and Coriolis force. It is very 

well known that a change in one characteristic o f  water brings about changes in other 

characteristics. Because the flow in natural channels includes both water and sediment, 

any change in water or sedim ent characteristics will probably cause some changes in 

water and sediment flows in rivers.

It is proved by many theoretical and experimental investigations that a change in 

water temperature affects some characteristics o f  water such as viscosity and density, 

thereby affecting some sedim ent characteristics such as the settling velocity o f  sediment 

particles. O f course, any change in sediment properties finally brings about changes on 

the suspended sediment concentration and transport. It was known that the original path 

o f  any mass (i.e.. oceanic currents and air flow in atmosphere) moving at the surface o f  

the Earth is deflected due to the Coriolis effect resulted from the rotation. Therefore, one 

would expect that the Coriolis force would deflect the path o f water flow s in large rivers.

The water temperature influence on some characteristics o f  alluvial rivers such as 

sediment transport rate, bed configuration, and stage-discharge relations, has been studied 

by various investigators (see section 2.4 in Chapter 2). The studies were done in both 

experimental streams and natural rivers, more specifically the Lower Mississippi, the 

Lower Colorado, and the Missouri Rivers. In most o f  these studies, large changes in 

sediment discharge have been observed with water temperature changes. Even though 

there is a common understanding o f  the effect o f  the water temperature, we still don 't

3
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have complete knowledge about how the water temperature affects suspended sediment 

concentration and transport and what the degree o f  the effect is.

The main objective o f  this study is two-fold: to examine the water temperature 

effect on the vertical distribution o f suspended sediment concentration and suspended 

sediment transport by size fraction, and to explore the Coriolis effect on flow direction. 

More specifically, the effect o f  water temperature on the parameters affecting the vertical 

velocity profile (i.e.. the von Karman constant) and the vertical distribution o f  suspended 

sediment concentration (i.e.. the von Karman constant and Rouse number) are 

investigated.

To achieve the afore-mentioned objectives, the field sediment and flow data 

collected on the Lower Mississippi River at a reach near the Old River Control Structures 

Complex (see Figure 1.1) in 1998 were used. Only four locations (or cross-sections), 

namely Union Point. Line 13. Line 6. and Tarbert Landing, are considered because o f  the 

appropriateness o f  the data for this study. In each cross-section there are four equally 

spaced verticals, at which the data collection was performed. Seven flow events in the 

time period o f  about seven months (February through August) were observed.

The following main features about the study area and the nature o f the data make 

this study unique. These features also indicate that the study conducted herein is a good 

representation o f the effect o f  water temperature on the suspended sediment 

concentration and transport.

•  Acoustic Doppler Current Profiler (ADCP) is used to collect velocity profile data. 

The quality, quantity, accuracy, and reliability o f  data collected using ADCP are 

much better than those obtained by traditional or conventional techniques. Because

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



high resolution and accuracy are important in sediment transport as a result o f the 

complex nature o f  the transport phenomena, it is important to use acoustic methods to 

collect flow data. Obviously, increased quality and quantity o f data lead to better 

conclusions in analyses related to sediment transport.

•  The data come directly from a large natural river, instead o f  a laboratory' flume. Flow 

conditions in a natural stream may be considerably different from those in a flume. 

Natural streams are generally unsteady and non-uniform. Most o f  the time, 

laboratory experiments are performed by restricting the flow conditions, and may 

poorly represent some natural conditions. Therefore, the results obtained examining 

the natural river data may be a better representation o f  the natural conditions and may 

produce more reliable and accurate results.

•  The effort spent on collection o f data is also very' crucial. The river reach studied has 

been investigated thoroughly because o f  the importance o f  the site. This condition 

creates more thorough data collection procedure, which leads to better data.

•  One o f  the data collection stations (Tarbert Landing) in the study reach is considered 

to be the one o f  the best stations throughout the Lower Mississippi River. This has 

also increased the quality o f  the data.

•  Short-term changes in suspended sediment concentrations in the study reach are the 

result o f  the deposition o f  sediment during low flow's and re-suspension during high 

flows. There are no dams or other structures obstructing the reach, no tributaries 

bringing in sediment to the reach, and no uncontrolled outlets draining sediment away 

from the reach.
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The analysis will indicate that water temperature can have a significant effect on 

the vertical distribution o f  suspended sediment concentration and suspended sediment 

transport. Large changes in the suspended fine sand (0.125-0.25 mm in size) discharges 

have been observed with a water temperature. However, the analysis shows inconsistent 

effect o f the Coriolis force on flow direction. Although some findings demonstrate 

directly proportional effect, some others show the opposite or inverse proportional effect.

6
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Chapter 2. LITERATURE REVIEW

This chapter provides the literature review o f  the studies on the turbulent velocity 

profiles in section 2.1: studies on the vertical distribution o f  suspended sediment 

concentration in section 2.2; studies on the water temperature effect on the suspended 

sediment concentration and transport in section 2.3: and studies on the Coriolis effect on 

flow direction in section 2.4. All studies are presented in chronological order with 

occasional exceptions.

2.1. STUDIES ON TURBULENT FLOW VELOCITY

Many equations for the velocity profiles for turbulent flows in pipes and open 

channels have been proposed. There have been different forms o f  the velocity profile, 

such as logarithmic, exponential, elliptical, and parabolic. In general, velocity profile 

equations were classified into three categories. The first was the group o f  equations that 

are based on the logarithmic law. For example, the equations derived by Prandtl and von 

Karman in the 1920s and 1930s. and Einstein and Chien in 1954 are in this first category. 

The second one was the group o f  equations that are purely based on empiricism. The 

power law was included in this second category . The third one was the group o f 

equations involving the wake flow function above the turbulent boundary layer, such as

8
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the equations derived by Coles in 1956 and Colem an in 1981. whose derivations were 

based on the fact that the entire flow region in a turbulent open channel flow is composed 

o f  the turbulent boundary layer near the bed where the flow is influenced by the 

boundary, and the outer flow region in w hich the wake flow dominates with the 

negligible boundary effect.

2.1.1. Flow Velocity Equations Based on the Logarithmic Law

The Prandtl mixing length theory' in 1925 and the von Karman similarity 

hy pothesis in 1930 set the origin o f  the logarithm ic velocity distribution laws in open 

channels and pipes.

Ludwig Prandtl was the first to come up with a satisfactory theory explaining 

turbulent characteristics in fluid flow'. Prandtl in 1925 assumed that the motion o f fluid 

particles in a turbulent flow is similar to the m olecular motion o f  a gas: that is. fluid 

particles travel through a distance perpendicular to the mean flow velocity, which 

corresponds to the ‘mean free path" o f  a gas m olecule, and thus he established the mixing 

length theory for turbulent flows (Kundu. 1990).

Prandtl in 1926 assumed that the turbulent velocity fluctuations can be expressed 

in the following manner (Umeyama and Gerritsen. 1992):

9
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where r  ' and l \ '  are turbulent velocity fluctuations in the x and c directions.

cIV
respectively, i m is the Prandtl m ixing length, and — - is the velocity gradient in the c

dz

direction.

To find the velocity distribution near the wall. Prandtl derived an expression for 

the turbulent shear stress, r . in a fluid moving past a solid wall as following:

y j t / p  =
dV
dz

or r = P<~m
d l \
dz

(Eq.2.2)

in which p  is the density o f the fluid.

By assuming r = r0. i m = z  and u. = ^ r 0 i p  . Prandtl in 1926 derived the 

following logarithmic velocity distribution near the wall (Coles. 1956).

d l \  u.
(Eq.2.3)

where r„ = y  h S () is the turbulent shear stress at the riverbed, y  is the specific weight o f 

the fluid, h is the flow depth. S lt is the riverbed slope, and v 0 is the universal von 

Karman constant in clear water with a value experimentally determined to be about 0.4.

H. Krey in 1927 proposed the following logarithmic velocity distribution relation 

for a moving fluid under the influence o f  gravity in a turbulent condition (Vanoni. 1975):

10
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where l \ m is the maximum velocity over the flow depth, and a  is a small distance from 

the channel bottom.

Theodor von Karman in 1930 introduced his famous similarity hypothesis, which 

stated that turbulence phenomena are not affected by viscosity except in a region near the 

pipe wall, and the turbulence patterns at different positions are similar. Based on his 

similarity hypothesis, von Karman derived the following expression for the mixing length 

(Chien and Wan. 1999):

d V ' d z
~ V" d ' -V . !dz-  (Eq~ :>)

in which v„ is the universal von Karman constant, which doesn't vary with discharge, 

velocity or boundary conditions, and is equal to 0.4 based on von Karm an's observ ations 

in pipe flows. Von Karman discovered that v„ is independent o f  the nature o f  the wall, 

w hether smooth or rough.

By utilizing Eq.2.5 and assuming the constant shear stress distribution ( r  = r „ ). 

von Karman obtained the same equation derived by Prandtl in 1926 (Eq.2.3). but when 

the linear shear distribution ( r  = r„ (1 - z / h ) ) was assumed, he obtained the following 

logarithmic velocity distribution (known as the von K arm an's velocitv defect law):

11
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in which l \ m is the maximum velocity value attained at a vertical, which was obtained at 

the water surface, z - h .

In 1932. Prandtl and von Karman obtained the following famous relationship for 

the velocity distribution in the neighborhood o f  a solid wall (Bakhmeteff. 1941):

-  = - ln f
V  “ <J  )

(Eq.2.7)

where u. = h S t) is the friction velocity, and z u is the integration constant and depends 

on the bottom roughness scale.

Nikuradse (1933) gave the following expressions for hydrodynamically smooth 

and fully rough turbulent flows:

—  = A In ^ 1-^  + B (hvdrodvnamicallv smooth) (Eq.2.8)
u. i'

—  = A In —  + B (hvdrodvnamicallv rough) (Eq.2.9)
u. /t,

in which A and B are the integration constants, and /t, is the Nikuradse's original 

uniform sand grain roughness, which represents the equivalent sand roughness for any

12
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type o f  rough surface and is equal to the mean fall diameter. d <0 . for a plane non-moving 

sand bed. After performing some experiments using sand-coated circular pipes. 

Nikuradse has shown that A = 2.5 (being independent o f  the form o f  the roughness), and 

B = 5.5 for hydraulically "sm ooth" pipe flow and B = 8.5 for hydraulically "rough" pipe 

flow.

Prandtl and von Karman in 1934 independently obtained their velocity defect 

relation in the following form (Prandtl-von Karman velocity defect law), considering that 

Eq.2.7 is sufficiently accurate for large values o f  r  (Bakhmeteff. 1941):

Keulegan (1938) assumed that in the plane normal to the boundary o f  any open 

channel shape, the velocity distribution for fully developed turbulent flow derived by 

Nikuradse could be used.

An equation was developed by Einstein and Chien (1954) for vertical velocity 

distribution over alluvial beds by including the sediment particles in the exchange 

mechanism. Einstein's equation based on experimental approximation is given as 

follows:

where k ( is the characteristic bed roughness height and defined by Einstein as: /t, = d

(Eq.2.10)

( ' "> 3
—  = 17.4 + In (Eq.2.11)
it. v„ 35.45

13
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in which r/h5 corresponds to the particle size for which 65 percent by weight o f  sediment 

is finer. Eq.2.11 is valid only in the main flow zone (light fluid zone).

Experimental evidence presented by Vanoni and Nomicos (1960) illustrated that, 

for the same discharge, the average velocity for sediment-laden flow is larger and the 

velocity distribution is less uniform than for the clear-water flow, as shown in Figure 2.1.

0.8
0.6
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V e l o c i t y ,  V  ( f p s )

4 . 0 2.0 3 .0 4 .0

Figure 2.1. Comparison o f velocity profiles for clear-w ater flow and sediment-laden flow 

(Vanoni and Nomicos. 1960).

After some experiments. Elata and Ippen (1961) showed that the velocity profile 

follows the logarithmic formula for clear-water flow, whereas in flow with uniformly 

distributed suspended particles, the velocity profiles deviate from the logarithmic formula 

near the bed. They also realized that the range in which the velocity profiles deviate from 

the logarithmic formula became bigger with higher concentration.

14
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2.1.2. Flow Velocity Equations Based on the Power Law

Dobbins (1944) derived the following velocity equation by assuming that the 

velocity distribution follows a parabolic law:

V, - k ( h  (Eq.2.I2)

in which T is the velocity at the surface and k  is the constant o f  the parabola.

Dobbins further explained that although both the logarithmic and power laws fit 

equally well to the velocity distribution in sediment-laden flow, the power law avoids the 

singularity at the boundary obtained by the logarithmic law and is more convenient for 

mathematical treatment.

In a procedure for an analytic determination o f  sand transport. Toffaleti (1968) 

derived the following power relation for the velocity profile:

r, =(i + nv)r. (Eq.2.13)

where V\ is the mean stream velocity, in feet per second. Rh -  A, i P  is the hydraulic 

radius and defined as the ratio o f  the flow' area o f  stream ( A ,  ) to the wetted perimeter o f  

the stream cross-section ( P ). and n t = 0.1198 + 0.00048 T in which T  is the water 

temperature in degrees Fahrenheit.

15
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After a theoretical study o f  the difference between the logarithmic velocity 

distribution and the pow er velocity distribution. Wooding et al. in 1973 found that the 

power law' with a sm all exponent could not be distinguished experimentally from the 

logarithmic law. This finding in fact restates Schlichting's conclusion in 1968 that the 

logarithmic velocity distribution is applicable for large Reynolds numbers, whereas the 

power velocity distribution is applicable for small Reynolds num bers (Chen. 1991).

Cheng-lung Chen in 1988 showed that the power-law equivalent o f  Manning's 

formula for open channels o f  steady, uniform turbulent flow could be written in the 

following form (Chen. 1989):

C
—  = 9.5 
u.

»>
= a zJ (Eq.2.14)

where a'=
9.5 u.

-1 h -<>
. and is the characteristic distance from the wall and can be

determined empirically.

2.1.3. Flow Velocity Equations Based on the Wake Flow Function

After some m easurem ents in the wholly turbulent How region some scientists, 

such as Clark B. M illikan in 1939. and Hans A. Einstein and Ning Chien in 1954. have

16
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proved that the stream flow was composed o f  two regions in the vertical: an inner region 

near the wall and an outer region away from the wall (Umeyama and Gerritsen. 1992).

Millikan (1939) realized that the logarithmic velocity equation described the 

actual velocity distribution well in the inner region near the wall, whereas the 

experimental data deviated from the logarithmic equation in the outer region. Millikan 

suggested in a discussion on turbulent flows that the actual velocity distribution in the 

outer region might consist o f  two parts: namely, a logarithmic part and a correction part.

Sediment-laden flow was divided into two zones by Einstein and Chien (1954): a 

heavy fluid zone near the bed where the sediment is highly concentrated, and a light fluid 

zone away from the bed where the sediment concentration is so small that the fluid 

density remains unchanged. They stated that in the heavy fluid zone the work required to 

keep sediment grains in suspension must be gained from the vertical components o f 

turbulent fluctuations, which leads to the dampening o f  turbulence. Moreover. Einstein 

and Chien (1955) discovered that the sediment-laden flow has steeper average velocity 

gradients than the clear-water flow for the same depth, slope and bed composition.

By utilizing M illikan's idea in 1939. Coles (1956) proposed that the velocity 

profile could be represented by the combination o f  the law o f  the wall and the law o f the 

wake. Coles developed the following semi-empirical equation for the velocity 

distribution applicable to turbulent boundary layer flows, and suggested that the 

following equation is useful for practical applications:

(Eq.2.I5)

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where c is the integration constant which was assumed to be 5.1. n  is a profile 

parameter related to a local friction coefficient and was found to be 0.55 with *■„ = 0.4

and c  = 5.1. and / |  is the wake function, the values o f  which was given according to
/

some experimental data, and S  is the thickness o f  the shear flow' (or laminar sublayer 

thickness) and was first formulated by von Karman as: S  -  ^  ^ V . Coles empirically

defined the wake function for zero pressure gradient or equilibrium boundary layers as:

/
/

f • . 1( x
_ \

— = 2 sin" ——
U J 1 - S )

By applying the law o f  the wall to the inner region o f  the boundary layer on a 

rough surface. J. Rotta in 1962 derived the following velocity distribution, assuming that 

there is a velocity reduction across the viscous sublayer because o f the rough surface 

(Kirkgoz. 1989):

V 1 ii. ( r  + At) AC _ „
—  = —  In ----------------+ B --------L (Eq.2.16)

in which A l \  is the change in the velocity in the viscous sublayer corresponding to the

At reference shift from the top o f  average roughness height, and B is a constant whose 

value depends on the nature o f  the wall surface.

Coleman (1981) proposed that the velocity equation for a sediment-laden flow 

also consists o f  a logarithmic velocity distribution extended by an additive term, as 

originally discussed by Coles in 1956 for clear-water flow. By combining and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



rearranging the equations derived by Coles in 1956 and Rotta in 1962. Coleman obtained 

the following expression for the velocity defect law:

V.
ii.

I n ^ +2- !
2n . 4

-------- sin '
K„ 6 *0 J *"o V.

n  z
2~S

(Eq.2.17)

Eq.2.17 represents the entire velocity profile up to z = S . except for the viscous 

sublayer. In Eq.2.17 the part in square brackets is the original form o f  the Prandtl-von 

Karman velocity defect law. Coleman suggested that the von Karman constant. v 0 . must 

be evaluated from a straight line fit to the experimental velocity profiles only at low 

values o f :>6  (lower 15 percent o f the flow), and the values for FI can be evaluated 

from the intercept o f  the projected line fit at z / S  = 1 as following:

(Eq.2.18)
r .' = 1

In his investigation. Coleman came up with the result that v 0 is essentially equal 

to 0.4. and is independent from the suspended sedim ent concentration, by knowing that 

other influences such as bedforms are more significant. Figure 2.2 shows clearly how to 

evaluate v„ and n  from the experimental velocity distributions.

Lau (1983) confirmed Coleman's finding on the basis o f  the flow-resistance 

concept, showing that the velocity is lower near the bed and higher near the water surface 

for sediment-laden flow than for clear-water flow for a given discharge and slope.

19

n  = ^  ■>
v... -v

u.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



16

2 /h

Figure 2.2. Evaluation o f  v„ and f l from the velocity defect law (Julien. 1995).

2.2. STUDIES ON VERTICAL DISTRIBUTION OF 

SUSPENDED SEDIMENT CONCENTRATION

In 1851. C. G. Forshey showed in his field measurements on the Mississippi River 

that more suspended sediment load moves closer to the bottom than to the top. About 14 

years after Forshey. in 1865. Dupuit constructed the first physical model to explain why 

flowing water was able to carry solid particles in suspension. He believed that the reason

20
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for suspension o f  particles was the magnitude differences in the velocities o f  adjacent 

layers, and the reason for sediment settlement was the fall velocity o f  the sediment 

particles. He also discovered that the power o f  suspension depended on solid-liquid 

concentration, and the velocity. However. Dupuit failed to explain the interdependence 

o f  the velocity gradient and the suspension capacity o f  a stream. According to P. 

Jakuschoff in 1932. H. L. Partiot and C. Lechalas in 1871 were the first to explain that 

velocity fluctuations and bed roughness create vortices and eddies in the river, and thus 

the sediment particles become suspended (Graf. 1984).

The first quantitative study on the suspended load was done by R. G. Kennedy in 

1895. who made observations at irrigation canals in India. In this study. Kennedy 

discovered that sediment in a flowing canal was kept in suspension because o f the 

vertical components o f  eddies or vortices created at the bottom o f  the canal (Burke. 

1966).

In 1925. Wilhelm Schmidt introduced a basic concept o f  turbulent suspension by 

developing a formula for the vertical transfer o f  dust particles in the atmosphere by 

atmospheric turbulence as follows (Taggart et al.. 1972):

(o C' = — £ x —— (Eq.2.19)
dz

where <o is the fall velocity o f  dust particles. ( '  is the volumetric concentration o f  dust 

particles at a given elevation r  . is the mixing coefficient for dust particles, which has

the dimension o f  velocity times length, and dC  / dz is the concentration gradient o f dust 

particles in the r  (vertical) direction.

21
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The first term in Eq.2.19 indicates the mass rate o f  settling o f  the particles under 

the force o f  gravity, and the second one shows the rate o f  upward movement resulting 

from turbulence mixing. Schmidt derived Eq.2.19 for the equilibrium condition o f the 

dust particles in the atmosphere: that is. the net convection resulting from turbulence is 

equal to the settling rate o f  the dust particles resulting from gravity (Taggart et al.. 1972). 

Schmidt's concept o f  turbulent suspension in 1925 set the fundamentals o f  the diffusion 

theory.

Schmidt was also apparently the first to give the sediment distribution equation, 

which was applied to the suspension o f  dust particles in the atmosphere. Schmidt derived 

the following equation by assuming that the mixing coefficient is constant in the vertical 

direction in the atmosphere (Vanoni. 1946):

= exp[- /] (Eq.2.20)

in which is the reference concentration at some reference depth, r  = a . " e x p "  is the 

base o f  the natural logarithm, and / = —  (r -  a ).

Makkaveev (1931) and O 'B rien (1933) applied Schmidt's theory to the 

distribution o f  suspended sediment load in flow ing water. O'Brien was the first to apply 

Schmidt's theory to suspended sediment in streams by integrating Eq.2.19 (Kalinske and 

Hsia. 1945). O 'B rien (1933) also WTOte a paper stating that there is a certain ratio o f  the 

mean amount o f  the substance transferred and the gradient o f  its content in turbulent 

flows.

■ n
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Rouse (1937) was the first to derive and publish a theoretical formula for the 

suspended sediment distribution in turbulent streams based on Schm idt's diffusion 

theory, as given below:

C _ h — z  a 
C , r  h - a

(Eq.2.21)

in which C u is the concentration at the reference level. :  = a . R„ is the Rouse number

in clear-water. *•„ is the universal von Karman constant and equal to 0.4 for clear-water 

flow, and it. is the shear (or friction) velocity and defined as: u. = J g  h S„ where g  is 

the gravitational acceleration, h is the flow depth, and S n is the riverbed slope.

To derive Eq.2.21. Rouse assumed that the coefficients for sediment mixing. e y. 

and momentum diffusion. e m. are the same with parabolic distribution assumption, and 

the shear stress distribution, r . decreases linearly with distance z  as given below:

colt
and expressed as: Rn = -------  in which <y() is the settling velocity o f  sediment particles

( _ 'V
(Eq.2.22)

(Eq.2.23)
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in which r0 is the boundary shear stress and expressed as: r () = p  u :  in which p  is the 

density o f  water.

It was observed by Y. F. Richardson in 1937 that the suspended sediment 

concentration near the bed o f  a channel is inv ersely proportional to the distance from the 

bed. whereas the concentration in the main body varies exponentially with distance from 

the bed (Vanoni. 1946).

Vanoni (1941) and Anderson (1942) found that the exponential form o f the 

sediment concentration profile given by Rouse (Eq.2.21) is satisfactory' and could be used 

for practical purposes provided that an appropriate value o f  the exponent R,t is chosen. 

They concluded that R„ should be determined from measured data, not from the

expression. - (°" . Anderson also pointed out the need for further study into the

mechanism o f transfer in natural streams to predict R„ accurately.

Kline et al. (1967) gave a detailed description o f  the streaky nature o f the flow 

structure in the viscous sublayer on a smooth wall with its alternating narrow, elongated 

zones o f  high and low velocity occurring randomly in time and space. This sublayer flow 

pattern appears to result from counter rotating streamwise vortex pairs. They linked the 

sublayer structure to the bursting process, which they described as a randomly occurring 

event comprising gradual local lift up o f the low speed streaks, sudden oscillation, 

bursting, and ejection. This event is followed by an inrush or sweep event described by 

Grass (1971) based on observations from similar visualization studies o f  the boundary 

layer flow structure. Grass also observed that the bursting phenomenon appeared to 

influence the entire depth o f  the boundary layer (Grass. 1982).
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Data from laboratory flumes, irrigation canals, and natural streams were analyzed 

by Paintal and Garde (1964) to compare R ouse's suspended sediment concentration 

equation (Eq.2.21) with others. They reached the conclusion that although some 

equations fitted the data equally well. R ouse's equation was preferable because o f  its 

simpler form.

Coleman (1969) suggested that a flow with suspended sediment could be divided 

into two regions: an inner suspension region near the bed and an outer suspension region 

in the free stream. After an extensive analysis o f  both flume and stream data. Coleman 

discovered that the ratio /&>„ in the inner region is different from that in the outer 

region. Based on his analysis. Coleman assumed the ratio e K icon varies linearly with r

in the inner region and is constant in the outer region, and derived the following 

concentration distribution equations for both regions:

C’
(in the inner reaion. z < a) (Eq.2.24-a)

—  = exp
C.

(in the outer region, z  > a ) (Eq.2.24-b)

Coleman recommended that these equations are supposedly universal relative 

concentration functions for the inner and outer suspension regions.

The experiments o f  Ikeda (1980) provided some information on the influence of 

bedforms on the mixing processes. In his experiments. Ikeda found that there is more 

intensive mixing as a result o f  the presence o f  bedforms. Another remarkable
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phenomenon observed by Ikeda was the increase o f  the sediment concentrations by a 

factor o f 10. as the bedforms became 3-dimensional, whereas the bed-shear velocity 

remained nearly constant.

Different theories for the vertical distribution o f suspended sedim ent 

concentration with measurements from the Rhine River were compared by Vetter (1986). 

He realized that Rouse's classical solution o f  the diffusion theory agrees well with 

measurements for fine size fractions ( J x <0.125 mm  ). but gets progressively worse for 

coarser particles.

Van Rijn (1986) concluded that there is a large influence o f  the bedforms on the 

mixing process, yielding more uniform concentration profiles for a rippled bed than for a 

flat bed at the same ratio o f  the particle fall velocitv and bed shear velocity, and the 

magnitude of the concentration was largely increased in the presence o f bedforms.

Cao et al. (1996) explained that the bursting process is responsible for the 

suspension o f  sediment particles: therefore, a physically more appealing approach to 

suspended sediment transport is to formulate the diffusion coefficient o f  sediment. £ \. 

based on this mechanism.

Now. it is obvious that most researchers agreed on Rouse's equation being a close 

representation o f the form o f the real suspended sediment distribution profiles: however, 

certain modifications to Rouse's equation were needed to evaluate the suspended 

sediment discharge accurately. From this general idea many scientists have tried to find 

different methods to calculate or estimate the parameters involved in Rouse's equation. 

The most common parameters subject to investigation or modification included the 

reference suspended sediment concentration. C , : the Rouse number. R : the fall
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(settling) velocity. <y(): the Schm idt's parameter. /? ; and the von Karman constant. *r0. 

The following sections provide studies on the afore-mentioned parameters briefly.

2.2.1. Studies on Reference Suspended Sediment Concentration, C,

Most o f the suspended sediment distribution equations derived were written in 

terms o f  the concentration at an arbitrarv level near the bed. C’ ,. To calculate the* 1/

suspended sediment discharge it was necessary to obtain this reference concentration. 

The idea o f  using a reference sediment concentration as a boundary condition occurred 

just after the introduction o f the diffusion theory by Wilhelm Schmidt in 1925. The 

solution o f  the diffusion theory with certain assumptions resulted in a suspended 

sediment distribution equation, which depended on a reference concentration. C ',. at a

reference height, a .  close to the riverbed.

Von Karman (1934) was the first to speculate about the parameters influencing 

the reference concentration. C , . He stated in his paper that the magnitude o f  Ctl

depends on the sediment size and the magnitude o f  the shear stress acting on the bed.

Various reference heights were suggested phenomenologically rather than 

physically by Brooks (1965) and Willis (1979). They explained that the value o f  a is 

rather arbitrary , and none o f  the values explicitly explains satisfactorily the fact that a is 

different for a plane bed than for a dune bed.
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Itakura and Kishi (1980) suggested an equation for the concentration o f  

suspended sediment in which the reference concentration C u is calculated from the flow

data alone. M. F. Karim and J. F. Kennedy in 1983 implied that a = d H) //. / . in

which is the critical shear velocity (Bechteler. 1986).

Based on an analysis o f  sediment concentration profiles, van Rijn (1984) 

proposed a simple function, which can be used to specify an effective boundary 

concentration. C \ . as the following:J t ' «—■

C\.  = 0 . 0 1 5 ^ ^ -  (Eq.2.25)
a a.

in which T = (r* -  zh^ )/ rh i r . where r„ = p  # (! ', 1C ): with F being the depth- 

averaged velocity and C  = 18 Iog( 12 /r/3  ). is the critical bed-shear stress

according to Shields, and ci. = c/50((p , -  p ) g !  p  v, : )' . Van Rijn used a rough criterion

a = A / 2 or a = k t with a minimum value o f a = 0.01 d , .  in which A is the dune height.

and k s is the characteristic bed roughness height.

Furthermore, van Rijn stated that the location at which the bed boundary 

condition is specified depends on the bed characteristics, and the most logical assumption 

for the location o f the boundary for sediment concentrations is the upper edge o f  the 

bedload layer. He also found that for a perfectly flat bed. a good estimate o f the 

thickness o f the bedload layer could be obtained by taking the maximum saltation height
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o f  the bedload particles. This led to a value on the order o f  10 J <0 for the bedload layer 

on flat bed in the upper flow regime.

2.2.2. Studies on Rouse Number, /?„

Rouse (1937) was the first to introduce an expression for the exponent in the 

suspended sediment concentration profile equation. He discovered that the exponent was 

a function o f  the ratio o f  sediment properties to the hydraulic characteristics o f  the flow, 

and derived the following expression for the exponent, which is known as the Rouse 

number:

R„ (Eq.2.26)

in which con is the settling velocity o f  particles in clear water flows. is the universal 

von Karman constant and equal to 0.4 in clear-water flows, and u. is the shear velocity.

Einstein and Chien (1954) collected data on the Missouri and Mississippi rivers, 

and determined the values o f the exponent R ,. They deduced that for low values o f Rit

the experimental and theoretical findings agreed closely, but as R,t increased, the 

theoretical values (the values calculated by using Eq.2.26) exceeded the measured ones.
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which indicated a continuous increase in the turbulent Schmidt number, /? . with increase 

in sedim ent size.

The analysis by Bruce R. Colby and C. H. Hembree in 1955 gave a practical 

empirical solution to the evaluation o f  the exponent Rn. They related values o f  R,, to the 

fall velocities o f  sediment raised to the power 0.7 (Richardson and Julien. 1986).

W eerappuli (1980) observed that the Rouse number. R„. found by statistical 

regression using observed data, showed dependence not only on fall velocity oj . shear 

velocity u . . and von Karman parameter v .  but also on average velocity . water 

temperature T . concentration o f  suspended sediment at mid-depth C h , .  flow depth h .  

and particle size o f sediment in suspension </,. Weerappuli performed a multiple 

regression analysis on the data collected at the Omaha station and derived the following 

expression for R„:

R = (0" - ir „."**•» T C ™ 2'"2 </"rM3 (Eq.2.27)

It was found that the Rn calculated from this expression seemed to be a better estimate 

than that from Eq.2.26.

Vetter (1986) observed that measured Rouse numbers ( Rim ) are generally smaller

than the theoretical or calculated Rouse numbers ( R = f°" ) and the difference
A f „  11.

becomes ureater for coarser size fractions.
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For more practical calculations o f  the sediment concentration, a simplified 

method has been proposed based on the application o f  Rouse equation in combination 

with a corrected Rouse number /?„ = RIK + y/ . in which y/ was determined by com puter 

calibration resulting in the following expression (van Rijn. 1986):

y/ = 2.5
(O

\ u .

\ " r  c

C max /

for 0.01 < — <1 
u.

(Eq.2.28)

In Eq.2.28 the y/ -factor represents both the hindered settling effect and the turbulence 

damping effect, and corresponds to the maximum value o f  suspended sediment 

concentration at a vertical.

2.2.2.I. Studies on Fall Velocity o f  Sediment Particles, to

Sir George Stokes was one o f  the earliest scientists interested in fall velocity. 

Horace Lamb in 1945 gave the Stokes formulation (known as the Stokes Law) for 

viscous flow conditions as follows (Alger. 1964):

F  = 2>xd^ f j ( 0  (Eq.2.29)

where F  is the longitudinal force exerted by a slow ly moving viscous fluid upon a small
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sphere. d y is the diameter o f  the sphere particles. / /  is the dynamic viscosity o f  the fluid, 

and a) is the fall velocity o f  the sphere particles.

McNown and Lin (1952) prepared a diagram showing the influence o f  sediment 

concentration on fall velocity, and came up with the conclusion that the fall velocity o f  

particles is hindered by increasing amounts o f  material in suspension. The usefulness o f 

this chart is limited because only uniform quartz particles were considered.

Brooks (1954) showed that the settling velocity differs along a vertical, being 

decreased with increasing distance from the bed.

It was found by H. W. Ho in 1964 that the fall velocity o f  an individual particle in 

a vertically oscillating fluid was less than that observed in a quiescent fluid, indicating 

that the fall velocity would be decreased by turbulence (Coleman. 1970).

In his report on w ater temperature effect on the flow discharge and bed 

configuration Burke (1966) stated that the fall velocity o f  a sediment particle is 

proportional to water viscosity, and in turn, proportional to water temperature.

Loyacano (1967) produced evidence indicating that a group o f  fall velocity 

existed in suspensions, and therefore particle fall velocity was increased by increasing 

amounts o f  material in suspension.

The effect o f turbulence on fall velocity was investigated experimentally and 

theoretically by simulating turbulence in oscillating fluid by Houghton (1968) and 

Hwang (1985). According to Houghton and H wang's results, turbulence seems to reduce 

the fall velocity. A similar conclusion was obtained by Bechteler et al. (1983) by using 

high-speed camera and digitized particle trajectories.

Bouvard and Petkovic (1985) measured the fall velocity o f  particles in turbulent
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open channel flow and found that the measured fall velocities are nearly 30 percent less 

than the settling velocities in quiescent water.

X. Zhang and X. Xi in 1993 obtained the following equation for the settling 

velocity o f  a single sediment particle in tranquil water (Cao. 1999):

co{) = [(13.95 v / d 50): + 1.09 (O' -  1) g  £/„ ] ° ? -1 3 .9 5  v / d f0 (Eq.2.30)

The following theoretical equation for the fall velocity o f  natural sand and gravel 

particles was derived based on the following drag coefficient relations for natural sand 

and gravel particles (Julien. 1995):

C„ = ~  + 1.5 (Eq.2.31)
r

0)  = ^ { [ , + 0 .0 1 3 9 ,/ ; ] -  - l |  (Eq.2.32)

where C n is the drag coefficient. Re = js the particle Revnolds number, <y is the
v

fall velocity o f  sediment particles, v is the kinematic viscosity o f  water. , /% is the particle 

diameter, and d.  is the dimensionless particle diameter and defined as follows:

d.  = ,/, (°  - } )g (Eq.2.33)
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in which G  is the specific gravity defined as the ratio o f  the specific weight o f  sediment. 

y t . to that o f  water, y . and g  is the gravitational acceleration.

2J2.2.2. Studies on Turbulent Schmidt Number, p

The turbulent Schmidt number, p .  describes the difference in the diffusion of a 

fluid particle and a discrete sediment particle and is usually derived from theoretical 

relationships between dispersion coefficients o f  fluids and solids. It is the ratio o f  the 

sediment-mixing coefficient, e ,.  to the momentum exchange coefficient o f  the water. 

Cm-

P  = —  (Eq.2.34)

The parameter p  varies somewhat with the relative size o f  the particles in 

suspension. In spite o f  much research, the value o f  /? . which is frequently measured by 

analyzing concentration profiles, is not quite clear. Studies o f  the evaluation o f  p  in 

sediment-laden flow have led to opposite results.

Some theoretical considerations have indicated that the momentum exchange 

coefficient. e m. and the sediment-mixing coefficient, c , .  are not the same. Ismail (1951) 

found that was greater than c m. but Vanoni (1953) concluded that the ratio e , I c m
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could be greater or less than unity, and that the coefficients are reduced with increase o f  

sediment concentration. Most o f  the findings were based on laboratory studies and there 

were very few investigations pertaining to field data.

Carstens (1952) showed that (5 decreases from unity as the inertia o f  suspended 

particles increase. His results were based on the assumption that turbulence may be 

simulated by a simple oscillating motion o f  fluid.

Singamsetti (1966) speculated that turbulence is composed o f  eddies o f  

circulatory motion in nature. Moreover, he added that the centrifugal force acting on 

sediment particles would be greater than that acting on fluid particles, thereby causing the 

sediment to be thrown to the outside o f the eddies, w ith a consequent increase in effective 

mixing length and diffusion rate.

R. L. Soulsby et al. in 1985 showed that (5 is less than unity whereas L. C. van 

Rijn in 1984 presented quantitative relations suggesting a relation between the value o f 

P  and the characteristics o f  flow, and suspended sediment particles. These relations 

suggested that p  is always greater than unity (Schrimpf. 1986).

From a study carried out by Coleman (1970). p  can be represented by the 

following function:

P  = \ + 2
/  \  

CO

{u.
for 0 .1 < — < 1 

u.
(Eq.2.35)

Eq.2.35 satisfies a value larger than unity, indicating a dominant influence o f  the 

centrifugal forces which cause the particles to be thrown outside o f  the eddies, with a
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consequent increase o f  the effective mixing length. According to Coleman. s y is 1.5 

times more than em for 0.1 mm sand and 1.3 times for 0.16 mm sand. This indicates that 

P  varies between 1 and 2 and the sediment-mixing coefficient. e y. is always bigger than 

the momentum exchange coefficient. e m. (van Rijn. 1986).

Cellino and G raf (2000) experimentally researched the influence o f  bedforms in 

open channel flow on the suspended sediment concentration distribution. They 

concluded that Rouse's concentration distribution is altered because o f  the presence o f 

bedforms because they found that the value o f  p  for suspension flow over bedform. 

being larger than unity, is larger than that over a plane bed. which is less than unity.

Finally. Tsai and Tsai (2000) performed a stepwise multiple regression analysis 

for four sets o f  experimental data produced by Coleman in 1986. Einstein and Chien in 

1955. Wang and Qian in 1989. and Vanoni in 1946. and numerical results from the 

developed mathematical model, and obtained the follow ing equation for the estimation o f  

P  by a simple trial-and-error procedure:

( c  1
r \ a>,.

i t -  2.60 log 0 + 1.89 log
t  / v u' / \

a

where C  is the mean sediment discharge concentration.
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2.2.2 J .  Studies on von Karman Constant, *•„

It was shown that both the velocity and suspended sediment profiles depend on 

the value o f  the von Karman constant. tc(). Therefore, a vast amount o f  research has been 

done by different researchers on the study o f  this constant.

The trend in k 0 to decrease as the concentration o f  suspended sediment increases

has been observed in numerous flume experiments (Vito A. Vanoni in 1946 and 1953. 

and N. H. Brooks in 1954). and in the experiments carried out by H. M. Ismail in 1952 in 

a rectangular pipe. L. C. Fowler in 1953 made some measurements on the Missouri 

River, and showed that v 0 values for sediment-laden Missouri River are appreciably less

than for clear streams, thus confirming the results obtained in flume and pipe flow studies 

(Vanoni. 1975).

From his investigations. Vanoni (1946) obtained the von Karman constant. k u.

values less than 0.4 for sediment-laden flows. After some more observations. Vanoni

(1948) proposed that increased suspended sediment concentration increases the velocity 

gradient and the mean velocity, and thus decreases v 0 . He explained this reduction in 

k {) as a result o f  dampening o f  turbulence by suspended material.

Since Vanoni's investigations, many researchers have tried to analyze the 

variation o f  v„ w ith sediment concentration. The influence o f  ripples and dunes on the 

form o f the velocity profile and the value o f  v„ was investigated with the help o f

measurements from a tilting flume at Colorado State University (Vetter. 1986). There 

was a gradual contraction o f  the section upstream of the dune crest, which caused an
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increase in velocity, and therefore a steeper velocity distribution with corresponding high 

Af() values. Downstream o f  the dune crest there was a comparatively sudden expansion o f  

the section involving a decrease in velocity, and thus a decrease in the slope o f  the 

logarithmic velocity profile with lower **0 values. It was shown also that the bedforms

m ust have a certain height to yield a significant effect on the velocity distribution.

Studies by Einstein and Chien (1955) also indicated that the value o f  the von 

Karman constant. tc0. becomes smaller with the increase o f sediment concentration. On 

the contrary. Coleman (1981) reanalyzed the data obtained from Vanoni in 1946 and 

Einstein and Chien in 1955 along with his data, and discovered that v 0 is independent o f  

the presence o f  sediment in water and equal to 0.4.

Vanoni and Brooks (1957) found that nearly uniformly distributed suspensions 

did not affect the logarithmic form o f  velocity profile: they only changed the gradient or 

value o f  v (). which increases with increasing concentration. Moreover. Elata and Ippen

(1961) reported that suspended particles affect the flow directly only in a narrow region 

near the boundary. They concluded that suspensions cause a change in the structure o f  

turbulence rather than damping o f  the turbulence. Elata and Ippen used neutrally buoyant 

plastic spheres as suspensions to study the variation o f the von Karman parameter, v . 

with increasing concentration. They came up with the following relation:

v  = v „ ( l-0 .1 5 C , ) (Eq.2.37)

where k 0 is the von Karman constant for clear-water and equal to 0.4. and is the
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linear volumetric suspended sediment concentration at a specified elevation r  .

A complete theoretical treatment o f  the effect o f suspended particles in turbulent 

flows was presented by Hino (1963). The theory predicts that the von Karman constant 

diminishes as concentration o f  suspended particles increases for neutrally buoyant as well 

as for heavier particles.

The following expression for the von Karman parameter, v . was developed by 

Ippen (1971) to account for the effect o f  suspended sediment on the flow :

1 1

in which v„ is the von Karman constant. is the maximum sediment concentration

near the bed in fraction by volume. C  is the mean value o f  volume concentration in the 

entire flow, and G = y J y  is the specific gravity o f  the sediment. Because the term in 

parentheses exceeds unit)-, k  is always less than k () and decreases with an increase in 

C’„ . The theory agrees remarkably well with the v  observed by Elata and Ippen (1961)

with suspensions o f  neutrally buoyant particles as well as with those with suspended 

sands by Vanoni (1946). and Vanoni and Nomicos (I960).

Itakura and Kishi (1980) analyzed the velocity distribution based on the theory for 

the Monin-Obukhov length, and found that the value o f  the von Karman constant is 

indisputable and equal to 0.4.

Coleman (1981) also proved in his experiment that v„ remained essentially 

constant over a range o f Richardson numbers from zero (for clear-water) to about 100
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(capacity sediment suspension). This conclusion was based on the fact that the existence 

o f wake flow terms in addition to the original Prandtl-von Karman velocity defect law 

emphasizes the need for evaluating v 0 from straight line fits to experimental velocity 

profiles in the lower 15 percent o f  the flow'. Furthermore. Coleman (1986) explained that 

the findings o f  the variation o f  the value o f  the von Karman constant is a misapplication 

o f a curve-fitting method because the logarithmic velocity distribution with the various 

values o f  v 0 fits only the lower 15 percent o f  the total water depth.

2.3. STUDIES OF WATER TEMPERATURE EFFECT ON 

SUSPENDED SEDIMENT CONCENTRATION AND 

TRANSPORT

More than a century ago. in 1876. Andrew A. Humphreys and Henry L. Abbot 

were the first to realize the need for recording the temperature o f  both water and air 

among their routine data gathering observations (Dardeau and Causey. 1990).

The importance o f the measurement o f  water temperature was not understood 

well until about the late 1930s. The laboratory and field investigations o f  the time gave 

conflicting and confusing statements with respect to the water temperature effect.

For instance. Ho (1939) found that bed material discharges increased as the water 

temperature increased and M ostafa (1949) concluded that a high-viscosity fluid would in 

most cases transport a smaller amount o f bed material than a fluid having a low viscosity.
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According to the data collected by the Bureau o f  Reclamation on the Lower 

Colorado River during the period 1943-1947. a much larger sediment load was carried 

during the winter than summer for approximately the same flow. Because the only 

apparent explanation for the difference in sediment discharge at these two periods o f  the 

year was the variation o f  the water temperature, this phenomenon initiated a general 

inquiry into the probable effect o f  temperature on the transportation o f  sediment in 

flowing streams (Lane et al.. 1949).

