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ABSTRACT
SEDIMENT TRANSPORT RELATIONS 

IN ALLUVIAL CHANNELS

This dissertation presents new methods for predicting sedim ent transport in 

alluvial channels. The new  methods were developed based on simple equations and easy- 

to-apply parametric relationships and can be applied to a  wide range o f  river conditions. 

M odifications o f  Posada (1995), Simons et al. (1981) and Laursen (1958) equations and 

Laursen graph with a w ide range o f  field and flume data are presented.

The first step w as to test the applicability o f  10 selected sedim ent transport 

relations, including Einstein (1950), Laursen (1958), Bagnold (1966). Toffaletti (1969), 

Shen & Hung (1972), A ckers & W hite (1973), Yang (1973). Brownlie (1981). Karim & 

Kennedy (1981) and Karim  (1998) using field data o f  alluvial rivers. Review and 

evaluation o f  some o f  the com parison results between computed and m easured sedim ent 

discharges by previous researchers were conducted. A  summary o f the selected equations 

which had the best fit o f  sedim ent transport to the m easured values is also presented.

The relation and correlation o f  hydraulic geom etry and sedim ent characteristics to 

the sedim ent transport rates were examined carefully. Velocity, slope, flow depth, and 

dim ensionless unit stream pow er which have best correlation for various river-beds and 

river channel sizes to the m easured sediment transport rate were used to m odify one or 

two existing equations. Using statistical approaches and non-linear optim ization, simple
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sedim ent transport relations were developed so they can be easily applied and be used for 

practical purposes.

A total o f  4532 data sets from 33 river systems in the United States o f  America. 

South America, and A sia were used for analysis and verification. The field data w ere 

divided randomly into two groups; one for analysis and the o ther for validation and 

verification. In addition, 919 sets o f  laboratory data from 19 sources were added to verify 

the proposed m ethods.

The data w ere divided according to the mean diam eter particle o f river-bed 

materials ranging from  silt to gravel, including silt-bed rivers, very fine to fine sand-bed 

rivers, medium to very coarse sand-bed rivers, and gravel-bed rivers. The data also w ere 

grouped according to river size, including small rivers, interm ediate rivers and large 

rivers.

Robert J. Kodoatie 
Civil Engineering Department 
Colorado State University 
Fort C ollins, CO 80523 
Spring 2000
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Chapter 1 
INTRODUCTION

1.1. Background

The mechanics o f  sedim ent transport comprise a technical science in w hich the 

processes o f  erosion, transportation and deposition o f  sediment take place under gravity, 

w ater flow, waves and wind (W ang et al., 1997). Engineers and geom orphologists have 

been studying sediment transport in rivers for many decades and the study still continues 

since this subject involves com plex interactions among many interrelated variables 

(Sim ons & Senturk, 1992; Ackers & W hite, 1973 & 1980).

M any sediment transport relationships for alluvial rivers have been proposed 

during the last 50 years based upon simplified and idealized assumptions. D ue to  the 

com plexity, most existing equations are em pirical and semi-empirical and/or heavily 

based on assumptions w hich are not yet justified (Cao et al., 1997; Pacheco-Ceballos, 

1989; Tywoniuk, 1972). Some m ethods have been developed based on theoretical 

considerations and/or statistical interpretations o f  data, and some based on the physics o f  

particle motion. Other m ethods have been developed from experimental w ork, some 

were derived empirically, and som e represent a combination o f  theories, experim ents and 

em pirical methods.

Investigations o f  sedim ent movement have been conducted in the laboratory using 

granulated coal, glass o r synthetic material. On the other hand, in practice engineers have

I
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dealt with a variety o f  granular m aterials in applying the governing laws o f  the transport 

and movement o f  sediments (Bogardi. 1978). Besides, in nature, three-dim ensional time- 

dependent phenomena have still to be studied, for which the available knowledge is 

mostly not yet sufficient (Overbeek. 1979: Borah et al.. 1982a & 1982b). However, field 

verification data have not been used to validate the various relationships to a significant 

degree (Simons and Senturk. 1992).

Although methods and procedures in water resources developm ent have become 

increasingly improved, sedimentation problems, as have been recognized by most 

investigators, are still complex and w arrant further investigation (W illiam s & Julien, 

1989). During the development, none o f  the methods could calculate precisely the 

sediment transport and give satisfactory results, which encompass all conditions. In other 

words, there is no single equation w hich can calculate sediment transport for the entire 

range o f conditions in the field (A lonso et al.. 1982: Shen & Hung. 1983: Steven and 

Yang. 1989: Simons & Senturk. 1992: Julien. 1995). As a result, calculations o f 

sediment transport using existing m ethods for specific rivers with the sam e input data 

will produce a wide range of results. It can be concluded that although the various 

problems in sedim ent study should be solved gradually and separately, every sediment 

study should be continuously checked and compared with other related investigations 

(Bogardi. 1965). Because o f  the com plexity, analysis o f the best by comparison o f 

several sediment transport equations is often academic (ASCE Task. 1982). Specific 

equations are based upon limited data and they may not fit the whole spectrum  o f data 

from flumes, canals and rivers (Yang and Wan. 1991). Therefore, engineering judgm ent
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m ust be used and factors/parameters related to best tit o f  available data are very 

important.

Rivers carrying huge sediment loads are easily found throughout the world. Most 

sedim ent transport equations can accurately predict the sedim ent movement in small 

rivers since this m easurem ent is relatively easy. However, due to the difficulty o f 

gathering inform ation and data for large rivers, extrapolation o f  methods to estimate 

sedim ent loads may not give proper and accurate results (Posada. 1995). As a result, the 

subject o f  total sedim ent load transport in large rivers is still challenging and needs 

further investigation.

1.2. P u rp o se

The purpose o f  this study is to test the applicability o f  selected sediment transport 

relations with field data and to modify one or two existing equations or to create one or 

m ore new equations o f  total load sediment transport.

1.3. O bjectives

The objectives o f  the study include:

1. To use all o f  the field data to test the applicability o f  the ten sediment transport 

equations for alluvial rivers.

2. To analyze the correlation o f hydraulic geom etry and sedim ent characteristics in their 

contribution to the sediment transport rates.

3. To modify one or two existing equations and to create one or more new equations o f 

total load sedim ent transport.

4. To apply the modified equations and possible new' equations to selected rivers
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5. To acquaint the engineering profession with limitations o f  reviewed total load 

equations o f bed material transport.

1.4. Scope

The scope o f this study includes:

Utilize the ten sedim ent transport equations developed from 1950 to 1998 by various 

authors and field data from rivers and to determine the applicability o f  these equations. 