Lane et al. (1948) observed in the Lower Colorado River that the major changes 

in sediment load resulted from the changes in the water discharge, water temperature, bed 

material size (coarsening o f the bed), and possibly some other unknown cause. By 

eliminating the effect o f  the variation o f  stream flow and streambed coarsening, an 

attempt was made to compute the magnitude o f the fluctuations assumed to result from 

the change in water temperature. They discovered, after some observations, that the 

sediment load varied roughly as the square o f  the discharge. Furthermore. Lane et al.

(1949). after some observations at two locations in the Lower Colorado River, one just 

upstream o f  the Hoover Dam and the other just upstream o f  the Parker Dam. realized that 

the average sediment load in winter (50 °F) was as much as 2.5 times greater than that in 

summer (85 °F) They suggested that most o f  the effect o f  water temperature observed in 

the study reach resulted from the rate o f  picking up material from the riverbed.

Einstein and Barbarossa (1952) showed the effect o f  the water temperature on 

flow resistance for the Missouri River by developing a form resistance curve. For low 

temperatures, they showed that the bedform becomes plane: thus the sediment transport 

increases.
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Some experiments in a re-circulating channel performed by Straub (1954) 

described the transport characteristics o f  the Missouri River sediment. The sediment 

used in his experiments was obtained from the Missouri River in the vicinity o f  Garrison 

Dam. His experiments indicated that when the water temperature was reduced by 40 °F 

the suspended sediment concentration, and thus the suspended load, was approximately 

doubled. In all o f  these experiments the Reynolds number was kept in a short range so 

that there would not be any appreciable change in turbulence patterns. Moreover. Straub 

(1955) carried out some experiments in a re-circulating flume with sediment (mostly fine 

sand size ranging from 0.125 mm to 0.25 mm) collected from the bed o f  the Missouri 

River. These experiments indicated that a 40 °F decrease in the water temperature 

produced an increase in suspended sediment concentration, and thus the suspended 

sediment load, by a factor o f  between 2 and 4. It was also found that cold-water flows 

supported 35 percent greater sediment in size compared to warm-water flows.

Vanoni and Brooks (1957) performed two experiments in a re-circulating flume 

with fine sand (0.125-0.25 mm), and found that with an increase in temperature there was 

a decrease in resistance to flow: thus, an increase in suspended sediment transport. In 

both experiments the velocity and depth were nearly the same, but the water temperature 

in one o f  the experiments was 15 °C and near 37 °C in the other.

Straub et al. (1958) performed further experiments in a re-circulating flume using 

bed material (mostly fine sand size ranging from 0.125 mm to 0.25 mm) from the 

Missouri River. The only difference in these experiments from those performed by 

Straub (1954) was the consideration o f  the total sediment load instead of the suspended

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



load only. Based on these experiments. Straub et al. (1958) reached the following 

conclusions:

•  The sediment transportation ability o f  the river was higher during cold-water flows 

because decreasing water temperature increased the viscosity o f the flow, and thus 

decreased the fall velocity o f  the sediment.

•  There was a strong degradation tendency o f  the streambed during the prolonged 

periods o f  cold-water flow, and the process was reversed during the prolonged 

periods o f  w arm w ater flow.

•  The total sediment load transported under essentially constant water discharge 

conditions increased parabolically as the temperature o f  the water decreased (e.g.. the 

total sediment load rate was nearly tripled w ith a water temperature decrease o f  50 

°F).

•  The sediment transported in suspension was similarly increased with the same 

amount o f  water temperature decrease.

•  The riverbed slope increased with a decrease in water temperature, whereas the depth 

and velocity remained essentially constant.

Hubbell and al-Shaikh (1961) briefly summarized the conflicting results obtained 

from several laboratory and field investigations to indicate that increasing water 

temperatures could either increase or decrease sediment transport rate under various bed 

conditions. After conducting some experiments in a re-circulating flume using bed 

material (mostly fine sand size ranging from 0.125 mm to 0.25 mm) from the Elkhom 

River near Waterloo. Nebraska, they came up with the following conclusions:

•  The concentration o f  the total bed sediment discharge was greatest in the case o f  high
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temperatures in the presence o f  ripples o r dunes with superposed ripples on the bed.

•  The concentration o f the total bed sediment discharge was greatest in the case o f  low' 

temperatures in the presence o f  antidunes on the bed.

•  No general trend was apparent in the case o f  dunes or plane bed.

•  The change in effective sediment size with the water temperature, and the changes in 

the concentration o f  total bed sediment discharge and the flow resistance with shear, 

provided the basis for an explanation o f  the effect o f temperature change on flow 

phenomena.

On the basis o f  field and laboratory studies. Carey (1963) concluded that with 

lower temperature the amplitudes o f  dunes o r sand waves were reduced and the stage in 

both crossings and bends was lower.

Colby and Scott (1965) found that an increase in viscosity as a result o f  a decrease 

in water temperature (other factors remaining constant) caused an increase in sediment 

discharge because the particle fall velocity was decreased with viscosity. M oreover, they 

provided a diagram to select a correlation factor for the estimation o f  sedim ent discharge 

rate as a function o f  flow depth and temperature.

Likewise. Toffaleti (1968) found that the water temperature has a significant 

influence on the total sediment discharge rate in large rivers and proposed a new 

procedure for the calculation o f  sediment discharge in rivers. In this procedure, the 

suspended sediment transport rate decreased significantly while the w ater temperature 

increased, and sediment bed load transport first increased rapidly with temperatures up to 

about 80 "F and then reduced slightly for higher temperatures.

Burke (1966) studied the effect o f  water temperature on discharge and bed
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configuration in the Mississippi River at Red River Landing. Louisiana. On the basis o f  

this study, he concluded that there was a significant effect on riverbed configuration and 

stage-discharge relation resulting from the change in water temperature. A statistical 

analysis was made o f  the discharge-temperature relationship for a given stage, and it was 

determined that:

O  = 9 4 5 -  2.8 T (Eq.2.39)

in which O  is the river discharge in 1000 cfs. and T is the water temperature in °F.

Franco (1968) performed a series o f  tests in a feed-type flume with fine sand bed. 

and reached the conclusion that the bed load transport rate was increased with increase in 

water temperature. In all experiments the bed was covered with ripples. Franco also 

discovered that the roughness o f  the bed increased with a decrease in the water 

temperature. He presumed that the effect o f  water temperature change on bed load 

transport was mostly because o f  the formation o f  the bed roughness.

After an extensive analysis o f  data obtained from some large alluvial rivers such 

as the Mississippi. Missouri and Arkansas rivers. Fenwick (1969) concluded that 

increased water temperature caused significant increase in bed resistance.

Taylor (1971) performed some experiments in two re-circulating rectangular 

flumes with nine different sediments. The experiments were divided into three groups: 

namely, the low-transport flat bed experiments, high-transport fiat bed experiments with 

fine sands, and constant-discharge experiments. Based on these experiments. Taylor 

concluded that:
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•  In both the low-transport and high-transport flat bed flows, the water temperature 

effect on sediment discharge depended on the roughness condition o f  the bed. When 

the bed was in the lower transition range, there was an increase in bed sediment 

discharge with an increase in water temperature, whereas there was a reduction in the 

sediment discharge in the upper transition range. In the case o f  rough bed condition, 

the change in water temperature did not affect the bed sediment discharge.

•  In constant-discharge experiments, an increase in water temperature might result in 

either an increase or decrease in sediment transport and bed roughness depending on

the magnitude o f  the boundary Reynolds number. Re. = . In flows where
I ’m

Re. < 13 . it was observed that the bed-load discharge in a warm-water flow was 

larger than that in a cold-water flow at the same velocity and depth.

Taylor and Vanoni (1972) performed experiments similar to those o f  Taylor's in 

1971 and obtained similar results with the exception that, for the boundary Reynolds 

number. R e .. between 20 and 30. an increase in water temperature resulted in a reduction 

in bedload discharge, and when the riverbed was hydraulically rough, sediment discharge 

did not change with water temperature. They speculated that this was perhaps caused by 

the change in turbulence intensity.

According to measurements made by Blinco and Partheniades (1971). turbulence 

intensity increased with an increase in water temperature, and thus a decrease in water 

viscosity, for Re. < 1 3 . but it decreased with an increase in w ater temperature for 

Re. > 13 .

Based on data collected from the Mississippi River. Robbins (1973) showed that
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as the water temperature was decreased, the discharge, average velocity and suspended 

sand concentration increased, and the percent sand increased in the suspended samples 

and decreased in the bed samples. This suggested that as the water temperature 

decreased, the finer sand particles were picked up from the bed and carried in suspension. 

The entrainment o f  sand from the bed was also indicated by the fact that the mean 

diameter. c/50. o f  the bed material increased with decreasing water temperatures. He also 

showed that for the same stage, a difference in water temperature from 30 °F to 40 "F was 

accompanied by a 9 to 19 percent difference in sediment discharge. He assumed that 

these differences in sediment discharge resulted from the com plex interrelationships 

between the variables affecting the hydraulic transport phenomena. It was suspected that 

other factors such as the seasonal variations in runoff and sedim ent supply might also 

play a role in the change in r/50 and the percent sand contained in the samples.

Engelund and Fredsoe (1974) developed the stability theory that showed 

qualitatively the effect o f water temperature on the flow characteristics in alluvial 

channels. The procedure for stability analysis was to introduce a small perturbation to 

the flow and investigate how the amplitude o f  the perturbation increased or decreased 

with time. Usually, the perturbation took the form o f  a sinusoid so that its amplitude 

could be described in a complex form. If  the imaginary part grew  with time, the flow 

was unstable, whereas if  the imaginary part was dampened, the flow was stable. For flow 

over a sand bed. the stability analysis was complicated because both the flow and 

sediment transport equations must be coupled.

By examining the relationship between the friction factor, f ,  . and the shear

velocity, u. .  da Cunha in 1974 physically explained the effect o f  the water temperature
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on resistance to flow (see Figure 2.3). Da Cunha suggested that the effect o f  water 

temperature depended on the conditions at the bed and the size o f  the bed sediment 

(Chien and Wan. 1999). Figure 2.3 can be understood better by knowing that a decrease 

in water temperature causes an increase in the w ater viscosity.

T3O
-o

Transition & 
s a n c w a v e  z o n ene

7 A

u- u-
' a > ■b1

Figure 2.3. Effect o f water temperature on resistance (Chien and Wan. 1999).

The U. S. Geological Survey (USGS) (1976). in collaboration with the U.S. Army 

Corps o f  Engineers (USACE), established some graphical relations for the Missouri 

River based on the 1974 stability analysis o f  Engelund and Fredsoe. The USGS and the 

USACE stated that the stability analysis could predict the bed configuration changes 

theoretically, and proved that water temperature change affected the sediment transport 

rate, bed configuration, and resistance to flow. This study showed in many cases that a 

decrease in temperature removed dunes from the sand bed when the flow regime was 

close to the transition zone, and therefore decreased the flow resistance and depth, and 

increased the flow velocity, which resulted in the increased sediment transport rate.
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It has been well known that the bed-form configuration o f  the Missouri River 

changes with the water temperature at a constant flow discharge (Shen et al.. 1981). 

When Re. = 11.6. a slight change in water temperature, and thus in kinematic viscosity 

o f  water, changes the bed condition from hydraulically smooth to hydraulically rough. 

When 3< d.  < 6. slight water temperature change, and thus in kinematic viscosity o f  

water, may switch the values o f  Re* below or above the threshold value o f  Re. = 11.6 

(Julien and Raslan. 1998).

After an analysis o f the major floods on the Lower Mississippi River. Tuttle and 

Pinner (1982) concluded that water temperature affected water viscosity and thus 

sediment transport capability (cold water resulting in high transport and warm water 

leading to a low transport). They came up with the above conclusion by observing the 

average temperatures corresponding to the month in which the floods peaked.

The Lower Mississippi River sediment study in the 1990s indicated that there is a 

direct correlation between temperature and stage. Measurements at Red River Landing 

showed that stages are higher for higher temperatures. It was also found that long-term 

trends were not affected even though temperature does affect stage (Catalyst-Old River. 

1999).

In summary, previous studies have revealed some consistent and some conflicting 

statements about the effect o f water temperature on the behavior and characteristics o f 

flows in rivers. Therefore, there is a need for further research on this topic.
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2.4. STUDIES OF CORIOLIS EFFECT ON RIVERS

In 1844 the French mathematical physicist Gustav G. Coriolis first showed that a 

body moving on a rotating surface would be deflected from its original path by the 

rotation o f  this surface (Williams. 1962).

The fact that the right bank o f  the Volga River was more elevated and eroded than 

the left bank was observed by von Baer (1860). In later years, he studied some other 

rivers around the world and found changes sim ilar to those on the Volga River. Based on 

his observations, von Baer concluded that the rotation o f  the Earth causes the right banks 

o f  rivers to be more elevated and eroded than the left banks.

Einstein (1926) explained qualitatively that the initiation o f  river meandering 

might result from the Coriolis-driven secondary' currents in rivers.

The effects o f the rotation o f the Earth on laminar flows in pipes was analyzed by- 

Benton (1956). and he found that there is a Coriolis effect on the longitudinal velocity 

profile for a certain range o f  Reynolds and Rossby numbers.

Gehrig (1980) did some experiments with a fixed bed and a moveable bed model 

o f  the Elbe River, and observed asymmetric behavior o f  the bed because o f  the Coriolis 

effects. The asymmetric behavior o f  the bed was more distinct in the experiments with 

movable beds.

Winkley (1989) performed a geometrical analysis o f the Lower Mississippi River 

bends and found that the Coriolis force has an effect on channel geometry . His analysis 

was based on survey data from 1911 to 1915 and from 1973 to 1975.

The influence o f  the Coriolis force has been studied for a number o f  large-scale
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flows in the oceans and atmosphere. However, the Coriolis effect on smaller-scale flows 

in natural rivers has been mentioned only in a limited number o f  articles in the literature, 

which indicates the need for further studies on this topic.
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Chapter 3. LOWER MISSISSIPPI RIVER AND 

STUDY REACH

Although the study area includes only a small reach o f  the Lower Mississippi 

River, it is very important to know the history and characteristics o f  the valley as a whole. 

First, the description and history o f  the Lower Mississippi River will be given, and then 

the study reach will be described in the following sections.

3.1. THE LOWER MISSISSIPPI RIVER

The channel o f  the M ississippi River first takes its definite form as it emerges 

from Lake Itasca. Minnesota. At Cairo. Illinois, the Mississippi and Ohio rivers jo in  each 

other and take a new name, •'the Lower Mississippi River". The Lower Mississippi River 

is the largest river in North America. The river flows through great alluvial plains, 

bounded by mountains on the west and east sides.

At Cairo. Illinois, the Lower Mississippi River begins a long journey to the G ulf 

o f Mexico, meandering between deep bends and shallow crossings. Even though the 

straight distance from Cairo to the G ulf is only about 500 miles, the river's meandering 

course is more than 1100 miles long (Ellet. 1970). The Lower Mississippi River flows in 

the southwest direction between Cairo and the Old River Control Structures complex near
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the border o f  the Louisiana and Mississippi, and to the southeast thereafter, reaching the 

**Head o f  the Passes" where small channels branch into the Gulf. The Head o f Passes is 

at the zero river mile, being the reference point to the river mile measurements. In the 

past, the Lower Mississippi River has diverted many times, forming new routes to the 

Gulf.

The main tributaries o f  the Lower Mississippi River are the Upper Mississippi. 

Missouri. Ohio. White. Arkansas. Ouachita and Red rivers. These tributaries and some 

other small tributary streams provide the major part o f  the water and sediment flow in the 

river.

3.1.1. Physical Characteristics

Along the Lower Mississippi River floodplain. most o f  the area is flat. The 

natural banks and bed o f  the Lower Mississippi River are alluvial deposits, which are 

mainly sand and various kinds o f  silt and clays, carried down by the stream. Managing 

this great river is difficult because o f  the alluvial nature o f  the valley. Because the 

sediment brought into the river is constantly subjected to deposition and erosion, as a 

result o f  the turbulence o f  flow, and because the slope o f  the river becomes progressively 

flatter downstream, the velocity and turbulence also progressively decrease. Hence, 

coarse particles are deposited in the upper reaches and fine particles in the lower 

(Biedenham. 1995). The Lower Mississippi valley is subject to high flows from 

February through June because o f  the snowmelt and early spring rains, and low flows
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particularly from September through November because o f  the decrease o f  the

underground water level during the hot sum m er weather (Robbins. 1977).

The climate o f  the M ississippi River watershed is as varied as its topography. 

The average monthly temperatures, in general, increase from north to south over the 

entire watershed. In winter, the average temperatures for the southernmost and 

northernm ost parts o f the basin are about 12.8 °C and -15 °C. respectively, but in

summer, they are about 26.7 °C and 18.3 °C. respectively. (Elliott. 1932).

In general, the annual rate o f  precipitation may be said to increase from the 

western to the eastern divide, and from the northern divide to the G ulf o f  Mexico. The 

southerly portion o f  the watershed has an average annual rainfall approximating 1270 

millimeters. In the northeast area the annual precipitation approximates 1143 

millimeters, whereas in the north central and northwest areas the annual precipitation is 

762 millimeters and 508 millimeters, respectively, while it is about 889 millimeters in the 

southwest area. The average rainfall over the entire watershed approximates 762 

millimeters per year (Elliott. 1932).

Average relative humidity in the eastern portion o f  the watershed varies from 

about 65 to 80 percent. In the western areas the humidity is from 10 to 20 percent lower 

than in the eastern areas. The highest humidity is found in the southern portion where it 

approxim ates 80 percent (Elliott. 1932).

The average yearly evaporation from exposed water surfaces varies from a 

minimum o f  508 millimeters in the northwestern portion to about 1270 millimeters in the 

states o f  M ississippi and Arkansas.

The number o f  days during which snow covers the ground annually varies from
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an average o f  less than I day in lower Louisiana to more than 120 days in upper North 

Dakota. M innesota, and Wisconsin.

Average annual rainfall over the reach is about 1232 millimeters, and runoff is 

162 millimeters. Average annual discharge is 15.631 m 3/s (Tuttle and Pinner. 1982).

3.1.2. Hydraulic Characteristics

The hydraulic parameters affecting the pattern and regime o f  the Lower 

M ississippi Rivei include the channel geometry and alignment, the amount o f  water and 

sediment flow, and channel resistance to now.

While the Lower Mississippi River has mild bed slopes, and subcritical flow 

regime, the channel geometry and alignment o f  the Lower Mississippi River are 

extremely variable, and channel widths and depths fluctuate considerably over time. 

Throughout the river, channel depth and width range from narrow, deep channels to very 

wide, shallow channels with middle bars. The channel cross-sectional area generally 

increases with downstream distance. Overall, the average width o f  the river is about 1 

kilometers, and the flood-plain elevations range from about 84 meters at the Mississippi- 

Ohio rivers confluence to sea level at the G ulf o f  Mexico.

Alignment o f  the channel varies from extremely sinuous reaches to straight 

reaches o f  negligible sinuosity and these variations in geometry and alignment influence 

the river's ability to effectively transport flow and sediment, causing conditions that can 

affect flood flows and navigation condition. The effect o f  the variations in channel
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alignment and geometry on the sediment transport can be deduced from the variations o f  

the sediment transport capacity o f  the river from one reach to another (Tuttle and Pinner. 

1982).

Total mean depth o f  flow varies from a minimum o f  approximately 6 meters at 

some crossings to a maximum bend depth o f  about 60 meters. The average channel 

bottom slope is about 8.3 centimeters per mile. S 0 = 5 .2 x 1 0  ‘ (Ellet. 1970) and the

w idth o f  the alluvial valley varies between 48 and 200 kilometers. However, levees limit 

the flood flows to a floodplain having an average width o f  4.8 kilometers (Biedenham 

and Watson. 1997).

The magnitude o f  water and sediment discharge also varies substantially. From 

the confluence o f  the Mississippi and Ohio rivers, the river discharge increases with the 

addition o f  flows from the tributaries. After the inclusion o f  the Arkansas River flow , the 

river discharge decreases progressively, and the average annual discharge o f  water is 

about 15.574 cubic meters per second (m 3/s). Large water discharge variations cause 

variations in channel width and depth, sediment aggradation and degradation patterns, 

and hydraulic roughness characteristics o f  the riverbed. The v ariations in channel width 

and depth can be observed from the annual fluctuations o f  stage-discharge relationships, 

and these overall variations are sometimes such that different stages can be observed for 

the same magnitude o f  discharge.

Suspended sediment concentration in the Lower M ississippi River increases in the 

downstream direction at above average water discharge. In the short term, this indicates 

that sediment settles to the riverbed during low flows, and re-suspends and flushes out to 

the G ulf o f  M exico during high flows (Curwick. 1986). The suspended sediment in the

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



river moves by a series o f  alternating deposition and suspension events.

Many scales or sizes o f  bedforms exist along the Lower Mississippi River. These 

dynamic bedforms can reach wavelengths o f  500 meters and heights o f  10 meters. 

Bedforms are proportional to stage, and they have a dynamic interaction with the spatial 

pattern o f  flow. Dunes contribute to bed roughness, and tend to grow larger with 

increasing flow strength, thus size and roughness characteristics o f dunes cannot be 

predicted well by experimental and theoretical relations in spite o f  intensive 

measurements and studies along the river (Harbor. 1998).

3.1.3. A Brief History of the N atural and Human-induced Activities

This section is based on a couple o f  references and readers are encouraged to read 

the following for further information: Catalyst-Old River (1999). Biedenham and Watson 

(1997). Biedenham (1995). Keown et al. (1981). Winkley (1977). and Elliott (1932).

Looking back we see that the Lower Mississippi River has undergone 

modifications from both natural and human activities throughout the centuries. The 

morphologic response o f  the Lower M ississippi River reflects the integration o f each of 

these modifications. Trying to assess the individual effects o f  each o f  these features is 

extremely difficult because the response o f  the river to any specific feature is generally 

subtle or almost imperceptible.

Most o f  the modifications were natural before the start o f  the settlements around 

the 17th century. Attempts to restrain the Lower Mississippi began with the first
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settlements in the lower Alluvial Valley. The first major human-induced modification to 

the river was in the form o f controlled overbank flow by earthen embankments called 

levees. Levees were initially built in 1717 to protect New Orleans. Louisiana, from 

overflow (Elliott. 1932). The extension o f  levees was carried on with the establishment 

and growth o f  settlements because all settlers were required to build levees along their 

property 's river front for flood protection. By the turn o f  the century , thousands o f  new 

settlers were clearing lands and building levees where once the spring overflow had 

spread unhindered across the lowlands. However, the higher and more continuous the 

levees were, the higher the river rose in its narrowing flow-way.

As early as 1726 efforts were made to deepen the channel at the river mouth for 

sea-going commerce by dragging iron harrows over the bars. Navigation on the river 

grew and developed with the settlement in the lower valley though on the river itself it 

suffered difficulties. The introduction o f  steamboats on the Mississippi River system 

between 1811 and 1817 accelerated navigation, and thus increased demand for river 

improvement.

Beginning on December 16. 1811. and continuing through February 18 12. a series 

o f  earthquake shocks with an epicenter near New Madrid. Missouri, which was referred 

to as the New Madrid Earthquake, introduced a great amount o f  sediment into the upper 

reaches o f  the river combined with a severe disturbance o f the channel bottom, causing 

bar growth and navigation problems. During high flows this sediment was carried 

downstream, and settled during low flows increasing the river bed elevation, thus causing 

flooding.

By 1820 the period o f  discovery and settlement had come to an end. The
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Mississippi River was then entirely within the territorial limits o f  the United States. 

From then on. national attention was directed to the improvement o f the river. Federal 

operations on the M ississippi River date from 1820. With the Act o f  Congress in 1824 

the improvement o f  the Ohio and Mississippi rivers for navigation was authorized. Later, 

navigation improvements were extended under the direction o f  the C hief o f  Engineers o f  

the United States Army.

In the year 1831 an artificial cutoff, which was proposed by Captain Shreve and 

named after him. was constructed to improve navigation conditions at the mouth o f  Red 

River. This cutoff was followed by a second artificial cutoff made at Raccourci Bend 

several miles below the State o f Louisiana in 1848.

Humphreys and Abbot o f the Corps o f Engineers in 1861 surveyed the Lower 

M ississippi, commonly known as the "Delta Survey”, and published their great study o f 

the Lower Mississippi under a book titled "Report upon the Physics and Hydraulics o f the 

Mississippi River: Upon the Protection o f  the Alluvial Region against Overflow and 

Upon the Deepening o f  the Mouths". The report discusses river hydraulics and the 

effects o f  cutoffs, overflow basins, tributaries, outlets, levees, and crevasses. From the 

study o f  results o f field observations and measurements, a new formula was developed 

for the determination o f  the flow o f water in natural channels. An analysis was made o f  

three distinct methods for protection against overflow: first, by the cutting bends in the 

river: second, by the diversion o f tributaries and by artificial reservoirs and outlets: and 

third, by confining the river to its channel thus forcing it to regulate its own discharge 

(the levee system). Their scientific report stated that "levees only " was the solution to 

valley flooding and suggested that other approaches were not feasible. A system o f
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levees from the mouth o f  the Ohio River to Fort St. Philip. Louisiana, was recommended. 

The Humphreys and Abbot Report remained as a guide to the Lower Mississippi River 

improvements for about six decades, but subsequent events would reveal its 

shortcomings.

The Civil War period was attended by a cessation o f  work on the river. Levees 

were allowed to fall into disrepair and the floods o f 1862. 1865 and 1867 did great 

damage to the levee system. No navigation improvement w as attempted. The year 1867 

marks the resumption o f  dredging operations at the mouth o f  the river. Perhaps the 

greatest contributing reasons for the comparative lack o f  improvement were the scarcity 

o f  funds and the Civil War.

The year 1879 marks the end o f  the period o f  Federal operations. The need for 

improvement for navigation and flood control was generally recognized by the year 1879. 

The necessity for coordination o f  engineering operations through a centralized 

organization was also apparent. In 1879. the Mississippi River Commission (MRC) was 

created to examine and improve the river to protect its banks, improve navigation, and 

prevent destructive floods. The commission did some considerable channel 

improvement, navigation, and flood control works.

After the disastrous flood o f  1927. the “ levees only" approach was abandoned. In 

1928. Congress directed the Corps o f  Engineers to develop a flood control system, which 

would prevent such massive flooding from ever occurring in the future. More than 300 

flood control plans were put forth, but Congress adopted the Jadwin plan, which was 

proposed by General Edgar Jadwin. then C hief o f  Engineers. This plan suggested 

floodways to divert peak flows and hold down stages in the m ain channel, and designing
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all works on a "project flood", a hypothetical flood derived from examining historic 

rainfall and runoff patterns. The Jadwin Plan and its comprehensive approach to the 

river's management resulted in the M ississippi River and Tributaries (MR&T) Project 

authorized by the 1928 Flood Control Act.

The MR&T Project is one o f  the most complex and comprehensive water 

resources projects in the world. The primary elements o f  the M R&T Project include 

levees, channel improvement features (cutoffs, bank stabilization, dikes, revetment, 

dredging, floodways. and diversion structures), and tributary basin improvements 

(Biedenham. 1995).

Levees were built to contain flood flows, extending from Cape Girardeau. 

M issouri, nearly to the G ulf o f  Mexico. The levee protection was continuous except 

where major tributaries enter the Lower Mississippi or where natural high ground makes 

them unnecessary. The current construction program also consisted o f  strengthening and 

raising, and in some cases extending the existing levees.

Cutoffs, constructed by the Corps o f  Engineers between 1929 and 1942. shortened 

the river by about 150 miles in the reach between Memphis and Old River, and reduced 

flood stages (Winkley. 1977). Fifteen artificial cutoffs were constructed above the mouth 

o f  the Red and Atchafalaya Rivers, which is upstream o f  the study reach. The primary 

purpose o f  the cutoff program w as to improve the flood-carry ing capacity o f the river and 

thereby significantly reduce the required levee heights. In this respect, the cutoff 

program was a tremendous success in that it lowered stages to the lowest levels 

experienced in modem time. However, there is still considerable controversy about the 

long-term impacts o f  the cutoffs on the overall morphology o f  the system. A system of
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outlets was installed below the Red River to prevent overtopping o f  levees in this reach 

o f  the river. There are advantages and disadvantages o f the cutoffs on the lower 

Mississippi River. The advantages are: (1) major reduction in flood profiles (flood- 

carrying capacity increases). (2) lower frequency and shorter flood duration. (3) 

shortening the navigation time and deepening the channel for easy navigation, and (4) 

reducing the length o f channel to be stabilized. The disadvantages are: ( I ) a major 

dredging effort because o f the increased stream velocities through the cutoff. (2) 

structures located upstream may be adversely affected by the lowering o f  both the high- 

water and low-water planes, and (3) excessive bank caving either in the reach or near it 

because o f  the increased velocities.

The tendency o f the river to regain the pre-cutoff length was curtailed by the bank 

stabilization and channel improvement works. The banks of the Lower Mississippi River 

and its tributaries were stabilized to a desirable alignment, obtaining efficient flow 

characteristics from the standpoints o f  flood control and navigation. Dikes were 

constructed to confine the river to a single low-water channel, reducing excessive widths 

and developing desired alignments for navigation. Revetments, consisting o f  huge 

sections o f  concrete blocks joined together with wires, were built to help fix the channel 

and protect nearby levees by preventing bank caving. Improvement dredging was 

employed to adjust river flow patterns and maintenance dredging was employed to 

deepen shallow channel crossings that tend to form during low water. Foreshore 

protection was used primarily in the lower part o f  the river to laterally protect the 

riverbanks from wave wash attack and other erosion. The MR&T also incorporates four 

floodways that divert excess flows past critical reaches so the levee system will not be
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excessively loaded. For exam ple, the Bonnet Carre' spillway diverts Mississippi River 

water into Lake Pontchartrain to keep stages down in the vicinity o f  New Orleans.

One o f the Corps" greatest challenges has been building the Old River Control 

Structures to regulate the diversion o f  the Mississippi River flow into the Atchafalaya 

Basin. The initial Old River Structures were completed in 1963. The Auxiliary Structure 

was added in 1986 to provide greater control and flexibility o f  operations. A low-head 

hydroelectric power station slightly upstream o f the Old River Structures came on line in 

1990 (Biedenham. 1995). Since the construction o f  these river control structures 

sediment yield has been on the decline.

Dams, reservoirs, control structures, canals, and pumping plants on the tributaries 

were constructed between 1953 and 1970 for flood control and drainage. These 

structures on the tributaries and navigation locks on the upper Mississippi River have 

served as sediment-retention structures, and resulted in a 64 percent decrease in 

suspended sediment delivery to the Lower Mississippi River as com pared to the period 

prior to such construction (Keown et al.. 1981).

The channel improvement work on the Lower Mississippi River and its tributaries 

is approximately 85 percent complete and the scheduled completion date is March o f  

2010 (Biedenham and W atson. 1997).

3.2. DESCRIPTION OF THE STUDY REACH

The study area is located just upstream o f the Mississippi and Louisiana state
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border line on the Lower Mississippi River (LMR). which is between the Tarbert and 

Union Point stations and is about 20 miles in length (see Figure 1.1 on page 7). The river 

in this section has an average slope o f  3.78x10'5. and the depth o f  the River in this section 

ranges approximately between 10 and 34 meters.

Flow in the studied reach o f  the LMR is mainly regulated by the Old River 

Control Complex (ORCC). which became operational in 1963. The construction o f  the 

ORCC is one o f  the primary elements o f  the Mississippi River and Tributaries (MR&T) 

Flood Control Project, which was initiated by the Flood Control Act o f  1928 to provide 

flood control and navigation improvement for the LMR.

The main components o f  the Old River Complex include the Low Sill Structure 

(1963). the Auxiliary Structure (1986). and the Hydroelectric Power Station that cam e on 

line in 1990 (Biedenham. 1995) (see Figure 1.1 on page 7). The primary reason to 

construct these structures is to control and regulate the flows from the Mississippi River 

into the Atchafalaya River, thereby preventing the capture o f  the Mississippi River by the 

Atchafalaya River. Prior to construction o f  these structures, the percentage o f  flow from 

the Mississippi into the Atchafalaya had been steadily increasing because the distance to 

the G ulf o f  M exico via the Atchafalaya route is about one half the distance to the G u lf via 

the Mississippi route, which gives a definite hydraulic advantage to the Atchafalaya route 

(see Figure 3.1). Therefore, there was a big concern about the capture o f  the Mississippi 

River by the Atchafalaya River.

To maintain stability on both rivers the distribution o f water and sediment into the 

Lower Mississippi and Atchafalay a Rivers is controlled by allowing 30 percent o f  the 

combined flow from the Mississippi and Red Rivers to flow into the Atchafalaya River.
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Figure 3.1. Comparison o f  the distances to the G ulf o f Mexico via the Low er Mississippi 

and Atchafalaya Rivers.

In addition to controlling the flow split at this location, these structures play an important 

role in determining the sediment distribution to both rivers. The complex also provides a
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navigation connection between the Mississippi River and the Atchafalaya and Red rivers 

(Catalyst-Old River. 1999).

The primary water and sediment discharge monitoring station for this reach o f  the 

Mississippi River is the Tarbert Landing station, which is located just downstream from 

the Old River Control Structures at river mile 306. The U.S. Army Engineer District. 

New Orleans, computes daily sediment and water discharge at this station. The Old 

River Structures are operated as necessary to ensure that the discharge at New Orleans 

does not exceed 35.396 m 3/s (Catalyst-Old River. 1999).

Any down-river changes that are observed in the discharges o f suspended 

sediment represent deposition o f  material onto the riverbed or re-suspension o f  material 

from the riverbed. On a net basis, sediment is neither stored nor re-suspended at the 

average water discharge. At less-than-average water discharge, the suspended load 

decreases down the reach: sediment is being dropped by the flowing river and stored on 

the riverbed. At greater-than-average water discharge, the sediment load increases down 

the reach: at least part o f the previously stored sediment is being re-suspended from the 

riverbed. The short-term pattern, therefore, shows sedim ent being deposited and stored 

on the riverbed at lower flows and being re-suspended and flushed out on higher flows 

(Meade and Parker. 1985).
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Chapter 4. FIELD DATA COLLECTION

This chapter provides the sources o f the field data used for the current study and 

describes the equipment and procedure used to collect the field data. First, in section 4.1. 

the sources o f  the field data used in the current study will be provided, and then in section 

4.2 a brief description o f  the methods used to collect the field data, the data collection 

procedure, and the description and capabilities o f  the equipment used will be explained.

4.1. FIELD DATA SOURCE

The data in this study come from a comprehensive study at the Old River Control 

Complex (ORCC) by the U.S. Army Engineer Waterways Experim ent Station (WES) and 

the New Orleans District o f  the U.S. Army Corps o f  Engineers (NOD) in 1998. The 

WES and the NOD were provided with funding by Louisiana Hydroelectric Power to 

provide an engineering analysis o f  the hydraulics and sedim ent transport characteristics 

associated with the diversion structures and the adjacent M ississippi and Atchafalaya 

rivers. To achieve this goal, the WES and the NOD started a data collection program. 

This program w as initiated to provide a database for studies leading to a better 

understanding o f  the basic principles controlling water and sediment transport. The 

major study assignments and components were specific gage and slope analysis, sediment 

and flow analysis, channel geometry analysis, and integration o f  the above (Catalyst-Old
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River. 1999).

The data collection program included 2 boats, each o f  which contained an 

Acoustic Doppler Current Profiler (ADCP). US P-63 suspended sediment sampler, drag 

bucket, electric winch. Price meter, and recording fathometer (depth sounder). The boat 

provided by WES could not be outfitted to deploy a P-63 sediment sampler and Price 

current meter: therefore, it could only obtain velocity profile data with the ADCP 

(Catalyst-Old River. 1999). The ADCP was used to obtain the velocity magnitudes and 

directions, and river discharges at the specified cross-sections. The suspended sediment 

concentrations were measured using U.S. P-63. and drag buckets were used to obtain bed 

material gradation samples.

Field sediment and flow data were collected at a couple o f  stations on the Lower 

Mississippi. Red. and Atchafalaya rivers, seven o f  which were on the Mississippi River. 

However, in this study only four out o f  the seven stations on the Lower Mississippi River 

will be used: namely. Union Point. Line 13. Line 6. and Tarbert Landing (see Figure 1.1 

on page 7). Besides velocity intensities and directions data and sediment data, the 

following conditions and quantities are reported for each o f  these four locations: the river 

condition, the time o f  the measurement, the weather condition, the river discharge and 

water temperature measurements, and water elevation readings. All data used in this 

study are detailed in Appendix B (see Table B .l through Table B.12). All suspended 

sediment data are provided in Table B.l through Table B.4. all velocity and flow 

direction data in Table B.5 through Table B.8. and all bed material data in Table B.9 

through Table B.12.
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4.2. DATA COLLECTION METHODS

4.2.1. Flow Data Sampling Method

Accurate velocity and discharge measurements o f  large rivers have been a 

problem for many years. These measurements were difficult, time consuming, and 

sometimes dangerous. To eliminate the problems mentioned above, a new measurement 

technique and equipment was necessary; therefore, the U.S. Geological Survey has 

developed a technique which uses an Acoustic Doppler Current Profiler (ADCP). This 

technique was first used to make discharge measurements from a m oving boat on the 

Lower M ississippi River at Baton Rouge. Louisiana, in 1982. The ADCP-measured 

discharges differed less than 5 percent from the simultaneous conventional discharge 

measurements, which was encouraging (Simpson and Oltmann. 1993). O ver the past two 

decades. Acoustic Doppler Current Profilers have greatly expanded the ability to make 

detailed flow measurements in challenging field applications.

4.2.1.1. Description of the ADCP

The ADCP is an electronic instrument which is used in com bination with some 

other instruments, such as sensors and data-processing equipment, to make flow 

measurements. The ADCP is an accurate, reliable and easy-to-use high-performance
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current profiler. It has an acoustic frequency o f  600 kHz (kilohertz), profiling range o f  

3 - 6 7  meters, and velocity range o f  ± 10 meters per second. The profiling range o f  an 

ADCP is determined by the acoustic frequency and the conditions in the water: 

specifically, the amount o f  suspended material present (RD Instruments. 1989).

The ADCP includes four transducers, each o f  which is 17.1 centimeters in 

diameter, and a thermistor. Transducers are positioned 90° apart horizontally and 

directed downward into the water colum n at an angle o f  30° from the vertical. The 

therm istor is used to calculate the speed o f  sound in water (Simpson and Oltmann. 1993).

The ADCP uses a Doppler effect to measure vertical profiles o f  water velocities 

from a moving boat. The transducers transm it pulses o f  high frequency sound into the 

water. Transducers are constructed to generate a narrow beam o f sound where the 

majority o f  energy is concentrated in a cone only a few degrees w ide (see Figure 4.1).

As the sound travels through the water, it is reflected in all directions by 

particulate matter (sediment, biological matter, bubbles, etc.). Some portion o f  the 

reflected energy travels back along the transducer axis toward the transducers where the 

processing electronics measure the change in frequency. If the particles are moving 

toward the instrument the reflected sound pulse will have a higher frequency than the 

originally transmitted pulse. Conversely, if  the particles are moving away from the 

instrum ent the reflected pulse will have a lower frequency. This is known as the Doppler 

shift, and it allows the determination o f  flow velocity along the acoustic beam path 

(Oberg and Mueller. 1994).

The ADCP has a region immediately in front o f  the transducers, which is called 

the blanking region, where no measurements can be made. This region is required for the
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transducers and electronics to recover from the high energy transmit pulse. The blanking 

distance is a function o f  the acoustic frequency (Simpson and Oltmann. 1993).

Figure 4.1. Beam configuration o f  the ADCP (Simpson and Oltmann. 1993).
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The best characteristics o f  making a discharge measurement with an ADCP are 

high speed, high accuracy, and simple operation. With an ADCP mounted on a boat, a 

large number o f velocity and discharge measurements can be achieved in a couple o f  

minutes with an accuracy o f  about 98 percent. The ADCP can be used to make flow 

measurements wherever a boat can travel, provided the water is not too shallow.

4.2.1.2. Comparison of ADCP Techniques with Conventional Methods

Comparison o f  the ADCP techniques with the conventional methods such as a 

Price or other point-current meter can be made by considering the time required to 

complete a measurement, quality and quantity o f  data collected, functionality, and cost. 

There are advantages and disadvantages o f making flow measurements using the ADCP 

compared with conventional methods, the advantages being greater than the 

disadvantages (Lipscomb. 1995).

The primary advantages follow:

•  The time required to com plete a measurement is reduced. Because traditional 

discharge measuring techniques with standard current meters would have taken such 

a long time to complete measurements at one transect, it would have been difficult to 

measure velocities and discharges at several transects with extensive floodplains 

during the peak o f  the flood. With an ADCP these measurements are done in a very 

short amount o f  time.
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•  Data can be collected throughout the water column and cross-section rather than at 

discrete points. The ADCP gathers far more velocities than conventional discharge 

measurement devices in the same amount o f  time; this considerably increases the 

resolution o f  the velocity profiles.

•  Taglines or other stationing devices are unnecessary because the instrument keeps 

track o f  the distance traveled, provided the bed is stable. Frequently, velocity and 

discharge measurements cannot be made in tide-affected rivers using conventional 

measurement techniques because o f  dynamic conditions in the river. If a suitable 

bridge is not available from which to make conventional current-meter 

measurements, a tagline is suspended across the river and a small boat is attached to 

the tagline (use o f  a tagline is generally restricted to channels with widths o f  250 

meters or less). The boat then traverses the river cross-section, stopping at 25 or 

more positions where depth and two or more velocity measurements are made. 

Measurements o f  this type usually take I hour or longer, while the tagline poses a 

significant navigation hazard. The tagline often must be dropped to permit passage o f  

boat traffic, thereby increasing the duration o f  the measurements and increasing the 

chance for accidents.

•  The ADCP can be boat-mounted, thus eliminating the installation, maintenance, and 

liability o f costly cableways.

The primary disadvantages follow:

•  The ADCP instrument has a high initial cost.

•  The ADCP doesn't function well in shallow water conditions.

•  Because o f its complexity, the ADCP measurement requires an in-depth
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understanding o f  the physics, electronics, and software o f  the system prior to use.

•  Because the ADCP is a new technology, frequent revisions to hardware, firmware, 

and software are required to improve the accuracy.

The final result is that in the time required for one conventional discharge 

measurement, one could take 5 to 20 times as many discharge measurements with the 

ADCP. Now you can observe the variability o f  the discharge over short time scales or. if  

the flow is steady, average a few ADCP discharge measurements together to achieve 

even higher accuracy. The freedom from taglines or other fixed positioning equipment 

allows one to measure in locations that were previously impractical or impossible.

In brief, acoustic techniques to measure the suspended sediment transport 

parameters are a much better method than traditional techniques. The acoustic method 

has a high resolution and accuracy (Adams et al.. 1998). Because the high resolution and 

accuracy are important in sediment transport because o f  the com plex nature o f  the 

transport phenomena, it is essential to use acoustic methods to collect stream velocity 

data.

4.2.1.3. ADCP Data Collection Procedure

Flow data for all flow events were obtained by using the Acoustic Doppler 

Current Profiler (ADCP) (see Figure 4.2 and Figure 4.3).

The ADCP made measurements at 20-23 verticals across each o f the four cross- 

sections. It took about 10 minutes for the ADCP to gather data at each vertical. The
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Figure 4.2. Acoustic Doppler Current Profiler (ADCP) mounted to the boat.

Figure 4.3. Perspective view  o f  the Acoustic Doppler Current Profiler (ADCP).

ADCP and Price m eter were operated at the same time only every 4 verticals, which 

makes Price meter measurements only at 5 verticals. Price meter readings were obtained 

at 5 depths (20. 40. 60. 80. and 98 percent) o f  the overall depth. Fathom eter depth 

readings were done at the same verticals as the Price m eter readings over the sam e time
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period (Catalyst-Old River. 1999).

The ADCP and Price meter were operated at the same time to obtain data values 

proper to make comparisons o f the variables. The comparison o f  both methods was done 

only at Union Point station for five flow events from February to May. Figure 4.4 

illustrates discharges both obtained by the ADCP and Price meter at different water 

temperatures. For comparison purposes the reported discharges are also shown in the 

same graph.
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Figure 4.4. Comparison o f  the ADCP. conventional and reported discharges at Union 

Point.
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Price meter velocities represent a single point velocity value at a particular depth 

and averaged over a 120-second time period. The ADCP data were recorded 

continuously during the time required to complete the Price meter vertical profile at 5 

different depths (Catalyst-Old River. 1999).