The sedim ent transport equations include:

1. M ethods based on energy and stream pow er concepts, including those of: Einstein 

(1950). Laursen (1958). Bagnold (1966). Toffaletti (1969). Ackers & White (1973). 

and Yang (1973).

2. M ethods based on regression analysis o f comprehensive data sets, including those of: 

Shen & Hung (1972). Brownlie (1981a). Karim and Kennedy (1981). and Karim 

(1998).

Field data sets from various rivers (33 river systems) were used. These field data 

include: 1) ACOP Canal and 2) CHOP Canals in Pakistan. 3) American canals. 4) the 

A tchafalaya River. 5) the Am azon River & the Orinoco River. 6) Black River. 7) India 

canals. 8) the Chippewa River. 9) the Chulitna River. 10) the Colorado River. 11) the Hii 

River. 12) the Middle Loup River. 13) the Mississippi River. 14) Mountain Creek. 15) the 

N iobrara River near Cody. 16) the North Fork Toutle River. 17) the North Saskatchewan 

River & the Elbow River. 18) Oak Creek. 19) the Red River. 20) the Rio Grande River 

21) Rio Grande Convey Channel, 22) the Rio Grande River in Columbia, 23) Rio 

M agdalena and Canal del Dique, 24) River data o f  Leopold, 25) Rivers in Portugal. 26) 

the Snake River and the C learwater River. 27) the Susitna River. 28) the Toutle River.
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29) the Trinity River, 30) the Wisconsin River, 31) the Yampa River, 32) the Yangtze 

River and 33) the Yellow River in China.

Additionally, 919 sets o f  laboratory data from 19 sources were selected to verify 

the proposed methods, including 1) Barton &  Lin (1955), 2) Brooks (V anoni and Brooks, 

1957), 3) Franco (1968), 4) Guy, Simons & Richardson (1966), 5) Kalinske &  Hsia 

(1945), 6) Kennedy &  Brooks (1963), 7) Laursen (1958), 8) M eyer-Peter & M uller 

(1948), 9) Nomicos 1 (in TofFaleti,1968; V anoni & Brooks,1957), 10) N om icos 2 (in 

Vanoni &  Brooks, 1957), 11) Onishi, Jain &  Kennedy (1976), 12) Stein (1965), 13) 

Straub (Straub, 1954 &  Straub et al., 1958), 14) Taylor & Vanoni (1972), 15) Vanoni & 

Hwang (1967), 16) Vanoni &  Brooks (1957), 17) Wilcock &  Southard (1988), 18)

W illiam s(1970), 19) Willis, Colem an and Ellis (1972).

1.5. Outline

The dissertation consists o f  9 chapters. Chapter 1 presents the introduction to  the 

dissertation including, the background, objectives, scope and outline o f  the dissertation. 

Chapter 2 consists o f  a  comprehensive review  o f  the literature related to  the theories, the 

problems under examination and the statistical methods which are used.

Chapter 3 presents the source, compilation, and selection o f  field data. Chapter 4 

analyzes the existing sedim ent transport relations. Computation o f  sedim ent discharge is 

obtained by using the selected field data and the selected sediment transport equations. 

Evaluation and comparison o f  the results are  presented. Statistical approaches were used
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including a regression analysis, accuracy, and comparison (Nakato. 1990: Yang & Wan. 

1991; W u(1999): and B echteler & Vetter. 1989).

Chapter 5 presents a  com prehensive review of comparison and evaluation o f  some 

sedim ent transport relations with em phasis on the ten selected sedim ent transport 

relations. This chapter also provides the summary analysis o f  previous authors.

In Chapter 6. new proposed methods are presented and discussed based on results 

o f  the evaluation and exam ination o f  the existing sediment relations disccused in Chapter

5. and the conceptual and theoretical considerations. Selection o f  dim ensionless 

param eters was conducted and the statistical approach and non-linear optim azation were 

used to com pare and to evaluate the proposed and the existing m ethods. Com parison and 

evaluation o f  sediment transport relations are presented and a sum m ary o f overall results 

is given.

Chapter 7 consists o f  verification and validation o f  the proposed methods. Chapter 

8 contains conclusions from main results and Chapter 9 presents recom m endations.
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Chapter 2 
LITERATURE REVIEW

2.1. Background

As stated earlier, the transport o f  sediment in rivers depends upon many 

interrelated variables. There is no single equation that can be applied for all conditions. 

Sim ons and Senturk (1992), based on their extensive laboratory and field experience, 

presented recom m endations to be considered in sediment transport analysis. Some o f  the 

recom m endations include:

1. Exam ine the available transport equations and determ ine which ones are best for a 

specific river system.

2. C alculate the rates o f  transport equations using selected relationships and compare the 

results with field data.

3 Select the relationships w hich best agree with field observations and if  data are 

available, refine this relationship so that it is site specific.

Additionally, Simons (1999) also recommended that i f  the river will be used for 

very im portant purposes, such as dams, navigation, etc., m ore field observation should be 

conducted so that the chosen sedim ent transport relation could be extended to  a wader 

range o f  river conditions.

Einstein (1964) has stated that tw o conditions must be satisfied by every sedim ent 

particle which passes a particular cross section o f  the stream:
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1. It must have been eroded somewhere in the watershed above the cross section.

2. It must be transported by the flow from the place o f  erosion to the cross section.

These conditions will affect the sediment transport rate depending on two relative 

magnitude controls: the transport capacity o f  the channel and the availability o f  material 

in its watershed (Einstein. 1964). For engineering purposes there are two sources o f  

sedim ent transported by a stream: the bed material that makes up the stream  bed. and the 

fine material that comes from the banks and the watershed as washioad (Richardson et 

al.. 1990). This distinction is important because the bed material is transported at the 

capacity o f the stream and as a function o f  measurable hydraulic variables.

When a river reaches equilibrium, its transport capacities for w ater and sediment 

are in balance with the rates supplied (Chang. 1986). In fact, most rivers are subject to 

some kind o f control or disturbance, natural or man-made, that give rise to non­

equilibrium conditions (Jaram illo & Jain. 1984).