The ADCP measures the velocities over a short period o f  time, so velocity 

fluctuations could be expected (Admiraal and Demissie. 1995). To make sure that the 

ADCP readings are not biased, a complete circuit o f  the river (crossing the river twice) 

was performed (Catalyst-Old River. 1999).

The water velocity at each depth o f  a velocity profile was determined with respect 

to the boat velocity: therefore, the accuracy o f  the measured boat velocity is important. 

The ADCP measured the boat velocity relative to the river bottom by using a fiux-gate 

compass and the results o f  measurements o f  the Doppler shift o f  acoustic pulses reflected 

from the river bottom. In order for measurement o f  the boat velocity to be correct, the 

ADCP signal must penetrate through the channel bed load to the fixed river bottom. In 

addition to measuring boat velocity, the ADCP measured the depth o f  the river by 

measuring how long it took for an acoustic signal to be reflected o ff the channel bottom 

(Gordon. 1989).

The ADCP cannot measure water velocities near the top and bottom o f the water 

column. The velocity measurements near the top cannot be made because o f  the physical 

characteristics o f  the ADCP. such as the transducer draft and blanking distance. The 

reason for not being able to measure water velocities accurately near the bottom is the 

contamination o f  the acoustic signals in the lower part o f  the water column because o f the 

interference o f  vertical side lobes. Although the ADCP transducers concentrate most o f
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the acoustic energy in a narrow beam, some energy is transmitted in all directions. A 

portion o f this energy takes a direct path to the boundary: this is called side lobe energy 

and the reflections are called side lobe interference. Although side lobe energy levels are 

much lower than the main beam, the boundary reflection is much stronger than the 

reflection from particles in the water and can potentially bias velocity measurements. 

Side lobe interference may affect the bottom 10-15 percent o f  the velocity profile. The 

extent to which the side lobe reflection may contaminate the velocity measurements is a 

function o f the boundary conditions, the scattering return strength from the water, and the 

acoustic properties o f  the transducers. There is always a potential for side lobe 

interference, and any near-boundary data should be analyzed carefully (Simpson and 

Oltmann. 1993).

A power law was used to construct a curve fit o f  the data, and velocities outside 

o f  the measurement range were extrapolated. Data does not always take on a power law 

form, so estimates o f  top and bottom discharge can be erroneous. However, velocity 

profiles o f this type are not com m on in the main channel o f  the river, and most velocity 

profiles are well presented by the power law (Oberg and Mueller. 1994).

To be consistent with the suspended sediment data, the distribution o f  the 

horizontal velocity vector intensities and directions were reported only along four chosen 

verticals: the same ones that were used for collecting suspended-sediment samples (see 

Figure 4.5).

Each velocity vector intensity and direction value, reported for a particular point 

on a particular vertical, is the average o f  the value at the particular point and five or eight 

surrounding points. The ensemble averaging, instead of time averaging, was introduced
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Figure 4.5. Locations o f  the four sampling verticals at Union Point.

to eliminate significant randomness in measured velocities caused by the ADCP high 

frequency sampling ( 1 - 3  seconds per vertical). The profile o f  water velocity is divided 

into range cells, where each cell represents the average o f  the return signal for a given 

period o f  time. The velocity intensity and direction data are provided with about 0.5 m 

increments along each vertical (see Figure 4.6).

Figure 4.6 is obtained using Table B.6 in Appendix B. Similar graphs at different 

verticals o f  all cross-sections can be attained using the flow data in Table B.5 through 

Table B.8 in Appendix B. Velocity and depth data were used to compute the individual 

subsection discharges. Finally, the ADCP software with a discharge computation
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Figure 4.6. Flow velocity intensities and directions at the 4lh vertical at Line 13.

algorithm was used to estimate discharges in the shallow regions that could not be 

measured, then total river discharge was computed by adding all the measured and 

estimated (unmeasured) discharges. Velocity, depth and discharge measurements were 

done simultaneously (Lipscomb. 1995). Figure 4.7 demonstrates the total water 

discharges at all cross-sections for all flow events. According to the figure below, the 

ADCP discharges for the individual locations are almost same for flow events between 

February 27 and April 17. 1998. but there is a drastic decrease in ADCP discharges after 

May 8. 1998 event. Due to the existence o f  control structures in the study reach, the 

ADCP discharges decrease by approximately 15 to 20 percent between the Union Point 

and Line 13 locations and by approximately 5 to 10 percent between the Line 13 and Line
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6 locations, and stay almost the same thereafter. These changes in the Lower Mississippi 

River flow discharges in the study reach confirm  the earlier statem ent that about 30 

percent o f  the Lower Mississippi water flows into the Atchafalaya River through the 

outflow channel. Moreover, water temperatures are equal at all locations, and increase 

between the February 27 and August 3. 1998 flow events.
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Figure 4.7. The ADCP discharges for all flow events at all locations.

4.2.2. Suspended Sediment Sampling Method

The measurement o f suspended sediment, particularly in field settings, is important in the
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documentation o f  sediment transport and deposition to cope with the problems 

originating from the existence o f  sedim ent in streams. M any measurement techniques to 

measure sediment transport parameters, such as suspended sediment concentration, have 

been used with varying degrees o f  success. Some o f  the sediment concentration 

measurement methods include suspended sediment samplers, suction pum ps, siphons, 

grab samplers, and optical measuring systems (Adams et al.. 1998). Suspended sediment 

concentrations in this study were determ ined with a common depth-integrating discharge- 

weighted sampler, the US P-63 (see Figure 4.8).

Figure 4.8. The US P-63 (Point-integrating suspended sediment sampler).

Even though the operating mechanism in the US P-63 is the same as the US P-61. 

they differ mainly in size and weight. Because the US P-63 is larger and heavier than the
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US P-61. it is better in large river environments with greater depths and higher velocities 

(Federal Inter-Agency Comm ittee. 1963).

The US P-63 is an electrically operated cast bronze suspended sediment sampler. 

It weighs about 90.7 kilograms, and is 86.4 centimeters in length. The US P-63 can be 

used both as a point- and a depth-integrating sampler because the sampler head contains 

an electrically operated sampling mechanism. The sampling is controlled by an 

electrically operated, two-position rotary valve. The sample container is either a 1-pint or 

I-quart round milk bottle. The maximum sampling depth is 55 meters with a pint sample 

container and 37 meters with a quart container (Federal Inter-Agency Committee. 1963).

The US P-63 has a specifically designed intake nozzle, which is 4.8 millimeters in 

diameter. The nozzle is cut and shaped so as to ensure that the velocity in the nozzle is 

the same as the stream-flow velocity, provided that the nozzle is oriented parallel to the 

flow direction with the help o f  tail vanes, in order to collect a sample representative o f  

the mean discharge-weighted sediment concentration. Because o f  the design o f  the 

sampler, the US P-63 samples the water-sediment mixture from the water surface to 

within a zone close to the riverbed, which is about 8-9 centim eters apart from the 

riverbed (Edwards and Glysson. 1988).

Because o f  the extrem e difficulty o f calibration, suspended-load samplers 

generally are assumed to have a sampling efficiency o f  1.0. that is. perfect efficiency. 

Sampling efficiency is the ratio o f  quantity o f  sediment trapped in the sampler to the 

quantity o f  sediment the stream actually would transport at the sam e time and place had 

the sampler not been there. Inaccuracy in the measured suspended sediment load can 

arise from sampler inefficiency, improper sampling in the vertical, and errors in
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measuring water discharge. Possibly a more serious problem arises in determining the 

average transport rate for the entire cross-section from a group o f  verticals. This problem 

results from hydraulic causes and natural fluctuations in sediment concentrations, both 

spatially and temporally. These fluctuations can vary by several orders o f  magnitude 

(Guy and Norman. 1970).

As mentioned earlier, four cross-sections, namely Union Point. Line 13. Line 6. 

and Tarbert Landing, are analyzed in this study. To obtain suspended sediment data, four 

verticals at each cross-section were chosen. The verticals in most cases were equally 

spaced across the stream, using a method known as the equal transit rate or equal width 

increment. For each vertical, samples were taken at six locations representing 10. 30. 50. 

70. 90. and 98 percent o f the total depth. Therefore, there are twenty-four point 

suspended sediment samples at each cross-section. Suspended sediment samples 

generally contained a significant amount o f  silt and clay and fine sand, some amount of 

very fine and medium sand, and very little coarse sand. Suspended sediment samples 

were processed to obtain vertical suspended sediment concentration profiles by size class 

for each o f  the chosen verticals. Suspended sediment concentration results are published 

in milligrams per liter (mg/1). Measured suspended silt and clay concentration is nearly 

uniform at each location, averaging approximately 250 mg/1. Measured suspended sand 

concentration, however, indicates significant variation in both the vertical and lateral 

directions. Figure 4.9 shows a sample suspended sediment concentration profile.

Each zone has a respective area, average concentration, and velocity. The unit 

suspended sediment discharges for each zone are com puted by using the modified 

Einstein procedure, and then summed over all the zones to compute total unit suspended
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sediment discharge for each cross-section.
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Figure 4.9. Suspended sediment concentration profile at a vertical at Line 13.

The suspended load being transported was computed as the product o f the 

concentration and the local velocity based upon the individual measurements o f 

concentration and velocity at the sampling point (see Figure 4.10). In the figures below, 

it seems like the suspended sediment concentration profile and the turbulent velocity 

profile are mirror images o f  each other. That is. the turbulent flow velocities are low at 

points o f  high suspended sediment concentrations, and high at points o f  low suspended 

sedim ent concentrations along a vertical. For example, the turbulent flow velocity is low 

near the riverbed, where the suspended sediment concentration is high, and is high near
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the water surface, where the suspended sediment concentration is low.
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Figure 4.10. Calculation o f  the suspended sand discharge from the product o f  the sand 

concentration and flow velocity profiles.

4.2.3. Bed M aterial Sampling Method

Bed material samplers, as first developed, may be divided into three types: the 

drag bucket, grab bucket, and vertical pipe (Vanoni. 1975). Samples o f bed material in 

this study were collected with a drag bucket. Figure 4.11 illustrates a drag bucket (bed 

material sampler) and a US P-63 (suspended sediment sampler) mounted on a boat. The 

drag bucket sam pler consists o f  a weighted section o f  a cylinder w ith an open mouth and 

a cutting edge. As the sam pler is dragged along the bed. it collects samples from the top 

layer o f the bed material.

One disadvantage o f  using a drag bucket is that it is likely to permit fine material 

to be washed out as the sample is taken and then raised through the water column. Using
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a drag bucket can give a good result for gravel-size material gradation.

IIS-P63

Drag 
Bucket

Figure 4.11. Drag bucket and US P-63 in the field.

Bed material samples are generally collected in conjunction with a set o f 

suspended sediment samples. Four bed material samples were collected at bed surface 

locations corresponding to the same four chosen verticals for suspended sediment 

samples. Bed material samples generally contained a significant amount o f sediment 

with a diameter smaller than I mm (predominantly grain diameters vary ing between 0.125 

and 0.5 millimeters), and only a small percentage o f  sediment with a diameter larger than 

1 millimeters. Table 4.1 provides the percent average am ount o f  bed material for all flow 

events at all locations. This table shows that the bed material is mostly composed of 

medium and fine sand fractions, medium sand fraction being the most. It also shows that 

there is only little coarse and very fine sand fraction, and almost negligible amount of 

very coarse sand fraction at the riverbed.
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Table 4.1. Average percent bed material by sand size fraction at all locations.

Percent Bed Material
Location VCS CS MS FS VFS

UP 1.1 52 47 0 42.3 1.9
L13 1.1 8.6 47 7 37.6 24
L6 0.2 4.0 57 0 36.2 24
T 0.2 4.7 56 9 37.1 10

Bed material samples were processed to obtain the bed sedim ent size distribution 

at the bed surface location o f  each vertical (see Figure 4.12).

100
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Figure 4.12. Bed material size distribution for February 27. 1998 event at Line 13.
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Chapter 5. DATA ANALYSIS

This chapter provides an extensive analysis o f  the field data collected by the U.S. 

Army Engineer W aterways Experiment Station (W ES) and the New Orleans District o f  

the U.S. Army C orps o f  Engineers (NOD) at a reach near the Old River Control 

Structures Com plex on the Lower Mississippi River in 1998. The purpose of the analysis 

was to determine whether the water temperature has any effect on the sediment 

movement processes, and the Coriolis effect on the flow direction in the Lower 

Mississippi River.

To understand how the water temperature affects the sediment distribution and 

transport by flowing water, and how the flow direction is affected by the Coriolis force, it 

is important to know  the effects o f  water temperature, and the Coriolis force on 

parameters affecting both the water and sediment movement characteristics. There are 

many factors affecting the water and sediment transport characteristics in the Lower 

Mississippi River, which include all effective geometric, flow and fluid characteristics, 

and the properties o f  the sediment itself. As the sediment transport rate is the product o f 

the vertical flow velocity and sediment concentration distributions, it is necessary to have 

reliable information on how the water temperature affects the vertical distributions o f  

both the flow velocity and sediment concentration in the Lower M ississippi River.

The effect o f  w ater temperature on the vertical distribution o f  suspended sediment 

concentration and the transport o f  suspended sediment was sought in both direct and 

indirect ways. In the direct analysis, both the suspended sedim ent concentration and
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transport values were compared at different water temperature values. In the indirect 

analysis, on the other hand, first the effect o f  w ater temperature on the main parameters 

(i.e.. the fall velocity o f sediment particles, the kinematic viscosity o f  water, and the von 

Karman parameter) affecting the suspended sediment concentration and transport was 

searched, and then these effects were em ployed (i.e.. by evaluating the change in Rouse 

number) to investigate the water temperature effect on the suspended sediment 

concentration and transport. The Coriolis effect on the flow direction was investigated by 

comparing the calculated and measured flow direction angles.

This chapter is mainly divided into four sections. The analysis o f  the effect o f  

w ater temperature on the flow velocity in section 5.1 and on the sediment flow in section 

5.2 is made. In section 5.3. a sample application is provided to demonstrate the 

difference between the measured and calculated sediment concentrations by size fraction. 

Finally, in section 5.4. the analysis o f  the Coriolis effect on flow direction is 

accomplished.

5.1. EFFECT OF WATER TEMPERATURE ON FLOW 

VELOCITY, v

Flow velocity depends highly on the fluid properties such as viscosity, bed 

roughness characteristics such as type o f  bedforms on the riverbed, and turbulence 

characteristics such as the von Karman parameter. Therefore, the effect o f water
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temperature on afore-mentioned properties is the main reason for velocity profile change 

with water temperature. Because o f  the lack o f  bedform data in the study area, only the 

analysis o f  the effect o f  water temperature on water viscosity and the von Karman 

parameter was made first, and then the effect o f  water temperature on the vertical 

distribution o f  velocity profiles was analyzed based on the changes in water viscosity and 

the von Karman parameter with water temperature. Afterwards, a visual representation 

o f  the difference between velocity profiles at different water temperatures is 

demonstrated.

5.1.1. W ater Tem perature Effect on Kinematic Viscosity of W ater,

Water viscosity results fundamentally from the cohesion and interaction between 

the water molecules. It opposes flow motion. Any pressure and temperature change 

affect the water viscosity, the pressure effect being to a negligible extent only.

Figure 5.1 based on V anoni's 1970s experimental data clearly shows how the 

water temperature affects the kinematic viscosity o f  water. Figure 5.1 illustrates that the 

kinematic viscosity o f water decreases considerably as the water temperature increases. 

However, there is an exponential decay o f  the effect o f  water temperature on the water 

viscosity towards the high water temperatures.

The existence o f suspended sediment in the flow is also expected to change the 

viscosity o f  water. Because o f  the negligible suspended sediment concentrations in the
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study area o f  interest, it was assumed that the viscosity o f  sediment-water mixture is 

approximately equal to the viscosity o f  water. v m = v .

Based on Eq.2.8. which is the velocity distribution equation in a turbulent flow, 

one can conclude that a decrease in kinematic viscosity with an increase in water 

temperature causes an increase in flow velocity. This means an increase in water 

temperature results in an increase in flow velocity. In the range o f  water temperature in 

the study reach, on average, there is approximately 1.9 percent decrease in the kinematic 

viscosity o f water with a 1 °C increase in water temperature.
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> 14E-06

2  1 2E-06

1 0E-06

g  80E -07

6 0E-07

8  40E -07
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0 0 E + 0 0 ------------------------------------------------------- ------------------- ---------------------------------------------------------------------------
0 5 10 15 20 25 30 35 40

Water Temperature, T ( °C )

Figure 5.1. Water temperature effect on the kinematic viscosity o f water.
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5.1.2. W ater T em perature Effect on von K arm an Param eter, k

The von Karman parameter, k  . is a measure o f  the slope o f  the local velocity 

profile (see Figure 2.2 on page 20). To investigate the behavior o f  the von Karman 

parameter, k  . under real conditions it is necessary to calculate the value o f  k  from 

measured velocity distributions. When measured velocity profiles are plotted as a 

straight line on semi-logarithmic paper, the average slope o f  the line represents the value 

o f  the von Karman parameter for a sediment-laden flow (see Figure 5.2).

25 -  

20  -

V . / u .  = 2 0526 Ln(u.  z l »)- 10445 

R3 -  0 8145
O

1 / 2  0 5 2 6  -  0 4 8 7 2

5 -

►
0  ---------- .---------- -—■■—•—■ * • ■  -------- -------------—1— ------—t---------------      — --■ • • i

1 0 0 E -G 4  1 JO E * 0 5  1 0 0 E * 0 6  1 0 0 E * u 7

U ■ 2 / v

Figure 5.2. Obtaining the von Karman parameter from a velocity profile.
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In analyzing the suspended sediment data, the von Karman parameter, a*. is 

determined from the velocity distribution according to the following equation:

A' = I /  m (Eq.5.1)

where m  is the slope o f  the semi-logarithmic velocity profile, and expressed as follow s:

d(Vx / u . )
m = -----------------  (Eq.3.2)

i/ln(». : ! v )

in which u. is the shear velocity and v  is the viscosity o f  water. The shear velocity, it. 

is obtained using the following equation:

u. = yjg h S n (Eq.5.3)

where g  is the gravitational acceleration, h is the flow depth, and .S',, is the riverbed 

slope.

In clear-water flows, the value o f  k  is com monly assumed to be a constant and 

equal to 0.4. In the presence o f  sediment in the flow, k  is not really a constant and its 

value can be influenced by factors such as sediment concentration. C . and characteristic 

bed roughness height, k ,. However, there have been some conflicting ideas about how

the changes in ( '  and k , affect the value o f a* . Besides the effect o f  C  and k s. water 

temperature also has an influence on the value o f  a- .
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In this study, the effect o f  water temperature on the value o f v  is sought by 

observing the changes in the value o f  a:  for different flow events with different water 

temperature values from the field data. The values o f the von Karman parameter at all 

verticals at all locations are obtained from the slope o f  the logarithmic velocity profiles 

and are provided in Table 5.1. The majority o f  the k  values given in Table 5.1 are 

positive and there are only a few negative a: values. Therefore, it is assumed that the von 

Karman parameter, v .  takes positive values, and negative values o f a* are disregarded in 

this study.

Table 5.1. Values o f the von Karman parameter at all locations.

CROSS
SECTION VERTICAL

FLOW EVENT
27-Feb 23-Mar 10-Apr 17-Apr 8-May 9-Jun 3-Auq

Union Point V1 0 0184 0 4247 0 9555 0 8349 0 4749 0 5748 0 2827
V2 0 3288 0 6125 0 4397 0 2602 0 3119 0 2381 0.7301
V3 0.2874 0 2070 0.2651 0 4445 0 5966 0 2928 0.4266
V4 0.4287 0 4165 05001 0 2481 0.3639 0 4822 0 3375

Line 13 V1 0.6809 -0 7537 0.8295 0 5397 0.5018 0 5696 3 2613
V2 0 2117 0 2996 0.2720 0 2018 0.2064 0 5651 0 5382
V3 0.2782 0 2905 5.0665 0 6220 3.3953 0 3535 0 5180
V4 0.4872 0 2967 1 4419 0 5164 1.1145 0 5253 05090

Line 6 V1 0 3868 0 3181 0 3751 0 2788 N/A 0 2562 0 5007
V2 03244 0 3293 0 8891 0 2779 IM/A 0 4236 0 5062
V3 0 3821 0 5140 0 2824 0 5704 N/A 0 4374 0 4680
V4 05046 -22182 0.7064 1 2714 N/A -244309 0 6208

Tarbert V1 0 4547 0 8524 0.8033 1 1037 0 7734 0 5703 05169
V2 1.5453 0 6690 03065 0 3490 0 2887 0 3486 03599
V3 04848 0 1708 0 2768 1 8484 07595 0 3931 03059
V4 0 8073 0 2264 0 5698 0 3178 0 2600 0 4353 0 4473

To obtain the effect o f  water temperature on the von Karman parameter, first the 

von Karman parameter values at specific cross-sections at different flow events, which 

have approximately the same flow discharges, were compared by using the multiple
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regression analysis. In the multiple regression analysis, the von Karman parameter, v . 

depends on both the water discharge. O . and water temperature. T . as following:

k  = c O ' r  (Eq.5.4)

in which c  is a constant, and en and e, are the exponents o f  the water discharge and 

water temperature, respectively.

Table 5.2 below provides the values o f  the exponents cn and e, at Union Point. 

Line 6. and Tarbert locations.

Table 5.2. The values o f  en and e, showing the relationship between the von Karman

parameter, k  . and water temperature. T .

Location Union Point Line 6 Tarbert
Flow Event 23-Mar 17-Apr 27-Feb 17-Apr 23-Mar 10-Apr 23-Mar 10-Apr

Temperature (°C) 9 16 9 16 9 16 9 16
ADCP Q (m3/s) 30.092 30.265 22.174 22.571 23.900 24.239 24.388 23.989 Average

eQ -0 033 -0 024 -0 129 -0 048 -0 058

0 029 0 367 0 518 0 245 0 290

Since the purpose o f  the analysis herein is to figure out the water temperature 

effect on the von Karman parameter, the effect o f  w ater discharge on the von Karman 

parameter is eliminated by choosing the flow events that have approximately the same 

ADCP flow discharges (see Table 5.2). Based on Table 5.2. on average, the von Karman 

parameter, k  . is directly proportional to the water temperature. T . In other words, when
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the water temperature is increased, the value o f  the von Karman parameter increases. For 

instance, when the water temperature is increased from 9 to 16 °C (water discharge being 

constant), there is approximately 15 percent increase in the von Karman parameter.

Moreover, the effect o f  water temperature on the von Karman parameter is sought 

graphically (see Figure 5.3). Figure 5.3 is obtained from the von Karman parameter 

values calculated for February 27. March 23. April 10 and April 17 events at Union Point 

station because the flow discharges for these events are approximately equal, eliminating 

the flow discharge effect on the von Karman parameter.
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As it is obvious from the above figure, the average value o f  the von Karman 

parameter increases with water temperature. Similar trends are obtained for other 

stations (I.ine 13. Line 6 and Tarbert) also (see Figure C .l through Figure C.3 in 

Appendix C). In all o f  these figures the average value o f  the von Karman parameter is 

higher than the clear-water value o f  0.4. averaging about 0.53 at 9 °C and 0.61 at 16 °C.

The von Karman parameter versus the water temperature for all events at all 

locations are also plotted and are shown in Figure 5.4. In Figure 5.4. the trendlines show 

that the average value o f  the von Karman param eter tends to decrease with increasing 

water temperature at Union Point and Tarbert stations, and increase with increasing water 

temperature at Line 13 and Line 6 stations. The difference in trendlines at different 

locations in Figure 5.4 indicates that there might exist other flow: parameters (i.e. flow 

discharge, bedforms and secondary- currents) that might affect the von Karman parameter.

The analysis herein shows that the von Karman parameter, v .  is not a constant 

and slightly increases with an increase in water temperature. T . On average, there is 

about 2.14 percent increase in the von Karman param eter for every 1 °C increase in water 

temperature. Also, the value o f the von Karman parameter is always higher than its value 

o f  0.4 in clear-water flows.

Another obvious conclusion that can be deduced from the Figure 5.4 is that in 

flows with low temperatures the von Karman param eter has a higher variability than that 

in flows with warmer water temperatures. To demonstrate this more clearly, the standard 

deviations o f  the von Karman parameter for all water temperatures are calculated first. 

Then, the average values o f  the standard deviations o f  the von Karman param eter for
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Figure 5.4. The effect o f  water temperature on the measured v on Karman parameter for

each water temperature are determined (see Figure 5.5). Figure 5.5 indicates that the 

deviation o f  the von Karman parameter from an average value is small in warm 

temperatures, which tells us that the von Karman parameter can be defined more 

accurately in flows with higher water temperatures. More specifically, during the 

summer season the value o f  the von Karman parameter does not fluctuate as much as that 

during the winter season. Moreover, the value o f  the von Karman parameter is more 

accurately predictable in warm water flow than that in the cold one. This might be 

because o f the fact that the turbulent velocity profiles during the winter are more uniform 

than those during the summer.

all locations.
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Figure 5.5. Average standard deviation of the von Karman param eter with water 

temperature at Union Point and Tarbert locations.

5.1.3. Com parison of Velocity Profiles a t Different W ater Temperatures

To visualize the effect o f water temperature on velocity profiles, only the flow 

events that have alm ost the same flow discharges are selected for comparison. For 

example. M arch 23 & April 17 flow events at Union Point. February 27 & April 17 and 

March 23 & April 10 flow events at Line 6. and March 23 & April 10 flow events at 

Tarbert have approxim ately the same flow discharges (see Figure 5.6 through Figure 5.9). 

Comparison o f  the velocity profiles at different water temperatures at all verticals for the
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Figure 5.9. Water temperature effect on flow velocity profiles at Tarbert.
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above specified flow events and locations indicate that the flow velocity increases, 

decreases or stays almost the same at different verticals (see Figure 5.6 through Figure 

5.9). However, in general, the flow velocity decreases with w ater temperature at most 

verticals. In the above graphs the flow' velocities at warmer water temperature are 

indicated by bold-fllled marker styles.

The relationship between the turbulent flow velocity and water temperature is 

shown in Figure 5.10.
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Figure 5.10. The effect o f  water temperature on average flow velocity for about the 

same flow discharges at all locations.

This graph is produced based on the data at Line 13. Line 6 and Tarbert locations since
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these locations have almost the same discharges for February 27 through April 17. 1998. 

flow events. The figure below clearly indicates that, for almost the same discharge 

events, the flow velocity decrease with water temperature. For example, when the water 

temperature is increased from 9 °C to 16 °C. flow velocity drops o ff  by about 4.6 percent. 

In other words, the flow velocity decreases by approximately 0.66 percent for every I °C 

increase in water temperature.

5.1.4. Concluding Rem arks about the Effect of W ater Tem perature on 

Flow Velocity

On average, the flow velocity decreases with water temperature. The main reason 

for the flow velocity to decrease with water temperature is an increase in the von Karman 

parameter. **. and a decrease in the kinematic viscosity o f  water, v . with water 

temperature. Eq.2.8 shows clearly the relationship between the flow velocity, the von 

Karman parameter, and the kinematic viscosity o f  water.

5.2. WATER TEMPERATURE EFFECT ON SEDIMENT 

FLOW
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The suspended sediment and bed material in the study reach are mainly composed 

o f  fine material (clay and silt), sand, and little gravel (see Figure 5.11 and Figure 5.12). 

The analysis mainly focuses on certain sand fractions: namely, very fine sand (VFS). fine 

sand (FS). medium sand (MS), and coarse sand (CS). Fine materials (clay and silt) are 

excluded in this study because large changes in the flow can bring about only minor 

changes in the transport o f  fine sediment. Also, very coarse sand (VCS) and gravel are 

not accounted for in this study because their volume in the flow is so minor that the 

analysis would produce incorrect results. After an examination o f  the all suspended and 

bed material gradation curves at all locations, it was realized that the bed material is 

mostly composed o f  the medium sand (MS) fraction, and the suspended sediment is 

mostly made up o f  the fine sand (FS) fraction.
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Figure 5 .11. Average suspended sand gradation curves at all locations.

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Sitt & Clay VFS MS CS vCS
100

Union Point 
Line 13 
Line 6 
Tarbert 
Average

Average Bed M aterial 
G radalioa  C urves

0 0 1

Sediment Size, d, (mm)

Figure 5.12 Average bed material gradation curves at all locations.

Water temperature affects the sediment flow mainlv by changing the vertical 

distribution o f  velocity profiles and sediment concentration. The effect o f  water 

temperature on velocity profiles was discussed in detail in the previous section (section 

5.2). In this section the water temperature effect on the vertical distribution o f  the 

suspended sediment concentration and transport will be sought.

The effect o f  water temperature on sediment concentration and transport was 

sought in both direct and indirect ways. In the direct analysis, both the suspended 

sediment concentration and transport values were compared at different water 

temperature values. In the indirect analysis, on the other hand, first the effect o f  water 

temperature on the main parameters (i.e.. kinematic viscosity o f  water, von Karman 

parameter, fall velocity, turbulent Schmidt number, shear velocity, and Rouse number)
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affecting the suspended sediment concentration and transport was searched, and then 

these effects were employed to investigate the water temperature effect on the suspended 

sediment concentration and transport. In previous sections it was already mentioned that 

both the kinematic viscosity o f  water and the von Karman parameter are influenced by 

w ater temperature. Also, because o f  the lack o f  data on the turbulent Schmidt number 

and shear velocity, only the analysis o f  the effect o f water temperature on the fall velocity 

o f  sediment particles and the Rouse number is included in the indirect analysis subsection 

(section 5.2.2).

5.2.1. Direct Analysis of W ater Tem perature Effect on the Vertical 

Distribution and T ransport of Suspended Sediment

In this section, the effect o f  water temperature on the Mississippi River sediment 

is analyzed by calculating the depth-averaged sediment concentrations and unit 

suspended sediment discharges at different water temperatures, and applying the multiple 

regression analysis method to relate both the suspended sediment discharge and bed 

sedim ent concentration to water temperature.

To explore the direct effects o f  the water temperature on the vertical distribution 

o f  suspended sediment concentration, depth-averaged suspended sediment concentrations 

were obtained first. Depth-average suspended sediment concentrations at each vertical 

for each flow event were calculated by using the following equation:
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C = C'o +

(C(ti , ) + ( ’(</,.,)) Ad  
*>

(Eq.5.4)

in which C  is the depth-averaged suspended sediment concentration at a vertical. C() is 

the depth-averaged concentration at the region between the water surface and the first 

sampling point and expressed as: [ ( ’(*/, )/2] [</, / / / J .  where ( ’(</,) is the measured 

sediment concentration at the first (or minimum) sampling depth from the water surface 

( t / , ). and C'(c/ t ) are the suspended sediment concentrations at consecutive

sampling points, where / = I ...6 because there are 6 sampling points at each vertical, and 

/ j s is the maximum sampling depth.

Table 5.3 on the following page shows the depth-averaged suspended sediment 

concentration values for each vertical at all locations. Because the water temperatures for 

all flow events are known at the specified locations, a graph o f  the depth-averaged 

suspended sediment concentrations versus the water temperature for all flow events can 

be plotted (see Figure 5.13).

Figure 5.13 shows that the depth-averaged suspended sediment concentration 

values decrease when the water temperature is increased. It is also obvious from these 

graphs in Figure 5.13 that the effect o f  water temperature on sand particles is greater than 

that on fine particles (silt and clay) because the trendlines for sand particles in the above 

graphs have higher negative slopes than those for silt and clay particles. The higher the 

negative slope o f the trendline, the more change occurs in the depth-averaged suspended 

sediment concentration with an increase in water temperature. Although the average
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suspended silt and clay concentration decreases by about 0.35 percent with a water 

temperature increase o f  I°C. the average suspended sand concentration decreases by 

about 2.0 percent with the same range o f  water temperature increase.

Table 5.3. Depth-averaged suspended sediment concentrations for each vertical at all 

locations.

Water Depth-averaqed Suspended Sediment Concentration (mq/l)
Temp. Union Point Line 13 Line 6 Tarbert

Vertical Date f Q Sand Fine Total Sand Fine Total Sand Fine Total Sand Fine Total

V-1 27-Feb 9 90  72 218  68  309 40 65  25 188 32 253 57 77 53  246 99 324 52 137 26 221 30 340 16
23-M ar 9 94  36 271 78  366 14 53  16 222 84 276 00 143 72 241 41 385 13 27 02  228 61 255 63
10-Apr 16 42 12 179 37 221 50 20 74 133 29 162 03 66  15 120 64 194 79 61 63  142 27 203 90
17-Apr 16 73 49  275 01 348 49 42 20 265 77 307 97 100 04 302 28 402 32 26 18 320 47 346 65
8-M ay 19 62  69  138 90  201 60 63 43  115 06 178 49 N/A N/A N/A 31 52  147 65  179 17
9-Jun 26 10 69  249 32  260 02 16 61 210 56 235 16 16 61 218 55 235 15 43 66  231 63 275 30

~
3-Aug 31 37 24 187 46  224 69 11 10 177 73 188 90 9 97 186 19 196 16 26 66  189 99  216 66
27-Feb 9 147 89  200 70  348 60 82  15 203 12 285 26 144 03  200 90  345 73 52 46 194 59  247 05
23-Mar 9 111 09  228 25  33 9  34 135 04 226 34 361 38 101 06  237 82  418 88 107 75  210  37 318 12
10-Apr 16 77 38 159 50  236 87 60 55  140 66 201 21 153 43 107 93 261 37 143 43 141 84  205 26
17-Apr 16 95 28 252 61 347 89 93 44 257 43 350 87 91 68  273 21 364 89 99 28 301 57  400 85
8-May 19 125 16 131 92 257 08 88 20  120 33 208 53 N/A N/A N/A 99 73 105 48 205 20
9-Jun 26 64 27 221 32 285 59 96 84 231 75 328 59 96  B4 231 75 328 59 73 90  231 6 0  305 50
3-Auq 31 68 01 100 67  249  48 30 94 181 76 212 71 56  33 184 36 240 68 75 14 192 0 0  267 15

V-3 27-Feb 9 116 07  190 89  306  95 189 29  194 43 383 73 135 26 202 98 338 23 19 60  225 75 245 36
23-M ar 9 117 75  230  87 348  6 2 80 6 8  233 41 314 09 65  54 224 41 289 95 125 95  228 5 6  354 51
10-Apr 16 77 99 156 43 234 42 70 17 138 29 216 47 103 08 72 29 176 17 133 96  155 24 209 20
17-Apr 16 100 37 266 22 366  5 9 112 04  259  10 371 22 5 9  11 268 70 327 01 99 39  287 9 8  337 38
8-M ay 19 134 28  124 68  258 96 75 14 125 60 200 74 N/A N/A N/A 122 6 0  105 6 2  228 22
9-Jun 26 95 65  221 92  317 57 119 10 227 24 346 34 119 10 227 24 346 34 43 95  229 64  273 58
3-Auq 31 43 53  183 23 226  77 71 5 0  185 39 256 09 8 3  11 196 03  279 14 44 43 183 11 227 54

V-4 27-Feb 9 42 88  200 41 243  30 135 95  220 55  356 50 42  66  199 14 241 80 31 5 0  222 72 254 21
23-M ar 9 41 13 248 95  290 0 7 92  9 8  240 03 333 01 44 79 277 02 322 61 70 05  237 41 315 46
10-Apr 16 37 12 153 66  190 77 77 9 0  138 30  216 20 51 71 75 81 127 53 45 01 162 54  208 35
17-Apr 16 62  04  287 9 2  349 97 62  19 276 38 338  57 23 40  252 85 276 25 51 70 289 34 341 04
8-M ay 19 57 43 127 27 104 70 68  37  149 71 218 08 N/A N/A N/A 59 58  110 31 169 89
9-Jun 26 31 81 236 5 6  268  37 24 8 3  258 31 283 14 24 8 3  258 31 283 14 29 02  229 6 3  258  65
3-Auq 31 8  46  175 08  183 53 38  5 9  184 63  223 23 75 71 357 50 433 21 19 27  176 26  195 53

It was also observed that the effect o f  water temperature is different for different 

sand size fractions (see Figure 5.14). Figure 5.14 shows that the general trend is toward a 

decrease in the depth-averaged suspended sand concentration with an increase in water
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temperature. From the graphs in Figure 5.14. it was noticed that the fine sand size is 

influenced the most from water temperature changes. While, on average, the suspended 

fine sand concentration decreases by approximately 2.48 percent, the suspended coarse, 

medium and very fine sand concentrations reduce less than 1.40 percent with a water 

temperature increase o f  1 oC. Figure 5.15 shows the water temperature effect on the 

suspended fine sand concentrations at all four locations. As it is clear from Figure 5.15. 

on average, fine sand concentration decreases when the water temperature is increased. 

That is. suspended fine sand concentration is inversely proportional to water temperature. 

This is true for other sediment sizes, too. but the effect is less pronounced for other sand 

size fractions. A 1.19 to 3.17 percent decrease in the depth-averaged suspended fine sand 

concentration was determined with an increase in water temperature o f  1 °C.

Why is there more pronounced effect o f  water temperature on fine sand (FS) than 

other sediment sizes? This question can be answered by determining the sediment size 

that is in transition between the hydraulically smooth and rough flows. More 

specifically, the sediment particle in question is so unstable in the flow that even little 

changes in the flow can influence the state (suspended or settled) o f  that sediment size. 

One o f the methods to determine whether a particle will be suspended or settled is by 

comparing the size o f  that particle. </,. with the thickness o f  the laminar sublayer. 

S  = \ \ . 6 v  / u.  (Julien. 1995). Table 5.4 on page 111 provides the values o f  6  at 

different verticals at all locations. The laminar sublayer thickness ( S ) values in Table 

5.4 are mainly in the fine sand (FS) size range, which indicates that a slight change in the 

water temperature changes behavior between the hydrodynamically rough and smooth.
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Figure 5.15. Depth-averaged suspended fine sand concentration change with water 

temperature for all events at all locations.

Table 5.4. Laminar sublaver thickness values at all locations.

Location Vertical

5 Values in Millimeter
Flow Events

27-Feb 23-Mar 10-Apr 17-Apr 8-May 9-Jun 3-Aug
Union Point V1 0.179 0.184 0.144 0.144 0.130 0.125 0.124

V2 0.179 0.178 0.143 0.142 0.131 0.122 0.120
V3 0.179 0 163 0.133 0.144 0.131 0.119 0 120
V4 0.195 0.188 0.155 0.159 0.146 0.139 0.132

Line 13 V1 0.141 0.141 0.114 0.114 0.104 0.095 0.090
V2 0.148 0.150 0.120 0.117 0.110 0.097 0.093
V3 0.154 0.156 0 125 0.126 0.119 0.105 0.099
V4 0.174 0.168 0.137 0.137 0.124 0.113 0.112

Line 6 V1 0.210 0.202 0.171 0.173 N/A 0.167 0.185
V2 0.167 0.154 0.134 0.125 N/A 0.113 0.113
V3 0.154 0.150 0.120 0.122 N/A 0.103 0 097
V4 0.154 0 154 0.122 0.125 N/A 0.103 0.095

Tarbert V1 0.198 0 193 0.152 0.157 0.142 0.136 0.132
V2 0.210 0.213 0.151 0.163 0.153 0.147 0 141
V3 0 200 0.204 0.159 0.163 0.149 0 149 0.148
V4 0.215 0 213 0.171 0.173 0.157 0 159 0.169
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Similar trends were obtained for the suspended sand discharges. Suspended sand 

discharge decreases when the water temperature is increased (see Figure 5.16). Figure 

5.16 shows that there is approxim ately a 3.09 percent drop in the suspended sand 

transport with a water temperature increase o f  1 °C. As for sand size fractions, the fine 

sand fraction shows the highest sensitivity to a change in water temperature. Figure 5.17 

illustrates clearly the sensitivity o f  the fine sand discharge to a change in water 

temperature. Because the slope o f  the trendline for fine sand has the highest negative 

value compared to the other sizes, the suspended fine sand discharge change in the given 

water temperature range is also the highest. There is approximately 3.4 percent decrease 

in the suspended fine sand discharge with a 1 °C increase in water temperature while it is 

about 1.49. 1.42 and 2.79 percent decrease for coarse, medium and very fine sand 

discharge, respectively, for the same range o f  increase in water temperature.

The suspended sand discharge values were calculated using the measured 

suspended sand concentrations and velocity intensities. The suspended sand discharges 

are calculated using the following relationship:

in which is the suspended sand concentration, and T is the flow velocity in the .v 

direction.

First, at every sampling point, the product o f  sand concentration and flow velocity

(Eq.5.5)
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values was obtained, and then sand discharge values for every individual incremental 

depth were determined. To calculate the unit sand discharge at the section between the 

water surface and first sampling point, it was assumed that the suspended sand 

concentration at the water surface is zero. Then, unit suspended sand discharge at each 

vertical is obtained from the summation o f  all individual sand discharge values for every 

incremental section. By using proper unit conversion factors (see Table B.13 in 

Appendix B). the unit o f  the suspended sand discharge is obtained as tons per meter per 

day (tons/m/day).

‘ JOG -r
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3 0 0  •[.......................................................................................................................................................................................
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Figure 5.16. Effect o f  water temperature on suspended sand discharge for all events at all 

locations.
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To obtain a better picture o f the effect o f  the water temperature change on the

suspended sand concentrations, the ratio o f  AC / A T  is calculated for different sand size 

fractions at all locations (see Figure 5.18). Percent amount o f each sand size fraction is

also calculated and shown in Figure 5.18. AC  / A T  values are obtained from the slopes 

o f graphs o f  the depth-averaged suspended sediment concentrations against the water 

temperatures at each vertical. The average values o f  AC / A T  for each size fraction are

obtained from the arithmetic averages o f  the AC / A T  values for all verticals at all cross- 

sections. Figure 5.18 indicates that fine sand has the highest percentage compared to the

other sand fractions, and the average value o f  the ratio AC  / A T  is the minimum for fine 

sand size, w hich confirms that water temperature change affects the suspended fine sand 

concentration the most.

There is only a minor decrease in the suspended very fine sand concentration with 

an increase in water temperature. Suspended medium and coarse sand concentrations, on 

the other hand, don 't change with the change in water temperature. Also, it can be 

deduced from Figure 5.18 that the amount o f  change in suspended sand concentration 

with water temperature change is influenced by the amount o f  the sand present in the 

flow . The higher the concentration o f  a sand size fraction, the higher the effect o f water 

temperature on the concentration o f that size fraction. It was also observed at some

verticals that the value o f  the ratio AC / A T  can reach up to about -6 (see Table B.14 in 

Appendix B). which is an indication o f  the pronounced effect o f  the water temperature on 

the average suspended sediment concentrations.
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Figure 5.18. Comparison o f  DC/DT values for different sand fractions, and average 

percent amount o f each fraction for all flow events at all locations.

5.2.1.1. Multiple Regression Analysis

Multiple regression analysis is one way o f  showing how different parameters are 

related to each other. With this kind o f  analysis, it is possible to find a relationship 

between the dependent and independent parameters (or variables). In this study, the 

dependent parameter is the depth-averaged sediment concentration or transport and the 

independent parameters are water temperature and water discharge.
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The following two models were considered for the analysis. In the first model, 

the unit suspended sediment discharges, q , .  and. in the second one. reference sediment

concentrations. Ca. which are the concentrations measured at the lowest points o f  the

suspended sediment concentration profiles, were written as functions o f  water discharge 

and water temperature in the following manners:

<7, = c‘i Q ' T ‘ (Eq.5.6)

C , = c : 0 ‘" V  (Eq.5.7)

in which c, and c: are constants, and en and e, are the exponents o f  water discharge 

and water temperature, respectively.

To estimate the exponents e;, and e, . the logarithm o f  both Eq.5.6 and Eq.5.7 

were taken to make linear transformations, and then Microsoft Excel was used to perform 

the multiple linear regression analysis. The average values o f  the exponents en and e,

for all sand fractions at each observed cross-section are given in Table 5.5 for both 

suspended sand discharge and reference sand concentration.

According to Table 5.5. most o f  the values o f  e, have negative signs, which 

indicates that, on average, suspended sand discharge and reference sand concentration are 

inversely related to water temperature. That is. when the water temperature is raised both 

the suspended sand discharge and reference sand concentration decrease.
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Table 5.5. The average values o f  the exponents en and e, for different sand size 

fractions at all locations for suspended sand discharge and reference

concentration.

Water Discharge Exponent. e0 Water Temperature Exponent. eT
Sand Size Fractions Sand Size Fractions

VFS FS MS CS VFS FS MS ! CS
UP 1.654 2.364 1.287 1.536 -0.365 -0.488 -0.166 -0.894

L13 0.843 1.694 1.770 -1.052 -0.506 -0.718 0.191 -2.245

L6 0.976 2.577 1.427 -1.876 -0.382 -0.195 -0.110 -1.496

T 0.998 2.529 1.299 2.279 0.067 0.536 -0.419 1.503

UP 0.456 0.203 0.241 0.448 -0.423 -0.854 -0.063 0.026

r* L13 -0.079 0.815 0.089 -1.426 -0.118 -0.165 0.316 -1.410

L6 -0.851 1.123 1.053 -3.929 -0.948 -0.175 0.630 -3.430

T 0.009 1.447 0.769 3.406 0.427 1.112 0.280 3.266

The following graphs based on Table 5.5 are plotted to understand or see the 

effect o f  the water temperature on both the suspended sand discharges and reference sand 

concentrations visually. As it can be seen from Figure 5.19 and Figure 5.20. both the 

suspended sand discharge and the reference suspended sand concentration are inversely 

proportional to water temperature, and the effect o f  water temperature on both the 

suspended sand discharge and the reference suspended sand concentration is about the 

same. Because the amount o f  coarse sand (CS) both near the riverbed and in suspension 

in the flow is relatively low. it can be misleading to draw a conclusion about how the CS 

is influenced by the change in water temperature. Therefore, the conclusion drawn based 

on both Figure 5.19 and Figure 5.20 is valid only for very fine sand (VFS). fine sand 

(FS). and medium sand (MS) fractions.
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5.2.2. Indirect Analysis of W ater Tem perature Effect on Suspended 

Sediment Distribution and T ransport

The effect o f  water temperature on the vertical distribution and transport o f  

suspended sediment mostly depends on the parameters influencing the vertical 

distributions o f  velocity profiles and suspended sediment concentration profiles. In 

section 5.1. the effect o f  water temperature on the parameters influencing the vertical 

velocity profiles (i.e.. kinematic viscosity o f  water, i ' .  von Karman parameter, k  ) was 

analyzed in detail. In this section, the effect o f  the water temperature on the parameters 

influencing the vertical distribution o f suspended sediment concentration (i.e.. reference 

suspended sediment concentration. C , . fall velocity o f  sediment particles, eo. Rouse 

number. R, ) is analyzed.

Although there may be a water temperature effect on the turbulent Schmidt 

number and riverbed configuration, the effect o f  water temperature on these parameters is 

not analyzed in this study because o f  the lack o f  data on these parameters. W hether or 

not water temperature has an effect on the turbulent Schmidt number. /? . can be 

determined from a close study o f  sediment mixing. e s. and momentum exchange. e m. 

coefficients. Because there are not enough data on both coefficients, and knowing that 

both coefficients are approximately the same in the case o f  the existence o f  low sediment 

concentration in streams, which is the case for the study reach, p  is assumed to be unity. 

Finally, because o f  the lack o f  data, an analysis o f  the effect o f water temperature on the 

riverbed configuration and roughness is not possible at this time.
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This section is subdivided into three sections. In section 5.2.2.1. the effect o f 

water temperature on the reference suspended sediment concentration. . is analyzed

first. Then, in section 5.2.2.2. water temperature effect on the fall velocity o f sediment 

particles is determined. Finally, in section 5.2.2.3. an analysis o f  the effect o f water 

temperature on the Rouse number. R„. is accomplished.

5.2.2.1. Analysis of the Water Temperature Effect on Reference Suspended 

Sediment Concentration, C ,

Most o f  the suspended sediment distribution equations (i.e.. Rouse's equation and 

Einstein's equation) do not apply right at the bed where most o f  the sediment moves as 

bedload. There exists a height from the riverbed, above which the full suspension o f  

sediment is possible and the suspended sediment distribution equation is applicable. This 

height is called the reference height, which is located a  distance apart from the riverbed. 

The reference suspended sediment concentration Ca is the sediment concentration at the

reference height, a .  above the riverbed. The value o f  C t depends on the reference 

height, a . and maybe some other unknown variables. Because the value o f  a  is arbitrary 

one could say that Cu also has an arbitrary value.

It must also be pointed out that the sediment distribution equation gives only the 

relative concentration and cannot be used to determine the suspended sediment load 

unless the reference suspended sediment concentration. is known. To get the real
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concentration. C .  the reference concentration C , must either be known from

measurements or calculated from special relations, such as theoretical, empirical or 

statistic relations.

It is clear, for example, from Eq.2.21. that a change in the reference suspended 

sediment concentration. C u . and reference height, a . affect sediment concentration 

distribution drastically: therefore, an accurate determination o f C’, and a is crucial. 

There have been a variety o f  studies on determining the value o f reference height, a .  and 

reference suspended sediment concentration. C a. To estimate a and C u many

researchers have used simple models, the validity o f  which is very limited because o f  the 

complex processes near the riverbed.

The location at which the specified bed boundary condition depends on the bed 

characteristics, and the most logical assumption for the location o f  the boundary (or 

reference level) for suspended sediment concentrations, is the upper edge o f  the bedload 

layer. The reference suspended sediment concentration. C ,. in this study is equal to the

concentration measured at the lowest elevation, a .  for each vertical at the specified 

cross-sections.

In this section, the effect o f  water temperature on the reference suspended 

sediment concentration. C „. is determined by graphing the suspended sediment

concentration values measured at the lowest elevations o f  each vertical for each 

individual cross-section as a function o f the water temperature values, which were 

measured in the study area for all flow events (see Figure 5.21 through Figure 5.24).

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1000

90 0

80 0

O 700

5
§ 600 
§

O  500

Union Point

O Fine Sand 

X \  crv Fine Sand

<0 4 00
8
C
S 300

100 • \  e n  Fine Sand ( V FS»

C .=  -1 0871 T ♦ 50  8 33

0
0 5

F me Sand 

C . * -8 9 0 5 6  T ♦ 38 0  65

15 20  25

Water Temperature, T °C
35

Figure 5.21. Water temperature effect on the reference suspended very fine and fine sand 

concentrations by size fraction at Union Point.
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125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1000

ucoO
m

900

BOO

700

600

500

400

300

200

100

0

Lin«C

O Fine Sand 
X \ cr\ Fine Sand

V er\ Fine Sand < VFSi 8m
C . = 0  64 4  T ♦ 44  44 8

Fine Sand 

C . » -3 7 2 7 8  T * 277 3

15 20

Water Temperature. T °C
35
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These figures (Figure 5.21 through Figure 5.24) include only the fine sand (FS) 

and very fine sand (VFS) fractions because o f  the fact that there is an insufficient amount 

o f  coarse sand (CS) and medium sand (MS) fractions in the flow, and therefore, there 

would be an inaccurate representation o f  the temperature effect on these sand fractions 

(CS and MS).

Figure 5.21 through Figure 5.24 show clearly that both the suspended fine sand 

(FS) and the very fine sand (VFS) concentrations near the riverbed decrease with the 

increase o f  water temperature for Union Point. Line 13 and Line 6. and increase with the 

increase o f  water temperature for Tarbert. The trend o f  the water tem perature effect on 

the reference suspended sediment concentration at Tarbert may be misleading because o f 

a high reference concentration measurement during the summer (high water temperature), 

which is unusual (see Figure 5.24). W hile the decrease in the reference suspended fine 

sand concentration with a temperature increase o f  1 °C is approximately 1.53 to 2.96 

percent, it is about 0.04 to 2.65 percent for the reference suspended very fine sand 

concentration. These results explain that the reference concentration o f  fine sand is 

affected the most from the water temperature changes.

When all o f  the reference suspended sediment concentrations are plotted against 

the water temperature for all locations (see Figure 5.25). the trends are toward a decrease 

when the water temperature is increased. In a general sense, this means there is an 

inverse relationship between the reference suspended sand concentration and the water 

temperature. In other words, an increase in water temperature decreases the reference 

suspended sand concentration. C , . decrease being higher for highly-concentrated sand 

sizes (in this case fine sand (FS)). In Figure 5.25. an increase o f  1 °C in the water
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temperature, on average, results in a 1.69 percent decrease in the reference fine sand 

concentration and 0.90 percent reduction in the very fine sand reference concentration. 

These results are also an indication o f  the effect o f  water temperature change being 

higher for the reference suspended fine sand concentration.
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Figure 5.25. Water temperature effect on the reference suspended very fine and fine sand 

concentrations at all locations.

S.2.2.2. Analysis o f the Water Temperature Effect on Fall Velocity of Sediment 

Particles, co
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The fall velocity o f  a sedim ent particle. <y. is the terminal velocity attained when 

the sediment particle is settling in an extended fluid under the action o f  gravity. The fall 

velocity o f  sediment particles in sediment-laden flows is an important factor governing 

the concentration distribution o f  suspended sediment. It is the primary variable defining 

the interaction o f  sediment transport with the riverbed, banks or suspended in the fluid. It 

is an important variable used to estimate resistance to flow and the rate o f sediment 

transport. Thus, it is important to understand the physical process that establishes the fall 

velocity o f  sediment particles and the parameters affecting this variable.

The fall velocity o f  sedim ent particles depends on several parameters, the most 

important o f  which are the density o f  water, p . density o f  the sediment particles. p s . 

kinematic viscosity o f water, v . particle diameter. J ,. shape factor o f  particles, .v . 

suspended sediment concentration. C . and water temperature. T .

The particle diameter. . and the shape factor o f particles, .v are not affected by 

the change in water temperature. The effect o f  water temperature on the density o f  w ater. 

p . and the density o f  the sediment particles, p , is so small that it can be neglected. The 

effect o f  suspended sediment concentration on the fall velocity o f  sediment particles is so 

small that even if  the suspended sediment concentration is changed by the change in 

water temperature, there is not sufficient change in the fall velocity o f  sediment particles 

because o f  the change in suspended sediment concentration with water temperature. 

Therefore, the fall velocity o f  sedim ent particle is influenced drastically by only a change 

in the kinematic viscosity o f  water. The analysis o f  the water temperature effect on the 

kinematic viscosity o f water was accomplished in section 5.1.1.

In this section, the effect o f  water temperature on fall velocity o f sediment
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particles is examined based on the following equation, which was derived for sand and 

gravel sediment sizes based on some intensive experiments (Julien. 1995):

<y = - ^ j [ l  + 0 .0 1 3 9 ^ 1  ° ' - l }  (Eq.5.8)
d.

where v  is the kinematic viscosity water. d s is the particle diameter, and d. is the 

dimensionless particle diameter defined as follows:

d. = d.
( G '- l ) g

(Eq.5.9)

in which G  is the specific gravity and defined as the ratio o f  the specific weight o f

sediment. . to that o f water, y . G  = —  = — . and g is the gravitational acceleration.
X P

Eq.5.8 estimates the fall velocity o f  particles under a wide range o f  particle Reynolds

(O  c/
numbers Re = ------- .

v

Approximate values o f  the fall velocity o f  sediment particles for different water 

temperatures based on Eq.5.8 are given on the following page (see Table 5.6).

Table 5.6 indicates that the water temperature effect on fall velocities o f sediment 

particles is different for different sizes. The fall velocities o f the particles larger than 

sand stay the same regardless o f  w hat the water temperature may be. The effect o f  water 

temperature on the silt and clav size sediment is not considerable because o f  the fact that
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Table 5.6. Fall velocities o f  sediment particles at different water temperatures.

Class Nama
Particle 

Diameter (mm)
Pall Velocity of Sediment Particles in Sediment-Water Mixture, u> (mm/f) 

Near0°C At5°C At9°C At16°C At20°C At26°C At31°C At35°C

Grave/
Very coarse 32 6 7 8  36 6 7 8  43 6 7 8  47 6 7 8  53 6 7 8  56 6 7 8  59 6 7 8  61 6 7 8  63

Coarse > 16 479 10 4 7 9  23 4 7 9  32 4 7 9  44 479 49 4 7 9  56 4 7 9  60 4 7 9  63
Medium > 0 337 62 337 89 338 06 338 30 338 41 338 53 336 62 3 3 8  68

Fine > 4 236 44 2 36 98 237 31 23 7  79 238 X 238 26 2 3 8  43 2 3 8  55
Very fine 2 162 6 9 163 73 164 3 9 165 32 165 75 166 25 166 59 166 83

Sand
Very coarse > 106 53 108 45 109 6 8 111 45 112 26 113 22 113 88 1 14 35

Coarse > 0 5 6 0  91 63 95 6 5  9 6 6 8  93 70 35 72 G3 73 22 74 05
Medium > 0  25 25  67 26 6 0 30 73 34 20 36 X 38 25 39  93 41 15

Fine > 0 125 7 60 8 85 9 85 11 70 12 79 * to as 15 52 16 49
Very fine * 0 0625 96 2 30 2 58 3 13 3 47 3 96 4 38 4 73

Silt
Coarse > 0 031 0  49 0 578 0  6 5 0 0  791 0 877 1 X 4 1 116 1 210
Medium » 0 016 0 12 0 145 0 163 0  198 0 220 0 252 0 2 8 0 0 303

Fine » 0 008 0  03 0 036 0 041 0  049 0 055 0 063 0 0 7 0 0 076
Very fine * 0 004 0  01 0 009 0 01 0 0 012 0 Q14 0 0 1 6 0  017 0 0 1 9

C/ey
Coarse > 0 002 0  00 0 X 2 3 0 X 2 5 0 Q031 0 0034 0  X 3 9 0 0 044 0  0 047

Medium 0  001 0 00 0 0006 0 0 0 0 6 0 0 X 8 0 0009 0 X 1 0 0 X 1 1 0 X 1 2
F.ne * 0 0005 0 00 0 0 X 1 0 0 X 2 0 0 X 2 0 0 X 2 0 0 X 2 0 0 X 3 0 X 0 3

Very fine 0 0 0 0 2 4 0 X o o o x 0  OOOO 0 0 X 0 0 0 X 1 0 0 X 1 C 0 X 1 0 X C 1

the fall velocity o f  particles finer than sand is low no matter what the water temperature 

may be. and a large percentage change in the low fall velocities may not affect the 

ea rn  ing ability o f  the stream for these sizes to a significant degree. The greatest absolute 

increase in fall velocity for the same temperature change is for quartz particles whose 

median diameters are about 0.125 - 1 millimeters. The change in fall velocity o f  sand 

particles is demonstrated in Figure 5.26 below.

Figure 5.26 shows that as the particle size increases the fall velocity also 

increases, the increase being higher for higher w ater temperature. The main reason for a 

change in the fall velocity o f sand particles with water temperature can be attributed to 

the change in the kinematic viscosity o f  water w ith water temperature. An increase in 

water temperature causes a decrease in viscosity, and thus causes an increase in the fall 

velocity o f  sand particles. The increase rate o f  the fall velocity decreases as the
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temperature increases (see Figure 5.26). From Table 5.6 and Figure 5.26. it is observed 

that with a water temperature increase o f  I °C. there is approxim ately 0.50. 1.36. 2.62. 

and 3.17 percent increase in the fall velocity o f  coarse, medium, fine, and very fine sand 

particles, respectively.
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Figure 5.26. Effect o f  water temperature on the fall velocity o f  sand particles.

5.2.2.3. Analysis o f the Water Temperature Effect on Rouse Number, £ ,

The Rouse number. has an important role in describing the vertical profile o f
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suspended sediment in stream flow. It reflects the ratio o f  sediment properties to the 

hydraulic characteristics o f  the flow and is defined as:

(Eq.5.10)
P K It.

The parameters o j .  /?. v . u .  are particle fall velocity, turbulent Schmidt number, von 

Karman parameter and particle shear velocity, respectively, and are uncertain.

It is clear from Eq.2.21 that the Rouse number. /?„. definitely has a big effect on 

the vertical distribution o f  suspended sediment, and thus on the suspended sediment 

transport. Because /?„ is a function o f  c o . f t . K .  and u .  (see Eq.5.10). any changes to

these parameters cause a change in /? ,. As mentioned before, water temperature has an 

effect on both o j  and k  . Therefore, a change in the water temperature also brings about 

a change in R ,. Because both the particle fall velocity, tv and the von Karman 

parameter, k  . and water temperature are directly proportional, the relationship between 

the Rouse number. Rn. and water temperature depends on the ratio o f  the particle fall

velocity to the von Karman parameter. Since, on average, the particle fall velocity 

increases more than the von Karman parameter with water temperature, the Rouse 

number is definitely directly proportional with water temperature. This means an 

increase in water temperature causes an increase in /?„.

Experimentally, in this study. /?„ values are obtained by first plotting suspended 

sediment concentration. C . versus ( / ? - r ) / r  in a logarithmic scale and fitting a power
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function to the data points. The /?, value is the exponent value o f  the power function, 

which is shown in Figure 5.27 below.

1000 -

R « =  0  6619

= 100

C (z» = 65.035 |<h-z)/z|' 
R: = 0.8937 
K*. = 0.6619

0 1 1 10 ’00
(h-z) / z

Figure 5.27. Obtaining Rouse number from the slope o f  a suspended sediment

concentration profile.

To find out how a change in the water temperature affects Rouse number. /?,. first the 

average Rouse number values. /?„. for the specified cross-sections are obtained (see

Table B.15 in Appendix B). To obtain the average R„ values for all size fractions

at all verticals, graphs o f  suspended sediment concentrations for each size fraction. C

versus ( h - z ) ! : .  are plotted and a power function fit for the data set for each size

fraction is drawn (see Figure 5.27). Average Rn values are the exponent values o f  the
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power functions. After obtaining the average R„ values for all flow events at all 

locations, a graph o f  the average /?, values for all sand fractions versus the water 

temperature in degrees Celsius is plotted (see Figure 5.28).
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Figure 5.28. Average measured Rouse number change with water temperature.

It is clear from Figure 5.28 that the average Rnm values increase as the water 

temperature increases. This also proves that the form o f  the expression for the Rouse 

number ( Rn ) is accurate and the main reason for Rn to increase with an increase in water

temperature is the increase in fall velocity, to and the von Karman parameter, v . with an 

increase in water temperature. Based on Figure 5.28. it is found that the average value o f
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the Rouse number goes up approximately 1.14 percent with a water temperature increase 

o f  I °C.

Furthermore, it is proven that the form o f  the Rouse s suspended sediment 

concentration equation (Eq.2.21) is correct, but the value o f  the exponent parameter. Ra. 

in this equation should be determined by considering the water temperature effect on the 

parameters affecting the Rouse's parameter. /?„. (see Eq.2.21). The difference between

the measured and calculated R„ numbers is shown in the following sample figure (Figure 

5.29).
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Figure 5.29. Comparison o f the calculated and measured Rouse number for all flow 

events at a vertical at Line 13.
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Figure 5.29 illustrates clearly that the calculated Rouse number values. .

increase parabolically with an increase in sand size from very fine sand to coarse sand.

The measured Rouse number values. Rim. also increase with an increase in sand size, but

the percent increase in Rnm is less than that in R,K. Rnm and R ̂  values are

approximately equal to each other for very fine sand, but the difference between R, m and 

R,k gets larger toward coarse sand. Examination o f  every vertical for all locations 

indicated that the measured Rouse number values take the maximum value o f

approximately unity for coarse sand (see Figure 5.29 in previous page and Table B.I5 in 

Appendix B). The most likely reason for the measured Rouse numbers for medium and 

coarse sand fractions to be a lot less than the ones calculated using Eq.5.10 is the inability 

o f  the suspended sediment samplers to measure sediment concentrations lower than a 

certain value (i.e.. less than 1 mg/1 or 1 ppm). When the sediment concentration in the 

flow is less than 1 ppm. the suspended sediment samplers cannot measure the 

concentration, which leads to a zero value for the low concentrations. This concept will 

be clearer after the following sample applications are studied in section 5.3.

S.2.2.4. Comparison of the Measured and Calculated Rouse Number

The measured Rouse number, R„m. and the calculated Rouse number. Rm . are 

compared for all verticals at all locations (see Figure 5.30). While the Rnm values are 

obtained from the slopes o f the suspended sand concentration profiles (see Figure 5.27).
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the Rm values are calculated from Eq.5.10. assuming f l  = \ and v  = 0 .4 . The solid line 

in Figure 5.30 represents the line o f  equal measured and calculated Rouse number values. 

That is. measured and calculated Rouse numbers are equal at point along this solid line. 

According to Figure 5.30. the difference between the measured and calculated Rouse 

number gets larger with increase in sand size because most o f  the points are located 

above the solid line. For instance, the measured and calculated Rouse numbers are equal 

to each other for very fine sand fraction, and the difference between these two numbers 

grows exponentially with an increase in sand size. Therefore, one should not use Eq.5.10 

to calculate the Rouse number unless the suspended sediment in the river is in the very 

fine sand range.
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Figure 5.30. Comparson o f  the meausred and calculated Rouse numbers.
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The difference between the measured and calculated Rouse numbers can be also 

observed by plotting both the measured and calculated suspended sand concentrations in 

the same graph (see Figure 5.31 through Figure 5.34). As it is obvious from Figure 5.31 

through Figure 5.34 that there is a difference between the measured Rouse number 

obtained from the observation o f  field data and the calculated Rouse number obtained 

from the expression <u0 / 0 .4 u , . More specifically, the trendlines for calculated 

suspended sand concentration values for all sand fractions are lower than those for 

measured ones. This proves that the suspended sand concentration would be 

underestimated when the calculated Rouse numbers are used instead o f  the real (or 

measured) Rouse number values. However, when the sand size gels smaller, the 

difference between the measured and calculated Rouse numbers disappears. For 

example, both the measured and calculated Rouse numbers for very fine sand are 

approximately the same (see Figure 5.34). The percent deviation o f  the calculated Rouse 

number values from the measured ones for coarse, medium, fine and very fine sand 

fractions are 75.56. 64.93. 37.13 and 0.05 percent, respectively.
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Fiaure 5.31. Measured and calculated Rouse numbers for coarse sand fraction.

1 0E*04

co
%tm

oo
■Dem<o

C_.m = 2 0338 ((h-zyzj

1 0E-02

Ccmc - 0 0396 ((h-z)/z| ’
1 0E-04 t

X
X X

1 0E-06

1 0E-08 ‘
0 01 

Water 
surface

0 1
(h-z) / z

10

O Measured 
x  Calculated

100

Figure 5.32. Measured and calculated Rouse numbers for medium sand fraction.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1 0E*O4

1 OE+02 .

1 OE*00
Cc«  -  8 2503 [(h-z|/z|

1 QE-01 .

1 0E-02 • X

1 0E-03

X

X

0 01 

Water 
•urfaca

0 1 10

(h-z) / z

O Measured 
x  Calculated

100

Figure 5.33. Measured and calculated Rouse numbers for fine sand fraction.
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Figure 5.34. Measured and calculated Rouse numbers for very fine sand fraction.
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5.3. SAMPLE APPLICATION

The analysis in the previous sections proved that there is a water temperature 

effect on the vertical distribution o f suspended sedim ent concentration and transport o f  

suspended sediment, and that the measured Rouse num ber is different than the one 

calculated from the expression. a>0/(0.4 u . ) .

In this section, the degree o f the water temperature effect difference between the 

measured and calculated suspended sand concentration and transport will be sought 

numerically.

The effect o f  water temperature change on the von Karman parameter, v . was 

analyzed in the previous sections, and it was found that k  increases with an increase in 

water temperature. A further analysis o f  the data used to obtain Figure 5.6 showed that 

tc alm ost always takes a velue more than 0.4. and the value o f  v  increases about 2.17 

percent with a 1 °C increase in water temperature.

Moreover, as mentioned earlier, the fall velocity o f  sediment particles, o j . is 

affected by a change in water temperature. On average, o j  for coarse, medium, fine and 

very fine sand decreases by approximately 0.5. 1.36. 2.62 and 3.17 percent, respectively.

Because the Rouse number, which is the exponent parameter. /?„. in Rouse's 

suspended sediment concentration equation, is inversely proportional to v  and directly 

proportional to c o .  an increase in the value o f  v  and oj with an increase in water 

temperature causes the value o f  R„ to increase or decrease depending on the size fraction.

It decreases by approximately 1.63 and 0.79 percent for coarse and medium sand, 

respectively, and increases by about 0.44 and 0.98 percent for fine and very fine sand.
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respectively, with a water temperature increase o f  1 °C. These results would lead to an 

increase or decrease in the suspended sand concentration depending on weather the value 

o f  ratio ( ’ / Ca is bigger o r sm aller than unity. In general, the change o f  suspended 

sediment concentration can be shown with the following relation:

' C ’ N ' c '
•> I _

(E q.5 .11)

where the subscripts 1 and 2 indicate the conditions before and after the temperature 

change, respectively, and the exponent value, c .  differs based on the size fraction o f  

concern. The value o f c is 0.9837. 0.9921. 1.0044 and 1.0098 for coarse, medium, fine 

and very fine sand fraction, respectively.

An analysis o f  the available data shows that at almost all verticals the value o f  the 

ratio C  / is smaller than unity, which indicates that an increase in water temperature

would result in an increase in the suspended coarse and medium sand concentration, and 

decrease in the suspended fine and very fine sand concentration. Since there is mainly 

fine and very fine sand fractions suspended in the main flow region, and coarse and 

medium sand fractions near the riverbed, the quantity o f  fine and very fine sand decreases 

in the main flow region, and that o f  coarse and medium sand increases near the riverbed 

because o f an increase in w ater temperature. This condition creates a less uniform 

suspended sediment concentration profile along a vertical in the river. The increase in 

coarse and medium sand and decrease in fine and verv fine sand reveals that there exists a
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sand fraction between the medium and fine sand that would be in equilibrium along a 

vertical in the river.

From the analysis o f  the suspended sediment data in Appendix B. it was found 

that the suspended sand discharge, on average, decreases about 3.09 percent with an 

increase in water temperature by 1 °C. Based on a trendline fit to the suspended sand 

discharge data in Figure 5.16. the rate o f  decrease in the suspended sand discharge is 

about 9 .5 1 ton/m/day for every 1 °C increase in water temperature. It was assumed that 

the suspended sand is composed o f  four main sand fractions, namely, coarse (CS). 

medium (MS), fine (FS). and very fine sand (VFS). A further analysis showed that fine 

sand w as particularly influenced by the water temperature change. The rates o f decrease 

in the suspended coarse, medium, fine, and very fine sand discharges are about 0.06. 

0.36. 7.41. and 1.68 tons/m/day. respectively, for every I °C increase in water 

temperature.

5.4. CORIOLIS EFFECT ON FLOW DIRECTION

The Coriolis effect is a result o f  the Coriolis force which is defined as the 

deflecting force o f  the Earth 's rotation. It is an apparent force that appears when 

coordinate axes are rotated. Coriolis effects occur widely in nature, and often play an 

important role in the dynamics o f  fluid flows. Normally, it is far weaker than gravity, so 

its vertical effect is rarely dealt with, whereas its horizontal effect is essential to the 

dynamics o f  the atmosphere and the oceans. However, this effect is very weak for small-
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scale fluid motions, such as bathtubs and small channels. The Coriolis force is directed 

normal to the velocity and to the right in the Northern Hemisphere, and to the left in the 

Southern Hemisphere.

The magnitude o f  the horizontal component o f  the force is given by the following 

equation:

Ft = 2 1 'r Q s in O  (Eq.5.12)

where 1', is the horizontal particle velocity. Q  is the angular velocity o f  the earth's 

rotation and approximately equals to 7.3.riff5 s ' .  and O  is the latitude.

Eq.5.12 reveals that the Coriolis force exists only when there is velocity relative 

to the Earth surface. There is no horizontal component at the equator because sinO  = 0 . 

Because the Coriolis force always acts perpendicular to the direction o f  motion o f  a 

particle, it can only deflect the particle direction, not change its speed.

As for the analysis o f  the field data, the following equation is used to test whether 

the Coriolis force has an effect on the direction o f  the Low er Mississippi River flows or 

not:

Coriolis acceleration Q f  _ . „
X  = ------------------------------------------   ^ (Eq.5.13)

Gravitational acceleration g  S ()

where .V is a dimensionless parameter and defined as the ratio o f  the Coriolis force to 

the gravitational force, and S (t is the riverbed slope. In fact, the Coriolis force term in
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Eq.5.13 is equal to 2 Tt Q s in O . However, the latitude o f  the study reach is about 31°:

thus sin O  is approximately equal to 0.5. That is why one would obtain the above 

simplified form o f  the equation.

By using the flow data in Appendix A. the value o f  the parameter .V at every 

measured velocity point is calculated. Because the rotational speed o f the Earth. Q . the 

gravitational acceleration, g . and the riverbed slope. . are constant, only the relative

velocity o f  particles have an effect on the value o f  the parameter .V . Therefore, the 

parameter X  changes directly proportional with the changes in the intensity o f the 

velocity vectors. That is. the higher the flow velocity, the greater the parameter X  

would be. and thus the greater the effect o f the C'oriolis force.

.-trcsin.V versus the flow direction at all verticals for each cross-section is

graphed to compare the measured flow directions with the calculated flow deflections 

because o f  the Coriolis effect. After the exam ination o f  all the graphs at all cross- 

sections. it was noticed that the measured flow direction and the calculated flow 

deflections are directly proportional at some verticals and inversely proportional at some 

other verticals (see Table 5.7. Figure 5.35 and Figure 5.36).

In general, i f  there is an effect on the flow direction resulting from the Coriolis

force, the trendlines o f  the data in the above graphs should have tendencies to increase, 

not decrease, from left to right on the plots. Also, in Table 5.7 the slope values o f  the 

trendlines should be close to unity. As seen in Figure 5.36. the trendlines have a 

tendency to decrease, and slopes in Table 5.7 have high negative values. Therefore, these 

results lead to the conclusion that there exists a random relationship between the 

measured flow direction and the flow direction deflections because o f  the Coriolis effect.
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Table 5.7. Slope values o f  the trendlines for ArcsinX versus Flow Direction data at all 

verticals at Union Point.

Verticals

Slope of the Trendline
Flow Events

27-Feb 23-Mar 10-Apr 17-Apr 8-May 9-Jun 3-Aug
V1 -2.0997 -1.1713 -1.8743 0.5769 -0.5338 -0.4649 -1.1445
V2 -0.3958 0.5422 -0.2025 0.5367 0.2991 -1.2807 -1.4316
V3 0.0877 0.5418 -0.1228 0.5550 -0.0815 -0.6264 0.2560
V4 0.1397 0.9566 0.5453 1.5998 0.4217 -0.2094 0.6317
All -0.1582 -0.1751 -0.0831 0.1827 0.1181 0.2744 0.4237
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Figure 5.35. Direct proportionality o f  Arcsin(X) versus Flow Direction for sample 

verticals at each location.
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Moreover, because the velocity intensities are higher close to the water surface, 

the arcsin X  versus the flow direction graphs for the upper 33 percent data o f  all verticals 

at all locations were plotted. Figure 5.37 below shows one o f these graphs for the 

February 27. 1998 event at Union Point. As is obvious from Figure 5.37. the relationship 

o f  the flow direction w ith the Coriolis force is vague because the trends in the figure have 

both increasing and decreasing tendencies.
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Figure 5.37. Relationship o f  measured flow directions to the Coriolis force deflections at 

the upper 33 percent o f  all verticals for the April 17. 1998 event at Union 

Point.

In theory, because the study area is located at the North Pole, if  there exists such 

an effect as the Coriolis force, the flow direction in the river should be diverted towards 

the W est, which means the measured flow direction angles should increase when the 

velocity intensity is increased. However, the analysis herein fails to validate the theory 

because the measured flow direction angles don 't relate to the velocity intensity. Maybe 

the river flow direction doesn't respond to the Coriolis effect in the short period covered 

in this study, but the flow direction is responsive to the Coriolis effect in the long period.
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Chapter 6. SUMMARY AND CONCLUSIONS

This study defines the effects o f  the water temperature on sediment transport by 

size fraction, and the Coriolis effect on the flow direction in the Lower M ississippi River. 

The data collected at a reach near the Old River Control Structures complex in the Lower 

Mississippi River were used for the analysis.

First, the water temperature effect on the transport o f  sediment was examined by 

observing the changes in both the vertical velocity profiles and the suspended sediment 

concentration distributions. Changes in vertical velocity profiles were linked to the 

changes in the viscosity o f  w ater and the von Karman parameter. Changes in the vertical 

sediment concentration distributions, on the other hand, were correlated to the changes in 

the Rouse number and the von Karman parameter. Moreover, the general trends o f  the 

suspended sediment concentration and discharge values with water temperature change 

were observed by means o f graphs and statistical tools.

Next, the measured Rouse number and suspended sediment concentration values 

by size fraction were compared with those calculated with Rouse's equation for the 

vertical distribution o f  the suspended sediment concentration.

Finally, the effect o f  the Coriolis force on flow directions in the Lower 

Mississippi River was investigated by comparing the measured flow directions with those 

calculated by utilizing the ratio o f  the Coriolis acceleration to the gravitational 

acceleration. A direct one-to-one relationship between the measured and calculated flow 

directions would indicate the existence o f  the Coriolis effect on the flow direction.
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The analysis o f  the field data led to the following major conclusions:

•  Sediment transport is sensitive to the changes in water temperature. An increase in 

water temperature definitely decreases the suspended sediment discharge (see Figure 

5.16). The amount o f  sand transported by the river falls down by approximately 3.09 

percent for every 1 °C increase in water temperature. As far as the individual sand 

fractions are concerned, a water temperature increase o f  I °C results in approximately 

2.79. 3.40. 1.42 and 1.49 percent decrease in the suspended very fine. fine, medium 

and coarse sand transport, respectively. The biggest effect is on the transport o f  fine 

sand size fraction (see Figure 5.17).

•  On average, sediment concentration decreases with the increase o f the water 

temperature regardless o f  the sediment size. The decrease in sand concentration is 

higher than that for silt and clay concentration (see Figure 5.13). A water temperature 

increase o f 1 °C results in about 1.20 to 2.69 percent decrease in the suspended sand 

concentration. Fine sand size is influenced the most from the water temperature 

change. There is up to a 3.17 percent decrease in the suspended fine sand 

concentration with every 1 °C rise in water temperature rise.

•  Because o f  the negligible amount o f medium and coarse sand sizes in the flow, the 

effect o f water temperature on the reference sand concentration is obtained by- 

considering only the fine and very fine sand sizes (see Figure 5.25). There is about a 

1.69 percent decrease in the reference fine sand concentration and about a 0.90 

percent decrease in the reference very fine sand concentration with a water 

temperature increase o f  1 °C when the data for all cross-sections are considered.

•  Although the change in the measured Rouse number. R,im . with size fraction doesn't
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have an obvious trend like the calculated Rouse number. /?,K. on average. Rnm 

decreases with sediment size (see Figure 5.28 and Figure 5.29). For example. Rouse 

number values for coarse sand fraction, on average, are higher than those for medium, 

fine, and very fine sand sizes. Both the measured and calculated Rouse numbers are 

higher in warmer water temperatures. For fine and very fine sand fractions both the 

measured and calculated Rouse number values are similar, but for medium and coarse 

sand sizes, the difference between the calculated and measured Rouse number values 

increases. For coarse sand size, the calculated Rouse number exceeds the measured 

Rouse number by approximately 76 percent.

•  The average measured Rouse number. R m. value goes up slightly with a water

temperature increase (see Figure 5.28). The value o f  increases by approximately

1.12 percent with a water temperature increase o f  every 1 °C. Fine and very' fine sand 

fractions are influenced the most. The measured Rouse number for fine and very fine 

sand fractions increases by approximately 0.76 and 1.61 percent due to a 1 °C 

increase in water temperature.

•  The average measured von Karman parameter, k . value for all cross-sections 

increases slightly with an increase in the water temperature (see Figure 5.3. and 

Figure C .l through Figure C.3). When the water temperature increases from 9 °C to 

16 °C. the von Karman parameter increases by about 15 percent, which corresponds 

to a 2.17 percent increase for every 1 °C increase in w ater temperature. An increase 

in the von Karman parameter along with a decrease in the kinematic viscosity o f 

water with water temperature brings about a little decrease in the turbulent flow
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velocity (see Figure 5.10). On average, there is about a 0.66 percent reduction in the 

turbulent flow velocity with a water temperature rise o f  1 °C.

•  Although the theory shows that the Coriolis force influences the direction o f  any 

object moving on the Earth surface, it is not obvious that the Coriolis force has an 

apparent effect on the flow direction in the Lower Mississippi River. Figure 5.37 

shows clearly the conflicting effect o f  the Coriolis force on the Lower Mississippi 

River flow direction. Even though some verticals (see Figure 5.35) show a directly 

proportional relationship between the Coriolis force and the flow direction, the 

relationship is inversely proportional for other verticals (see Figure 5.36). Other 

factors such as turbulence, thermal currents, and centrifugal, pressure gradient and 

friction forces also affect the flow direction, thus masking the Coriolis effect.
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The Coriolis force, which was first introduced in 1835 by the French 

mathematical physicist G. G. Coriolis. is created by the rotation o f  the Earth about its axis 

and has an effect on any object that is not firmly attached to the Earth's surface. The air 

in the atmosphere, the water in lakes, rivers, seas, and oceans is in a continuous motion, 

and therefore, is subject to the deflecting Coriolis force (Stommel and Moore. 1989).

Some examples indicating the effect o f  the Coriolis force are as follows: A 

projectile fired towards the South from the North Pole will miss its target unless the 

earth 's rotation is taken into account when aim ing: railroad tracks wear out faster on one 

side than the other, and riverbeds are dug deeper on one side than the other depending on 

which hemisphere the railroads or rivers are in.

To an observer in space the Coriolis force does not exist. It is an apparent force. 

However, to an observer on the moving system, that is. to someone on the surface o f  the 

Earth, the force exerted on a particle as it moves along the surface o f the Earth is real. 

There is a deviation from the original direction o f  motion due to this force, which can be 

measured by the observ er on the surface o f  the Earth. It acts at right angles to the 

direction o f  motion, and deflects toward the right in the Northern Hemisphere and toward 

the left in the Southern Hemisphere (Williams. 1962).

The Coriolis effect is zero at the equator and maximum at the poles. A particle at 

rest is not affected, nor is a particle moving exactly East-West along the equator. As 

soon as the particle moves over the Earth, however, the poleward component o f  

gravitational force and the horizontal component o f  the centrifugal force accompanying 

the Earth's rotation are no longer in balance. If a particle moves eastward over the earth, 

it will have a centrifugal reaction toward the equator, which is slightly greater than that o f
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the earth beneath, and will tend to move toward the equator. I f  the particle moves 

westward over the Earth, gravitation will tend to move it poleward, since its centrifugal 

reaction is less than the reaction o f the Earth (.von Arx. 1962J.

The Coriolis force is proportional to the relative velocity o f  the particle moving 

on the Earth and the sine o f  the latitude. The Earth rotates in the east-west, anti­

clockwise direction around its tilted axis with the speed o f  the rotation zero at the poles 

and increasing towards the equator, being maximum at the equator (see Figure A. I ).

90*

Figure A .l . Points at different latitudes on the earth's surface rotate at different velocities.

Normally, the Coriolis force is far weaker than gravity, so its vertical effects are 

rarely dealt with, whereas its horizontal effect is essential to the dynam ics o f  the air and
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water flows. The Coriolis force exists only when there is velocity relative to the earth 's 

surface.

The atmosphere, the ocean, and the river are very thin layers in which the depth 

scale o f  flow is smaller than the length scale in the order o f  hundreds o r even thousands. 

The trajectories o f  fluid elements are very shallow, and the vertical velocities are much 

smaller than the horizontal velocities. Stratification and Coriolis effects usually constrain 

the vertical velocity (Kundu. 1990). Large-scale geophysical flow problems should be 

solved using spherical polar coordinates. If. however, the horizontal length scales are 

smaller than the radius o f  the earth (= 6371 km), then the curvature o f  the earth can be 

ignored, and the motion can be studied by adopting a local Cartesian system on a tangent 

plane (see Figure A.2). On this plane we take a x .y . z  coordinate system, with x  

increasing eastward. y  northward, and r  upward.

Figure A.2. Local Cartesian coordinates. The x  axis is into the plane o f  the paper.
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The tim e rate o f  change o f  any vector due solely to rotation o f the coordinate

system, in which it is defined, is given by the vector product Q  x V . in which Q  is the

vector (in a right-handed system) the angular velocity o f  the moving coordinate frame 

and V is the vector o f  fluid velocity with respect to the moving coordinate frame 

(Eagleson. 1970).

The earth rotates at a rate Q  = 2 k  rad /J a y  = 7.3 x 10 5 s ’1 around the polar axis,

in an anti-clockwise sense looking from above the North Pole. From Table B .l. the

components o f  angular velocity o f  Earth in the local Cartesian system are Q , = 0 .

= ficosd> . Q . = Q s in O . where O  is the latitude. The Coriolis force. F, . per unit 

mass, which is also called the Coriolis acceleration, a, . can be defined as the following 

(Kundu. 1990):

Thin sheet approximation requires that 1'. « l ' t . l \  . The three components o f 

the Coriolis acceleration are. therefore.

J k
a( = 2 Q x J '=  0 2Qcos<t> 2Qsin<P|

(E q .A .l)

a, , = -2  Q  T sin = -  f  I \ (Eq.A.2a)

a, , = -2  Q  C sinO  = -  /  r , (Eq.A.2b)
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a, . = -2  Q  l \  cos<t> = -  /  Fr co tO (Eq.A.2c)

where /  = 2 Q  s in O  is more commonly called the Coriolis parameter (less commonly, 

the planetary vorticity or the Coriolis frequency). It is positive in the Northern 

Hemisphere and negative in the Southern Hemisphere, varying from ± 1 .45x10  4 v 1 at 

the poles to zero at the equator. This makes sense, since a person standing at the North 

Pole would spin around himself in an anti-clockwise sense at a rate Q . whereas a person 

standing at the equator would not spin around him self, but simply translate.

Since the component o f the flow velocity in the y  direction is small compared to 

that in the .r direction ( F( «  l \  ). and the pole-ward component ( r  component) o f  the

gravitational acceleration counterbalances that o f  the Coriolis acceleration accompanying 

the earth 's rotation, only the component o f  the Coriolis acceleration in the y  direction is 

o f  concern in this study. The component o f  the Coriolis acceleration in the y  direction is 

written as.

where Q  is the angular velocity o f  the earth 's rotation. <J> is the latitude, and l \  is the

component o f  the flow velocity in the x  direction.

As it can be seen clearly from Eq.A.3. there is no horizontal com ponent o f  the 

Coriolis force at the equator because <1>=0. thus sinO  = 0 . This force is directed 

normal to the flow velocity, and performs no work because it is always directed at right

a, t = 2 l \  Q  sin <t> (Eq.A.3)
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angles to the direction o f  the flow. Because the Coriolis force always acts perpendicular 

to the direction o f  the flow', it can only deflect the particle's direction, not change its 

speed. Eq.A.3 also states that the faster the flow is. the stronger the Coriolis force acting 

on it will be. Therefore, it can be concluded that the Coriolis force is only significant 

(relative to other forces acting) on large scale flows such as flows in the atmosphere and 

oceans, and it is not so effective on small scale flows such as flows in rivers and bathtubs.

Experiments have been done in both Northern and Southern hemispheres to verify 

that under carefully controlled conditions, bathtubs drain in opposite directions due to the 

Coriolis acceleration from the Earth's rotation. This effect is so small that you would 

have to get out and wait until the motion in the water is far less than one rotation per day 

to detect it. This would require removing thermal currents, vibration, and any other 

sources o f  noise (Feinstein. 1993).