Total sediment load can be divided into three equations (Julien. 1995):

1. by type o f movement

(Lr-Lb+Ls) (2.1a)

2. bv method of measurement

(Lr Lm+L„) (2.1b)

3. by source o f sediment (see Figure 2.2)

(L<1 Lw+Lbm) (2.1c)

in which

L r = the total load
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Lb = bed load which is defined as the transport o f  sedim ent particles that are close to or 

maintain contact with the bed 

Ls = suspended load defined as the suspended sedim ent passing through a stream cross 

section above the bed layer 

Lm = m easured sediment

L„ = unm easured sedim ent that is the sum o f  bed load and fraction o f  suspended load 

below the lowest sampling elevation 

L„ = vvash load which is the fine particles not found in the bed material (ds<dio)- and 

originates from available bank and upslope supply 

Lbm = the capacity limited bed material load

bod load suspended load

fotal sedimen! loadTotal sediment load Total sediment load

wash load bed material loadmeasured load unmeasured load

a. B y  ty p e  o f  m o v e m e n t  b. B y  m e th o d  o f  m e a su r e m e n t  c .  B y  so u rce  o f  s e d im e n t

Figure 2.1. Classification o f  sediment transport in streams (rivers)

Transport
capacity
and
supply

▲

\ / \ _ ^ . S e d i m e n l  supply

\  Sediment transport
s __ > — ►capacity (the stream)

- " 'S u p p l y
limited Capacity limited

Wash load
Grain si/.e d.

Figure 2.2. Sediment transport capacity and supply curves (Shen, 197la; Simons & Senturk, 

1992; Julien, 1995)
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As shown in Figure 2.2. the supply limited and the capacity limited are bounded 

by d )0. Einstein (1950) defined that the largest sedim ent size o f  washload is arbitrarily 

chosen as the grain diam eter dio o f  w hich 10% o f  the total bed sediment is finer. Fine 

sedim ent load by definition is the load o f  silts and clays, which have diam eters smaller 

than 0.0625 m m  (W oo et al.. 1986). M any engineers assum e that the smallest size o f  bed 

material load is equal to or greater than 0.0625 mm (Sim ons & Senturk. 1992). However, 

in large concentrations o f  fine sedim ents in suspension, fine sedim ents can be found in 

large proportion o f  the bed with dio m uch sm aller than 0.0625 mm (W oo et al.. 1986). 

Traditionally, the carrying capacity o f  w ash load should be subtracted from the total 

carrying capacity o f  bed material load. However. Qiwei et al. (1989) suggested, besides 

the carrying capacity o f  wash load, the flow discharge percent o f  wash load should also 

be subtracted.

Julien (1995) stated that it is virtually impossible to determined total sediment 

load o f a stream  from any o f  Equations (2.1). Although m any equations have been 

developed there is no sediment transport equation in open channel flow that is truly and 

fully accurate. In other words, a "universal sedim ent transport equation" is not or may 

never be available (Sim ons and Senturk. 1992). In practice, several sedim ent equations 

can be used and the results might be com pared with field data to find the most 

appropriate equation for a specific stream system.

Engineers now use several equations and com pare the results with field 

observation to gain appropriate equations at a selected field site.

The total load sediment transport equations can be classified into three parts 

(Julien. 1995).
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1. Equations which are based on advection-diffusion such as Einstein (1950). Toffaletti 

(1969). Colby (1964), and Simons-Li-Fullerton (1981). These last two methods are 

simplifications o f  E instein 's methods.

2. Equations which are based on energy and stream pow er concepts. Examples o f  these 

are Laursen (1958). Bagnold (1966). Engelund & Hansen (1967). Ackers & White 

(1973). and Yang (1973).

3. Equations which are based on regression analysis o f  comprehensive data sets 

including Shen & Hung (1972). Brownlie (1981), Karim & Kennedy (1981). Karim 

(1998).

Wu and M olinas (1996) classified the fractional sedim ent transport into four

categories:

1. Direct computation by size fraction approach including Einstein (1950). Laursen 

(1958) and Toffaletti (1969).

2. Shear stress correction approach. Some examples o f  this approach are Ashida and 

M ichiue (1973). Parker et al. (1982). Diplas (1987) and W ilcock (1997).

3. Bed material fractional approach including Molinas and Yang (1986) and Karim 

(1998).

4. Transport capacity approach including Li (1988), Karim & Kennedy (1981) and Dou 

et al. (1987).

However. Wu (1999) stated that none o f  the four groups based on fractional

approach satisfies the prediction o f  sediment transport in rivers.
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The equations based on energy and power concepts (six equations) and based on 

regression analysis (four equations) were tested and applied to alluvial rivers with a  wide 

variety o f sedim ent characteristics and hydraulic geom etry data. The results from these 

equations were com pared to the field data collection.

2.2. Total Load Equations Based on Advection-DifTusion, Energy Balance and 
Stream Power Concepts

Six equations for this total load were review ed according to the year they were 

developed: Einstein (1950). Laursen (1958). Bagnold (1966). Toffaletti (1969). Ackers & 

White (1973). and Yang (1973).

2.2.1 Einstein’s Method

Einstein (1950) initiated the indirect approach o f  determining the bed material 

load by summing up the bed load and the suspended load. He was also am ong the first to 

introduce the idea o f  effective shear stress. The total shear stress is considered to consist 

o f  two parts: the shear stress associated with grain roughness x' and the shear stress 

associated w ith form shear stress x".

t  = x’+x" (2.2)

The grain shear stress is effective to transport sedim ent and it is the shear stress 

that would yield the m ean velocity if all the resistances were due to grain roughness. For 

the known values o f velocity and hydraulic radius (or depth in the case o f  large width 

depth ratios), the effective shear stress can be com puted directly from any assumed 

velocity equation and grain roughness parameter. This idea has carried forward in most
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proposed sediment transport relations since then, except for those that are directly based 

on velocity or on both depth and velocity. E inste in 's method is still viewed as a land 

m ark from a theoretical point o f  view. It introduced some fundamental concepts in 

sedim ent transport that w ere later modified or sim plified by others for the computation o f  

sedim ent transport, despite the complexity o f  the diffusion based procedure and some 

uncertainties regarding arbitrarily determined coefficients (Julien. 1995; Yang. 1996).

In Einstein 's approach, the unit bed material discharge for a given size fraction qtj 

was the sum o f unit bed load discharge qbi and the unit suspended load discharge qSj 

and is expressed as

in which

11 and 12 = integrals o f  E instein 's form o f  suspended sedim ent equation and defined by 

Equation (2.6). These relations are plotted in Figure 2.3.

9., = q b, + qs, (2.3)

The unit suspended load discharge is expressed as

9 * = q b , ( P t i. + (2.4)

Accordingly. Equation (2.3) can be rewritten

q„ = qb,0  + P E I i + l z) (2.5)

(2.6a)

(2.6b)

and
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PE = 2.303 l o a ^ = ^  
E w A

(2.7)

in  w h i c h :

Pn = transport parameter defined as 

d = flow depth

A = the apparent roughness o f  the bed surface and equal to k</.\ with ks s  D65 

\  = correction factor and is determined from Figure 2.4. for values ks/5 ' = 11.6v/u*. 

ks = roughness coefficient according to Strickler 

5 ' = thickness o f  laminar sub-layer

Figure 2.3. Function o f 1/ and / .  of Equation (2.6) in terms o f  E fo r values o f  z (Einstein, 

1950)

14

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



0 1 k^5- 10 100

Figure 2.4. Relation between x  and k /S ' (Einstein, 1950)

Equation (2.5) relates the bed-load transport to suspended load transport for all 

size fractions. The effects o f  other size fractions on transport rate o f  a given size are 

accounted for through the treatments in bed load computation. The bed load can be 

obtained from the relations between dim ensionless sedim ent transport function <{>• to the 

tlow intensity function ij/. by the following expression

(2.8)

This equation is plotted in Figure 2.5.