Gravitational force. FK. which is assum ed to be a constant due to the negligible 

effects o f  other forces, such as friction force, influences the relative effect o f the Coriolis 

force. F( . on the air and water flows. Therefore, the effect o f  the Coriolis force on flow s 

should be examined with respect to the gravitational force.
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Table B . l . Suspended sediment data at Union Point.
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Table B.2. Suspended sediment data at Line 13.
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Table B.2 (continued)
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Tab'.e B.2 (continued)
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Table B.3. Suspended sediment data at Line 6.
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Table B.3 (continued)
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Table B.4. Suspended sediment data at Tarbert.
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Table B.4 (continued)
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Table B.5. ADCP flow velocity and direction data at Union Point.
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Table B.5 (continued)
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Table B.6. ADCP flow velocity and direction data at Line 13.
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Table B.6 (continued)

August 3.1998
Distance from the Right Bank ( ft)

1791 2076 2474 2001
Depth Vel Q Dir I Oepth Vel Q Dir 1 Depth Vel Q Dir I Depth Vel Q Dir
705 2 73 156 205 705 550 126 277 705 8 17 129 034 705 4 07 133 362
8 69 2 49 140 330 869 569 123 617 06 9 772 127 683 869 463 133 047
10 34 2 04 154 767 10 34 5 57 124 209 10 34 702 126 466 10 34 530 120 333
11 90 3 27 146 677 11 90 409 123 960 11 98 703 126 356 11 98 506 129 611
13 62 205 150 904 1362 5 34 124 082 1362 7 16 126 655 1362 5.15 135 826
15 26 2 53 149 942 15 26 529 122 201 15 26 7 16 126 371 1526 502 131 341
16 90 206 145 500 16 90 5 34 124 695 16 90 738 125 147 1690 5 41 133 501
10 54 295 143 551 1054 5 14 124 522 18 54 729 124 605 10 54 489 127 332
20 10 3 18 149 513 20 10 5 07 122 795 20 18 702 127 692 20 1B 483 130 618
21 02 2 46 143.600 21 82 5 11 122.005 21 02 7 71 129 403 21 82 453 130 655
23 46 256 143 379 23 46 508 126 337 23 46 7 53 129 706 23 46 489 131 081
25 10 2 40 136 600 25 10 520 125 365 25 10 7 21 129 886 25 10 499 127 465
26 74 3 16 145 206 26 74 5 42 126 315 26 74 7 40 129 108 26 74 490 132 279
28 30 350 144 550 20 38 5 70 124 413 20 38 7 23 125 356 28 33 493 131 871
30 02 335 145 905 30 02 5 02 124593 30 02 706 122 449 30 02 4 40 129 768
31 66 3 23 144 740 31 66 5 81 125.575 31 66 7 67 127 032 31 66 425 134 374
33 30 380 145 652 33 30 5 69 124 340 33 30 738 13] 366 33 30 4 45 127 816
34 94 3 74 143 633 34 94 5 61 123 180 34 94 726 128 854 34 94 459 126 124
36 50 3 54 145 396 36 50 5 61 129 202 36 50 763 124 380 36 50 4 52 131 616
30 22 4 10 145 450 38 22 5 24 130 607 38 22 7 52 129 300 38 22 500 133 404
39 86 3 63 149 605 39 86 508 131 460 39 06 7 21 125 403 39 86 4 71 133 194
41 50 3 93 147 609 41 50 528 127 632 41 50 739 134 118 41 50 4 15 132 791
43 15 3 18 148 570 43 15 526 130 373 43 15 7 49 127 126 4315 4 04 135 033
44 79 3 02 142 064 44 79 5 18 130 735 44 79 732 126 141 44 79 366 134 818
46 43 3 45 150 654 46 43 4 65 128 382 46 43 706 127 120 46 43 385 134 551
40 07 4 15 144 626 48 07 5 16 128 073 40 07 6 97 127 889 40 07 395 142 768
49 71 3 81 149 900 49 71 4 67 129 445 49 71 6 87 129 515 49 71 406 137 782
51 35 3 46 149 065 51 35 498 120 660 51 35 6 44 125 790 51 35 3 72 133 927
52 99 3 02 150 926 52 99 4 45 132 373 52 99 709 125 374 52 99 3 76 136 097
54 63 3 34 148 042 54 63 4 71 126 726 54 63 648 120 053 54 63 360 137 348
56 27 3 62 156.549 56 27 4 26 124 327 56 27 7 10 128 221 56 27 3 12 116 188
57 91 3 32 156 325 57 91 4 67 126 347 57 91 666 129 422
59 55 3 70 165 698 59 55 4 51 121 271 59 55 635 131 019
61 19 2 91 161 933 61 19 456 124 250 61 19 6 42 129 633
62 03 322 162 636 62 03 4 83 124 392 62 83 6 74 120 337
64 47 308 166 260 64 47 508 124 840 64 47 629 129 132
66 11 3 13 161 106 66 11 4 27 133 536 66 11 589 132 179
67 75 3 11 163 399 67 75 399 135 600 67 75 6 14 129 315
69 39 320 157 007 69 39 403 129 782 69 39 6 51 126 616
71 03 3 46 141 510 71 03 456 132 202 71 03 565 123 579
72 67 3 48 151 718 72 67 420 133 003 72 67 405 125 700
74 31 3 44 153 826 74 31 4 16 131 126
75 96 3 41 146 295 75 96 4 03 131 234
77 60 3 45 154 776 77 60 3 56 126 427
79 24 3 37 148 396 79 24 380 126 603
00 00 3 16 147 711 80 08 3 54 127 002
82 52 2 76 142 722 82 52 2 44 135 273
04 16 2 77 142 220
05 00 1 56 140 040
07 44 1 07 350 054
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Table B.7. ADCP flow velocity and direction data at Line 6.
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Table B.7 (continued)
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49 * <72 |2C7 520 49 7i 57 1 206 942 1 48 7* 4< x e t s c :
<1 35 5 0B XE33E 61 35iS0B i2T  *40 6* 16' BE 205 *•?
52 99 572 (205059 52 99 '6 53 : 2*! 307 . 52 ?9i 4 50 :*CC2Di
54 63 <92 307 9*4 54 63 15 9* 1X6 437 54 63 .3  5? 3B9C7
5E27 5 ® 2*160 56 27 < *4 204 455 56 27 1 97 209 ©2!
57 91 131 2C7 *02 57 91 ,5 96 - 209 439 ‘ <7 ?• . 96 2*1 0 5 '
59 55 6 ’0 204 esc 595<;<5E;X7 * 40 59 55 1 72 2*2 056!
6: *5 5 ?* 204 6*2 61 * 5 lS *  ■ 2O6 0B1 5* *9 3 *5 :* 2 8 e '
£2 93 5 6 ’ 209 1?: CeZvSSi 2C7C24 62 93 4 ® 206 956 1
64 *7 5Eo 206 29e 64 47 ! 5 ’* 301 92* 54 4* 5* 2*1 95C
6b ** <56 :*c 424 86 * * ' 5 24 : 204 007 5c * . Sfi X4 552
67 *< 5 4C iX? KZ 67 75 16 34 ' 202 326 . 67 *5 4 72 2® .”34
6? 35 5 37 2* 2 055 59 19 ’ 5 20 1 20 7 ®  * 59 19 4 3* 2’1 442
7* 33 4 9* 309 5 3 71 Q  <55 , XT 353 '* 23 1 86 2*1 949
12 67 454 2*1 *® 72 67 < 5 4C 1 206 466 *2 <- 2 ?X S 3
74 3* * 8 :*; 11 74 3* 4 97 2*0 95* ’4 3* •c 2C4 0C8
TS 96 4 41 2*3 724 75 96 « •: n* 7* x 47 2C2 39<
77 SC 452 2*0 *2* 77 6C .5 32 , 2*5 35* ’7 50 4 2C2 967
*9 24 3 92 205 C42 79 24 .4 *9 2*9 536 ** 24 ] 56 X7 e x
8D0B, 4 04 204 62* X  0B , 4 64 2*6 931 X  ®  : X 2QE 956
92 52 •e* 30B 782 92 52 * 29 2*5 47* e2 <2 ! I :* ic*8
94 *6 ? 3* 2X651 54 *S , 4 X  . 2*5 725 64 *5 2 73 2*1 TX '
B5 X 2 9* JOB *03 85 8014 45. 2*4 476 5690 3 ® 2*3 305i
07 44 . 2 44 ;20E 735 91 *4 1 4 *3 ■ 320 36C 1 57 44 2 j ' 2*2 565
99® : 2 ** 2® 220 9 9 ® ‘4 56 3*6 462 5 9 ®  2 o c *96 645
ST. *2; 1« 2C7 436 x * : !  4 a: ;:*6 a** .3 0  *: 2 ® 2C2 6DE
92 X , 1 91 200 633 92 ®  : j  62 ■ 22C SB* : 52 ® 2 

*4QD 1 2 9* 1 22* 270 
96 64 ! l  ®  222 736 
9*  25 i 2 2’ • 2*8 675

225 991 :
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Table B.7 (continued)

Distance *am the eanfc '«  ) Distance iram The Riant Bane t a *
j197 3796 4093 4703 C04 3785 41QB j 4865Depth 1 O Dir Oepth i V«t GOir Dectn V»l 0  Ov Deptn V f 5D»r Depth! </f QOif Oepth V f 1 0  Dir Deoth* Vet j  C'f 1 Deoth I v«< : 0  D«

705 3641212067 706 546 302 051 705 633 1 * 8 3 9 70S 2 X » 233 *891 ’ 05 : 3 65*202 232 705 452 208 481 735 13 79 210X21 7 *  1204,211 195
069 395 2’ t 534 9 69 5 01 205 148 8 © 637 198 S70 0 © 2 74 j 1 *  101 ; 669 3 78 200 71! 869 4 671204 071 0 ©  ) 3 33 2®  435 t 6 ©  277)209400
'0 M 349 217 021 10 34 601 i99 fra 10 34 6 © OT23B ’0 34 2 75 11®349! 1C 34 1 2 9 7 12Q2 542 10 34 4 * 7:204 627 IQ 34 ( 4 01 209 919 I 10 34 1 2 44 ( 21’ *39
n  38 402 214 11 96 506 204 121 l l  98 576 203 134 ii  * 2 71 200013) 11 * 1  306 197 405 11 * 4 » |X 5  2B3 11 98 |3 6 3 206 ’74 ( i* X  2 C7 : 22’ 536
1362 360 211 896 13 62 6 66(203 854 1362 604 1*031 1362 2 79 205 *82i 13 62 • 2 74 210X1 13 62 | 4 33 (XO 124 1362|30O 214 7Q5' 12 62 1 761 209 294
15 3E 3 45 212 271 *5 26 596 207 876 15 X 634 1 * 9 6 3 15 X 2 23 199 3701 15 X  [ 2 77 X I  *61 15 X 4 501200 040 15 X 1 3 6 7 213 3351 15X1 1 63 ( 217653
*6 90 365 221 099 16 90 595 ZS 760 16 BO 594 202 172 ’6 90 204 209 24:1 16 90 1 3 C7 199 831 1 6© 4 x j iS S  373 16 ©  1 3 04 225 2*91 16© ! 2 6 ’ ( 21C5S2 

2X  © 2: 18 54 1 2 X  ! X 6 700'8 54 359 219 208 18 54 5 39 201 944 18 54 665 201 542 16 54 282 2 ii 124 1 18 54 i : 82 199092 18 54 4 24(202 096 10 541 360
X  t8 320 210 431 20 18 527 202 894 X  18 6 X 204 811 X  18 2 54 209 C19 ; x  ’8! 3 57 194 4831X 10 302(193 678 X  ta l 355 221 295 1 X  -9 . 1 96 • 217 X2
n  a: 305 224 607 21 02 546 203 917 21 82 6 X 203 636 21 82 2 74 208 62* : 2* 8 2 ! :  X 164 1© 2’ 02 3 741-96 * 3 2’ 02 ! 3 *4 216 045 j 2’ 82 I 2C4| ; tc  J77
23 46 2 75 218 031 23 46 527 206 738 23 46 E X 1 * 9 3 3 23 46 246 2i2 92Bj 3 « i : 0 3 1*6 OX X  46 3 9311*644 23 46 | 3 ’7 2X 6721 X  46 11 94 , 208 791 •
25 10 2.-8 222 560 25 10 502 198 187 25 10 600 201 348 X  10 2 © 205 948 • X  iC 4 *4 1*821 X  *0(305 730 754! X  *3! » © !  216 3701
26:4 292 200 699 26 74 4 © 199 825 26 74 5 73 1 *  724 X  74 230 2’ i ® ! X  74 1 b | ’* 4 5 3 X  74 13 *9 226 * 25 ! X  74 1 2 73 ( 219 676 !
2 8 * 2 53 219 425 28 38 5 71 201 ’59 X  30 554 195 997 X  X 283 207 366 1 ' X X 2 92:205 729 X  X  i 2 72 24j * 0  1 X  X  ! 2 04 I 212 7’9 1
3002 2 2* 222 474 XG? 489 200 731 30 02 693 195 444 30 02 2 24 1 204 XI i : 1 30 02 1 3 6 7 |i * 4 i9 i  © 0 2 1 2  92 2X 4 6 9 1 3D 32 :1 5B1 217 353 ,
3166 *641204 254 31 66 :5 20 206872 3166 603 1 * 3 4 6 31 66 273 210 6681 31 « ( 3  17I2D2 214(21 S 6 l 2 * 23C 6 X 1 3’ ©  1 1 72 1 2:1 453;
33 X ’ 5312*4564 33 30 523 207 « i 33 30 603 1 *  918 3 3 1 256(210 063! 33 X 3 2? i XC 631 ( 33 3D 1 3 57 2X0051 33 3) 1 541 224 222 1

34 94 4 90 205 242 34 94 562 202 460 34 94 2 52 211 Sfti j 34 94 3® (*54 234 ! 34 94 1 3 46 224 30B 1 34 94 : 1 68 ) 24C 205 -
36 58 480 20B 290 3 6 © 609 203 446 X * 2 ©  ' 203 47: ! X © 3 13(195 6 0 8 l3 E © ii3 2 221 234 * S  58: 1 42 1 237 63C i
38 22 4 31 208 624 38 22 634 1 * 3 1 6 3B22 2 87 212 311 ! X  22 i 1 2211*214 *  2213 7Q 224 5©  ( X  22 : 1 93! 2X  99T !
3986 466 204 344 39 86 6 14 XI 4X X * 2 75 207 i4?: 139 86 3 071X4 484)39 86 ) 4 05 2T  * 4 3 ! * * |  1 ’0(2132601
4i 50 4 91 204 650 41 © 5 TC 303 743 41 © 230 204 711 ; 41 « 295 XO690 41 so l 3 48 219 *83 : 41 ©  | 1 6E ; 239 776 ;

143 15 4 92 210 859 43 15 6 X 200 ’39 43 15 2 94 | 204 965 ! 43 ’5 33012*1 487 43 *5 ! 3 94 ; x  X 4i 43 15 . 1 *6: 231 290;
44?9I456 204 905 44 79 644 1* 3 6 1 44 79 3 101204 7671 ! 44 79 1 3 021X9 302) 44 79 ! 3 85 224 689  ̂44 79 ; 1 54 ! 233 667 '
46 43! 4 SB 1199 681 46 43 6 ’9 1 *  550 46 43 3 23 206 X i  f 46 4 3 2 04 1X4 641 46 43 1 4 ’2 773 C32! 46 43 ! ?C ; 233 832
48 07 4 70 207 548 48 C7 6 01 X i  846 48 07 305 2*2 364 I ! 48 37 2 99-202 <55 48 07 : 3 © 2 1 7 * ’ | 48 C7( 1 *6 242 347'
4971 4 101206 444 49 7’ 5 92 200 252 49 71 295 237 7 *  | 49 7* 305:205 296 1 49 7* 11 ?2 2’ 7 057! 49 7’ 1 43 736 703

:51 35 4 30 208 555(61 35 5 89 X1 452 51 35 2 66 ; 202 ( : 51 35 3 37 '206 5’6 51 a  13 © 219 776.51 35: 1 64 1 245 433,
52 99 4 4: 209 402162 99 6 61 197 667 © 9 9 2 77 20C 755 52 99 2 54:203 3401 52 99 ! 3 07 ; ;t  49* 52 3 9 • 2 .2 X ia 4 '
54 6? 4 bl 214651 54 63 5 37 202 620 54 63 2 40 213 2491 ' 54 63 C91i*92 3t3l54 6 3(327 ;i?  754 1 54£3: 0 *  x i  22*1
56 27 4 *7 20C318|56 27 5 TC 2C2S3C * 2 7 2 92 203 9171 5E 27 ( 3 * * : i 4C4: ,56;7,  i x ; : x a x :
57 91 4 *8 204 172(57 51 5 93 X I 864 57 91 3 19 202 842- 67 9t ! 3 00 7 2 3 7 3 7 . 5 7 9 * 1 5 7 ' 249 976,
© 5 5 4 X  1211 085:59 55 660 197 224 © 6 5 206 2*2 <2* : 89 55 ' 3 *2 ; i 7 642* 59 55 1 © '2 6 4  734
61 *? 4% 213 4841 61 19 6 X 1 * 5 7 8 61 1? 2 63 200 664 * 61 *9(2 84 212* 8*3 16* *9 1 *9 X I 2*5
52 B3 4 J0 213 357 62 S3 6 © 197 353 ©  83 205 207 1541 ■ 62 93 262 221 639 6 2 ©  . 1 *5 242 3*3
64 47 3 7’ 212973 64 47 5 95 197 406 54 47 2 92 ( 2’ * 503 : 64 47 2 47 214 9*  64 47 1 37 : 264 793!
6E *1 363 21C 137: 66 11 5 47 1 * 9 7 0 66 11 3 14 208 736: 6 6 ’ * 2 67 22’ 6*6 8E •* 1 42 2E3e94 i
67 76 1 3 90 *©808167 76 5 55 195 499 67 75 2 51 2*9 4C3 ■ 67 7 6 ’ : '2 210 £30 6? 75 , C 97 264 386
©  35 322 •93 923:69 39 5 X 202 429 ©  S 2 96 2‘»: I?*)1 6 3 * ;  2C’ 212 9©  69 39 C 06 264 964
7’ 2313© *93 64217’ 13 6 33 202 666 7i a 3 ’0 204 ’X I ?* x ; : c * 208 8*9 . ''  33 C 93 233 2”
72E7 2 70 12X2131

j
72 r
74 31

5 22
4 70

197 339 
202 352

72 57 
74 31

3 X I 21 2361 
3 21 ' 2 ’G 26* i

”*2 67 ) ’ 55 
*4 3’ C 67

224 "*43' 72 57 • C 4 9 1 737 9’3 . 
X6 305 ?4 2* C © . 7©  372

7 6 * 4 79 203 395 75 * 2 57 206 33’ ' T5 96 C 64 235 ’35 75 X  C 55 356 634
t 77 SC * 76 200 337 77 © 2 75 2*C4SDi ” 50 1 X , © 559

79 24 4 21 204 37C 79 24 251 *X ’54!
,9C 98 3 TC 2*1 567 © * 2 03 •2'Z 279
82 52 230 2C3 365 02 52 2 * : ; *93 548:
64 16 i 51 206 5X 04 16 ’ 45 : X 2 369
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Table B.8. ADCP flow velocity and direction data at Tarbert.

27 1998
DitUnce from tit* R>oN Sank ( ft1

1417 i 2204 2797 3409
Depth V* Q Du [Depth V* 0  0«f Oetth V* Q Of Depth V*1 Ci 0«»
705 387 258 109 705 600 249 097 70S 523 250 020 705 5 13 255 262
669 405 259 127 869 8 47 247 737 869 590 246 05/ 669 480 X I 070
1C 34 422 252 904 10 34 787 246 481 10 34 525 246 557 10 34 464 255 446
11 96 376 257 054 11 98 801 244 799 11 96 4 77 248 696 i i  9B 4 21 249 773
1362 3 77 250 650 1362 8 17 248 493 1362 460 246X1 1362 4 X X 2 357
16 X 361 257 556 15 X 809 248 867 15 X 5 17 241 517 15 X 441 X 4 113
16 90 366 260 152 16 90 635 246 819 16 X 466 243 922 16 SO 444 247 829
16 64 3 47 264 107 18 54 7 75 247 496 16 54 477 245 ’29 10 54 4 34 247 290
2016 3 73 256 208 20 16 7 43 245 416 X  18 443 246 969 20 18 4 31 252 407
21 82 279 258 095 21 82 775 247 856 21 82 4 43 245 615 21 82 409 255 015
23 46 304 X I V * 23 46 7 10 246 457 23 46 4 17 249 896 23 46 432 X7 093
26 to 366 252 394 25 10 7 57 248 139 25 10 4 9 257 396 25 10 4 X X 7 217
20 74 335 251 370 X  74 7 72 249 401 X  74 4 37 253 416 X  74 4 27 248 064
26 36 340 251 648 28 3B 809 246 IX 26 X 4 43 250 144 X  S 4 27 249 629
30 02 361 257 974 30 02 759 245 640 X  02 4 X 256 142 3002 4 11 249 947
31 86 3 57 248 736 31 66 7 74 246 741 31 66 475 253 356 31 66 4 62 (249 9V
33 X 344 248 837 33 X 7 79 245 866 X X 362 250 903 X X 469 248 942
34 94 32B 248699 34 94 7 57 247 701 34 94 367 253 040 34 94 4 74 247 572
36 56 3 42 2E6 4241X  58 795 245 720 36 56 4 73 253 466 X  56 492 246 395
36 22 3 47 252 034 38 22 7 98 250 448 X  22 456 246 937 X 2 2 437 246 417
39 96 3 11 254 337! 39 66 751 247 357 39 86 446 246 779 3906 4 <1 247 272
41 50 3 46 [254 429 41 50 7 77 247 7E7 41 50 4 10 252 392 41 50 364 243 366
43 15 3 261256 422 43 15 7 91 247 XI 43 15 4 29 247 262 43 15 366 244 997
44 79 2 96 254 370 44 79 7ee 243 172 44 79 4 X 246 446 44 79 3 43 2X 396
46 43 279 251 3Q9 46 431 7 X 244 299 46 43 446 249 567 46 43 3 061X1 353
48 C7 3 i i 255 100 40 07 508 239 C11 48 07 4 01 253 IX
49 71 2 891250 968 <9 '1 356 259 554
51 35 243 265 037 51 35 2 66 377 2X
52 99 i 50. 242 090 5:99 2 ”  '236 359
64 63 i 57 245 258

April ’Q tgge
Cf tenet from the P'Cht Bank ' ft )

137i 2129 2»X 1 2369
□*Cth 1 V*4 • 2  Orr 1 Depth I 7*1 i Q D" Dept*! v * ' CD* Depth v»( Q 0 ‘r
7 05 l 4 35 i255 7381 7 0S € X  156 006 7(35 6 42 249 204 705 5 56:251 042
869 4521265 792 i 659 5 54 1257 479 963 !E 03|2SO 69 869 5 X 245 : x
10 34 4 29 1260 290 | ’334 €29 [ 253 506 10 3416 *6 1248 737 10 34 5 47 246 306
11 96 4521267 772 I i i  98 6 16 j250 B73 11 X 6CE;249 4X M 96 5 ’6f247 0e7
1362 4 ’8 (265822 H 362 5 04 1255 955 13 6 2 ' 6 47 246 4X 1362 4 04 * 244 *95
15 X 452 I2S4 986 115 X 4 94 [257 * 74 15 X 6 37(247 355 15 X 53G 240 260
IS X 4 18 1258 320 116 X 5 06 258 994 16 30 6 47*250 076 16 X 5 24 245 954
IS 54 4 ” 252 298 (1054 4 94 1263 554 16 54 654 .250 9561*854 5 X 244 729
x  ie 440 '253 661 |X  18 461 !260 03S X  18 650 250 541120 10 534 240 190
; t  82 455 259 621 121 82 4 49 1259 822 : i  02 E50*X i 035 21 02 5 19 244 164
23 46 4 34 254 263 23 46 4 X  (264 205 23 46 6 19 247 ’72 23 46 5 52 239 153
25 10 1 4 35 255 859 |25  ’0 4 i i  1263 312 X  10 6 491248 365 25 10 5 74 237 C92
X  74 4 ’7 256 237 |X  74 4 X  [258 646 X  74 5 53 (248 604 [ 5  74 | 5 1412*2 749
X  3B i 4 01 X I 293 X X 4 0C |256 iX X X 58B 250 645 X X 5 33 2X631
X 02 4 X 2V 765 X X 4 C4 1265 575 X  02 5 77:248 955 30 02 5 43 240 478
31 66 404 255 434 31 56 3 9 ]  |27: 460 31 66 55C*X1 m l  31 66 436 2X  477
X X 4 X |X 1  3X1 X  X 4 ii  1X7 16C 33 30 5 61 248 C24 33 X 1531 240 927
34 94 4 10 251 037 34 94 3 *  1X3 G4fe 34 94 5 191246 773)34 94 464 246 IT3
X V 4 X 1X 7 084 X V 3 76 (X2 372 X  58 5 iQ 243 000 X V 460 249 XQ
X  22 422 X1 650 X X 3 43 j 255 326 x r : 5 17 24b CBS X  22 496 247 203
19 86 4 42 254 002* 39 96 4 16 |268 06C 39 96 4 76 241 i*g 39 06 505 248 406
41 50 4 X 256 060 41 50 399 1258 994 41 50 4 72 240 779 41 V 4 3 S |X I 998
43 15 425 252 413 43 ’5 398 [251 132 43 15 4 71 242 307 43 15 4 50 252 661
44 "3 409 249412 44 79 3 50 1X2 390 44 79 406 239 Q* 44 79 372 X I ?e9
46 43 4 12 250 454146 4 3 1 3 35 1259 725 46 43 460 241 596 46 43 4 X 1 X 3  109
48 J7 406 249 574148 07 3 77 |X 1 849 48 07 486 242 127 X  07 260'241 707
49 71 3 90 248 557149 71 2 X  234 636 49 7! 4 79 242 555
51 36 405 246 948 51 X 2 06 1X4 307 51 >5 4 71 736 122
52 X 38B 251 235152 99 3 52 (243 C77 52 99 4 77 243 110
54 63 399 254 737 54 63 323 [ 253 000 54 63 380 ,237 916
56 27 3 57 250 702 56 27 2 90 jX1 606 56 27 3 X  j235 515
57 91 335 249 313 57 91 2 43 1254 310 57 91 2 04 j 246 OX
59 55 3 19 252 534 59 55 2 51 |2SB 776
61 19 216 71' 9m 61 ’9 : ’4 1245 59:

vurê n -9se
Distance from th# Pipht Ban* f ft ]

’366 2169 X23 t 337B
Ocpth v«t Q 0" Oecth v*t c  0* Depth 1 v*1 OCi* 1 Depth vet , 0 0 *
7 0S 348 247 447 705 651 262 997 7 05 6 77 244 044 735 6 V 248 177
969 3 57 247 162 8 69 664 X I 962 0 69 6 93 244 6491 8 69 6651247 42!
10 34 308 245 783 10 34 697 263 404 1Q 34 6 57 244 779 •Q 34 660 246 506
11 X 323 239 966 11 96 7 IT S ’ 506 it  36 6 70 244 636 11 98 6 01 2*6 426
1362 334 24Q 995113 62 6 V 2EDOT0 1362 699 244 915 1362 6 21 249 62’
15 X 3 X 239 478 15 X 6 90 262 075 15 26 609 248 QX *5 26 602 247 532
16 30 3 10 242 106 16 90 6 a 262 920 16 X 6 79 248 034 16 X 667 244 682
’8 54 27? 249 t r 16 54 6 55 263 5V 10 54 6 71 248 162 18 54 6 X 242 372
20 18 290 249 353 X  10 632 260 626 20 ’8 665 247 243 20 ’8 6 93 239X2
21 02 2 97 244 622 21 62 6 69 263 809 21 02 ! 7 07 246 IX 21 82 6 X 246 2’ 3
23 46 304 249 764 23 46 6 12 264 0B6 1 23 46 6 75 243 803 23 46 646 240 233
X  10 291 246 7*3 X  10 6 66 263 294 X  *0[6 06 240 505 26 10 6 24 239103
X  74 290 2X 175 X  74 6 9b 264 321 X  74 b 12 243 006 X  74 6 72 242 462
X  X 264 243 Q50 a  x 6 86 264 149 26 X 6 21 2436H 2636 6 2’ 244 423
30 32 3 21 246 555 X  02 640 262 514 X  32 6 17 242 971 X C 2 6 39 240 657
31 66 296 X t  5 X 31 V 6 31 266 660 31 66 6 26 241 328 31 66 509 246 445
X X 277 247 672 X X 5 01 262 955 X X 6 X 241 641 X X 6 72 243 746
34 94 302 247 145 34 94 591 260 224 34 94 500 239 970 34 94 593 241 017
X V 2 61 249 216 X V 5 75 259 075 X V 5 90 2X 042 X V 5 66 235 793
X  22 266 249 207 X  22 633 263 512 X  22 [ 6 X 242 232 X  22 529 229 SC3
X X 292 254514 5 6 6 6 43 259 995 39 9 6 :5 ® 245 493 3906 500 227 908
41 V 203 250600 41 V 506 267 795 41 V 6 14 244 051 41 50 4 9212X 109
43 15 239 744 912 43 15 546 266 003143 '5 5 91 2X 062 43 15 4 74 227 4*4
44 79 339 249 794 44 79 567 266 647144 7? 569 242 41* 44 79 492 23’ 793
46 0 2 91 248 763 46 43 6 00 [ 266 007'46 4315 5 241 4701 46 43 2 ’3 22* 975
48 37 1 2 61 244 336 48 07 4 44 275 950 48 07 500 257 355 48 C7 1 421223 701
49 71 2 30 253 684 ■49 T1 1295 255 705
51 96 277 253 396 '51 X 12 63 206 34!
52 99 : 39 249 ’04 S2 9 9 12 39 217 122
54 63 2 X 246 644 54 631 192 174 027
66 27 | 1 71 256C17 V  2 7 | 1 06 1 * 4 6 3

Apr* '7,'996
Distance from the P-j *1 Benfc ( ft )

’366 21® 1 27® ; 3382
Depth 1 Vel 0  C-r Depth v*l ; Q [V I Depth 1 vel Q C<f Icecih v*i . ; 0*
735 1 2 60 249 393 1 ’ K 6 16 254 373. 7 35 609 2V 660 1 7 36 5 *6[252X*
069 *: v 258 *ii j 669 6 1C :2S* 626 : 9 69 *6 10 497' e 69 S ’TICSJTX
10 34 1223 244 79C 1C 34 6 ®  *253 753 [ ’0 34 6 17 254 8411*0 34 4 6 7 '25l '*7
11 ?e <206 2SG633 11 96 6 13 1252 0211” * ,6  15 250 6361’ i 96 4 78 [ 255 439
’362 :29C X I  5*4 ’362 6 X  1252 476 i 13 62 :6 20 251 1661 ’ 3 62 4 48,252 X5
15X J294 247 007 15 26 6 17 253OXi 1* 26 ! 6 29 246 309)'5 26 4 48'255 353
16 X 269 204 2’0 16® 60E i2S2 95E j*6® ;e 11 252 *50| ’6 ® 5X 1253 374
10 5*1; T6 241 575 *854 6 31 '.250 71/ 10 54 j586 25! X t l '0 5 4 * 3* ’ 253 334
20 *9 2 »C 242 012 20 18 6 17 ;251 459|X  *6 16 32 252 576130 ’8 4 701253 5”
21 82 289 246 3*e 21 02 6 23 125’ 38412’ 92 16 05 252 687'21 82 4 32|252 *97
23*6 2 V 253 636 23 46 6 26 * 248 6i i : 23 * 8 16C3 2£2 «?3E ( 4& 4 2’ 12*8 49*
25 IQ 2 36 250 1® 25 10 622 |25l 73BI25 *0 604 251 *96125 *0 3 91 237 939
26 74 257 247 397 X U 6 25 250 253(26 74 6 12 25! 2*6136 74 4 34:244 05’
X X 2 33 246 ’77 X X 6 79 -249 463 1 26 X 6 46 2*9 Tfi’ 1 X  X 3 79 (2*0 372
X 0 2 2 0B 250 1® X  02 6*3 1 246 0241X02 6 22 249 127 'X  02 3X1243 435
31 66 2 27 257 S00 31 66 5 *  (247 242! 3’ 66 l 6 25 254 1041 31 86 4 X  (237 665
1330 2 51 262 ’ ’3 X X 6 47 1245 3X1 D X 6 54 *49 920133 X 3 79,2*3 * 6 9
14 34 2 75 243 221 34 94 6 23 1250 ’25 i  34 3* 6 V 250 4851 34 94 3 84 |246 460
X V 2 39 X I 014 X V 6 >4 125’ 633j X V 6 53 26! 9 2 9 |X  V 3 7’ I24S9E6
S  22 2 27 249 2X X  22 5 60 ,247 750 1 j} 22 6 42 2*9 6^7 j x  22 3© (244 4*7
35 96 225 251 7241X06 5 40 |2*7 7^7 i 35 86 6 X 254 055139 86 3 31 245 335
41 50 ; 2 40 245 258 41 V 5 V  1248 462,41 50 |6  27 253 577 i 41 V 3 52 248 379
43 1* 2 18 248 647 43 15 6 79 12*9 17C! 43 i$ 6 13 XC 030 J 43 ’6 3 *51248 259
44 79 1 97 2X  '87 44 79 5 7’ [25Q i ’6!44 79 fc 16 256 77S144 79 3 33 (247 5V
48 43 1 94 247 757 46 43 5 32 [244 3851*6 43 5 V 254 042[ 46 43 2221244 23’
48 07 2 31 239 217 48 07 6 28 12*4 5 ’ 8 148 07 592 2*7 103 j  48 07 ’ 94 [2*2 ” 6
49 71 205 240 562 49 71 6 44 1247 1 ’4149 7’ 5 7« 262 443 1
51 36 2 26 255 641 51 X 49! I253 0!S|51 3S 606 251 085
52 99 2 19 248 629 52 99 627 125’ 2 9 4 |5 2 ^ 5 41 240 9661
54 63 2 73 245 934 54 63 2 72 [257 321154 63 2 24 240 057 [
56 27 1 77 239 073 56 27 254 ’» * ! !
57 91 1 25 226 6X i 1

196

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B.8 (continued)

M » t  B 1 9 9 B
D<ttanc« <rom the RtoM 9 ank ( ft j

1367 2162 2768 3367
OtDtn V*f Q Off Dtcth V* 0  0» Dtotfc v*l G 0* OtCfFi V f l G Oir
706 4 31 240 077 705 e x 249 266 7Q5 7 57 252 947 7 05 466 254 082
869 4 38 240 537 869 872 251 735 869 7 45 246 517 868 423 252 802
10 34 433 232 045 10 34 839 250 345 10 34 763 246 547 10 34 4 84 X I 312
It 98 4 3 231 340 11 98 795 250 201 1198 7 45 245 500 n  98 4 75 246 781
1362 456 239 171 1362 929 253 933 1362 7 31 247 267 1362 496 248 810
16 26 4 18 242 791 15 26 927 255 666 15 26 748 251 176 15 26 459 250 sas
16 90 438 242 303 16 90 8 31 251 129 1690 7 73 249 535 1690 458 X I 189
16 64 464 236 919 10 54 8 72 253 255 18 54 6 78 252 029 18 54 4 33 256 732
20 18 4 16 239 3QB 20 18 7 75 251 069 20 18 7 17 250 463 20 18 405 252 344
21 62 4 19 240 889 21 82 8 42 262 828 2182 7 ’2 251 857 21 82 3 97 248 823
23 46 460 241 546 23 46 8 10 252 336 23 46 7 26 250 478 23 46 4 22 251 847
25 10 4 U 238 452 25 ’0 9 43 253 010 25 10 7 15 251 881 25 10 446 246 696
26 74 477 234 575 26 74 9 12 255 165 26 74 726 261 147 26 74 496 250 402
26 36 446 237 749 29 38 9 51 253 478 28 38 68B 250 061 29 3B 4 39 245 350
30 02 450 237 051 30 02 9 37 253 761 30 02 696 251 966 30 02 4 21 249 925
31 66 4 18 239 753 31 66 794 263 407 31 66 707 749 329 31 66 3 87 260 937
33 3D 465 235 783 33 30 e a t 254 63B 33 £ 6 9 4 250 126 33 30 3 34 255 363
34 94 434 235 506 34 94 7 72 253 837 34 94 6 70 250 926 34 94 3 57 249 848
36 66 390 239 359 36 58 8 2 i 251 Q36 36 58 696 251 232 36 58 2 75 241 171
38 22 3W 236 532 3B22 7 63 (256 621 38 22 7 41 252 696 30 22 3 39 247 900
39 96 4 12 242 150 39 86 7 98 262 429 39 86 689 255 951 39 06 2 34 253 955
41 60 4 15 240 255 41 SO 7 59 253 064 41 50 700 256 993 41 £ ) 2 57 259 538
43 16 4 43 232 799 4315 j 813 257 434 43 15 6 78 252 M7 43 15 232 259 604
44 79 4 21 239 059 44 79 7 U 257 752 44 79 772 255 332 44 79 209 258 302
46 43 4 32 242 306 46 43 7 41 253 933 46 43 7 21 256 052 46 43 251 253 JB7
48 07 467 246 9B7 46 07 7 11 1254 367 48 07 695 252 430 40 0712 ’9 i 253 465
49 7t 4 11 239 365 49 71 16 67 253 487 49 71 6 67 252 868 4971 286 236 9*9
61 36 400 240 277 51 35 7 *0 255 521 51 35 6 24 251 998 51 35 2 11 245 207
52 99 4 33 252 677 52 99' 396 263 754 52 99 6 29 253 870
54 63 3 97 245 073 54 63 2 00 247 613 54 63 o 33(259 3Q2t
56 27 364 246 515 56 27 4 27 255 409
67 91 j 3 66 244 519 I
69 66 3 91 229 735 i

61 19 2 *4 n o  4?i 1
1

62 93 i 67 211 755 ' : . . i

C la r e t  tht Piqm 8 ink ( ft )
1300 2186 7793 2390

0«oin 1 vn 0  D«r [o«ptn ✓•1 CCir Otcth V«l G O.r D#ctm ; Q yr
; 70s 421 255 661 705 401 252 705 705 352 250 026 705 : 2 15 (252 283
' 869 393 254 199 869 452 263 341 6 3 362 249 579 8 69 I 3 64 253 606
m 34 3 70 260 064 ;!0 34 494 256 053 10 34 356 2*8 7391 ’0 34 | 3 96 1253 351
11 981400 253 998 n  98 4 38 256 80S 11 90 354 256 930 11 981 344(262 e*5
1362 400 264 17? 1362 466 259 497 1352 295 256 381 •3 6 ? |4  >9|737 '19
15 26 403 2*7 506 1526 4 17 255 428 15 26 282 2S4 347 ' 5 S i 3 7 S l2Sl 534
16 90 2 57 245 600 16 9C 450 248 858 16 90 329 258 679 16 90 i 3 '* |r«7 s r
10 54 3 10 253 941 18 54 4 ’5 240 409 16 54 3 2’ 254 oe? ’6 54 | 3 31 iI5B 1*
20 18 356 242 « 7 20 16 404 245 726 x  ie 3 04 256 024 30 *0 2 96 1343 936
2182 322 254 7D4 21 62 4 42 247 069 21 82 2 07 252 397 21 02! 2 51 |335 395
23 46 363 257 959 23*6 4 37 253 239 23 46 23Q 2*5 448 23 46 [ 3 121256 169
25 10 363 249 135125 iQ 4 58 25 3 745 X  10 

26 74
265 259 616 25 10 jo 12! 163 011

X  74 327 253 526 26 ’4 3 72 251 294 2 ee 256 027 I :
29 38 359 254 479 28 ae 394 249 997 28 38 2 74 260 970 i :
30 02 344 256 038 30 02 346 247 593 X  02 251 271 645
)i 66 314 252 532 31 66 3 32 ‘ 254QOQ 31 66 1 26 242 »69
33 30 329 252 956 33 30 3 01 247 793 33 30 051 55X 1

1 ( ,

34 94 320 248 6B4 34 94 346 250 993 1 1 1
36 56
38 22

300
306

245 199| 36 58 
243 627;

1 21 238 903
1 1

3986 2 57 243 SOC 1 1
4’ 50 057 233 658 . .  i i i :

9 199B
O'ttanca t o r n  th* P - Q h t  B * n k  ;  ft ]

1 3 7 7 2 1 8 8 2 7 6 8 3 3 7 3
Oveth ✓ d 0  Dir Ocoth Vvl g o * D e p t h V * l O O Oveth Vt> 1 Q O i r

7 0 S 4 3 9 2 5 2  3 9 1 7 Q 5 4 8 9 2 5 5  6 9 3 7 0 S 4  2 7 2 5 2  0 3 9 1  7 Q 6 4  9 5 1 2 3 9  3 5 6
9  6 9 3  75 X t  0 5 8 8 6 9 4 6 7 2 5 0  7 0 5 0 6 9 4 0 5 2 5 2  4 7 4 8 6 9 5  1 1 ( 2 4 0  3 7 4

1 0  34 3 6 6 2 5 6  4 2 4 1 0  3 4 4 5 4 2 5 8 6 7 4 1 0  3 4 4 2 ? X '  8 6 9 1 0  34 4  9 3 | 2 4 2  0 7 i
11 9 8 3 3 9 2 5 2  3 0 2 11 9 0 4  8 5  | 2 S 3  8 6 8 11 9 8 4  4 3 2 5 3  7 9 2 11 9 6 5  0 2  12 4 4  7 4 1
1 3  6 2 3 9 4 2 5 5  5 4 0 1 3 6 2 4 6 B 2 5 3  7 9 0 1 3 6 2 4  3 2 2 5 9  1 7 7 ( 1 3  6 2 5  3 6 1 2 4 0  0 6 4
1 5  X 3 5 6 2 5 8  2 5 5 15 X 4 9 7 2 5 6  9 4 6 15  26 4  3 6 3 6 0  4 7 4 |  i : 2 B 4  7 9 ( 2 4 2  9 4 3
1 6  9 0 3 4 3 2 5 9 5 9 2 ' 6  9 0 5  1 0 2 5 6  0 4 6 1 6  9 0 3 5 2 X i  4 1 3 16 9 0 4  3 7  2 3 9  1 7 7
1 0  5 4 3 6 2 2 6 2  7 1 4 1 8  5 4 4  31 2 5 4  1 5 6 1 8  5 4 4  4 0 2 5 0  3 0 9 1 8  5 4 4  8 0 12 4 3  3 3 0
20 18 3  7 9 2 5 5  X 4 X  18 4  3 2 4 6  0 5 3 X  1 8 3  7 5 2 5 3  2 1 * 1 2 0  18 4  8 2 ( 2 4 1  5 0 6
2 1  8 2 3 2 5 2 5 4  9 6 8 2 1  8 2 4 4 3 2 4 9  0 5 7 2 1  0 2 3  9 3 2 4 7  U S 21 8 2 *  71 ( 2 4 4  310
2 3  46 3 3 ) X I  9 0 5 7 3  4 6 4 18 2 4 7  3 2 1 2 3 * 6 4  2 7 X I  6 9 0 2 3  4 6 4 9 1  [ 2 3 9  9 5 6
X  10 3  2 8 X 7  6 4 S x  10 4  8 1 2 4 9  3 3 9 26 1 0 4 0 7 267 9 9 2 26 10 4  9 9 12 3 6  3 6 2
X 74 33) 2 5 4  0 7 7 2 6  7 4 4  3 4 2 4 0  9 2 2 26 7 4 3 5 6 2 5 5  903 5  74 5  14  1 2 4 1 ' 9 4
2 8  JB 3  91 2 5 0  101 2 8  3 8 4 26 2 5 7  2 6 0 X  3 8 3 8 2 26a 3 9 6 X X 4 6 7  1 2 * 2  2 8 3
3 0  0 2 3 8 2 2 5 3  3 1 0 3 0  0 2 4 1 9 2 5 6  SOB 3 D 3 T 3  41 X I  3 0 0 3 0  0 2 4  1 7 ( 2 3 9  1 1 4
31  6 6 3 9 6 2 4 6  2 8 9 3 1  6 6 3 6 7 2 4 0  2 7 5 3 1 6 6 3  7 8 2 5 6  8 1 9 31 6 6 4 1 4 ( 2 4 2  2 3 7
3 3  X 3 7 1 2 4 1  2 B 0 3 3 X 3  7 8 2 4 8  1 8 0 3 3  X 3 3 2 2 5 9  0 6 7 3 3  X 3 3 7 ( 2 4 0  6 7 5
3 4  9 4 336 2 5 3  7 0 5 3 4  9 4 4 26 2 5 2  6 * 3 3 4  9 4 3 8 7 2 5 9  3 4 8 3 4  9 4 2  9 3 1 2 3 9  8 9 4
3 6  5 8 3 7< 2 5 4  1 6 5 3 6  5 8 3 7 9 257 9 7 1 3 6  5 8 3 0 6 263 5 6 7
3 8  22 2  7 6 2 5 6  9 7 5 3 8  2 2 3 6 5 2 6 4  8 3 8 3 B 2 2 2  2 7 767 7 0 6
T9® 2  6 7 267 9 3 1 3 9  8 6 2 4 8 2 5 9  1 8 0 39 0 6 1 16 2 6 8  4 8 0
4 1  5 0 2 9 9 2 5 6  223 4 1  5 0 1 9 8 X I  0 8 6
4 3  ’5 2 70 2 4 8  3 1 2
44 79 2 8 6 2 3 9  0 5 9
4 6  4 3 1 2  56 2 4 6  8 5 0
4 8  07 1 47 225 3 6 1
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Table B.9. Bed material data at Union Point.

DATE: 2 7 f E B J I  |RVSR CONDITION GOOD 
STREAW MISSISSIPPI RIVER ItiME 00 00 TO 09 OD 
LOCATION IJNION POINT iTEMP 9 C @13 FT 
GAGE KNOX LANCING Iw EAThER CLO'JO* ANO MIlD 
DISCHARGE 1010854 CFS (DOPPLER) {GAGE READING 4860 FT

TVPE SAMPLER DRAG BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERT'CAlS  4 
NO POINTS 1

CONVENTIONAL METHCO 1.0201313 CFS
(SAMPLE)
FlELO NO
DISTANCE (FT 1 1066
DEPTH (FT) 66
OlA (MM) 25 40 T910)12 70 1 9  52 4 7 6  I 3 36 | 20 0 1 41 1 X O X 0 3 5 3 2 5 0 177 0 125 0 000 ! 0 074 0062 PAN
CUM WT | 0 0 0 0  3 0  I 0 0 0 0  1 0 0  I 0 0 0 0 0 0 0 1 0 5 31 5 1236 t47 9 149/ j  149 9 1499 150
% held  I 0 0 0 0  | 0 0  1 0 0 0 0  1 0 0  I 0 0 0 0 o o 0 1 0 3 21 0 8 24 90 6 t 9 9 9  I 9 99 999 1 X 0
% fin er  | iodd 1 X 0 1 10D 0 1 1Q0 0 too o 1 too 0 1100 0 1 X 0 1 X 0 9 9 9 99 7 790 176 1 4 1 0 r  : 0 1 0 1 3 0

(SAMPLE) j 
FIELD NO ' 2  

DISTANCE (FT ) I t650 
OEPTH (FT) J 66
DiA (MM) 125 40 13 10112 70 I 9 52 I 4 76 3 36 20 0 1 41 1 X O X J  35 02 5 0 177 0 12510 000 0 074 0 362 PAN
CUM WT j 3 0 3 0  1 3 0  1 0 0  1 0 0 0 0  QQ 0 0 0 0 0 9 7 5 5 2 6 Mg 1 124 0 1 124 7 124 7 124 7 124 0
% HELD 0 0 3 0  ! 0 0  0 3  ! QQ 0 0 QQ 0 0 0 0 0 7 6 0 42 3 9 3 0 99 4 ; 99 9 9 9 3 999 ’® 0
% FINER " X 0 la o c j io o G i i o o o l i o o o 1 X 0 1 X 0 1 X 0 1 X 0 99 3 9 40 57 7 7 0 0 5 - 0 1 . 0 1 3 1 3 0

(SAMPLE) j 
FIELD n o  - 3 [ 
d i s t a n c e  ( f t  ; ’ 22se  I
DEPTH (FT) ! 66 i
DiA (MM) 25 40 t *9 1G 112 7C | 9 62 1 4  76 1 3 36 j ? QD 1 41 1 X O X 3 35 0 25 □ ’77 0 126! GOBBl 0 074 0 06? PAN
CUM WT ' 3 0  ' 3 0  1 3 3  I 6 S  * 6 S  : 6 5  J € 5 6 5 6 5 9 i r e 97 7 144 6 149 31 ’49 31 149 6 1498 149 0
%  HELD 3 0 | 3 0 0 0 i 4 3 | 4 3  4 3 ) 4 3 4 3 4 3 6 l 15 i 6 5 : 96 7 99 7 . i x  o;  I X O 1 X0 ’X C
% F'NEP i ’O O ol’OOO l Q 0 C ' 9 S 7 : 9 6 7 l 9 6 7 i 9 S / 95 7 957 93 9 8 4 9 346 3 3 0 3 : 3G ; CO a n a o

(SAMPLE)
FIELD NO • 4 •
d is ta n c e  if t  ; i 2 9 4 1  ,
DEPTHfF^t , 9 5  !
DtA (MM) 2 5  40 I *9 1C ' ’2 70 ; 9 52 1 4 76 i 3 36 i  2  00 1 41 1 X 36 0 3 35 0 2 6 C 177 0 ’ 25 0 305 , 0 074 C 062 PAN
CUM WT OQ *59 . 3 95  I 5 8 ?  i ’O Q O !t3 7 € :2 3 6 7 268 i 274 5 3302 3B0S i s :  i 393 4 353 5 i 393 5 393 5 3936 393 6
% hElD 0 0  : 4 0  1 ’C 1 ' ’4 9 ! 25 4 i 35 0 I SO 1 58 3 597 95 5 36 7 99 6 9 53 I X O .  1 X 0 -  1 X 0 • x c • xc l
% F'NEP *X  C | 96 0 , 69 9 ' 86 2 i  74 6 ( 6 6 o i  39 9 31 7 30 3 14 1 2 2 C 4 G 1 CO 3 0 0 3 30 0 3  1

D A T E :  7 3  M A R  »
S T R E A M  M I S S I S S I P P I  R T v E P  
L C - C A T ' O N  U M C N P Q . N T  
G A G E  O N I O N  P O I N T  
D I S C H A R G E  1 0 6 3 , 2 2 5  C F S  ( A C C P )

R I V E R  C O N C I T I O N  C H C P P y  
T I M E  0 9  X  T Q  ’  1 X  
T E M P  9  C  @ 1 0  F T  

W S A T H g R  W I N 0 V  A N C  W I L D  
G A G E  R E A D I N G  5 2  9 0  C T

T v o e  S A M P L E R  D R A G  B U C K S '  
T v = E  S A M P L E S  B E D  M A T E R I A L  
N O  V E R T I C A L S  4  
N C  P O ' N T S  ’

C O N V E N T I O N A L  V E T h C O  1  1 27. 2 9 6 C F S
( S A M P L E ] i  . jF I E L D  N O 6
D i s t a n c e  i F t !  ’ 020;
O E P T H  ( F T ) l  6 2  '
D i A  ( M M ) : 2 5  4 0  1 1 9  1 0  i  i ?  7 0  ' 9  5 2 4  7 6 3 3 6 2 X 1  4 1 1 X 0 5 0 ■ 3  3 5 0 2 5 0  ’ 7 7 0  1 2 5  ! 0  3 B 0 0 C 7 4 0  3 6 2 P A N
C U M  W T i  3 0  i  00  i  00 ; G O 00 00 00 C O 0 3 C O C  l 11 0 9 1  2 1 4 3  9 1  ’ 4 9  3 1 4 9  7 1 4 9 8 • 5 0
%  h E l D □  a  ;  a  a  I  a  a  ■ 00 C O 0 3 G O 0 3 C O c c c  • 7 1 6 C 9 9 6 G  9 5 5 9 9 9 9 9 9 i X  C
% F ' N E P : ’ X 0 ; i X 0 | i X 0 l 1 X 0 * x o 1X 0 1X 0 1X 0 1 X 0 1X 0 9 9 9 9 2  7 3 9 2 4  3  1 0 4 C  1 3  ’ 3 3

( S A M P L E )
F I E L D  N O j  S  i
d i s t a n c e  » f t ;  ’ r e s , '
O E P T H  ( F - ) '  5 7  '
D U  ( M M ) : 2 5  4 0  1 1 3  t o r ?  7 0  I 9  5 2 4  7 5 3 0 6 2 X 1  4 1 1 X 3 X 3  * 1)  2 5 G  1 7 7 0  1 2 5 i 0  3 B B  :  0 C 7 4 0  3 6 ? P A N
c u m w t 3 0  ■ 3 0  •  3 0  1 00 00 00 00 C O 0 3 00 0 4 3 7  7 ’ 2 3  3 1 4 7  6 '  ’ 4 9  7 1 4 9 9 1 4 9 9 1 4 9 9
%  h e l d !  0 0  1  3 0  ]  3 0  i 00 00 00 G O 0 3 C O 0 3 C  3 25 : 0 2  3 9 0  5  9 5 9 1 X 0 * Q C 0 ’ X C
X  F ' N E P ! : X C [ i X C l i X c ! ’ X C ’ x o i i x o n x o 1 X 0 1 X 0 1 X 0 * *  7 74 e ’ 7  ? * 5  0  ’ 0 0 3  0 • 3  0

( S A M P L E ) r  i
FIELD N O ■ p  7  ^
d i s t a n c e  i f t ^ i 11U !D E P T H  f T ) : «
D U  ( M M ) ; : 5 4 0 | ’ 9 i a n 2 7 C ' 9  5 2  [ 4  7 6 3 3 6 2  X 1  4 1 1  X 3 5 G 3  3 5 0 2 5 0  ' 7 7 0  1 2 5 ] 0  3 0 6 3 C 7 4 C  3 6 2 P A N
C U V  W T 3 0  3 0  0  0 0  0 0 0 C O 0 0 C  3 C  3 0  ’ 0  6 n  1 8 3 5 I t ?  9 ’  ’ 4 5  3 1 4 9  B • 4 9  8 1 4 9  9
X  « 6 l D • 3 0  3 0  1 3 0  ■ : 3  i 0 0 0 3 0  3 C  3 0  3 0 1 C  4 e  7 5 5  7 6 5  3 9 9  4 9 3 5 9 9  9 • x c
X  f  N E P i ’ X C l ’ X C U X O i X C i • 0 0 0 1 » X c l  I X C ' 1 X 0 1 X 3 *  9 4 9 b 91 3 4 4  3 1 4  7  .  3 6  c t 3  • 3  0

( S A M P L E ) ,
FIElO NO 9

d i s t a n c e  i t t 1  J ® *  ]
D E P T h  f n
D u  ( M M ) 2 5  4 C  ;  19 1 0  *2 7 C  1 9  5 2 4 7 5  1 3  3 6  1 2 X 1 41 1  X 0 5 0 3  3 5 3  2 5 C  ’ 77 Q 1 2 5 .  C O B B . 3 C 7 4 0  0 6 2 PAN
CUV W T 0 0  !  0 3  |  3 3  • 3  3 ' C O G O  1 3  2 9  7 1 4  9 78 6 1 3 3  7 148 3 ’ 5 0  ’ 1 5 0  5 ,  * 5 D  6  11 5 0  6 • 6 G b •60 7
X  m e l d ) ( J  ;  3 0  0  3  l 0 0 0 0  I 0 0  j ;  1 6 4 «  3 5 :  2 B B  7 9 6  4 9 9 6 9 !  - j s  q 9 9 9 9 9  9 • x c
X  F ' N E P i X G l ’ X O ' , X 0 t X C i • x c i I X  G : 97 9 9 2  0 7 C  ’ 4 7  6 r  3 ’  6 *  4 0  1 , 3 ’ t l 3  ’ 3 0
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Table B.9 (continued)

OATE: t t -A P f t ja  .RIVER CONCmON 3 0 0 0  
STREAM MISSISSIPPI RIVER TIME 09 00 TO H QD 
LOCATION UNION POINT ;TEMP *6 C @1 5 FT 
GAGE UNION POINT WEATHER CLEAR ANO WARM 
DISCHARGE 1 107752 CFS (ACCP) GAGE READING 54 55  FT

TvPE SAMPLER 0RAC BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO POINTS *

CONVENTIONAL
(SAMPLE)

M6THCO 1.072.507 CFS

f ie l d  n o 9
d is t a n c e  ( r r  j 1075
DEPTH (FT} 89
CHA (MM) 25 40 19 1C 112 70 1 9 52 475 3 36 ! 2 0 0 1 41 1 X 0 5 0 035 025 0 177 0 12 6 1 0 QB810074 0 pE2 PAN
CUM WT 0 0 3 0  I 0 0  I 0 0 0 0 0 0  0 0 0 0 0 0 0 1 1 i 490 127 0 148 11 *49 7! 1498 149 8 *50
% HELD 0 0 0 0  I 0 0  I 0 0  I 0 0 0 0  CO 0 0 0 0 0 1 0 7 327 84 7 98 8 1 99 9  j 999 999 1 X 0
% fin e r 1 X 0 TX  0  [ 1X  0 ! 1 X 0 1 IX  0 I X  0 100 0 1 X 0 1 X 0 9 9 9 99 3 57 3 15 3 i 2 1 3 1 1 0 1 9 1 0 0

-
(SAMPLE) !
f ie l d  n o 10
DISTANCE (FT) 1643
DEPTH (FT) j 70
CMA (MM) 125 4CH9 10 12 TO| 95 2  1 <75 | 336  ! 2 X 1 41 I X 0 5 0 0 35 0 2 5 0 177 0 125 tC 3BBI0074 0 052 PAN
CUM WT 0 0 0 0 0 0  j 0 0  0 0  I CO j 0 0 0 0 0 0 o : 0 2 14 0 9 2 9 132 4 I 14? 2 1 149 9 1499 1 X 0
% HELD 0 0 0 0 0 0  0 0  1 0 0  1 o o  1 CO 0 0 0 0 0 1 0 1 9 3 61 9 80 3 i 99 5 ' 999 999 * x c
% FINER 1 X 0 1 X 0 * X O l * X O | i X o l l X O | 1 X O 1 X 0 1 X 0 9 9 9 999 90 7 38 1 n  7 1 o s  ! o i 0  1 3 0

(SAMPLE) ! 
FIELD NO ' 11 
DISTANCE (FT ) | 2224 
OEPTH (FT) | 91
DiA (MM) 125 40 119 1 0 | ’2 70 | 9 52 ! <75 | 3 36 , 2 00 1 41 1 X 0 5 0 0 36 025 0 177 0 *25 | 0 3B61 0 074 0-362 PAN
C'JM WT : 0 0  i 0 3  I 3 0  j 0 0  i OD , 0 0  ’ 0 0 0 0 0 1 i 9 140 H 2  < 147 4 149 7 P 4 9  3 1149 9 15D0 1 X 0
% HE^D ' O O l a O i a O  O O i O Q i O O  C l CO 0 1 • T 6 3 74 9 96 3 9 9 6  ! 99 9 , 99 9 1 X 0 i x  c
% F'NER ! ’X  0 |* X  0 ! *X  0 1 ’X  0 I *X  0 M X  0 • I X  0 1 X 0 99 9 98 7 90 7 25 1 * 7 0 2  1 0 * i 01 3 0 0 0

(SAMPLE)
FIELD n o  ■ 12 
DISTANCE (FT ) 1 2943 j 
DEPTH (FT) ' *3 1
DiA (MM) :25 4 C H 9 l 0 l ’27Oi  95 2  ! 4 75 ; 335 : 2GB 1 41 1 X 05C 035 0 26 0 177 0 ’25 ' C 300 13C7< C 362 PAN
CUM WT r O O i O O i 3 3 : G O | 0 0 : C 3  0 0 0 3 0 < * 2 9 8 52 3 1 X 8 147 9 ! *49 7 ; 1499 *XC I X  c
% h e l d  d o ' o o i o d ' o o  oo  c o  CO 0 0 0 3 c e 6 5 34 9 8 7 2 906 ; ? ? a  999 • x c 1 X 0
% f.NER * X  C I I X  0 1 IX  C ! *00 0; 1QQ c  1 100 0 1 too 0 1 X 0 99 7 992 93 5 55 * *20 ’ 4 3 2 0 1 3 0 | 3 0

DATE: 17 APR 81 PVER CONDITION GOOD T*PE SAMPLER DRAG BUCKET
STREAM MISSISSIPPI RIVER time X  X  to C9 X TYPE s a m p l e s  b e :  materia.
LOCATION UNION POINT TEMP •6 C & 1 5 FT NC VERTICALS 4
GAGE UNION POINT w eather  cloud * ANO Ra n NO POINTS ’
DISCHARGE 1 0E9.422 CFS (ACCP) .GAGE READING 52 60 FT
CONVENTIONAL METHOD 1J372.377 CFS
(SAMPLE) ,
FIELD NO 13
DISTANCE (FT} *040
DEPTH (FT) 69
DIA (MM) 25 40 ’9 10 I ’2 7C' 9 52 4 76 336 1 2 X 1 41 1 X 0 5G 3 36 025 0 *77 a 125 0 3BB| 3C74 C '362 PAN
CUM WT 3 0 0 0 0 0 3 0 0 0 0 3 ■ 2 I 1 7 12 ’ 5 ’ 7 1165 1405 143 3 149 5 149 31150 0 *500 150
%HELD 3 0 0 0 0 0  . 0 0 0 0 GO ! :  1 2 5 8 1 41 1 77 7 937 95 5 9 9 9 99 9 ’ 1 X 0 iX O 1 X 0
% finer  ! i x o i i x g i i x q i 'X C 1 X 0 1 X 0 < 3 73 9 7 5 at a 5 8 9 2 2  2 6 3 4 5 C 1 a 1 i c o 3 0 3 0

(SAMPLE)
FIELD NO 14
DISTANCE (FT ) 1648
DEPTH (FT) 71
DJA (MM) 125 <0 19 10 *2 70i 9 52 ' 4 76 336 2 X 1 41 1 X 3 5 0 3 35 3 25 0 ’77 a 125 i C 380 ! 0 C74[C 062 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 t 1 2 12 7 1123 1400 149 6 *49 31 149 9 ’500 1500
% hElD 0 0 0 0 0 0  ' 0 0 0 0 CO I 0 0 0 0 0 1 0 e 8 5 74 7 90 7 9 99 9 9 9  1 999 1 X 0 1 X 0
% finer  I I X 0 'X C i x c ! 1 X 0 • x c 1 X 0 1 1 X 0 1 X 0 99 9 992 91 5 2 5 3 1 3 0 1 3 * 0 1 3 0 3 0

(SAMPLE)
FIElD NO 16
d ista n ce  (f t ji 2247
D 6c Th (FT) 59
DiA (MM) 2S4C 1 9 I0 H 2  7C! 9 52 1 4 75 3 X l_2 X 1 41 1 X 3 5 0 3 35 025 D 177 0 ’26 COBB 10 074 G -362 PAN
CUM WT 0 0 0 0 0 3  ' 0 0  ■ 0 0 CO 0 0 0 3 0 0 0 1 « 7 37 7 120 7 1409 *49 9 | 149 9 ’499 150 C
% hE lD 1 0 0 0 0 0 0  1 DO 0 0 CO CO 0 0 CO C 1 ' 1 25 1 05 0 99 3 99 9 99 9 999 • x c
% f n e r *X C  1 ’X C * x a < • x c r x o IXC 1 X 0 1 X 0 I X  0 4 9 9 989 74 9 ’4 2 G 7 3 * 0 1 3 * 3 0

(SAMPLE)
FIElD NO 16
Dis t a n c e  (f t  ; 2956
DEPTH 57
DiA (MM) 25 40. *9 1C •2 70, 95 2  , 476 336 : x 1 41 1 X  350 0 35 32 5 C 177 a 125 C 3B0 ! 3074 G 362’ PAN
CUM WT j 3 0  | 3 0 00 ! QJ I CO 0 0 c 0 CO 00 • 4 13 2 1’4 0 1489 1 49 / *49 9 . 1499 1500 1 X 0
% hElD i 3 0  i 3 0 0 0  i 0 0  j 0 0  1 0 3 0 3 0.3 0 Ij Q 9 8 8 76 C 993 9 98 99 9 1 99 9 ’X 0 *X C
% F'NEp ! • X O I ’X C , 1X 0 1 X C  ! • XOI  IXC 1x 0 1x 0 1 X 3 99 ’ 91 : 24 0 0 7 0 2 3 ’ Cl 3 Q 3 0
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Table B.9 (continued)

DATE: OtJtAYJB
STREAM MISSISSIPPI RIVER 
LOCATION UNION PCIMT
g a g e  u n io n  p o in t  
d i s c h a r g e  1 .2 1 9 3 3 ? c f s  (ad cp )

RfVER CONDITION 3 0 0 0  
TIME OB 15 TO 10 15 
TEMP 19 C ©10 FT 
WEATHER CLEAR AND WARM 
GAGE READING 56 10 FT

TYPE SAMPLER DRAG BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO POINTS 1

CONVENTIONAL METHOO .224 614 CFS
(SAMPLE)
FIELD NO 17
DISTANCE (FT) 1094
OEPTH (FT) n
DiA (MM) 2S4C 19 10 1270 95 2 476 3 36 2 X 1 41 i X O X 0 3 5 0 2 6 0177 0 12510 086 0074 0062 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 237 105 6 1 4 £ 4 | 1495 1499 1 X 0 •50
X  hE lD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i 15 6 704 96 9 I 997 999 1 X 0 1 X 0
x  f i n e r ’00 Q 1000 100 0 1 X 0 1 X 0 1 X 0 1 X 0 1 X 0 1X 0 • x  0 99 9 84 2 296 3 1 1 Q 3 01 0 0 0 G

(SAMPLE)
FIElD NO 16
OiSTANCE (FT) 1652
DEPTH (FT) 72
DIA (MM) 25 40 19 10 12 70 95 2 476 j  36 2 X 1 41 1 X 0 5 0 03 6 02 6 0 177 0 125IQC88 0 074 0 062 PAN
Cum  w t 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 254 1176 147 9(149  9 1499 1 X 0 150 0
X  HELD 0 0 0 0 o o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 16 9 784 98 6 1 99 9 999 1 X 0 1 X 0
% f in e r too 0 100 0 1000 1 X 0 1X 0 1 X 0 1 X 0 IX C 1 X 0 1 X 0 99 6 831 21 6 1 4 0 1 01 0 0 0 0

(SAMPLE)
FIELD NO 19
DISTANCE (FT ) 2276
DEPTh  (FT), 72
DiA (MM) 25 40 19 10 12 70 9 52 4 76 336 2 X 1 41 i X C5D 0 3 6 02 5 0 177 0 125 jO 080 0 074 ( 0 062 1 PAN
Cum  w t 0 0 0 0 0 0 0 0 00 0 0 0 0 0 3 05 3 9 21 6 111 3 1465 149 5 I U 9  9 14991150 0 1500
X  *-*ElD 0 0 0 0 0 0 0 0 00 0 0 0 0 0 2 0 3 26 *4 5 74 ; 97 7 »  7 i 99 9 999 i I X  01 i X  0
% F'NEP 100 0 100 0 103 0 1 X 0 1 X 0 1 X 0 1 X 0 99 B 997 57 4 6 55 258 2 3 0 3  ! 0 1 0 1 ! 0 0  1 0 0

(SAMPLE)
FIELD NO 20
DISTANCE (FT ) 2969
DEpTn (F̂ 56
DA (MM) 25 40 19 10 12 70 9 52 4 76 336 2 X 1 41 ’ X O X 03 6 02 5 0 177 C 125 0 080 0 074 10 062 PAN
CJM 'WT 0 0 0 0 0 0 0 0 0 5 15 2 6 3 5 5 : 382 M4 8 1482 149 6 149 Si 149 9 U9 9 ) 149 9 150 C
X  h e ld OC QC 0 0 0G 0 3 10 1 7 ■j ■» 3 5 255 755 9 6 6 387 99 3 9 9 9 99 9  ) 99 9 I X  0
Ni F'NEP 100 0 100 0 1 X 0 * x o 997 990 9 8 3 97 7 965 74 5 23 5 1 2 0 3 0 1 0  1 0 1 ( 0 1 0 3

DATE: 09 J IM  3B
STREAM MISSISSIFFI RIVEP 
LOCATION UNION POINT 
GAGE UNION POINT
d i s c h a r g e  7 3 5 7 7 3  c f s  iadcp>

RIVER CONDITION CHOPP*
TIME 09 50 TO 10 4 5  

TEMP 25 C © 10 FT 
W EAT-ER CLOUDY ANO-CT 
GAGE READING 42 13 FT

TYPE SAMPLER DRAG BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO PO'NTS 1

CONVENTIONAL METHOD l ID NOT DO
(SAMPLE)
field  n o 21

d ist a n c e  <f t 1047
DEPTH JFT} 57
DA (MM) 25 40 19 10 12 70 9 52 4 76 3 36 2 00 : 41 1 X 0 5D 035 C 25 0 177 0 125 1 0 088 0 074 1 0 X 2 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 OC OC 0 0 0 2 •9 6 103 7 126 6 145 41 149 2 *49 7 ! 149 9 ’SO
X  HELD 0 0 0 0 0 0 • 0 0 0 0 3 0 QC 0 0 3 0 0 2 12 4 69 1 8 4 5 3 6 9  1 99 5 9 9 8  1 9 9 9 • x c
% FINER 1 X 0 IX C 1 X 0 1 X 0 1 X 0 1x 0 1 X 0 1 X 0 *00 0 99 6 87 6 30 9 15 5 3 1 1 0 5 0 2 1 0 1 0 0

(SAMPLE)
FIELD NO 22
DISTANCE (FT ) 1613
DEPTH (FT) X
DA (MM) 25 40 19  IQ 1 7  70 9 52 4 76 3 * 20 0 1 41 i X 05 0 03 6 0 25 0 177 0 125 0 008 0 074 10 X 2 PAN
CUM WT 0 0 0 0 OC 0 0 0 0 00 0 0 0 0 0 0 0 9 3 6 29 6 1139 146 8 149 7 149 9 j 150 0 1 X 0
X  hElD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 2 4 199 799 97 9 9 98 99 9 11 X 0 1 X 0
% F'NEP 1 X 0 1 X 0 1 X 0 1 X 0 1 X 0 1x 0 • 1 0 1 X 0 ’1 0 9 94 97 6 80 1 X  1 2  1 0 2 0 1  t 0 0 3 0

(SAMPLE)
FIELD NO 23
d ist a n c e  (f t  j 2235
DEPTh (FT) 63
DA ^MM) 25 4C ’9 IQ ’2 7Q 9 5 2 4 76 3 36 1 2 00 I 41 1 X G5G 0 3 5 0 2 5 0 *77 C 12510008 0 074 ( 0 X 2 PAN
Cum  wt 0 0 0 0 0 0 0 0 0 0 3 0  0 0 0 2 0 7 4 5 24 9 113 0 1398 •45 81 147 3 •49 8 149 9 • x c
X  - E l O QG 0 0 0 0 0 0 00 0 0 0 0 0  1 0 5 3 0 166 75 3 93 2 37 2 90 2 999 ! 99 3 1XC
X  F NEP i x c 1 X 0 ' 1 3 1 X 0 1 X 0 i x o r ®  0 99 5 9 9 5 9 / 0 63 4 24 7 6 8 2 8  * •? 3 1 1 O ’ 0 3

(SAMPLE)
FiElD NO 24
Dista n c e  (f t  j 2923
DEPTh  (FT] 46
DA (MM) 25 40 1 9  1C ’2 70 9 5 ; 4 76 3 36 :  x  | ’ 41 1 X C 50 0 3 5 02 5 0 177 0 1 25 1 0 080 G 074 1 0 X 2 PAN
Cum wt 0 0 OC 0 0 0 0 QC o n 0 0  0B 4 3 169 70 4 132 8 147 8 149 4 I 149 9 •49 9(150 0 1XC
X  h e ld OC 0 0 3C 0 0 0 0 3 0 0 0  I 0 5 2 9 11 3 52 3 08 5 96 5 9 9 6  1 999 99 9 ; 1 X 0 ' 1 0
\  FiNEP 1 X 0 IX C ’1 0 1 X 0 1 X 0 1x 0 • X C I 9 9 5 97 i 0 0 7 47 7 ’ 1 5 1 5 0 4  1 C 1 □ 1 t o o 0 0
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Table B.9 (continued)

DATE: 03 AUG-98
STREAM MISSISSIPPI RIVER 
LOCATION UNION POINT 
GAGE UNION POINT 
DISCHARGE 571.934 CFS (ADCP)

RIVER CONDITION CHOPPY 
TIME 09 30 TO 10 30 
TEMP 31 C @10 FT 
WEATHER CLOUOY 
GAGE REAOING 35 3 FT

TYPE SAMPLER DRAG BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO POINTS 1

CONVENTIONAL METHOD DD NOT DO
(SAMPLE)
FIELD NO 25
DISTANCE (FT) 1030
DEPTHJFT) 47
DIA (MM) 25 40 19 10 12 70 9 52 4 76 336 200 1 41 1 00 050 035 0 25 1 0 18 0 125 0 088 0 074 0 062 PAN
CUM WT 0 0 00 0 0 0 0 0 0 0 0 0 0 0 3 0 3 0 3 1 9 65 7 1361 148 7 149 8 149 9 149 9 150
*  HELD 0 0 00 0 0 0 0 0 0 0 0 0 0 0 2 0 2 02 1 3 43 8 90 7 99 1 999 999 999 1000% FINER 100 0 100 0 100 0 100 0 100 0 100 0 100 0 998 998 998 987 56 2 I 93 0 9 0 1 0 1 0 1 0 0

(SAMPLE)
FIELD NO 25
DISTANCE (FT) 1625
DEPTHJFT) 50
DIA (MM) 25 40 19 10 12 70 9 52 4 7 6 336 200 1 41 1 00 050 035 025 0 18 0 125 0 088 0 074 0 062 PAN
CUM WT 0 0 00 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24 31 0 1194 147 6 149 7 149 8 149 9 149 9 1500
% HELD 0 0 00 0 0 0 0 0 0 0 0 0 0 00 0 0 1 6 207 796 984 998 999 999 999 100 0
% FINER 100 0 100 0 100 0 1000 1000 1000 100 0 1000 100 0 984 793 204 1 6 0 2 0 1 0 1 0 1 0 0

(SAMPLE)
FIELD NO 27
DISTANCE (FT) 2229
DEPTHJFT) 50
DIA (MM) 25 40 19 10 12 70 952 4 76 3 36 200 1 41 1 00 050 035 025 0 18 0 125 0088 0 074 0 062 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 80 736 146 9 147 6 148 9 149 7 149 9 149 9 150 0% HELD 0 0 00 0 0 0 0 0 0 0 0 0 0 0 1 0 1 5 3 49 1 97 9 984 993 998 999 999 1000
% FINER 1000 100 0 100 0 100 0 100 0 1000 100 0 999 999 947 509 2 1 1 6 0 7 0 2 0 1 0 1 0 0

(SAMPLE)
FIELD NO 28
DISTANCE (FT) 2901
DEPTH (FT) 41
DIA (MM) 25 40 1910 12 70 9 52 4 76 336 200 1 41 1 00 050 035 025 0 18 0 125 0088 0 074 0 062 PAN
CUM WT 0 0 0 0 00 0 0 0 0 0 0 0 0 00 0 0 7 7 74 9 138 7 147 8 1488 149 7 149 9 1500 1500
% HELD 00 00 00 0 0 0 0 0 0 0 0 00 0 0 5 1 49 9 925 985 992 998 999 1000 100 0% FINER 1000 100 0 1000 1000 100 0 1000 100 0 1000 100 0 94 9 50 1 75 1 5 0 8 0 2 0 1 0 0 0 0
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Table B.10. Bed material data at Line 13.

lOATE: 2 / -f 18-91 RrvER OONOmON GOOO T>P9 SAMPLER DRAG9iX > E t
ISTREAM MiSSiSSiPP' RH/ER TIME 09 X  TQ IQ 30 TYPE SAMPLES BED MATERIAL
[LOCATION UNE m 3 CVS OF h y d r o  jNTAKE CH TEMP 9 C @10 FT NO VERTICALS 4
GAGE *NO* LANOiNG WEATHER CLOUDY ANO MILO NO POINTS i

iriSCHARGE 857.119 CFS (AOCP) GAGE READING 48 60 FT

(SAMPLE!

I

FIELD NO
DISTANCE ? T ) 1793
DEPTH (FT) 107
DIA (MM) 35 40 19 10 13 70 9 53 4 76 336 3 ® 141 1 ® 050 035 035 0 177 0 135 COBB 0 074 i 0 063 ' PAN j
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 OC 0 0 0 0 00 00 3 . 16 7 330 43 * 48 6 ! 99 9 |
% HELD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 a : 16 7 T in 43 ♦ ■ 48 5 11® O'
% FINER 100 c 100 0 100 0 100 01100 0 100 0 1000 100 0 100 0 100 0 1® 0 1 ® 0 998 93 3 67 0 5 7 9  ! 51 4 ' CO j

(SAMPLE)
FIELD NO 2
DISTANCE (FT 1 2115
DEPTH (FT) 97
DIA (MM) 35 40119 10113 70 953 4 76 3 36 2 ®  ! 1 41 1 ® 050 G35 035 0 177 0 135 COBB C 074 i C 063 PAN 1
CUM WT □ 0 0 0  0 0 0 0 0 0 0 0 0 0  0 0 0 0 5 6 j6 4 3 127 8 1469 1497 •49 9 150 J i l5C G ii500 |
% HELD 0 0 0 0  0 0 0 0 0 0 0 0 a o  o o 0 0 39 ] 42 9 952 97 9 998 39 9 I X  o' 1 X 0 *®C:
% FINER 1®  o i l ®  Gi’00 Q 100 0 100 0 l ® 0 1QG C iQD 011Q0 0 95 i 1 57 1 ’4 0 2 1 o : 0 1 0 0  CO CO 1

(SAMPLE)
FIELD n o 3

(DISTANCE (FT j 2449
DEPTH (FT 1 89
DiA (MM) 35 40 ’9 10|  1? 70i  9 52 j 4 76 3 36 2 X l 1 4 l . 1 ® i Q 5 0 0 3 5 a  25 0 177 C 125 C O ® Q 0 74  G 062 i P A N  1
CUM WT 0 0 0 C  j  0 0  ; 0 0  1 CO 0 0 G 0 3 G ' 0 3 i 0 3 10 8 4 65 l ®  6 123 1 134 9 1 2 5 3 ,  135 0 i 125 O'
% HELD 3 0 0 0  I 0 0  I 0 0  1 3 0 3 0 0 0  I 0 0  1 0 0  i 0 2 0 6 37 2 9 6 9 9 8 5 an 9 t x o i  i x o  ‘m c i

!% f i n e r •®  o - i c o a r ®  c i:ao  ouqdq 1X 0 1®  e l l ®  0 ;1®  c! 998 91 4 62 S 13 1 i 5 C 1 : o  c o  on .

(SAMPLE) 1FELD NO 4 >
0'STANCE (FT i 39*61
DEPTH (FT) 70
DA (VM) 35 4C'i9 13112 73: 5 5 2 ,  4 ^ ‘ 36 2 ®  i ’ 4 ‘ i 1 ®  i 350  1 G 35 035 C 177 0 135 : QBE h: 074 1 0 062 1 PAN i
C JM WT ■:o 1 o n  ■ og  i n o  ' : c OO O O ' C G ' O 3 ; O O ' 0 2 36 6 136 7 •476 *496 15C 3 1 ISC 0 : '5 0 0 1
% HELD 0 0  0 0  ' 0G i 0 0  ! OC 0 0 o o  : : c  • o o  ; a o  1 0 2 359 64 5 365 99 9  I X  O' 1XQ !’®  O'
*  fines • x i " o o  : i ’®  a i - x c l t x o 1 X 0 • ® o ! - ® : r ® o n ® 3 . 9?e 74 1 ’5 5 * 5 :  1 1 : o  : o  . c c  :

DATE: 23 MAR88 RIVER CONDITION Choppy Tvpe SAMPLER CRAG 9 uCy£ -
STREAM M'SSiSSiPP’ RIVER tim e 12 X  rC 14 15 ’ vpe SAMPLES BED MA’ ERiAl
LOCATION „WE « 3  TVS OF HYDRO NTAXE Ch TEMP 9 •: @ ‘0 FT NO VER-CAL3 4
'GAGE *<NOX LjAND'NG WEATHER WINOy ANO MILD NO POINTS *
d is c h a r g e  055.134 c f s  ;adcp> GAGE READING SO 60 FT

fSAMPLE)

:
FiELC NO 5 1
distance  (FT ) ’ 785 .

:0EPTH (FT.) 107
.DiA (MM) 25 40; 19 10H2 701352 4 76 336 2 ® 1 4! » X  050 035 025 0 177 C 135 0 086 0 074 , 0 062 PAN i
CUM WT GO , 0 0  : 0 0  ' 0 0 OC o o a o 00 01 2 6 9 i 42 9 • ® e •42^1 •46 0 145 0:149  2 ' 150 !
% HELD a o  ' 0 0  0 0  ; 0 0 0 0 a o 0 0 0 0 0 1  1 19 o i 38 7 72 5 95 0 989 RR 5 - 99 7 : *® G1

ix  finer i aoc lu»cn»c» •®  Cl 1 X 0 1 ® 0 1 X 0 1®  c 99 9 1 36 1 93 9 71 3 27 5 6 0 • 1 0 5  ■ G 3 1 CO

(SAMPLE i

I
FIELD NO 6
■CiSTANCE (FT J 2068
DEPTH (FT ) 95
DiA (VM) 25 40 19 10 12 701 9 52 4 76 3 36 2 ® 141 1 X  1G 50 t 0 35 025 0 177 Z 125 COBB 0 074 C 062, p a n !
:CUM WT n o c a QC 0 0 c a a o 0 0 0 0 01 3 4 125 59 1 T 4 5 ’47 1 •49 7 150 3 i 150 0)150 01
iX HELD o o 0 0 0 0  0 0 GO 0 0 a o OC 01 2 3 8 3 394 83 0 96 ’ 998 1®  0 i x o i i m c i
!% FINER IX C i x o i ®  O '®  Q 1 X 0 1 X 0 100 0 i®  3 9? 9 97 7 ! 91 » 505 17 0 i 9 C 2 CO ' CO . 0 0 '

(SAMPLE)
:F€LO no
iDiSTANCE (FT j 2459
DEPTH (FT I 07 1

lOiA (MM) 35 40! 19 10 •2 7C! 3 52 : 4 76 338 2 ®  ! 1 4’ 1 X  1 C50 1 0 35 0 a I /; :  125 Z UBB COMiC 063'  FAN
CUM WT " 0 a o OC , OC ' OC 0 0 0 0  | cc o • T a e • 4 3 366 *27 E •475 *45 3 15C 0 1 15C 0 , *50 c.
% HELD GO , c a 0 0  t og a o GO 0 0  1 cc 0 ’ ; 0 € . 2 9 25 9 95 1 9a 3 999 i x  a : t x  n i *mc
X FINER •XatiOOO 1® c l • x c ’ i x a I X  Q •XCI ® a 99 9 ' 99 5 , 37 1 74 1 149 • 7 ■j 1 c o ■ :  o  ; c a '

(SAMPLE) '
FIELD NO 0 '
DISTANCE ( F T  ) .BSJ |
DEPTH (FT j 75
DA (MM) 25 4CP9 101*2 70 , 9 52 : 4 >6 336 2 ®  J * 4* 1 X  ! 05 0  ' G 35 G 25 a 17/ C 125 C OBB G 074 c 062 . PAN
C JM WT .10 j g o  :  o :  : o o  c c GO a o  , a a OC 1 OC 1 .02 X  5 1 1 4  6 145 6 *43 7 149 9 ' 145 9  ; ,50 0i
:x held C 0 j 0 C j Q C : 0 C : C C CO a o  | CO o c  . o c  1 a 1 2D 3 76 5 97 ’ *  0 9 9 9  9 9 °  ’® C '
'X FINES i®  o i i x  o I a ■ c . i®  o 1 ® 0 • ® 0! ® G •ODOi’ODOl 9 9 9 79 7 235 ;  9 : 2 ■ 1 ■ c i .
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Table B.10 (continued)

DATE: W-APR49 RIVER CONOiTlON GOOD TYPE sa m pl e r  drag  socket
STREAM MISSISSIPPI RIVER TIME 13 *6 "0 ’4 15 .TYPE SAMPLES 9E0 MATERAL
LOCATION LINE #13 C/S OF HYDRO NTAKE CF TEMP 16 C @1 5 FT NO VERTICALS 4
CAGE KNOX LANDING WEATHER CLEAR AND WARM NO POINTS 1
DISCHARGE 910 249 CFS (ADCF) GAGE READING 52 35 F i
REPORTED 1 056 000 CF3
(SAMPLE) i
FIELD NO , 9
DISTANCE (FT ) | 1001
DEPTH (FTj_ 1 110
DiA (MM) ,25 40 19 TO J12 70 952 47 6 3 * : x 1 41 j 1 00 0 5 0 0 35 i 3 25 10 177 0 125 CO00 0 074 0 362 PAN
CUM WT • 0 3 0 0  0 0 0 0 I 0 0 GO 0 0 0 ’ 01 r 6 39 9 11135 ) 1462 1496 149 8 149 9 •SCO 150
XHELD ; 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 1 1 0 1 5 1 i 26 6 j 75 7 ; 37 5 9 97 999 99 9 i x c ’X C
% FINER 100 01100 01100 0 100 0 100 0(1X 01100 0 99 9 99 9 9 4 9 73 4 i 24 3 I 2 5 0 3 J ' 0 1 •3 0 3 3

(SAMPLE)
FIELD NO 1 10
distance  (ft  ) 2072
DEPTH (FT ) 100
OlA (MM) 25 40(19 10112 70 9 52 476 336 2G0 1 41 1 ® Q 50 0 35 ! 3 25 (0 177 0 125 G 368 3 074 0 362 PAN
C'JM WT 0 0 CC CO 0 0 0 0 OC 0 0 CO 0 0 7 6 40 9 >1144 •46 2 149 4 U9 6i 149 9 ’499 *50 C
% hElD 0 0 0 0  0 0 0 0 0 0 0 0 0 0 CO 0 0 5 1 27 3 76 3 I 9 75 9 9 6 9 9 9 999 999 • ® c
% FINER 100 01100 01100 31100 0)100 0 IX  3 11X 0 1IX 3) 100 3 94 9 | 72 7 ' 23 7 ! 2 5 0 4 3 * C 1 3 i 3 3

(SAMPLE)
field no
distance  (ft ; 2433
d ep t h f̂ t j 92
DA [MM) 25 40 19 10i 12 70! 95 2 4 rs 336 2 ® 1 4* : 1 X O X  i 3 35 ! 3 25 :C 177 3 *25 0 386 3074 0362 PAN
CUM WT 0 0 o o  i o : 0 0 0 0 CC 0 0 0 0  : OC 3 6  ; 30 6 • 97 3 *3e3 1489 149 5 149 9 '4 9 9 150 C
% HELD 0 0 o c  , o C 0 0 0 CC CO CC 1 o c 1 £ 20 4  J 5 62 922 99 3 99 9 99 9 99 9 i®  C
% F'NEP 10D 01100 O'100 0,100 0 I X  3l 100 Qi 100 □ IX  3i I X  3 97 5 ■79 6 • 41 6 78 0 7 3 * 0 1 3 * 3 3

(SAMPLE)
field no n
Distance (ft ; 2869
DEc Th ' '6  ’
DiA IMM) 25 40i IS 10(12 ’O. 952 4 *6 336 2 X  . 1 4i ■ l X  I 35C ! C 35 3 25 :  i*7 3 '25 C 38013C74 C 362 PAN
Cum wt G 0 • 0 3 ' 0 G c : 0 0 CO CC CO 0 0 0 2  ; 3 5 72 9 •34 1 1479 149 5 149 9 •5C0 *50 C
S  -ELD c o  ! CO , CO o : CO CC OO . CC OC 1 0 2 3 48 6 994 966 959 999 • ® c • x c
% finer 100 0 [ 100 3; 100 0' IOC 0 1 too 0 1100 o ! too 3; 100 0 ; 1 X  3 1 9 9 9 97 7 i 51 4 ICS * 4 3 1 C 1 DO 3 3

DATE: 17APR3S RVER CONO'TION GOOD TYPE SAMPLER DRAG 9 -CKET
STREAM MISSISSIPPI RIVER ~IME 1* X  ~C 12 '5 TYPE SAMPLES 5E0 VATEPAL
LOCATION L'NE #12 D/S OF HYDRO NTAXE DH TEMP 16 C ©1 e f t NO VERTICALS 4
GAGE knCX ENDING WEATHER Cloudy  a n d  r a n  NO p OiNTS 1
d is c h a r g e  a g e 7 5 2 c f s  :a d cf) GAGE PEAD'NG 50 50 F^

(SAVPlE)
FIELD NU ' *3
distance (f t : 1796 ■
DEPTHjFTJ 1*0
OlA (MM) 25 401 IS 10 12 73! 952 : 4 76 3 36 2 X  i 1 4i 1 X 3 5C C 36 1 3 25 [3 177 3 *25 C 386 i 3 074 C 362 PAN
CUV WT 0 3  0 2 0 3 0 2 ; 0 0 CC 4 7  . 4 7 135 120 9 136 o' 139 9i ’423 1436 ’47 2 1 149 5 ’50 C *50
% -E lD 0 3 ' C Z c : Cu 0 0 DC j i  * 3 1 9 0 9 0 6 91 * 93 3 ) 94 7 9 55 3 82  997 IX C •ODC
% FINER 100 0H 00 3 1x 0 1 X 3 ) 1 X 3 1 1 X 3 969 1 969 91 C 194 9 9  5 7  ! 5 3 4 1 18 . C3 3 0 3 3