The flow intensity function vg. is expressed as

log(l0.6) V
VU. = c Y  --------- '— r V}/

'  ( jo g (l0 .6 X  A)J
(2.9a)

in which

(2.9b)
T
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4 = sheltering function or hiding correction factor defined by Einstein and given as 

function o f  ds/X (see Figure 2.6a).

dN = particle diam eter

X = the characteristics grain size o f  the m ixture which is given by

X = 0.77A if A /6 '>1.80 (2.10a)

X = 1.395 if  A /5 '<1.80 (2.10b)

The bed material particles smaller than X seem to hide betw een the other particle or 

in the lam inar sublayer, and the lift they experince must be corrected by c (Simons 

and Senturk. 1992).

Y = pressure correction factor for the lift coefficient given as a function o f  d65/5‘(see 

Figure 2.6b). It describes the change in the lift coefficient for m ixtures o f  sizes o f 

bed material that contributes to various bed roughness conditions.

The logaritmic velocity distibution is given by

u . . . .  / _ 0 .3 5 X )
—  = 3.7d Iou j 0 .2 -------
u.

in which

(2 . 11)

u .' = the shear velocity due to grain roughness and equals ./gRb'S 

R b '  = the bed hydraulic radius associated w ith the grain roughness
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Figure 2.5. Relationship between <f>- and y/. for Einstein’s bed-loadfunction (Einstein, 1950)
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Figure 2.6. Hiding factor  c  and pressure correction factor Y in Einstein's bed-load 

function as used in Equation (2.9) (Einstein, 1950)

M ost o f  the concern has centered around the sheltering function or hiding factor 

c. In principle, it is intended to account for difference in mobility o f  the various grain
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sizes in the mixture compared to their mobility in beds o f  respective uniform grain size 

(W u. 1999). In general. E instein 's method over-predicts the transport rates o f  finer sizes 

and under-predicts the transport rates o f coarser fractions (M isri et al.. 1984 and Wu. 

1999). It was also found that this method would often over or under estim ate computing 

suspended sediment transport capacity and may need to be improved by modifying its 

proportionality factor (Cao et al.. 1997).

2.2.2 Laursen’s Method

Based on flume experimental data. Laursen (1958) proposed a sedim ent transport 

equation from the relationship between the condition o f  flow and the resulting sediment 

discharge. His equation for a given size fraction is wnritten (ASCE Task Committee.

in which:

C, = total average sediment concentration in weight per unit volume 

y = specific weight o f water

Pi = fraction o f  bed material for diameter particle size dj

u. = the shear velocity

d| = particle diameter o f size fraction i

d = flow depth

G = specific gravity

t 0' = bed shear stress due to grain size

1971)

- u. \  f
(2 . 12)
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xcl = critical shear stress for sediment size dj

o)j -  fall velocity o f particle size d;

— = ratio o f  shear to fall velocities
o).

f| —  I = functional relation for values o f —  given in Figure 2.7

The bed shear stress due to grain size t0* in lb/ft" (L aursen 's bed shear stress) is

expressed as

(2.13)

in which:

p  = the density o f water 

u = the mean velocity

= mean diameter o f  sedim ent

In Equation (2.12). the parameter ( t0'/Tc, - 1) is important to the determination o f

bed-load. and the param eter (u ./c o ,) relates to the suspended load.

For a median particle size between 0.088 mm and 4.08 mm and with G = 2.65 

(Yang. 1996)

t cl = 4d (2.14)

in which t ci is in lb/ft2 and dj is in ft.

Then, the total dry w eight o f  sediment discharge per unit time and width qT is

q T = qc , (2.15)

in which:
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q = the unit discharge o f water

b e d  l o a d

Figure 2 .7. Functional f(uJ(d) fo r  Laursen's Method (Laursen 1958)

The range o f  flume experim ental data used by Laursen is sum m arized as follows

•  Depth o f  flow ranged from about 0.25 to about 1.00 foot

•  Percentage error o f  the sm allest depth was in the order o f  1 %

• Slope ranged from 0.0004 to about 0.0018 for coarser sand and from 0.0008 to

about 0.0012 for the finer sand.

•  Percentage error o f  slope as large as 10% is possible.

•  The slope was proved as the m ost sensitive index because it was affected by

both the non uniformity o f  flow and the roughness o f  the bed.

•  Mean diam eter had the range o f  0.011 to 4.08 mm
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• This method is intended to apply only to natural sedim ents with specific 

gravity o f  2.65 (ASCE Task Com m ittee. 1971c)

• About 216 lab data from several investigators were used

Although the measurements were all made in laboratory flumes under controlled 

condition, an attem pt by the author to apply the Laursen graph to field data was 

conducted. Field data published by Einstein for Mountain Creek in South Carolina. West 

Goose Creek in Mississippi and by USGS for the Niobrara River near Cody. Nebraska 

were used to predict the sedim ent load. Com paring the result to the measured value was 

only good for Niobrara River, but fair for mountain Creek and W est Goose Creek 

(Simons and Senturk. 1992).

2.2.3 Bagnold’s Method

Bagnold (1966) proposed a sedim ent transport equation for a combination o f bed 

load and suspended load based on the concept o f  energy balance. He also considered the 

relationship between the rate o f  energy available in a stream system and the rate o f work 

being done by the system in transporting sediment. For the bed load he stated that the 

rate o f  doing work is the product o f  available stream power ( t 0u )  and efficiency ea- The 

total load o f  the equation is the sum o f  bed load and suspended load and is given as

in which:

q r -  the total unit discharge expressed in dry weight per unit time and width for any 

system o f  units 

q b = the unit discharge o f  bed sediment load

(2.16)
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qs = the unit discharge o f suspended sediment load

t„ = the shear stress 

t 0u  = the stream power 

u  = the mean velocity 

Co = the fall velocity

eu and a  can be determined from Figure 2.8.