(SAMPLE)
F E lD no *4 .
distance (ft  ; 2C98
DEPTH (FT 1G5
OlA (MM) 25 40)19 13 ,12 73 952 4 7e 3 JE 2 ®  1 1 41 1 X 35C Q 35 • 3 25 ’C 177 3 ‘25 0 386 1 3 074 D 362 PAN
CUM WT 0 3  0 2 CC 0 3 0 0 CC CO 0 0 0 1 3 1 17 5 I X  Ii 144 3 149 4 149? 149 9 *49 9 150C
%H£LD 0 3 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 * 2 ♦ 11 7 1 66 7 ! 96 2 99 6 999 099 99 9 • x c
% FNER i X a i X O ' I X O i l X  0 i1 X  OMX 3;1X  3 ! lX Q )  99 9 97 9 08 3 ' 33 3 ! 38 C 4 3 * C l 3 * 3 3

(SAMPLE)
field no ^ * 5 ^
distance (ft ; 2454
DEPTH (FT • 91
DA  (MM) 25 4 0 119 13 1:  73 , 952 4 7£ 33E 2 X  1 4' 1 X 250 2 X  2 25 C 177 3 ’25 0 388 . 3 C74 C 362 PAN
CUM WT C 3 : C 2 C C 0 0 CO CO CC CC 0 : 4 6 *9 :  132 4. *24 6 148 9 '49 € 149 9 *499 *500
\ ^ eld c 3 c : c : CO CC CO CC CC 0 1 1 *26 1 68 2 ' 93 1 99 3 39 7 999 9 9 3 'X C
% C NEP 1(303,1000 1 X 3 1 X 3 1 X 0 1 X 3 1 X 3 H X 3 99 9 96 9 87 2 1 31 7 : 16 9 0 7 J}  1 Cl 3 * 3 9

(SAMPLE)
field no *6
distance (ft  j , 2834 :
DEPT« (FT; 77

DA )MM) 26 40:19 10* 12 73 952 4 * 6 3 3E 2 ®  . 1 41 1 X  ; Z 50 ' 2 35 C 25 C 177 3 ’25 C 368 3C7i 0 362 PAN
CUV WT C 3 ;  C 2 _ 0 3 c : CO CC CC CC 0 3 5 ’ 21 6 112 9 . ' * 6 147 5 *45 4 1 149 9 *5CC 'X C
% -E lD C 2 : 1:  0 c  0 1: 3 CO CC c c . 0  c i) 2 ' 3 4  I 14 4 ■ 75 3 , *? 4 9 8 6 956 < 999 T  ii • x c
% FNER 100311000, 1 X 3 , IX  3 1 X 3 1 X 3 ; 1 X 3 H X 3 998 196 6 : 05 6 ' 24 7 7 6 * 4 3 4  c 1 3 0 3 3
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Table B.10 (continued)

DATE: M M AY^i 'river  com on cN  good 7*PE SAMPLER d r a g  b l : * e ’
'Stoeam  Mis s is s ip p i river [DME *0 4* TC 12 X t t pe  s a m p l e s a e c  material
LCCATION JNE 012 0/S CF HyQPC IN’ A*E CH jTEMP '9 C ©tO FT mo verticac3 4
GAGE *NOX LANOiNG ;w e a t h e® Clear and w a pm mo POINTS ’
D is c h a r g e  1 *20 020 c f s  adcp* ■GAGE READING 54 GS f t

j(SAMPLE) |
.FIELD mC 1 »7
jQlSTAMCE : j  ’707 
|PEPTH(FT) , 1’4
fiiA r u t*  '-icanOlA (MM) 35 JO ’9  10 12 70 9 52 4 .*6 3 36 1 2 00 ’ 4’ ; I 00 1 0 50 i 0 35 025 0 *77 i 0  ’ 25 0 O0B j 0 C74 1 0 0E2 PAN

!cum  WT OC 0 0 0 0 0 0 46 e :  1 ’ 3B ’ 7 6 | 27 4 ’ 12 S !141 2 1490 14? 7! 149 81 t49 9 !  ’49 9 ’49 9 ’'
X  HELD 1 0 0 00 0 0 0 0 32 5 5  I  9 2 *1 7 t  10 3 ! 75 2 | 94 1 393 99 0 • 99 9  • 3 9 9  ' 99 9 99 3 1 • i :

■% FINE® _ r ° ° ? ’00 0 100 0 tooc 966 9 4 5  i 90 8 00 3 I 01 7 24 0 ; 5 9 07 3 2 0 ’ 0 * 0 *  0* : o

(SAMPLE)
FIELD mo . 13 |

’distance" f t T pro: |
DEPTH (FT ) 102
CA ;mmi 25 40 ’9 ’0 12 70 9 52 4 76) 3 361 200 • 4’ lO D iC ffl C 35 025 0 r / 7 , 0 ’26I00BB : 0C74 0 362 PAN
C JM WT . 0 0 0 0 0 0 0 0 GO : 0 0  i 0 0 0 2 a 3 ■ 6 0 X  2 97 2 145 61 149 ’ ' *49 5 .  ’49 6 *49 9 ' • s c :
% HELD ! o c 0 0 0 0 : o 2 Z I 0C i 0 0 0 1 02 i 4C ’ 35 649 97 1 ' M 4 i 9 9 7 , 3 9 9  » 9 ' • x o
% F,NER '00 0 100 0 1 X 0 1 X 0 • a c c i - o o c i 1 X 0 99 9 990 | 960 665 352 2 9  : 0 6  1 0 3 0 * 0 * 0 0

(SAMPLE) . j 
F€LD NC 19 .
DISTANCE T * ) j  2456 j

OlA W i 26 40 i ’9 tQ t:  to s s : 4 76 3 36 2 X 1 4* , 1 X  :  SD - 0 35 025 0 ’ 77 0 ’ 2610 330 Q :74 0 > : PAN
CUV WT ’ 0 0  0 0 : u CO 0 0 , 0 0 0 0 C 3 0 0  ! 1 4 •• 3 546 1 X 2 149 2 ’49 8 , *4$ 9- *49 9' •50 :
% held 0G ; 0 0 0 0 GO GO 0 0 0 0 C 3 * 0C f 0 9  75 43 2 32 1 S 5  : ?9 5 ?99 39 9 • x c
% c-NEB •OOCt’X O 1 X 0 1 X 0 *XC ’X C 1 X 0 • x  Cl’QO Cl 39 ’ . 92 5 56 5 7 3 0 6  0 •  0 * 0 * GO

(SAMPLE)
field *.c 20 1
DISTANCE FT ; ■ 2055 ;
CEg~Htr ~ )  ■ at
DA (VM) 25 4Q i *9 *0 12 70 ? 52 4 76 3 36 ;n o * 4’ 1 X  1 050 G 35 0 **6 0 ’ 77 O *26 o o e e O 074 03E2 °AN
CJV -NT 0 0  0G a o GQ GO OG CO C3 Ot 0* 1 C 1 X 6 131 0 147 3 '49 6 •15 9 * 43 9 • s c :
% HELD 0G 0 0 GO o o GO 0 0 0 0 GO 0 1 0 * Z 7 £7 ’ £7 9 90 2 99 7 99 3 993 •nr *
m r NES i-X G 'tX O i x o iX G l’X O f X G 1 X 0 •go; 99 9 ?? 9 953 t :  3 ’2 1 15 0 2 0 * 0 • GO

DATE: 09 J im  98 R'VE® GONC'TCN > O P P ' ~*PE SamP lEP DRAG E O F *
STREAM viS3iSS:FPi BvER TIME T I  TC *3 35 •v p p  SAMPLES SEC VATPiAc.
LOCATION JNE 01 :• : /S  CF ->DP'G IN’A^E CH TEVP 2 E C © ’0FT •40 vEBT,CA^i 4
GAGE *<NO> _AND<*4G WEA’HEP C*»OLC,y ATC -OT ’40 POINTS *
DiSCHAPOE 6 6 6 X 2  GF5 (AOCP) GAGE REAC'NG 40 X

(SAMPLE)
F ELD NC 21
Distance  f y ; •771
DEPTH (C") gg

,ClA mi4; 25 40' *9 ’0 1270 5 52 4 79 i 3 36 1 2 X • 4* 1 X  , 0 50 ’ 036 025 0 ’ 77 0 * 25 0Ca9: 0 074 0 X 2 PAN
C JM WT 0G 0 0 GO GO 3 e 6 7 . *09 •4 5 25 7 *09 6 137 3 147 6 145 7 145 8 •499: *5C 0 i *5l G ■ •6C
% HELD 0 0  0G 0 0 GO 2 6  4 5  7 3 3 7 17 * i 73 * 3* 6 *  3 99 8 1 ?? 9 99 9 * X 0  ■•XC- • x :

A  F'NEP •QOCi’OCO 1 X 0 1 X 0 97 6 i 95 5  1 92 7 X 2 8 2 3  ' 26 9 ' 6 6 3 2  0 o *  o :  oo GO

(SAMPLE)
FELD me < 22 
D S TANCE (c " : 2009 DEPTH (FT ) j 94
DA [MM> 26 4C. ’9 ’0 12 70 952 4 76 3 3 6 2 00 • 4’ I X :  s o 035 " TC 0 ’ 77 0 *25 0 060 0C74 0 062 PAN
C'JM WT 0 0  . 0 0 0 0 0 0 0 0 OC 0 0 01 0 3 5 5 220 965 14C 2 1489 •49 6 ! *4S 7 •49 c  • • 5 c :
X  HELD , 0 G 0 G GO : o GO 0 0 0 0 C 1 o ; 3 9 •4 7 64 2 935 »  3 99 7 9 9 6 99 9 1 • x :
% finer • X G " X 0 1X 0 1X 0 ' X  0 • x o 1 X 0 999 999 ?6 ’ 963 35 7 6 5 0 7 0 3 0 2 0 • GO

'(SAMPLE)
■field me
CSTANCE ;f : ; ?4/S
CEp TH (FT , at

‘DiA (VM) 25 4 0 .’9 ’0 12 to 3 62 4 76 i 3 36 i 2 00 * 4’ I X G 50 G 35 0 2 5 0  *77 0  *25 o jee 0 074 o x :  p a n
C JV  WT ■ o :  ■ o c 00 GO CC 1 0 0  1 0 0 00 0 1 i :  - : 6 fiC 4 I X  3 1466 *49 7 *4® 9 *50 C * 5 f :
% HELD o :  og GO GO : o ’ 0 0  . c o GO 0 1 0 3  5 4 4C 3 *  2 99 • w e 99 9 • x c  ‘X O
% f .n e s • x :  - x o 1 X 0 i x  : • X G / a o c  i x o •on :■ «* 3 99 2 ’ G’ 6 59 7 *• 0 0 9 a : n * 0 0 GO

CAMPLE)
F ELD me 24
CiSrANCE : 2055
CEP’ H (T’  I Q3
DiA rvu, 2 5  4C *9 ’0 12 70 3 *. ~ 4 .*6 ! 3 36 2 X • 4* 1 X G 50 G 35 0 25 0  ' 7 7 0 *25 Q GJ8B 0  174 0  062 PAN
C J M  WT o : o : GO GO CO , 0 0  1 CO GO OG o :  1 • X  5 1 7 5 6 I 4 E 6 •45  0 .  ’ 4 3  9 ■5CC. 'SG G
%  HELD o : o : GO : o GG ‘ 0  0  c n G 3 o : o  • :  ’ X  5 56 4 07 7 »  9 ao 5 • x c • x :
%  F’NEP •n n : * x o 1 X 0 I X  G ' X C ' - O D O '  1 X 0 * X G *ac :• 9 9  9 ■ 99 3 3 9 * • 3 6 :  3 0 • D * o : : o
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Table B.10 (continued)

DATE: S3-AUG-90
STREAM MISSISSIPPI RIVER 
LOCATION UNE *13 CMS OF HYDRO INTAKE CH 
GAGE KNOX LANDING 
DISCHARGE 459 967 CFS (ADCP1

RIVER CONDITION CHOPPY 
TIME 12 30 TO 13 40 
TEMP 31 C @10 FT 
WEATHER CLOUDY AND HOT 
GAGE REAOING 33 0 FT

TYPE SAMPLER drag  bucket 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO POINTS 1

(SAMPLE)
FIELD NO 25
DISTANCE (FT) 1791
DEPTH (FT) SB
OlA (MM) 25 40 19 10 12 70 952 4 76 336 200 1 41 1 00 050 035 025 0 10 0 125 0 088 0 074 0 062 PAN
CUM WT 0 0 0 0 0 0 00 0 0 0 0 0 0 04 70 24 6 109 0 137 2 143 5 1469 1496 149 9 150 0 150% HELD 0 0 0 0 0 0 00 0 0 0 0 0 0 0 3 5 2 16 4 72 7 91 5 95 7 979 997 999 100 0 100 0
% FINER 100 0 100 0 100 0 100 0 100 0 100 0 100 0 99 7 94 6 636 27 3 6 5 43 2 1 03 0 1 00 00

(SAMPLE)
FIELD NO 26
DISTANCE (FT) 2U/6
DEPTH (FT) 63
DIA (MM) 25 40 19 10 12 70 952 4 76 336 2 00 I 1 41 1 00 050 035 025 0 10 0 125 I 0 060 1 0 074 0062 PAN
CUM WT 0 0 0 0 00 00 0 0 0 0 0 0  03 04 7 1 226 994 144 2 149 2 149 7) 149 9 149 9 150 0

HELD 0 0 0 0 00 o o 0 0 0 0 0 0  | 0 2 0 3 4 7 15 l 663 96 1 995 99 0 99 9 999 100 0
% FINER 100 0 100 0 100 0 100 0 100 0 100 0 100 0 1 99 0 99 7 953 84 9 33 7 39 05  i 02  i 01 j 01 00

(SAMPLE)
FIELD NO 27
DISTANCE (FT) 2474
DEPTH (FT) 73
DIA (MM) 25 40 19 10 12 70 9 52 4 76 3 36 | 2 00 1 1 41 | 1 00 050 0 35 | 025 0 18 0 125 0 066 0 074 0 062 PAN
CUM WT 0 0 0 0 00 00 0 0 0 0  | 0 0  I 0 0  I 0 1 1 6 120 689 140 3 149 6 149 9 149 9 150 0 150 0% HELD 0 0 0 0 00 0 0 00 0 0  1 0 0  i 00 0 1 1 1 8 5 1 45 9 935 99 7 999 99 9 I 100 G 100 0
% FINER 1000 100 0 100 0 100 0 1000 100 0 1100 0 1100 0 999 989 91 5 I 54 1 6 5 ) 0 3 1 0 1  i 01 1 0 0 00

(SAMPLE)
FIELD NO 26
DISTANCE (FT ) 2881
DEPTH (FT) 57
DA (MM) 25 40 19 10 12 70 952 4 76 336 I 200 1 41 1 00 0 50 i 035 1 025 0 10 lo 12510 060 1 0 074 1 0 062 FAN
CUM 'WT 0 0 0 0 00 0 0 0 0 0 0  I 0 0 0 0 0 3 0 4 | 11 | 91 7 12961 147 9 j 149 5 ! 149 7! 1499 150 0
% HELD 0 0 0 0 00 00 0 0 0 0 0 0 0 0 02 0 3 | 0 7 61 1 06 5 I 96 6 i 997 99 0 | 999 1000
% FINER 100 0 100 0 100 0 1000 100 0 100 0 100 0 1000 990 99 7 i 99 3 369 135 I 14 i 0 3 0 2 1 0 1 00

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table B .l 1. Bed material data at Line 6.

DATE: ?7-FEB-91
ŜTOEAM WSSiSSiP°! RfVES 
LOCATION JNE m  y $  Of AJJX 

'GAGE “NO* JIND'NG

|O V E O  r  : N O r t lO N  30CD 
iME 14 X  'C  *5 X  
Emp 9 1; © *o f t  

WEATHER :LOuO< At<0 MILO 
g a g e  b e a d in g  <aaorT

'VPE SAMPLER O R A G B L O E ’ 
'VPE SAMPLES BED MATSBiA^ 
NO VEPT;CALS 4 
NO ®0'NTS *

(SAMPLE)
ViElX NO 1 '
CiSTANCE .TT; r n  i

'DEPTH (FT) 48
:0lA (VM) 25 4C'*9 tC|*2 701 9 52 4 76 3 36 : x  1 41 t X 0 50 : C 36 226 C 177 0 *25 3 H 0 074 ; 3 OS? PAN
.COM WT CO i 0 3  ! OG i OC CC CO c o  : o o • 6 2 ’ 37 t 94 7 »*/ 9 *24 1 •24 9 *25 3 * 25 0 *25
% HELD CO 0 0  1 OC 1 o c CO CO CO c “ o • SC 297 75 9 34 2 93 1 999 *00 3 1 X 0 • x :
X  FWES *00 Ci’OOQIfOOCl'OCCitOCO to co * X 2 ;* X C 9 9 9 95 0  1 733 u : 59 0 7 2 t C O  C O c :

(SAMPLE)
:F€LD NO 2
-Dis t a n c e  :t t  ; 38*1
!OEPTH (FT ) 76
‘Da  (VM) 25 4C i*9 *CI*2 TCi 3 5 2  ; 4 76 3 36 2 X  ' • 4* , 1 X CSO G 36 C 25 C 177 :  *25 | j o e e :  074 C 062 PAN
;CJM WT CO c o  j o o  j o :  • : c CO CO : c  . o e *2 7 , X 5 8 25 *36 6 • 4 e / |  *49 7 149 7 ’ *49 7 *49 5
% HELD CO C Q ! 0 C 0 0  ’ 0 0 CO I CO ■ C 2 i 0 5 8 5  X 4 55 * ?* 2 9 5 3  3 9 9 96 9  i 9 3 3  *002:
% FUEB • x c *00 Ch *00 c r r c c !  1X 0 1 X 0 • X C i ’OOCi 9 9 6 3 ’ 5  7 3 6 44 3 e e C * I C * C * c • CC

(SAMPLE) !
f -eld no 3
D ista n ce  rrr ■ 4090 ’
DEPTH (TT) 89 '
Dia rMMj 25 4C; ’9 *C' *2 72' 9 52 ! 4 76 3 36 2 X • 4* 1 X  2 3 3  C 35 -  TC 3 *77 | C *25 caae C 074 C 062 PAN
Cj v  wt CO CC ' 0C 0C CC C 0 C O c c QC 1 *9 . ; • 7 9’ 6 •4* 5 •46 6 •5CC 15G3 *%co *50 C
% HELD CO C 3 0Q 0 3  CC CO CO CC 0 2  *2 *45 6* 1 94 3 97 7 • x c I X 3 i  1 X 0 •o o :
% PftER •X C ’-OOCi-OOCrOTG'tXO 1 X 0 • x c * x : *00 C1 ?9 7 • 35 5 36 3 « 7 2 3 : o : o  c o c :

(SAMPLE)
F ELD NO 4
CiS^AfiCE ' 47 *0 1
C g P i V i r n  ! 30
DA |VM) 25 4C *9 tC *2 7C 552 4 "6 3 36 :  x • 4* 1 X 225 ~ 17* C *25 : 086 :  074 C 062 PAN
(.JM WT CO : CC . 0 0 0 3  CC co :  0 : :  0 : 0 2 1 - * 3 26 3 92 9 *•2 * *36 * • *43 4 *49;
% *i£LD CO CC OC 0 2  CC CO CO 2 :  0 2 02 3 ’ C 9 169 = • a 74 8 92 2 95 7 • x :
% -)NE= *XC -00 C : *00 2 • x c  1 X 0 1x 0 • r c • x c  ’X C ' X  2 ?59 ?9 * 5* * x  • 25 2 7 0 4 3 c c

DATE: 23 MAR 98 RVER CONDITION : k « v • v p c  s a m p l e r  CRAG 9 l C*E~
S t r e a m  v t s s s s .p ® '  Br^ER T*C *5 0C ’ 2  *7 *0 *VPE SAMPLES EEC VA*E*5A
LOCATION JNE *6 D/S OF AijX ’ EV P 9 «: @ *0 r T NO *EB’ >CALS 4
GAGE *<NOX ^A7.D'NG WEATHER A*NDV AND Mi^D NO PO'NTS *
.CSChAPGE 3 4 4513  c f s  'AOCR GAGE READING 5 0  X  FT

(SAMPLE)
F ELC NO 5
CHANCE (F’  ; 22*8
DEPTH (FT i 52
D A  fVM) 35 4C: *9 *01*3 73: 9 52 ■ 4 76 336 : x • 4* 1 X  25D :  x C 25 2 177 2 126 c a se 2 074 C 062 PAN
LJV WT : o  c c  1 no  oc  c c 20 20 2 2 0 2  3 ? •9 * 95 6 *40 7 *4S 4 *5C 2 *SC 0 *5C 0 , *52
% HELD cn  c c  o c  ■ oc c c CO :  0 2 .: OC 26 •: 7 63 7 93 8 9 9 6 x : i x o ■ * x 0  - a o :
N  =».E5 • I . V Q O C i ’O O C X C I O C O T X O i ' X C • x : *X  2 97 4 V  3 X  i 5 ; 2 4 CO c o  c o  c :

(SAVPLEi

CEPTH(FT) 89
DA (VM) 25 4C *9 *0 *2 72 352 4 *6 23E :  X  • 4* * X  2 50 2 36 225 2 177 ■C 125 COBE 2 074 2 062 PAN
CJM WT 20  : CC r 0 2 02 2 0 CO CO 2 2  0 2  0 :  3 * 43 * TB7 •48 * •49 7 *498 1498 *499:
% HELD CO ■ c c  ! o c 00  ' CO 20 2 0  c 2 o c a * : * 32 9 959 9 6 8 1 9 9 9 9 9 9  999 •CCC
% f* er •XCi'ODC'i'OOC •X  c : too 0 TXO •X  J *XC *00 2 ’ 35 9 97 9 s 7 2 14 1 • 2 C 1 2 1 C ’ C C

(SAMPLE)
FiELO NO 7 ’
D'STAKCE *F’ : 40*0:
DEPTH (FT 1 95
CA (VM) 25 4C' *9 1C *2 721 9 52 4 76 3 £ ; x • 4* 1 X 2 5 0  235 *. "C ; i;7 C *25 C QBE 2 0 74 2 Ub2 PAN

,CJV WT 2 0  CC 0 2  OC *C 2 0 20 . 3 0 2 0 2 * 9 25 5 •22 r r-45 3 *43 5 *43 7 *49 0 •495
% HELD 2 0  C C 0 2 OC CC 2 0 20 C 2 0 c 0 2 * 3 *7 3 66 2 973 950 9 5 9  'X O •o o ;
% C(NEC • x : . * o o c :*ao‘ -*a:c 1x 0 ta co •X  2 • x : •00 c *? 8  56 7 s : 7 3' 0 - : 1 :  c c :

(SAMPLE)
F ELD NO 0
DiS’ AAJCE ? '  1 4743
CEPTHfFT) 89
CA rVM) 25 4C *9 *2 *2 72 9 52 4 76 5 36 : x • 4* . 1 X 25 0 2 35 225 C »77 2*25 ca se 2 074 2 062 PAN
C'JV WT CO CC 0 2 0 : c c 2 0 2 0 :  c 1 0 2 0 2  ̂ « •5 7 99* 46 2 *49 4 *49 9 *45 9 •50 C 1
N HELD cn C 2 OC 0 : c c CO : o : c ■ o c 0 • 39 *3 1 66 1 3 6 ’ 396 BO 9 ?9 - ■ro *
N CINE = • x : • x  Cl •roc •OC C. * x o * X 0 • x : • x c  *aoc »  9 99 * 0E - •39 C 4 : 1 " • u '
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Table B .11 (continued)

DATE: t tA P R J i PfVgP OONO TTON S M 30*- ~ f P£ SAVP»=P j3AO  9C L *<ET
;S~PtAV MKSS SSiP2 * OfVE» ”)M£ 16 45 *C *7 *5 ~*Pg SAVPurS 9£D MATgOAi
IlCCATON LNE «  j /5  CF Ajj> 'EM? 16 C <y1 6 FT NO VEPTCALS 4
(GAGE --NC* -A/ONG A t A > € P  C-EAP ANO M:X NO’ = 0 ‘ATS T
l O t S C - A P O E  * 6  5 * 2  t * ;  ' A O C ^ GAGE PEAD-WG 5 2  3 5  ~
PgSCP~EO 9£i jo c  : f s  
(SAJXPlE!

D;STAk : e  |TT • 3203

M Q • g  ; C OPT 3 C?4 ]~ C 362 i P AN 1z  4 3 1 5 13 1 2 n  ? s  3 3 E : x  w  t i  : s c  : z  : z
OJM WT c i  c : c c : c c  c c c c  c c GC 16 6 €2 2 ’23 5 *46 4 149 T •45 5 149 9 •495 1*500
% - E X ’ : 3  c :  c : c : c c  c c c c  c c o c M * 41 £ 52 4 r s 99 6 99 9 999 9 9 ?  t ' X C

TOD 0 top 3 -1QD 3 i c  3 1 X 3  3 1 X 3  1 X 3  i g  3 6 9 *  SB6

1(SAVPJ
|D«STAW-:g (PT; 3^ 9

;Oa  iMvn Z  40 15 10 i :  ’3 3 5 ; 4 T- 3 36 2 X 1 4* i X : s : : 2 *6 :  ITT 3 *25 C 2B6 3 374 IC 362 ' PAN '
k'JV  WT C 2 c : c : c : CC CC CC c • 0 2 5 2 • : e 75 6 •42 3 i 14? ? • s c : 160 0 i '5C C : -so C j
k  - E X c 3 c c C 2 c : CC CC c c c • o ; 3 6 3 4 S 3 6 95 5 396 • i : l a o a l - i c ' - x c
k  f N5P 1 X 3 1 X 3  1 X 3 1 X 3 1 X 3 I X  3

[nF

9 9 9 9 9 6 9 5 5 51 6 49 5 4 5 C 2 2 C C3 1 3 3  ■■ 3 3

■ fSAMP-E2
|F g  j  v -
10 ST A/41

;DA fMVt Z  43 15 13 *: *3 9 52 4 ^ 3 £ :  i 1 4* i r : x :  x : z :  £ 6 3 C’ 4 , C 3E3 ■J=A\
:2 j v  wt C 3 : :  c : c : CC CC CC C * o • 5 4 ; ; ; 63 * *34 4 : 1475' •4S£ *4? 7 ;; ' 45 5 i *30 C i

- 6 . 0 ■:: c : c t c 2 c c c c c c c • 0 • 36 •4 6 54 7 396 i 9 5 6  I 99 * 99 8 j■ • » ?  !* X  C :
A  - Ngc •X  3 •X  3 1 X 3  *X 3 *X  3 *X 3 1 X 3 99 9 9? 5 96 4 £ s ; 46 i •C 4 * 4 ; ] :• c :  ; 3 C

v:
l u ' S 7 A N * 5  T T  z g r g

>DA rvvfi Z  43 ’5 13 7;  - j 9 5 2 4 3 X 2 X « 4 ' i X CSC 2 x  c z -  *77 ■ “1 •"« . C 366 3 274 i 2 362 P/-sN
■ Cj v  wt •2 3 C 2 C 2 c : c c :  c c c c • a • 6 • • 59 9 ' 37 4 ! *4S 4 1 •45 ’ *43 9 • 45  5 *5C 2 .
S  - E X : :  : ; c : 3 2 _ i. 2 C c  c c  • o • 4 £ • : •  63 3 ? • 5 i 35 9 9 5 5 9 5 9  ' 9 9 3 X C

A  * N = c 1 X 2  1 X 3 I X  3 • X  2 • X  2 • X  2 1 X 3 99 9 30 ? 96 5 51 5 43 * 5 4 i * i l c : 2 ♦ 1 3 * :  2 ■

DATE: 17APR-SB PTvgP CDSDTON GC1 ’ *Pg SA VP.r® 2?AG g . C - f
T'PEAW V S 3  S;iPP> 9T.*P 'Tvg 14 00~C *5 •« * vp g 3AVP.ES EED VATgSAc
L 2CAT ON l NE «  2*/S CF 4J.r> •EMS ’6 C § 1  6 r T NC vgCnCA.S 4
GAGE -N C »-A N 2 iNG AEA”>-g5 : .2 ' .D '  AN2 CAN N3 =0%"S •
D SC -A 30E Tjt3 3 K ''c > AC'CP; 3A35 Og AT’ NO X  92 r ~

(SAVP.£; 
£>€_£■ NO
lCSTAN2g,TT- 3‘59 
D£CT~ T ’  1 49

iCA !MMl Z  40 15 13 12 T3 ? 62 4 A 3 X : x 1 4* 1 X 2 5C * K 2 Z -  .T, 3 * Z  2 366 3 274 ’ I 362 PAN
j1! JV W C 2 2 2 C 2 C 2 CC 2 C CC C 2 QC 6 : 65 6 •25 3 •449 14? 6 I *45 5 1495 -5C 2 *53 2'
A  - g j c : C 3 C 2 c : CC 2 C c c CC QC ■J 7 3? 5 56 ^ 96 6 99 ’ ■ 99 9 9 99  : * X C '* X 2 l
A  "NgP * x : *X 3 1 X 3 1 X 3  1 X 3 • X  2 IX  3 1 X 3 IX  2 96 * 53 ‘ •4 • 3 5 2 3 2 ’ 2 ' i 2 3  ; 2 2

îsavp̂ :
,f |£.D  SO
'DSTA/*:ET* 3PZ 
'D£=T** • ' 90
DA (MVf) Z  40 *5 13 12 T2 9 52 4 T6 i x  :  x  14* i X  2 X 2 X 3 Z  2 ' TT i 3 * Z  i 2 306 3 2T4 1C 3E2 ■ CAN

k  JV WT 2 3 2 2 C 2 C 2 c c c :  • :  2 C 3 6 X C 66 4 * 1T '  *4; 5 | 148 6 | ’45 2 *45 5 ; ’ 4? 9 I * S3 2 :
A  “ E_D 2 2 2 2 c : C 2 c c :  • c e • :• :  *3 2- X  5 96? j 99 2 . 995 99 ? ; 99 9 X  :
l \  s NgS •CD] 1 X 3 1CC3 IX  3 1X  3 ??9 9 9 ;  90 7 97 ’ *  ’ 53 ‘ 21 6 4 ' ! 2 5 1 2 6 C l 2 i 3 3

jtSAVP̂ ;
?F1S^. no  *5

STANCE TT~7~<‘ 3t‘ 
|D£CT- (g* ; c»
IDA :MVt Z  4C 15 *2 *2 Tj 952 4 3 X 2 X • 4 * I X  2 5C 2 X 2 Z  2 •77 ! 2 ’ Z  .,2  3k 3 274 2 QC c an
'Cj v  WT 2 3 3 2 C 2 2 2 2 .2 c c :  c C • ■ • i6 2 63 * *72 9 *46 2 i 14? 5 ! *4? 1 14? 7 1 -49? , ■<£ -•
A - E - D 2 2 C 2 2 2 r * C 2 c c c c ' 3 t : 26 4 = * 3  ?■* 5 i 73 5 : 959 M A 993 X  2
A  NEC 1 X 3  *X 3 *X  3 ’X  3 • X  3 • x  3 1X 3 90 9 99 2* 99 : €4 ► •9 * 2 6  ! 2 5 2 ; 1 j * . 2 2

■'SAVP.E;
Tig j : •»
D STANCE T ’ , 4£?£

'DA (MSfi Z  43 -5 •; • :  *3 9 52 4 *6 3 X 2 1  l i - i X 2 X 2 36 2 Z 2 * —  2 * Z lC  366 2 274 1 2 362 : ca.\
, C JV WT C 3 2 2 C 2 C 2 C C 2 C CC C 6 * 4 P. c 2T 6 K  6 •35 6 1 *45 C ! "4? - *4? 3 i* 4 5 ?  -S3 2
a  -e-_c 7 j 2 1 2 2 : r 2 r 2 3 f 4 0 '? 6 ? "5 3 617 *3 i ’ 99 3 ; 96 3 9 95 3 ' X  3
k  'NEC • i :  * x 3 *od: •X  3 • x : • x : •X  3 99 6 99 * 54 • 6* 7 X  2 6 5 1 2 7 ; 3 • 2 i  ■ 2 " : 2 2
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Table B.l 1 (continued)

0 A T t : « J U N 4 i .WV£R CONDiT'ON :*OPP* Tvpc SAMPLER DRAG BLO E ’
STREAM MISSISSIPPI RIVER ,T**E ’S X  to -6 22 Tvpg SAMPLES 9EC VATcr-a^

.location one  ^  y s  O f AJK TEMP 26'2 @*0 FT NO vER* O A.S i
GAGE *NOX lANO'MG WEA^C® ClOLCv AND *«OT NO POINTS *
DISCHARGE 5 G : f s  (ADCF* 'SAGE READING 4C 30 F-

(SAMPLE)
FiELC NO 17
D ista n ce  (FT) :3t97 
DEPTH (FT) r
CA (VM) ■ 26 40 j T9 ’0 12 TO 9 62 4 75 i 3 £  - ; qo • 41 I X 0 5 0 3 36 COS 0  *77 0  ’ 05 0 0 0 8 0  274 0  367 PAN

'CUV WT 0 2  • OC 2 0 : o CC ' 0C  1 CO : o a o 0 6 *22 765 1 2891146  7 * 4 8 9 149 6 * 49 9 •5CC
A  HELD 0 2  0 0 2 0 :o 2 3  0 3 3 0 3 3 0 3 0 1 6  ’ c» • 9  : a? 9 1 99 * 997 99 5 X  3
% f'NES • 0001*00 0 1 X 0 1 X 0 * X C i * 0 0 C l  1 X 0 *00 0 *00  c 99 6 9? 9 49 C *4 1 0 2  1 0 7 0  3 0  * 3 0

(SAMPLE) ,
FiELD NO 18 -
DISTANCE ) 3 7 * ;
DEPTH (T*’) 72
DA (VM1 25 4C’*9 10 12 TO 9 62 4 76 . 3 36 :  x * 41 1 X  2 ® G 36 3 25 Q -77 a -25 0 306 0 374 0362 PAN
CUV WT 0 3  0C 3Q 3 0 3 3 0 3  ' 3 0 3 0 0 1 I 4 C 44 4 1 3  1 144 9 1495 *49 9 .  *5C0 *5C C • *5c:
% HELD a o  o c 2 0 3 0 2 3  ■ OC i 3 0 3 0 0 1 3 * 296 854 9 6 6 99 7 39 9 1 * X 0 •X C ; x :
\  F*NEh 'CDCI’X D 1 X 0 1 X 3 • X 3 ; iM 3 i  1 X 0 • i : 99 9 1 969 72 4 *4 6 3 4 0 3 0 ’ OC 0 3 3 0

(SAMPLE)
FELD NC ■ 13
distance r * ; -4033 1

D A  W , 25  42 *9  -0 12  TO 9 5 2 4  75 3 36 : 2 X • 41 i X 2 ® C 35 2 2 6 0  *77 0  *25 0 0BB 0  374  . Q X 2 PAN
CUV WT QC 0 0 3 0 3 0 3  2 0 3  C O •)1 0 1 3 2 *6 1 * 6 1 X 9 146 9 *49  9 -  0  C *sC 2
%HELD C 2  . 0 3 2 0 3 0 3 2 0 3  2 0 2 1 0 1 2 * *2 1 5 5 7 5* 3 9 9  3 ? 9  5  * X 0  * X C x :
%  F-NER • O O C ' U O IX  0 1 X 3 * X 2 *00 3  1 X 0 99  3 q?5 37 9 899 4C 3 9 7 0 7 0 * Q 2 0 3 30

(SAMPLE*
F ELD NC X
D STANCE : ■4733
c fc ^ n  94
DA :w > 42 *9 *0 12 TO = 52 4 ,*6 3 X 2 00 • 4* i X 2 ® 2 35 * TC 0 *77 0 *25 0 28B 0 374 0362 PAN
CUV WT 0 2  0 3 : o 2 0 : :  o c 3 0 2 1 05 6 :• 3* 0 1X 6 145 0 14= 6 •49 9 *45 9 • s e e *53:
S  HELD o :  o : 3 0 3 0 : :  o a 2 0 2 1 0 4 4 2 -) 3C2 96 T 99 7 9 95 993 • x c x  ;
% FN£R •o o :  / x o

I
IX C •X C i'X C 1 X 0 993 95 £ 35 8 7 5 6 *9 7 3 3 0 2 0 * 0 ’ 0 2 : o

DATE: 03-AUG-98 R V E 5 20NC~CN 3-ORP * ’ VPE SAVP_£P DRAG 5LC-E~
STREAM MiSSiSS.PPt Ri'/Efi ■nvE * 5 X T .: *6 X SAMPLES SEC MA
LOCATION JNE D(S OF AJX TEVP 2* C @*0 FT •40 vER* 3A^S 4
GAGE «\0>  JLNDiMG WEA’ HgP C.QCCV A.NC ~QT NC P«“4VTS *
DISCHARGE 364.264 ;F 3 fADCP; GAGE PEACN3 33 2 ~

(SAMPLE)
F ELD NC 21
C-SrANCE ) 2234

CA (VM) 25 42; ’9 *0 12 70 352 4 76 3 36 2 X * 4‘ I X 3 ® 336 3 25 0 ’77 0 *25 0 3 ® 0 374 0 X 2 PAN
C JV WT 0 2 0 3 3 0 3 0 2 3 0 3  2 0 3 3  0 2 6 • 42 3 1*7 4 143 2 1480 •4= 7 •45 0 •49 e • s c :
% HELD 0 2  0 3 2 0 3 0 3 2 0 3  ; 3 0 2 3  a : 4 • TC 2 76 3 96 6 99 2 33 - 59 3 995 • x .
N  F.NgP •X  2 ;* X 0 1 X 0 1 X 2 * 30 0 • o o :  t x o • x  2 - ’X  3 35 9 7* 8 2* 7 4 6 0 6 Q 2 o • 0 • : o

(SAMPLE) 
F'Ele nc
c -s ta n c e  ■ 3795CSPTr(F’) , 56
CA ;VM) 25 4C *9 '0 12 7D ? 53 4 7E 3 36 1 : a o • 4* i X G f f l 2 35 -  TC 0 '77 0 -I* 0 0 ® [o it 

i
i= o x : = AN

CJV WT 0 2  0 2 : a 2 0 33  o :  : o 2 0 0 2 0 3 7 3 856 IX  7 146 6 *45 5 145 6 •45 5 •sc:
% HELD o :  0 3 2 0 3 0 2 3 0 3 2 0 2 3 0 2 0 6 6 3 tC 3 95 1 97 7 99 7 999 99 ? •X  2
% F'NEC •00 J U 'O 1 X 0 1'X 2 • X 3 :* o o c ;  i x  a  | - x : *00 3 994 34 7 C  1 ’2 9 3 3 0 3 a  • 0 • : o

i SAMPLE) 
F ELD NO
distance ; itg e
DEPTh (F t j 7C
C A  ;vM) 25 4C ’9  *0 12 7C 3 52 4 75 3 3b : a o * 4* 1 X 3 ® 2 3 5 3 25 0 *77 0 *25 0 J B 0 . O 2 7 4 0 28. PAN
CUV WT 0 ‘ o : :  o 2 0 2 3 0 2 2 0 :  3 o :• 6 6 I X  : 14* ) 146 9 145 7 • 4 5 9  *4 ?9 ’S3 C ’62 "
% HELD 0 3 0 3 :  o :  o 2 2 0 2 2 0 :  i o ; 5 9 72 1 9 4 . 9 9 ) 8 9 6 8 9 5  9 9 5 • x c • X  -
% = NFR • x : • x o I X  0 i x : *X  2 • oo : i x  0 *X 2 9? - 94 * 77 9 6 8 J ’ u . 0 * O ’ o : : o

(CAMPLE)
F ELC NC 24
c s ?a n .:e t - : 4ft3
C E P > (g ’ i ’=
CA W ( 25 43 *9 *0 i ;  to 3 t  - 4 76 3 36 2 00 ’ 4* i x  : sc 2 35 ' TC ro , v 0 *35 0 D® 0 274 0 362 PA/4
CJV WT 0 2  0 2 2 0 2 0 3 2 0 2  30 : 3 0 3 9 5 89 ? 126 T 144 4 u = : •45 7 *439 •sc c "S3 7
\  HELD 0 2  03 30 :  o 3 7 0 2  30 3 3 0 2  6 E ?6 1 e 9F_ 3 aq c 3Q i =9 5 • x c • x :
% ‘•■NER • x  . * x n | i x o i x : • x  : •1X12 1 X 0 • x : • x c  ?:*4 739 *4. ) * 0 4 0 2 0 • 0 . : n
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Table B.12. Bed material data at Tarbert.

DATE:?/FEB-91
‘STREAM MISSISSIPPI RrvER 
1 LOCATION TAPQERT 
tGAGE RED RIVEP .DG
'd isc h a r g e  792.445 c f  5 iaqcp)

PrvtP CONCiT'CM SMOOTH
time * 6 X  to •; x

:TEMP 9C<|(1 FT 
WEATHER CLOijDt AND MIC 
GAGE REACttu 16 33 FT

T*PE SAMPLER DRAG BUi>E* 
T*PE SAMPLES 9ED MATERIAL 
NO VERTICALS 4 HO POINTS *

: (SAMPLE)

jDiSTANCE (FT ;; U17 j

,DlA (MM) iPS A0l T3 ’0 1 2 70 9 s : 476 336 2 00 1 41 1 CD j 050 0 35 ‘ 005 0 177 10 135 0 088 C 074 : 0 062 PAN |
[cum  wt 1 0 0  • 0 0 OQ 0 0 OD CO 0 0 0 0 0 0  00 01 j 8 4 8 5 9  1’9 9 124 3 ’24 6 ’24 1 ’24 81
% HELD 1 o c  ! o o 0 0 0 0 0 0 0 0 0 0 0 0 0 0  ! 0 0 0 -  1 6 7 68 6 96 1 396 996 99 9 i x o !

'% FINER iio d g h o o o taoo 1 X 0 1 X 0 1®C 1 X 0 i x o i x o f i x c 99 9 t 93 2 31 2 1 3 9 0 4 32 0 ’ 0 0  '

‘(SAMPLE)
I FELD NO
(DISTANCE (FT I 7204 1| DEPTH (FT» 1 48
'dia (MM) 26 40 •9 10(12 70 962 4 76 3 36 2 X 1 41 1 X  : 060 0 36 026 a 177 iO 126 '0086 0 074 , 0 062 PAN i
jC’JM WT ’ 0 0 0 0  I 0 0 0 0 0 0 0 0 0 0 0 0 GO 1 0 2 03 340 133 01149 11*49 9 149 9! 143 9 149 9 !
!\  HELD 1 CD 0 0  ] 0 0 0 0 0 0 0 0 0 0 0 0 0 0  j 0 1 0 2 232 X  7 I 39 5 1 ’X O • x c  ’® 0 IX  0i
!% FINER 1 X 0 i x a j i x o 1 X 0 i x c 1 X 0 1 X 0 1 X 0 1X01 999 996 768 11 3 1 0 5  ! 0 0 0 0  ' 0 0 0 0  -

(SAMPLE)
■Field nc  , ,
‘DISTANCE ,TT;12787* 
PERTH (FT) 53

‘CA ;mmi :26 40 H9 ’C112 TO 96 2 4 76 ; 3 36 1 2 X 1 41 • x  10 50 0 36 0 2 6 0 177 '3  126 0 008 0 074 . 0 0E2 PAN 1
■CUM WT ■ 0 0  ; 0 0  ) 0 0 0 0 0 0  , 0 0  i 0 0 0 0 0 0  ' 06 13 i *21 6 •47 1 149 0 •SO" 16CC; *500 •5CQ.
% HELD ■ 0 2  ■ 0 0  0 3 0 0 0 0  1 0 0  | 0 0 0 0 0 0  ' j  4 8 7 01 0 96 i ?93 1 X 0 ’X O , *XQ • x o i
*  F'NEP • x o r x o l i x o 1 X 0 • x c n a n n x G i x o 100 Oi 996 5i 3 190 ’ 9 ; 0 * 0 0 0 0  0 0 a :

1 (SAMPLE)
FELD NO
■DISTANCE f T y  3409 1 
•DEPTH (FT ; <6
DA (MM; .25 401*9 *C 12 70 953 4  76 • 3 36 , 2 X 1 41 ’ X  050 3 26 i G 26 C 177 'o  -26 03BE : 074 o T62 pa n  :
CUM WT ! CO • 0 3 0 C 3 0 o o  i o c  o a • 3 :  • , 2B 1 ’07 9 * 48 6 •49 7 15C0 *60 C •6C2 160 0 ’5C0:
% HELD ■ CO ■ 0 0 OG 3 0 o o  ' : c  o o 0 9 14 '0 7 71 9 99 * 9 9 e  i x  0 • x c • x o  *X 0 • x o
% fines • x c *X 3 1 X 0 1 X 0 • X 2 ; * X C ! t X 3 99 1 36 6 : 01 3 2 0 - 0 9 0 2  2 0 0 2 2 0  0 3 0 3

DATE: 23 NAA-S8 RIVER OONCiTiCN CHOPPy "'•PE SAMPLER 0CAG3tC*ET
tSTREAM MISSISSIPPI GVER TIME 17 r  TO *8 20 t *PB s a m p l e s  SEC m a t e r s
LOCATION TARBERT TEMP ? C c ;1C f- NO VERTICALS 4
«3Ai3E ’ARBERT .WEATHER .vinov ANC MILD NO POINTS :
C-SCHAPGE 961.763 CFS iAOCP) GAGE READING 49 X  ft

(SAMPLE)
FELD NO : 5 -
distance  jft : I 366

DA (VM1 ‘26 40119 ’Cl 12 70 552 4 76 3 36 2 X 1 41 1 X  06G 236 0  25 3 177 2 1 25 (0 388 C 074 ■ 0 063 PAN 1
CUM WT CO 0 0  0 0 GO 0 0 GO 0 0 OG 00  : c O ’ '2 9  ’ •23 * 1148 0 i *49 2 •49 S : *49 9 *60 0 (

Jfc HELD CO a o  ! 0 0 3 0 CO 3  G 3 0 0 0 2 0  OO 0 1 . 19 4 82 ♦ : 90 7 I 99 6 99 9  » 9 1 X 0 '
% F'NER ’X  G • x a i t x a 1 X 0 ’X O i’X G I X  Q ’X C I X  O' *00 2 39 9  ; a c e 179 : 1 3  0 6 2 1 01 q :

(SAMPLE)
F’ELP NC 6
.D’STANCE (FT ] i 2’^  
. C E P T H  (FT j 47

DA (VM) .25 401*9’C 12 70 9 6 0 4 76 3 36 I 2 X 1 41 • x  o s c 0 35 02 6 0 177 '0  ’ 25 i 0  386 3 074 >0X2 PAN .
!cum  wt . OG ; 00 0 0 o n CO 0 3  - CO 0 0 CO ■ 30 1 ’ 67 ’ 133? 148 0 [ *49 e •49 9 ’49 9 ’X O
1% HELD ; OG 0 0 OC 3 0 GO 2 3  ‘ 2 0 0 0 3 0 , 2G 0 7 3B * 09 1 98 7 ?99 99 9 ■ 999 ’X O 1
: \  f 'ner I X C ’X C 1 X 0 1 X 0 • x : ! * x c ; i x c 1Q0G 1QQ Oi 'X  G 993 61 9 10 9  ' ’ 3 • 0  • 2 1 O’ 0 0

‘(SAMPLE) . j !f€LCNO 7 I 
DISTANCE (FT) I 301^' CE°"H(FT) : 5t
C A  (VM) •25 4Ci*9 *011270 9 6 2 4 76 3 1  ' 2 ® 1 4 : * X  05 L 2 35 0  25 U 177 ' 2  ’ 2 S ' 0  2ee 2 074 0 362 PAN

!c*jm wt CC : 0 3  ' 0 3 u O 3 0 3 C : GO OG 3 0  19 P 7  - 3 3 5 147 s  149 7 1 ’49 8 145 9 •6C0 *6C 0 '
% HELD C 0 0 2  : 0 0 3 0 2 0 j  0 ! 3 0 OG GO *3 *8 6 ! 89 C 9 6 5  9 9 6  * 9 9 9 99 9 ■ x o • x o
% finer • x :  ’X j i i x o 1 X 0 • x o •X O ; 1 X 0 ’X O 1 X 0 ;  98 7 9 '  5 ' 11C * 5 3 2  0 * 0 3 a 2

iSAMPLEj 
f e l d  nc^ stance (Fr ]

jC E P T h t F T )  < ;

DA (VM 26 42 *9 *0: i :  70 962 4 76 3 36 ' 2 X 1 41 • X  06C j  36 0 :6 0 177 j '26 0 286 2 074 0 X 2 PAN
CUV WT c :  0 :  , o c 3 0 * 0 3 3  . o a 0 3 3 4 34 6 •13 • •46 0 •49 ’ 149 8 *49 5 ■4? 5 *45 9 1459'
% HELD 0 3  OC 1 0 0 3 0 GO 0 3 3 0 OO 3 3 ’6 4 75 6 97 4 99 5 99 9 • 99® ’X O ' ’OCO • x o

'•% FN6R •X G  • x g ; i x o 1 X 0 ’X  2 ’X  2 * 1 X 0 9 9 8 » 7  0 )e ;a 6 7 6 0 6 - - ' :n  ■ qg a  g
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Table B.12 (continued)

DATE: 10 APR-91
STREAM MISSISSIPPI RN/ER 
LOCATION TAP8 EPT 
GAGE TARBERT 
DISCHARGE 847 650 CFS (ADCP)

RIVER CONDITION SMOOTH 
HME 17 30 TO 10 30 
TEMP 16 C 451 5 FT 
WEATHER CLEAR ANO NUtX 
GAGE REAOWG 50 ®  FT

type  sa m pl e r  drag  bucket 
type s a m p l e s  b ed  material
NO VERTICALS 4 
NO POINTS 1

REPORTED 984doc CFS
(SAMPLE] |
FELD NO ! 9
DISTANCE (FT ) | 137*
DEPTH (FT ) t 62
DIA (MM] 25 40 19 10i 12 70 j 9 5 2 4 76 336 2 GO 1 41 1 X  1 0 50 : 0 35 0 2 5 0 177 0 125 0 306 0 374 0 062 PAN
CUM WT QQ 0  3 ) 0 0  1 0 0 0 0 0 0 0 0 3 0 OC > 3 0  ' 0 6 12 8 96 1 144 9 149 0 149 9 150C 150 0
\  HELD 0 0 0 0  I 0 0  1 0 0 0 0 CO 0 0 3 0 3 0  1 0 0  1 0 4 0 5 65 4 9 6 6 999 999 • x c 1 X 3
% f in e r  11000 100 0 1100 Oi 1000 1000 1000 iQCO 1 ® 0 i X o i i X O i  9 96 91 5 346 34 0 1 0 1 0 3 0 0

(SAMPLE] 1
FE lDNO 1 TO
d ista n ce  (FT)
DEPTH (FT) 63
DtA (MM) i25 40i 19 10 12 701 9 6 2 4 76 336 2 00 1 41 * X  1 0 50 ! 0 35 0 2 5 0 177 0 125 0 006 0 074 0062 PAN
Cum w t  I 0  0 0 0 CO 0 0 0 3 GO 0 0 3 0 0 0  i 3 ; 3 0 8 2 6 1X 6 148 9 149 6 *500 150 0 ISC 3
%HEtO | 0 0  i 0 0 0 0  0 0 0 0 0 0 0 0 3 0 0 0  ■ 3 2 0 55 1 924 99 3 99 9 • x o • x o 1 X 0
% finer  h x o h x c 100CI1000 100 0 100C 1 X 0 1 ® 3 1 X 0 ;  9 9 9  1 96 3 4 4 9 7 6 0 7 3 1 3 0 0 3 c c

(SAMPLE]
FELDNO ! H
dista n ce  iFT) i ? 7 x
OEPTH (FT ] i 57
OlA (MM] 125 40; 19 10112 70 1 9  52 4 76 3 36 2 00 1 41 1 X  i O X  ' 0 35 3 25 ]C 177 0 125 0 306 C 374 0 362 PAN
Cum  wt  i 0 0  0 0  i CO | 0 0 0 3 0 3 3 0 3 0 3 0  1 2 3 ' 32 9 120 4 *46 4 149 7 •49 9 •500 1500 150 3
% "E lD ICO  0 0 - 0 0  i 0 0 CO GO 0 0 u-5C 3 0 1 5  , 21 9 ®  1 9 7 6 9 9 6 9 99 • x o • x c 1 X 3
\  FINER 1100 c! 100 01100 C| 100 0 100C 100C •®  3 •®  0 • X  3 1 90 5 1 78 1 19 9 ? 4 3 2 0 ’ 3 0 3 3 CC

(SAMPLE)
field  no  ; *2 1
D is ta n ce  <ft i; 3369 1
DEPTH (FT; : 49
Dia (MM] : 25 4 0 119 1C It; 70 1 9  52 4 75 336 20C 1 41 I X  . C5C | 335 3 25 C 177 0 125 C 306 IC 374 0362 PAN
CUM 'WT 0 3  i G9 ■ 0 3  : 0 0 C 3 0 0 3 0 OC 3 9  j 30 9  1MC5 1398 *47 3 *489 •49 6 T 4 9  9 •499 15C0
\  «EuD CO CO O O ' C O 0 3 0 3 3 0 3 0 3 6 ’ 23 3 ' 72 7 33 2 966 9 9 2 99 7 99 9 993 1 X 3
% FiNEP ! 100 0 100 C! 100 0 1 ICO c 100 0 1000 IX  0 IX  .3 99 4 : 79 7 . 26 3 6 8 1 4 3 8 3 3 3 1 3 1 CC

OATE: 17APR3B
STREAM MISSISSIPPI RIVER
l o c a tio n  t a p b e p t

GAGE TAP5ERT D'SChaRGE PNG 
D is c h a r g e  7 9 9 3 0 0 ^ 3  ia d c p i

RIVER CCNDiT'CN GOCD 
~1ME 15 X  TC 16 30 
TEMP 16 C@* 5 FT
w e a t h e p  cloud  * ano  rain
GAGE READING 4 S X  FT

TYPE SAMPLER DRAG Bu ck et  
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO PQiNTS 1

(SAMPLE]
FIELD NC ' 13
Dis t a n c e  ( F T ) | i 365!
DEPTH (FT) 1 60
DA (MM] 126 40115 TC i 12 70 i 3 52 4 76 336 2  X ’ 41 1 X  0 SO  0 35 02 5 C 177 C 125 co e e C374 |C 362 PAN
CUM WT , 0 3 0 0 0 0  0 0 0 3 0 0 0 0 OG 0 0  1 3 0  0 1 12 1 Ml 9 144 4 •49 5 *49 9 1 ’50 0 ISC 3
% wElO I 0 0 CO 0 0  0 0 0 0 0 3 GC 3 G 3 0  ' OC i 3 i 6 7 74 6 96 3 99 7 99 9 1 *XC 1X  3
S F -N E P  ,1 X 0 1 1 X 0 1X O H X O 1X 0 IX C i x o i®  0 i®  0 i *® 3 , 9 9 9 91 3 25 4 3 7 3 2 3 i I 0 3 CC

(SAMPLE]
f i e l d  n o  : ’4 1
DISTANCE |FT ) | 2 ?®  :
DEPTH , f t ;  . 54 ,
DA (MM] 125 40 i 15 10112 70 1 9 52 4 76 3 36 2 X ’ 4* ’ X  , G5C 33 5 02 5 0 177 0 125 C 306 C 0”4 C 352 p a n
c u m  w r  ! c o ; c 3 , o o i c o 0 3 0 3 0 0 3 0 3 0  : 0 2  1 126 1 X 7 142 9 •489 •496 ■49 9 *49 9 1503
% hElD G 0 i G 3 : Q 0 | Q Q 0 0 0 3 o c 0 0 3 0  : 3 i | 8 4 73 1 9 5 9 9 9 3 99 7 999 99 9 I X  J
% f in e r  i i x c i i x o l i x c i i x o 1 XC 1X 0 1X 0 i x o i ®  3.  99 9 ■ 91 5 26 9 4 1 3 7 3 3 3 4 3 1 OO

(SAMPLE) 1
FIELD NO ; *5
D'STANCE (FT )j 77®  ,
DEPTH (FT) ' 64
DA  (MM] 25 401T9 10; 12 70 9 5 2 4 76 3 36 2 X 4 41 I ’ X  ■ 0 50 3 35 32 5 0 177 C 125 C 366 C 074 C 362 PAN
CUM Wr 1 CO 0 0  1 0 3  CO C3 C 3 OC 3 * 3 ’ 3 9  5 5 r o  7 •42 7 •49 3 *49 9 *49 9 •500 ISC 3
S " £ u D  c o c d ' c o I o o 0 3 C 3 DC1 D * D 4 3 6  3 72 8 55 4 99 5 99 9 9 99 • x c 1 X 3
% F'NEP ’ 100 C; IX  CI I X  0 i I X  C I X C i x c !  ' X  3 9 9 5  1 9 9 5  99 4  96 3 26 2 4 9 3 6 3 ’ J  • 3 3 r  c

(SAMPLE.)
F»ElD NO *b
d i s t a n c e  (FT) >3302
DEPTh j f t ;  48
DA (MM) '25 40 :15 1C;12 7C{ 9  52 4 75 336 ; x  | • 4- 4 X  CSC : 335 32 5 0 177 0 125 C 368 0 374 C 362 PAN
CUM w r  ; CO 0 3 0 3 i CO 0 0 C 3 3 C 1 K 3 C 5 3 82 1 m ; •4e 2 UR 5 •49 9 *45 9 *50 C 15-. 3
% ~ElO i 0 3 i C 3 i 0 0 1 CO C 3 C 3 o c  I a c 3 C 4 2 i 54 7 07 5 s e e 99 7 °9 9 993 • x c 1® 3
% r NEP i l X C i l X C i i X 0 ! l X C 1 XC 1X G • X 3 | ’X 3 | - X  3 95 0 45 3 125 i : 3 3 3 * 3 * 3 3 CC
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Table B.12 (continued)

DATE: H 4 U Y « PVEP CONDITION GOCO TVPE SAMPLER ORAL- 9l C*E’
iSTPEAM MISSISSIPPI RVEP ,T1ME '6 X  TO T7X "*PE SAMPLES BED MADERA.
[LOCATION TAP0ERT TEMP *3 C ©1C FT NO VERTICALS 4
;GAGE TaPBERT DISCHARGE PNG w eather  ClOl D* NO POINTS ’
IDiSCHAPGE 925.212CFS (ADC** GAGE READING 52 SC F r

(SAMPLE) i  jIneiX'NC • t; 1
'piSTANCE>T)|i367|
S o iA  (M M ) | 2 5  4 0  H 9  TO I T 2  7 0 9 5 2 A 7 6  : 3  3 5  t 2  a o 1 4T  ; t  X  ! 0  5 0  I 0 3 5 0 2 5 0  1 7 7  o  * 2 5  j o  0 0 8  : 0  G 7 4  . 0  0 6 2  P A N  ,
|C U M  W T  j 0 0  1 O Q  j C O 3 0 0 0  1 Q C  ’ 3 C oo '  c a  1 oo I 2 2 5 ’ G 2  6 1 T * 4 5 t  * 4 9 0  1 * 4 9  4 '  * 4 9  ’ * 5 6 O '
■\ h e l d  : o c  ■ o a  1 o o 3 0 0 0  1 0 3  0 0 0 0  [ O C  : 0 0  1 0  I t 5  1 5 8  6  : 9 6  3  1 3 9  2 , 9 5 6  ' 9 9 9  i X C
in  f i n e r  I ’ o o o n a o o l i a o o 1 Q C G TOO C I TOO 0 1 t o c o T X O l ' O D C l T O O O l  9 9 9 8 4 9 9 t  5 1  3 7  ! 0 7  1 0 4  0 ;  G C •

■(SAMPLE)
•F'ELD no 1 te  '
■distance  ;f t ;

'DA ;MM) ' 26 401*9 *01 TT 70 3 52 4 76 i 3 36 : 2 ® 1 41 1 x  o x  ' a j s 0 25 0 177 10 125 '0  086 10 374 i 0 X 2 PAN 1
:CUM WT 1 0 0  1 OC GO GO 3 3  0 G 3 0 GO 3 0  0 * ' 0 9 1C1 9 134 8 , 149 3' 149 7. *49?' *50 C ISO C :
IN HELD 0 0  j OC ! GO GO CO • OG 30 GO c o  o '  ' a s 67? 8 9 9 i ? 9 5 ; 9 9 8 - 9 5 3  *00 3 *X J,
N FINES -•DDOi 'DD o ' l OOO 1 X 0 :X O !*OOCi 1 X 0 1 X 0 i x c i  9 9 9  1 994 22 1 10 1 > 0 5 1 0 2 O'  0 3 G G

(SAMPLE)
1 FIELD NO 1 19 1
DISTANCE (FT ; , 2769;

DA (MM) 25 401*9 *0112 70 9 52 4 76 , 3 36 ; 2 X 1 41 ♦ x 0 5 0  336 325 0 * 77 : 0 * 25 ' 0 308 □ 374 0 362 PAN
CUM WT , OG • 0 3  i GO 3 0 0 3  1 0 3  , GO 3 0  3 1 4 9 829 135 9 *47 61 *49 4 *49 e *49 9 *49 9 150 C'

;N HELD OG OG | GO 3 0 G 3 0 0 1 GC 3 0  C l 3 3 ; 55 3 9C6 *34 1 99S ' 997 ?9 3 ?9 5 *30 G:
% fin es •QOui’OGOilXO IX  0 • X C - X C I  1 X 0 i XC!  9 5 9 96 7 44 7 ?4 16 i 0 4 ! 0 3 0 * 0 * : c

(SAMPLE)
F'ELD NC 2G
Distance  (pt ’ 33E7 -pgp^rr-) g
OlA (VM) 26 40 *9 *0(12 X 952 4 .*6 3 X 200 1 4* ♦ x OSD G 36 325 0 - T ; : 0 ’2 5 ’0 3 ee 0C74;0C 6: PAN,
C IM WT 0 3  OC GO GO G 3 0 3 C G 3 0  C 3 5 6  086 139 » *46 2 1 *48 ?- *496 ' 49 5 ‘ * 60 G ‘50 C
% HELD OG , OG ' GO CO G 3 OG C G GO 2 2 37 1 59 1 92 7 57 5 99 3 , 99 7 39 5 *XG 'X C
N  r ’N£R • a o : , - x o , i x o 1 X 0 * x c : - x : 1 X 0 * XCi  9 9 5 9E 3 4C9 7 3 2 5  0 7  > 0 3 0* OG GC

DATE: 09 JIW 88 PrjEP GONC'^CN GhC«PC> TvPE SAMPLER CRAG3LCi*E~
STREAM M'SSlSSiPPl PVER TIME ’6 5C TO *7 50 Tvpc SAMPLES EEC VA~EPiA*.
location tarsept TEMP 2E C @1C FT NO VERTICALS 4
GAGE *APEER* CSOG  RNG WEATHER ClOl Cv ANO HOT NO PQiNTS ’
D'SCHAPGE 479S79 GFS 1AOCP1 CAGE READING

iSAMPLEL
F'ELD NC 21 '
D'STANC5 (FT j ■ *377

'DEPTH ff T ) 46
DiA (VM) 2S4CH9 ’0 12 to 9 52 4 76 3 36 200 1 41 • x 0 60 i 335 :  rs 0 * 77 0 * 25 0  386 0 C74 0 362 PAN
C JM WT OG 0 3 GO CO C 3 o c  c a CO CG 0 7 ; 2* 9 tci 0 1466 ■ *49 3 : 149 6 , *495 ‘60 C *60C

;% HELD OC OC GO GO 0 3 o c  a a GO CG 0 5  ' 146 57 3 97 7 , »  5 99 7 1 ?? 9 *aoc • x c
\  C N£C • a o c i * x a n x o 1 X 0 i x c •a oc  1 x 0 1 XC' * XG 9 9 5 854 22 7 2 3 ' a s  . 0 3 0 * oc : j

(SAMPLE)
:F ELC: NG 22
C'STANCE ;f t : ; 21S6 ; 
CEPTH fPTj 11 ;
DlA (MM) 25 4G' 19 *0 13 70 3 5 2 4 75 3 3 E :  :OQ * 41 ■ 1 X  0  50 C 35 G 25 0  *rr-Q ' 2 5  0 3 8 6  0 3 7 4 0  363 PAN ,
cum wt oa . oc GO GO CO  ' OC CG CO ' 1 1  0 2 0 6 7 9 9 •2:  4 1 *466 1 14 92 ’ *496 *50 G *50 Z

A  HELD 1 0 3  : oc GO CO CO  O C CC a a . c i  , o • 0 5 52 6 6* 6  ' 97 7 99 5 95 9 '00 C * X G
!*  finer *X  C; * X  0 '  I X  0 1 X 0 * X j : * XG i 1 X 0 i x c l  9 9 9  ' 9 9 9 ?9 5 47 4 18 4 2 2 , 0 5  0 OC GC

[(SAMPLE)
■field no ; ;'distance (F» , ;75fe I 
;PEprH (FT) 4C
CIA [VM: 25 40119*0,1: 70 9 52 4 76 3 36 :  x ’ 4* ' 1 x  O X C 35 C 25 0 *77 0 'C5 0 388 OC74 0 X 2  PAN
•CUV WT 0 3 0 :  CO GO •GO 0 : G C CO GC 3? 93 7 13*0 *49 7 *49 5 •4 9 ? •49 9 •50 G *50 G
t% HELD , o c 0 G C 0 :  0 33 0 : C G C a ' G 2 2 6 550 e s : 360 a? 9 99 3 *  3 •noc * x :
% F>NER •m e *00 0 1 X 0 1x 0 * x : •m  g IX  0 ♦X 01 *X  G ; 97 4 44 2 *C 6 0 2 0 • 0 • 0 • u c  : :

'(SAMPLE)
F ELD NC 24
C S ’ ANCE [gT ; < 3373
CEP-Hfg” ) 3£
CiA 'VMJ 25 4C: *9 *0 ■ 12 70 9 52 4 76 3 36 20 0 *4' • X 060 :  36 C 25 0 *’7 0 ’25 ooee 0 C74 0 x ;  ra n
C JM WT  ̂ OC 1 OG GO GO G 3 0 G C G GO G C 0 9 799 1229 *45 5 *480 ■4 9 : •49 5 •495 ‘5 0 C
% HELD ■ 0 :  OC . GO "0 GO 0 : CO ■GO G G Or 53 3 99  3 37 0 99 2 995 ac 5 30? ‘XC
X  ►'NEC • m c ^ x  o t x n 1 X 0 * x  ; ■no ; 1 X 0 i x c * X . *  4 46 7 • c ; 3 : 0 9 0 5 0 * (j • : c
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Table B.12 (continued)

OATE: 03AUG-S8
STREAM MISSISSIPPI RIVER 
LOCATION TARBERT 
GAGE TARBERT 
DISCHARGE 374.327 CFS (ADCP)

RIVER CONDITION CHOPPY 
TIME 16 40 TO 17 50 
TEMP 31 C @10 FT 
WEATHER CLOUDY AND HOT 
GAGE READING 31 40 FT

TYPE SAMPLER DRAG BUCKET 
TYPE SAMPLES BED MATERIAL 
NO VERTICALS 4 
NO POINTS 1

(SAMPLE)
FIELD NO 26
DISTANCE (FT) 1360
DEPTH (FT) 41
DIA (MM) 2S40 19 10 12 70 952 4 76 336 200 1 41 1 00 050 035 025 0 10 0 125 0 006 0 074 0 X 2 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 99 111 7 147 9 149 7 149 0 149 0 1 X 0
% HELD 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 00 66 74 5 906 990 999 999 1 X 0% FINER 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 100 0 1 X 0 1X 0 934 255 1 4 02 0 1 a i a o

(SAMPLE)
FIELD NO 26
DISTANCE (FT) 2166
DEPTH (FT) 36
DIA (MM) 25 40 19 10 12 70 952 4 76 336 200 1 41 1 00 050 035 025 0 16 0 125 0006 0 074 0 062 PAN
CUM WT 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0 0 1 5 X  0 1399 149 2 149 9 14 9 9 1 X 0 1 X 0% HELD 0 0 0 0 0 0 00 0 0 0 0 00 0 0 0 0 0 0 1 0 405 933 995 999 999 1X 0 1 X 0
% FINER 100 0 100 0 100 0 100 0 100 0 100 0 100 0 1000 1000 1X 0 990 595 6 7 05 0 1 0 1 0 0 0 0

(SAMPLE)
FIELD NO 27
DISTANCE (FT) 2703
DEPTH (FT) 33
DIA (MM) 25 40 19 10 12 70 952 4 76 336 200 1 41 1 00 050 035 025 0 10 0 125 □ 006 0 074 0 062 PAN
CUM WT 0 0 0 0 0 0 00 0 0 0 0 00 0 3 0 5 25 1 75 3 131 7 146 3 149 6 149 0 149 0 149 0 1 X 0
% HELD 0 0 00 0 0 00 0 0 0 0 0 0 0 2 0 3 16 7 502 07 0 969 997 999 999 999 1X 0
% FINER 100 0 100 0 100 0 100 0 1000 100 0 1000 990 997 03 3 49 0 12 2 1 1 03 0 1 0 1 a 1 0 0

(SAMPLE)
FIELD NO 20
DISTANCE (FT) 3390
DEPTH (FT) 25
DIA (MM) 25 40 19 10 12 70 952 4 76 336 200 1 41 1 X 050 035 025 0 16 0 125 o o x 0 074 0 062 PAN
CUM WT 0 0 0 0 0 0 0 0 0 0 1 2 3 0 47 7 9 72 3 127 5 147 4 149 4 149 5 149 7 149 9 1X 0 1 X 0% HELD 0 0 0 0 0 0 00 0 0 0 6 20 3 1 5 3 40 2 050 903 996 997 990 999 1 X 0 1 X 0
% FINER 100 0 100 0 100 0 100 0 100 0 992 960 969 94 7 51 0 150 1 7 04 03 02 0 1 0 0 0 0
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Table B.13. Unit conversion table.

Amount Unit A m ou nt | lb, ft, s Amount kg. m, s A m ount | N, Pa, W

1 d a y  (d) 8 6 4 0 0 s e c o n d  (s )
1 d e g r e e  C e ls iu s  (C = 5  (F  - 32 ) /  9) 1 K
1 d e g r e e  F a h re n h e i t  (F  = 3 2  ♦  1 8  C) 0  5 5 5 6 K
1 fo o t (ft) 0  3 0 4 8 m e t e r  (m )
1 ft / s 0  3 0 4 8 m  / s

1 ft2 0 0 9 2 9 m 2
1 ft2 / s 0  0 9 2 9 m 2 /  s
1 ft3 / s 0  0 2 8 3 m 3 /  s
1 in c h  (in) 0  0 2 5 4 m
1 lb /  ft3 1 5 7  0 8 k g  /  m 2 * s 2 1 5 7  0 8 N /  m 3
1 lite r  (I) 0  001 m 3
1 m e tn c  to n 1 0 0 0 k g
1 m ile  (m i) 5 2 8 0 ft 1 6 0 9  3 4 m
1 m illig ra m /lite r  (m g/l) 1 .0 E -0 6 to n  /  m 3
1 n e w to n  (N) 1 k g X m / s 2 1 N
1 p o u n d  - fo rc e  (lb) 4  4 4 8 k g  X m  / s 2 4  4 4 8 N
1 s lu g 14 5 9 k g

1 s lu g  / ft3 5 1 5  4 0 k g  / m 3
1 y e a r 3 1 5 3 6 0 0 0 s

Table B.14. A C / AT  and percent sand values by size fraction at all locations.

Cross
Section Vertical

A ê A T 
(Slope) Average % Sand

VFS FS MS CS VFS FS MS CS
UP V-1 -0.769 -3.694 -0.161 -0.032 27.68 68.17 2.88 1.28
L13 V-1 -0.481 -1.453 -0.101 -0.108 31.78 54.85 11.41 1.98
L6 V-1 -1.076 -4.997 -0.790 -0.102 30.32 60.01 8.48 1.22
T V-1 -0.062 -1.679 -0.777 -0.028 27.33 62.04 9.90 0.76

UP V-2 -0.309 -0.862 -0.327 -0.110 17.13 77.43 4.57 0.87
L13 V-2 -0.331 -2.483 0.446 -0.101 18.06 63.53 16.48 1.93
L6 V-2 -0.636 -5.901 0.539 0.111 15.86 75.36 7.39 1.40
T V-2 0.621 2.056 -1.642 -0.002 15.77 63.61 19.21 1.41

UP V-3 -0.541 -3.994 1.730 0.059 9.42 61.14 27.36 2.08
L13 V-3 -0.141 -2.080 0.141 -0.031 18.60 74.49 5.93 0.99
L6 V-3 0.562 0.577 1.120 0.222 17.02 70.33 10.89 1.76
T V-3 -0.077 -1.613 0.457 0.009 19.99 62.52 14.79 2.71

UP V-4 -0.758 -3.726 0.119 -0.071 24.45 36.37 33.58 5.60
L13 V-4 -0.647 -3.085 -0.094 -0.065 31.34 63.39 4.03 1.24
L6 V-4 0.063 -0.547 0.167 1.245 25.20 52.31 13.44 9.07
T V-4 -0.337 -1.934 0.080 -0.014 27.52 56.38 14.10 2.02
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Table B.15. Average measured Rouse number values at all locations.

Union Point
D 'ftanc* F E 9 27  Evanl D istance MAR 23 Event D istance APR 10 Evert
from the M easured R ouse number values a! 9  *C from the Measured R ouse number values at 9  *C from the M easured R ouse number values at 1 6  *C
nght ban* Sand i i z e  fractions ngnt ban* Sand s i?e  fractions ngnt bank Sand s ire  fractions

d ) CS MS FS VFS CS 1 MS i FS VFS ( « } CS MS FS VFS
U K 0  0400 -0 0277 0  3068 0 2 0 6 6 1020 l 0267 j 0  2986 ; 0  7461 0 3 8 8 7 1078 0  1910 0  7692 0  5008 0 2 0 0 7
1658 0 4 4 8 3 0 4 4 6 1 0 7 6 4 4 0  3631 1755 0 1 7 7 2  j 0  3645 ; 0  7183 0 2 9 0 3 1643 1 0 5 1 4 0  7698 0 6 0 3 6 0  3891
2256 -0 0143 0 7 6 0 3 0  5200 0  2419 7774 0  4461 { 0 / 2 4 3  j 0  5319 0  1014 2774 1 0 773 0  6107 0  5513 0  2082
2941 0  4542 0  5636 0 1995 0  0967 3091 0 5 0 0 4 0 6283 | 0  3014 0  1354 2943 1 1136 0  4833 0 1969 0  1271

A w  Ron, 0  2320 0 4 4 1 6 0 4 6 7 9 0  2271 A** 0  5376 ' C 5039 j 0 5744 0  2490 A w 0 8696 0 6 5 0 3 0 4 6 3 2 0 2 3 3 3

D istance APR 17 Event O istence WAV 8  Event D istance JUN 9  Evert
from the Measured R ou se number values at 16 aC from the Measured Rouse number values at 19 *C from the M easured R ous* number values at 26  *C
right bank Sand s iz e  fractions nght bark Sand s iz e  fractions ngm  bank Sand s ize  fractions

m CS MS FS VFS C«J CS MS FS VFS ( * }  j C S MS FS VFS
1040 0  5748 0  2321 0 3378 0 0695 1094 0  9000 j 0  7535 0  2482 0  1462 1047 1 0 760 0  5237 0 3 4 6 3 Q 1622
1640 1 1100 0  34S4 0 5 3 5 1 0  1140 1662 i 1659 i C 5070 0  7742 0  3227 1613 0  7097 0  3129 0 3359 0  1206
2247 1 1630 1 2640 0 5942 0 1771 2276 1 2126 ; 0 4483 0  2639 0  0762 2 235  I 1 1643 1 6647 0 8 9 5 6 0  1895
2966 1 1444 0  6396 0  3155 0  1663 2958 0 6 7 3 9  I 0 6621 0 2 8 3 5 0 0 9 0 9 2 973  1 0  1273 OQB07 •0 0385 0  1611

A w  R^, 0 9 9 8 4 0 6 7 0 3 0  4457 0  1317 Ave 1 0476 I 0 5690 0  3975 0  1590 Are R «  | 0  7093 0  6455 0  3849 0  1584

Distance AUG 3 Event
from the M easured R ou se number values at 31 *C
right ban* Sand s iz e  fractions

( 1 ) CS MS FS i VFS
• a x 1 0676 0 2 5 4 0 0 6 1 3 3  | 0  3948
1625 0 4860 0  7554 0  5477 j 0  1070
2779 1 2788 0  7994 0 3990 ! 0  1536
2901 0 9 2 0 6 0  3310 0 3561 j 0  2446

Ave R „ 0 9370 0  5377 0 4790 | 0  2450

Lint 13
Distance F E 9 27 Event C'Stanc* MAR 23 Evert G istanc* • APR IQ Event
from the M easured R ouse number values at 9  *C from the Measured Rouse number values at 9  *C from the 1 M easured R ou se number values at *6 *'Z
ngh> ban* Sand s ize  V actons ngnt bark 5*nd 6>z* fractions nght b ank ' Sand size  fractions

t D CS MS FS 1 VFS :<U CS MS f 3 VFS ( * :  . C S  ■ MS r S VFS
*793 0 3 X 7 0 4087 i D 2223 | 0  0920 •785 0  1705 , Q 3354 , 0  1851 0 0 9 3 3 1B01 3 0 0 0 0 0 X 7 1 Q 0162 0 0 6 0 6
2115 04Q 39 0  5600 1 3  3273 i 0  2475 2068 0  0969 | 00141 i 0  0758 0  0636 2C72 i i 1156 ! 1 1467 0 4 1 7 1 0  1966
2449 0  1562 0 4 7 1 3  ' 0 6 6 1 9  | 0  4016 2469 0  1065 0 7962 i 0  5636 0 3 1 7 1 2433 I * 0 0 1 9  j 1 0 3 X 0 7004 0  2536
2916 0  fOOt 4 0 0 1 5  l 3 3619 1 0  2B3C 2090 0  1657 ! 0 35*5 j 0  5246 0 7 3 6 7 7969  i * 0 2 5 5 1 0653 0 6772 0  2577

Ave R«* 0 2 7 6 8 0  3619 ! 0  4260 I 0  2756 Ave ? « * 0  1549 ! Q 7493 i 0  3373 0  *777 Are , • 0 4 2 6  ! 0 9 2 1 4 0 5 6 1 5 0  2192

Distance APR 17 Event D istance V A v g E w rt D istance 1 JUN 9  Event
from the M easured R ou se number values at 16 *C from the Measured Pause number values at 19 * C from the M easured R ou se number values at 26 * C
nght ban* Sand s ize  fractions nght oank Sand Size fractions ngnt bank I S a rd  s ize  fractions

f . D C S ^ MS FS VFS CS i MS 1 p S VFS -i C S  i MS pS VFS
1786 0 0 0 0 2 0  3215 . 0  2399 0  1345 1707 0  6530 j :  5068 0  7907 0  1752 1771 0 9042 | •a 0312 0 7973 -0 370C
7090 0 7584 Q61Q5 ! a  4 4 1 0 0  1514 2032 0  4274 ' 0 2 5 5 6  i 0  1795 0  0948 2089 ' 1 7 0 3 5  | G  7Q59 Q  4496 0  2496
2454 0 5 6 7 2 0  4439 I 0 © 2 4 0  2773 7456 1 0658 : 0  4969 1 0  5608 0  1705 2476 | 3 0 7 2 4  j 0  7067 0 7735 0 4 1 4 0
2834 0 9 1 3 1 0  6656 I 0 3064 0 1001 2065 0 6431 ! ’ Q9C4 1 0 5 1 7 1 0  3357 7BS5 : 3 9 5 0 4  1 OOB75 0 6093 0  5096

A w  fi** 0  5776 0  5773 | 0 4354 0  i960 Ave 0  69^5 i 0  6074 j 0 X 7 0 0  *961 A w  R«w, 3 7368  j 0  449C 0  5842 0  3766

D istance AUG 3 Event
from the M easured R ouse number values at 31 *C
nght bank Sand s iz e  fractions

( 1 ) CS MS 1 PS , VFS
1791 0 9111 0  6719 ! Q 1561 ! 0 2336

, 2076 0 3642 0 6 0 9 5 C 4101 j 0  1249
2474 0  7124 0  5177 j 0  5472 1 0 2 5 6 0
2001 0  3645 0  2224 i 0  3593 ! 05B 01

A w  Rm 0  5601 0  5054 ! 0  3702 | 0  29e9
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Table B.15 (continued)

Lira 6
D istan t* F E 8 27 Event Distance MAP 23  Event D istance APR 10 Event

from the M easured R ouse number values at 9  aC from the M easjred Rouse number values at 9  *C from the M easured R ouse numb*' values at *6 *C

r ig h t  b a n k  

( f t )

Sand s u e  fractions nght 0 «nh Sand s iz e  fractions ngnt bark Sand s u e  fractions

CS MS FS VFS ( f t ) C S  I
MS FS V F S ( • ) C S  i MS CS VFS

3211 -0 1765 0 3851 0  4873 0  2772 3210 0 6934 j 3 7635 0  5508 0  2239 3203 0  8 9 9 2  [ 0  3649 0  44TB 0  1780

3011 0 3221 0 5 2 2 2 0 5 6 8 1 0  3109 3625 0 6666 ! 3 4436 0  5296 0  2480 3770 i 0 5 8 9  i 0 5 1 7 5 0 6 5 6 5 0  3069

4090 Q 3936 0 6 2 2 0 0 5 743 0 0 6 8 2 4010 0 5667 Q 1939 0 2817 0  2155 4095 1 0 4 5 7  i 1 1699 0  4615 0  1237

4718 0 0 9 0 0 0 5 2 9 6 0  3009 0  CB9B 4743 0  4267 [ 0  2469 0  1326 0  0 640 4676 0  0 454  j 1 0765 0  5532 0 1346

Av* H«r*» 0  1574 0 5 1 3 7 GSC46 0  1065 Ave pM 0 5 8 0 4  | 0 2985 0  3074 0  1070 Ave P** G 7623 1 G 7022 0 5 2 0 0 0  1858

D istan ce APR 17 Event Distance JUN 9  Event D istance AUG 3 E ^ nt

from the M easured R ou se number values at 16 *C from the Measured R ouse number values at 26 *C frcm the M easured R ouse number values at 31 aC

nght bank Sand s iz e  fractions ngnt bank Sand s iz e  fractions ngnt bark Sand s iz e  fractions

( I t ) CS MS F S VFS ( f t ) CS MS FS VFS ( f t ) C S  i MS CS VFS

3 1 © 1 2140 i 1306 0  3 7 2 2 0 0936 3197 0 n  71 0 9219 0  0390 0  0312 3204 G 3032 ( C 7701 0 3 2 3 1 0  2350

3826 0  9 582 0  5415 0  4366 0  H 73 3786 0  6042 G 8013 0 5401 0 1007 3785 ■ 2534 ; 0  0466 0  6063 0 1010

4131 GOCDO ’ 7157 0  3571 0  1431 4093 0 6471 0 9 6 7 4 0  9067 0 4 822 41QB 0  7601 S D 5694 0  5923 0 2 5 6 4

4695 -0 6424 •0 0457 0  1092 0 2163 4703 0  7726 034C 2 0  4920 0  6SD2 4669 -1 2083 i ■C 9003 •0 2691 0 1200

Ave 0  3825 0  7125 0 3 3 8 8 0  1426 Ave R *. 0  4767 0 7327 0 4699 0  3025 Ave R « 0 1255 : 0  3235 0  3131 0 2001

Tarbtrt
D istance FEB 27 Event D istance MAR 23 Event Distance

--------------
APR 10 Evert

from the M easured R ouse number values at 9  aC from the M easured R ouse number ve*ues et 9  BC from the M easured R ouse number values at ’6  aC
nght bank

( f t )

Sand s iz e  fractions ngnt bank Sand s iz e  fractions nght bank Sard s ize  fractions

CS MS : f s  i ‘VFS i « ) C 5  i
MS I FS VFS (f t ) CS MS FS vTS

1417 0  0437 0  6702 j G 6424 ; 0 2355 ’ 368 OCOOO ; i  4648 0  6732 0  322e 1371 1 2 402  ; 0  4 X 7 0  2697 0 1 1 4 8

2204 0  0670 0  5402 j 0 1 0 0 1  : 0 16E7 2169 0  8647 j G 7122 0 5 1 6 6 0 2263 2 ’ 29 * 2934  ! C61C9 0  3062 0  1325

2797 0 2282 <3 1226 ! 0  2099 i 0 3 * 9 8 3023 00000 1 -0 0395 0 2292 0  1900 2 7 X 0 7451 ; 0  4842 0  4610 0 1936

34Q9 0  1543 0 3 5 6 7 ! J  2429 : 0 *621 3370 ooooo ! 0 1750 I 0  5219 0  1392 3369 0 7Q’ 6  I C 6963 0 6 1 3 ? 0  3216

Ave R«* 0 1201 0  3682 : 0 2150 0 2024 Ave R«m 0 2162 ! G 5754 j 0 4055 0  2196 Ave 0 9 9 6 1 C 5555 0  4327 0 1 9 0 7

D istance APR 17 Event D istance MAV 0  Everrt C istance JUN 9  Even

f r a m  the M easured R ouse number values at 16 aC from the Measured R ouse number v a u e s  at 19 a C from the M easured R ouse number van.es at 76 *Z

nght bank 
( f t )

Sand s iz e  fractions ngnt bank Sand s iz e  fract cn s ngnt bark j Sard s ize  fractions

CS MS 1  FS ; VFS ( f t ) CS MS ! CS v * S ( f t ) C S MS CS *TS

1365 0 0000 0  9294 j 0  3372 , 0  2239 ’ 357 0 6 5 6 4  , • 0513 I 0  2874 0 2 9 1 7 1377 Q 7 Z 7  9 C 7462 0 5901 0 202*

2180 1 0717 0  3406 t Q 5 3 6 0  : Q 2041 2 ’ 52 0  3547 i 0  3177 ! 0  4505 0 1 6 B 3 210B 0 8 9 5 2  : 0  4585 0  3952 0  3061

2780 0  9412 0  7290 i G 40 70 1 0  ’ 956 2 7 © 1 2942 | ■2 8315 ! 0  4474 0 1620 2768 i 0 6 4 5  : G 4846 0  349G 0 1260

33B2 1 2020 0 6256 1 0  42D7 ; 0  1064 3367 0  9307 1 G 4943 | 0  3692 0  2491 3373 • 1465 ! 0  4467 0  3342 0 H 02

Ave R « * 0  9037 0  6561 1 0 * 4 6 2  ; a  1826 Ave 0  9090 I 0  6737 1 0 3 0 0 6 0 2175 Ave R * . 0  9 5 3 6  i C 5340 0  4171 Q 1062

D istance AUG 3 Event

from th e M easured R ouse number values at 31 *C
nght bank Sand s iz e  fractions

[ f t ) CS MS ! FS 'A S
•300 1 Q’ 46 •0 1627 j 0 5 394  : Q 3333
2106 0  1479 0 8210 f a  7950 i 0 2480
2783 1 2973 0 5 1 3 4  ! 0 2967 ■ D ’501
3390 0 2313 0 2601 i Z 2451 0 231c

Av* R^n 0  6979 0  3599 ! G 4666 0  2550
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APPENDIX C -  FIGURES
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L iar I i  
February 1’  • April P

Maximum

«• :  4 h  * i n  i :  i 4  ! r> i s

W iicr Temperature. T ("(')

Figure C.I .  The effect o f  water temperature on the von Karman parameter for 

approximately same discharge events at Line 13.

L iar 6 
F rb rvarx  2" • \p r i l  I"

M in im u m

8 in i;
Water Temperature. T <*C'|

Figure C.2. The effect o f water temperature on the von Karman param eter for 

approximately same discharge events at Line 6.
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T arbert 
F t h r a a n  2“* - A pril I*

I >:

EJ  OH

Vverage

k 0  <**»5 f  • u  <*»2?

H l u  12

H a ie r  Temperature. T <#C)

Figure C.3. The effect o f  water temperature on the von Karman parameter for 

approxim ately same discharge events at Tarbert.

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