J'i

i -1

2 J At«

Wrr,- r -C'»( Velocity of Fluid fJl.in  feet dj* Secoivj 

a . e s t i m a t i o n  e B

R a t io
tangential to 
norm al shear 
force
( I P = tan u )

Grain 
size ds 
in mm

“i ■=»

W holly viscous 
conditions -  j  r  - -  | —

W holly intcm ai conditioncritical stage Ox

0  3 Cl o «  o a  t o
D im ensionless bed shear stress = t/(y s - y)d%

b. e s t i m a t i o n  o f  a

Figure 2.8. Estimation o f  eB and a  fo r  various conditions (Bagnold, 1966)
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Note that this equation is valid w ith the assum ption that the mean velocity o f  both the 

fluid and the suspended sedim ent is approxim ately equal.

Sim ons and Senturk (1992) stated that Equation (2.16) is applicable for fully 

turbulent flow and for large transport rates.

2.2.4 Toffaletti’s Method

Toffaleti (1969) developed a procedure to calculate total load equation based on 

the concept o f Einstein (1950) and Einstein and Chien (1953). There are three main 

differences between Toffaletti's and Einstein 's methods (Simons and Senturk. 1992). 

Those are:

1. Toffaletti utilized the velocity distribution in vertical

2. Toffaletti developed the E inste in 's correction factors into one com bination

3. Toffaletti utilized the relation o f  dim ensionless transport function <j>* and the flow 

intensity function vp. o f  E inste in 's method at other than the two grain diameters 

above the bed (ds = 28.65 mm  and ds = 0.785 mm).

The depth is divided into four zones: upper, middle, lower, bed zones 

respectively, see Figure 2.9.

The velocity profile is represented by the power relation

= 0 + f lv)u(y /d )n' (2.17)

in w h ich :

u = the mean velocity 

y = the depth o f  flow under investigation 

d = the whole depth o f flow
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The exponent r |v. is given by the em pirical relation

n. = 0 .1 198 + 0.00048T

in which:

T = the water tem perature °F

(2.18)
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Figure 2.9. Toffaleti’s  (1969) velocity, concentration and sediment discharge relations

The concentration distribution o f  the upper, middle and lower zones is given by 

the following equations

- I  5 / ,

c. =c.

c, = c

c. =c,

( y \  

v d /

r v v*'

S - 0  7 5 6 z ,/ v  '

(2.19a)

(2.19b)

(2.19c)

The coefficients o f C uj and Cmi in Equations (2.19) can be expressed in terms o f  Cn in 

Equation (2.19c) based on the continuous distribution o f  the sediment concentration 

profile. The exponent z, is given by
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Z. =
00,11 

C dS

in  w h i c h :

C z = 260.67 -0 .6 6 7 T  

co, = the fall velocity of the sedim ent size dj 

S = the slope o f  the real stream/canal 

Note that the value z, = 1.5r|v when it is less than r v

The unit sediment discharge qs for river is given by the relation

(2 .20 )

(2.2 i)

u

= JuCdy (2.22)

Using a combination o f  Equation (2.19) and Equation (2.22). one can obtain the 

suspended load discharge per unit width in upper, middle and lower zones respectively, 

and those are given by the following relations

9 sin M, f d ]
0  : 4 4 z ,

f d
0  * / ,

d ni - f d 1
n.

n. 111.24 J ,2 .5 ,
u ri (2.23)

Msm, =
M. „ 0  2 4 4 / ,

q 2 U 1 2 4

r a v -

y 2 .5 ,

\1;

11.24

q,i, = ■
M,

nj

f  j   ̂i.n. -o T5Sz,

1 1.24

in which:

M, = 4 3 .2 PlC „ ( l+ r |v)ud0;S!“ ' ’■ 

Hi =1 +r\x -1 .5 z ,

(2.24)

(2.25)

(2.26)

(2.27)
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n : =1 +  r|v  - z ,  (2.28)

H- = • + Tv -0.758Zj (2.29)

pi = the fraction by weight o f  the bed material with mean di

An empirical equation for qsn is given by

0.600pi , ,
9,1: -  7 , w~ , 77T (2.30)

(t tA c k u : ) (d, 0.00058)

I f d, < 0.00029 ft. this equation reduces to

1.095 , ,q.„ =7--------------------------------------------------------------(2*31>
(t tA c k, u - )

in which:

T, = 1.10(0.051 +0.00009T) (2.32)

Ac = a function o f  (lO5 v)' 3/ l 0 u . ’ given in Figure 2.1 l.a

u-’ = the shear velocity due to grain roughness and is o f  function o f  uJ/gvS and

u / yJad^S with d6 5 = ks as given in Figure 2.10

k = correction factor and is given in Figure 2.1 lb

C[ , is obtained by setting qSLi from Equation (2.25) equal to the value given by

Equation (2.30) or Equation (2.31) since C u is the only unknown in the resulting

equation.
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Figure 2.10. Curves fo r the graphical solution o f  the Einstein-Barbarossa equations ( /  952) fo r  

determination o f  R ' (Vanoni and Brook, 1957)
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Figure 2.11. Evaluation o f  factor Ac and correction factor k (Toffaletti, 1969)

The bed load discharge qbj is given by

q bl (2.33)

27

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



in  w h i c h

Mi is given by Equation (2.26) 

r | 3  is given by Equation (2.29)

Then the unit bed-material load discharge for the sediment o f  size dj is given by

q„ = q b, + q Su,+ 9 ^ , + q si, c2*34)

The procedure was applied by Toffaletti to a total o f  600 cases including 339 

cases o f  river data and 282 cases o f  model studies. The data include (Toffaletti. 1969):

•  for river data:

1) the Atchafalaya River at Simmesport. Lousiana. 2) the Mississippi River at Tarbert 

Landing. 3). the Mississippi River at St. Louis. Missouri. 4) the Red River at 

A lexandria. Lousiana. 5) the Rio Grande River near Bernalillo. New Mexico. 6) the 

M iddle Loup River at Dunning. Nebraska, and 7) the Niobrara River near Cody. 

Nebraska.

•  model studies:

1) John F. Kennedy (1961). California Institute o f  Technology. 2) V.A. Vanoni and 

N .H. Brooks (1957). California Institute o f  Technology. 3) G.N. Nomicos. California 

Institute o f  Technology, 4) H.A. Einstein and Ning Chien (1953b). University o f 

California. Institute Eng. Research. 5) H.P. Guys. D.B. Simons, and E.V. Richardson 

(1966). Colorado State University. 6) U.S. Engineer Waterway Experiment Station 

(not published).

The results o f  comparison o f  computed versus measured loads that covered a very 

wide range o f  conditions shows the proposed method to be consistently satisfactory for
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all conditions tested. Although, there are some cases that show  wide discrepancy in the 

comparison. However. Toffaletti stated that consideration to the degree o f  accuracy o f  the 

reported data should be taken into account.

2.2.5 Ackers and White’s Method

Ackers in 1972 developed the theory for total load sediment transport based on 

B agnold 's stream power concept. The dimensional analysis and physical argum ent in 

deriving the form o f the functional relationship were used. Ackers and White 

summarized the theory' in 1973. Their theory was tested mostly against flume data and 

limited comparisons with field data. They proposed the general total load that determines 

the rate o f  transport rate in terms o f  three dim ensionless parameters: sedim ent mobility, 

grain size and sediment transport.

The sediment mobility is described by the ratio o f  the effective shear force on unit 

area o f  the bed to the immersed weight o f a layer o f  grains (Ackers & W hite. 1973 and 

1980). They stated that only part o f  the shear stress on the channel bed is effective in 

causing the movement o f  coarse sediment. For fine sedim ent, however, suspended load 

m ovement predominates and the total shear stress contributes effectively to sediment 

motion. Accordingly, the sedim ent mobility is described by the equation

(2.35)

in which

C,\w i is dependent on sedim ent size. It is zero for coarse sedim ent and unity for fine 

sediment.
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The dim ensionless grain size was derived by elim inating shear stress from the two 

Shields param eters: or from the drag coefficient and Reynolds N um ber o f  a settling 

particle by elim inating the settling velocity: or dim ensionally. with im m ersed weight o f 

an individual grain, fluid density, and viscosity as the variables (Ackers and White. 1973 

and 1980). This variable is therefore generally applicable to coarse, transitional, and fine 

sedim ents. The dim ensionless grain diameter d- is expressed as

d . = (g - i)b
-il .3

(2.36)

Then the total sedim ent concentration by weight is given by

C w = C,uv:G -j - 
d

/ \ ( c  \u A W 5 j

V u - , c\ A W 5  /
(2.37)

in which

C A\vi. Ca\v2 - Caws . and C Aw4 depend on the dim ensionless particle diam eter d*.

The relationships for C Awi- C A\V2 . C A \ \ 3  . and C AW4 obtained using flume data for 

particle sizes ranging from 0.04 mm to 4.0 mm are

For 1.0 < d* < 60.0,

C AW, = 1.0 -  0.56 log d .

LogC AW2 = 2 .8 6 logd . - ( lo g d . ) : -3 .5 3

(2.38)

(2.39)

C
0.23 

*w, -  d : . + 0.14 (2.40)
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(2.41)

For d* > 60.0,

C ,w ,= 0 . C AVV2 =0.025, C AW 3 = 0.17. C AW4 =1 .50 (2.42)

Incipient motion occurs when C..\W3 = C,\w?- Such a condition agrees well with 

Shields' criterion for coarse sediment, whereas for fine material, it gives between Shields 

and White (Julien. 1995). For the motion o f  fine and very fine sand, this method tends to 

overestimate the concentration.

2.2.6 Yang’s Method

In the derivation o f  sedim ent transport. Yang (1972) concluded that the 

assumption that sediment transport rate could be determined from water discharge, 

average flow velocity, energy slope, or shear stress is questionable. In other words, the 

generality and applicability o f  the sediment transport equation derived from one or more 

o f these assumptions are also questionable.

Yang introduced the unit stream power defined as the potential energy dissipation 

per unit weight o f  water and it is the product o f  velocity and slope. In other words, the 

rate o f  energy dissipation used in transporting sedim ent should be related to the rate o f 

sedim ent being transported (Yang & Kong. 1991).

Yang (1973) considered that the relevant variables to determine the total sediment 

concentration include the unit stream power, shear velocity, kinematic viscosity, fall 

velocity and the median particle diameter. The equation for the total load sediment 

concentration can be expressed as
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From the analysis oF 463 data sets from the laboratory flume for the 

dim ensionless regression relationships for the total sedim ent concentration Ct in ppm by 

weight are

1. For sand (Yang, 1973)

log C DDm = 5.435 -  0.286 log ̂  -  0.457 lo s —  +
V G>

1.799 -  0.409 log ̂  -  0.314 log —
V CO )

\  (u S  u cS N l o g  —
GJ CO j

(2.44)

This equation has a  correlation coefficient o f  0.971 and a  standard error o f 

estim ate o f  0.188 in term o f logarithmic units for the 463 sets o f laboratory data.

2. For gravel (Yang, 1984)

log C = 6.681 — 0.633 log -  4.816 log —  +
V G)

2.784 -  0.305 log — — -  0.282 log —
V G) j

loa
uS u„S
co co

(2.45)

in which dimensionless critical velocity uc/w at incipient motion can be expressed as

G)
2.5

u.d
lo g  ' -  0.06

v

+  0.66 (2.46)

u .d
for 1.2 < -----   < 70  (sm ooth, transition to rough)

v

and
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^  =  2.05 (2.47)
co

for s > 70 (hydraulically rough) 
v

These equations are dim ensionless including the total sedim ent concentration Cppm in 

ppm by weight, 

in which

uc = the average velocity at incipient in motion

uS = the unit stream power

uS/co = the dim ensionless unit steam  power.

For these equations, flume and field data range from 0.137 to 1.71 mm  particle 

size and water depth o f  0.037 to 49.9 feet were used to develop the equation. However, 

most o f  the data cover medium to coarse sands at flow depths rarely exceeding 3 ft.

The basic form o f  Equations (2.44) and (2.45) can be also derived theoretically 

from turbulence theories (Yang & Molinas. 1982). They made a step-by-step derivation 

to show and prove that the sedim ent concentration is indeed related directly to unit stream 

power.

2.3. Total Load Equations Based on Regression Analysis

Four equations based on regression analysis from data were evaluated. These are: 

the Shen & Hung m ethod (1972). the Brownlie method (1981). the Karim & Kennedy 

method (1981), and the Karim method (1998).

33

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



2.3.1 Shcn and Hung's Method

The assumption o f  this method is that sediment transport is such a com plex 

phenomenon that no single Reynolds number. Froude number, o r a combination o f  these 

parameters can be utilized to describe sedim ent motion under all conditions (Simons and 

Senturk. 1992). They recommended a regression equation based on available data for 

engineering analysis o f  sedim ent transport. They selected the sedim ent concentration as 

the dependent variable and the fall velocity in ft/s o f the median diam eter o f bed material, 

flow velocity u in ft/s. and energy slope as independent variables. The concentration o f  

sedim ent in ppm is given as a power series o f the flow parameter, based on 587 sets o f 

data in the sand-size range o f  particle diam eter o f  the river-bed.

lo g C ppm = (-107.404.459 + 324.214.747Sh -  326.309.589Sh: + 109.503.872Sh; ) (2.48) 

in which

Sh -
( uS" S ''5" A° 00750,89

u 3 1 9 8 8  ^03 j
(2.49)

The fall velocity o f  the sedim ent particles was corrected to the actual m easured 

water temperature but no attempt was made to include the effect o f  significant 

concentrations o f  fine sedim ent on bed-material transport. It is important not to round 

coefficients and exponents o f  Equation (2.48) and Equation (2.49).

The procedure was applied by Shen & Hung to a total o f  587 cases including 63 

cases o f 2 river data and 524 cases o f 11 model studies. The data include (Shen & Hung. 

1971 : Shen. 1971b):

•  for river data:
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1) the Middle Loup River at Dunning. Nebraska (see Hubbel & M atejka, 1959). and

2) the Niobrara River near Cody. Nebraska (see Colby & Hembree. 1955).

•  model studies:

1) H.A. Einstein and Ning Chien (1953b). University o f  California. Institute Eng. 

Research. 2) G.N. Nom icos. California Institute o f  Technology (Nom icos. 1954-55).

3) V.A. Vanoni and N.H. Brooks (1957), California Institute o f  Technology. 4) G.N. 

Nomicos. California Institute o f  Technology (Nom icos. 1956). 5) John F. Kennedy 

(1961). California Institute o f  Technology. 6 ) Stein (1965), 7) H.P. Guys. D.B. 

Simons, and E.V. Richardson (1966). Colorado State University, 8 ) W illiams (1967). 

9) U.S. Engineer W aterway Experim ent Station (Toffaletti. 1969). 10) Lee (1969) 

and 11) Schneider (1969).

This equation applies quite well to tlume data, but tends to predict a lower 

sedim ent bed-material concentration than the measured values for large rivers like the 

Rio Grande River, the M ississippi River, the Atchafalaya River, the Red River, and some 

large canals in Pakistan (Sim ons and Senturk. 1992).

2.3.2 Brownlie’s Method

Brownlie (1981a) proposed the following equation for the sediment concentration.

Cpprn-

f  V  978 x -0.3301

c  = 7115c „p p m  n

U — U„

8d .

q  06601

-O.jo

(2.50)
< U

and
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u = the mean velocity

uc = velocity given in terms of Shields dimensionless critical shear stress x*c.

F20 = critical grain Froude number 

t«c= the critical Shields parameter 

Rh = hydraulic radius 

St = the friction slope

(7 2 = the geom etric standard deviation o f  the bed m aterial, and is unity for uniform 

material

cn = the coefficient, is unity for laboratory data and 1.268 for field data

The critical Shields param eter is calculated by the following equation as defined 

by Brownlie.

t . c = 0 .2 2 Y + 0.06(10)~77Y (2.52)

in w hich

(2.53)

in w hich

Ro = the grain Reynolds number defined by.

(2.54)
v
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v = the kinematic viscosity of water

Flow Regime (Bed form  configuration)

Brownlie stated that for a given set o f  independent variable, there are two possible 

solutions o f hydraulic radius Rh. one for the upper flow regime and the other for the 

lower flow regime. Accordingly, a way to decide which flow regime is needed in alluvial 

channel analysis. The flow regime is based on four dimensionless quantities: grain 

Froude number (F 2); ratio o f  the median grain size to the laminar sublayer (dso/6 ): bed 

slope (S) and the geom etric bed material gradation coefficient (crg). These four quantities 

account for both bedform configuration and grain roughness in a channel cross section.

Brownlie defined the grain Froude num ber and the ratio o f  the median grain size 

o f  the particles to thickness o f  the laminar sublayer as

in which

5 = thickness o f lam inar sublayer

u -'=  the shear velocity, assumed to be equal to u*

v = the kinematic viscosity o f  water

Brownlie plotted the grain Froude num ber versus slope for all upper and lower 

flow' regime data as shown in Figure 2.12.

F (2.55)

d.p  u. d50
ir~ ii.6v (2.56)
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Figure 2.12. Determination o f flow regimes — grain Froude number, Fg, plotted versus slope, S 

(after Brownlie, 1981a)

From this figure, it is obvious that beyond the slope o f  S = 0.006 only upper 

regime exist. For slope less than 0.006 an approxim ate dividing line o f  upper and lower 

flow regime data can be defined by

This line represents the threshold between lower flow regime and upper flow 

regime. However, the overlap along this line indicates that an additional variable will be 

needed to improve the definition o f transition zone.

The relationship between Fg/Fg' and D5 0 / 6  for transition data w ith S < 0.006 is 

plotted in Figure 2.13. The transition zone can be defined by the following equations,

- lower limit of the upper flow regime

F. = F '=  1,74S~‘ 3 (2.57)

-0 .02469+  0.1517 lo g -  °-<2  (2.58a)
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l o s —  - lo s l .25 -  F • for >  i (2.58b)

upper limit of the lower flow regime

F d
log = -0 .2026  + 0.07026 l o g - ^  + 0.9330 

F„' 5 V /
for ^ . < 2  

5
(2.59a)

lo a — = log 0 . 8 for i ^ > 2 (2.59b)

Between these values (as also shown in Figure 2.13) lies the transition regime.
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Figure 2.13. Viscous effect on the transition zone from  lower to upper flow  regimes (after 

Brownlie, 1981a)

Considering the bed form configuration in wide channels with d s  Rh. the flow 

depth for the lower flow regim e can be calculated from.

RhSf = 0.3724(q.Sf )0 « J9 Sf0 <wl“ CTe 0 1050 (2.60)

and for the upper How regime.
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(2.61)

in  w h i c h

q. = dimensionless unit discharge = q

R
Inserting the results o f  —— from Equations (2.60) and (2.61) into Equation (2.50)

d =o

w ith ds =dso one can obtain the sedim ent concentration for both the low er and the upper 

flow regimes, respectively.

The data used in developm ent the method were from laboratory data (18 sources) 

and field data (11 river system s). The laboratory data, have a total o f  480 sets o f  data, 

including: 1) Barton & Lin (1955) 26 data. 2) Brooks (1957) (in Vanoni & Brooks. 1957) 

6  data. 3) Costello (1974) 11 data. 4) Daves (1971) 69 data. 5) Foley (1975) 9 data. 6 ) 

Guy et al. (1966) 74 data. 7) N ordin (1976) 33 data. 8 ) Onishi et al. (1976) 14 data. 9) 

Pratt (1970) 25 data. 10) Singh (1960) 20 data. 11) Stein (1965) 44 data. 12) Straub 

(1954) & Straub et al. (1958) 21 data. 13) Taylor (1971) 12 data. 14) Vanoni & Brooks 

(1957) 14 data. 15) Vanoni & Hwang (1967) 6  data. 16) Williams (1970) 5 data. 17) 

W illis (1972) 77 data. 18) Znam enskaya (1963) 14 data. The range o f  data includes:

•  velocity (m/s) m ax 2.017 and min 0.224

• depth (m) max 0.585 and min 0.035

•  slope max 0.01695 and min 0.00269

•  d>o max 1.349 mm and min 0.088 mm (very fine sand to very coarse sand)

• Cppm max 39,263 and min 11
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The field data, have a total o f  519 sets o f  data, including: 1) the Atchafalaya River 

63 data. 2) the Colorado Riv^er 30 data. 2) the Hii River 22 data. 4) the Middle Loup 

River 38 data. 5) the Mississippi River at St Louis 111 data. 6 ) the Mississipii River at 

Tarbert Landing 53 data. 7) the Mountain Creek 75 data. 8 ) the Niobrara River 40 data.

9) the Red River 29 data. 10) Rio Grande Convey Channel 8  data, and 11) Rio Grande at

Bernalillo 50 data. The range of data includes:

• velocity (m/s) max 2.423 and min 0.366

• depth (m) max 17.282 and min 0.108

• slope max 0.001799 and min 0.00001

• d>o max 1.44 and min 0.086 (very fine sand to very coarse sand)

• Cppm max 5.830 min 12.

The restriction o f  input data is shown in Table 2.1. (Brownlie. 1981a):

Table 2.1. Restriction input data used in developing Brownlie's method

No. Parameter Symbol Restriction Reason

1 . Median grain size dso 0.062 < d50 < 2 . 0 Sand onlv
Geometric standard 
deviation o f bed particles

C7g < 5 Eliminate Bimodal distributions

3. Width to depth ratio vv/d w/d > 4 (lab data) Reduce side-wall effect
4. Relative roughness r/d<0 r/dso > 1 0 0 Eliminate shallow water effects
5. Concentration, ppm C C>  10 Accuracy problems associated 

with low concentration

2.3.3 Karim and Kennedy's Method

They carried out a regression analysis o f  the sediment data from laboratory flumes 

and natural streams. A total o f 608 sets o f flume data and 339 sets o f river data were 

used. The sedim ent transport equation proposed by Karim and Kennedy (1981) is
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l o g ------
Ys V(G ~  l)gd

= -2 .28 + 2.97c,,, + 0 .30ck,c k3 + 1.06ckIck. (2.62)

in  w h i c h

u (2.63)
V (G - l) g d 5

1 f  dck: = log — (2.64)

r \

(2.65)
S /

They found good predictions for a large am ount o f  flume and field data.

2.3.4 Karim's Method

Karim (1998) proposed the sedim ent discharge for non-uniform bed sediments. 

The theory behind this is that the evolution o f  a stream bed is not only determined by the 

total sediment discharge but also by how  much sedim ent in each size fraction is 

transported by the flow.

The total sedim ent discharge per unit width qs for uniform sediments, developed 

by Karim and Kennedy (1981. 1983) can be rewritten as

q< - q q q p o
/  \  

U
2  9 7

( H i )
yj g ( G ~ l ) d 5o J [ > / g ( G _ 1 ) d «  J I  M )
For non-uniform  sediment discharge Karim (1998) developed a new sediment 

discharge per unit w idth for the ilh fraction. qSi,

qs, =qsd,<J> (2.67)
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in w h i c h

(j>i = the weighing function for ith fraction and is expressed as

4>i =P„n (2.68)

in which Pai and r\ are the areal function o f  bed material in ilh size fraction and the 

sheltering factor respectively. These functions proposed by Karim were expressed as:

p
p = bl (2.69)

and

r| = l . l 5 ^ . (2.70)

in which:

Phi = the volumetric fraction o f  sedim ents in i01 fraction 

n = num ber sedim ent size fractions

From Equation (2.66) through Equation (2.70) the expresssion for sediment

discharge (volumetric) per unit w idth for i1*1 size fraction can be written as

i=l u t

in which:

u* = the bed shear velocity 

u = the mean flow velocity 

o)j = the fall velocity of particles in i01 fraction

- -  n nm to
( \ 

u
297 r  u .> Pbl - I 15 “ 50 f

V g ( G - l ) d ,? L >/g(G -  i )d . J J
t Y  U - 1

A
d,„

, 0  60
(2.71)
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o)5o = the fall velocity o f  particles with median size dso- 

dj = sedim ent size o f  the ith fraction 

G - the specific gravity

This equation was evaluated by applying 194 sets o f  flume and field data 

including one set o f  laboratory data from Einstein & Chien (1953) 26 data, and four sets 

o f river data including: the Missouri River (US Army Corps o f  Engineers 1979) 60 data, 

the Niobrara River (Colby & Hembree. 1955) 30 data, the Middle Loup River (Hubbel & 

M atejka. 1959) 59 data, and the Sacramento River (Nakato. 1990) 19 data.

However the equations o f  Brownlie, and o f  Karim and Kennedy deserve further 

testing (Julien. 1995).

2.4. Statistical Approach

A comparison between computed results and field data was conducted and 

exam ined. From this comparison, ranking for the best fit from the sediment relations was 

tabulated. There are many different statistical parameters which can be used to test the 

goodness o f  fit o f equations and different results could be obtained by selecting different 

statistical parameters (Yang et al.. 1996).

Statistical approaches w'ere used including the mean discrepancy ratio R 0  

(Bechteller & Vetter, 1989: Wu. 1999: Nakato. 1990: Yang & Wan, 1991: and Hydrau- 

Tech. Inc., 1998). standard deviation ctd (Yang and Wang. 1991 and Hydrau-Tech. Inc.. 

1998). scattering o f the discrepancy ratio s (Bechteller & Vetter, 1989). and the
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correlation coefficient Cc (Hydrau-Tech.Inc.. 1998). The equations for each param eter 

are in the following

in which:

X, = computed sedimentation

Yj = measured sedimentation

X = average o f  computed sedimentation

Y = average o f  measured sedim entation

i = data set or point number

N = total number o f  data sets

J = total number o f  point in a given data set

For perfect fit, those values in Equation (2.72) through Equation (2.75) are 

R n = 1 . a n  = 0. s =0, and Cc = 1.

(2.72)

(2.73)

(2.74)

C C (2.75)
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Chapter 3 
SOURCES OF DATA

3.1. Location of Rivers

A total o f  4532 sets o f  field data w ere selected and used to determine and  analyse 

the sedim ent transports in several kinds o f  river-bed and river sizes. The data also 

represent a wide variety o f  locations, including rivers in the USA, in South A m erica, and 

in Asia. The river data include:

1. ACOP Canals (Pakistan Canal)

A total o f  151 sets o f  river data w ere collected and recorded by M ahm ood et al. 

(1979) on five canals in Pakistan. The data include: discharge (1/s), w idth (m), depth (m), 

slope, D 5 0  (mm), gradation, specific gravity, concentration o f  sedim ent (ppm), 

tem perature (°C) and type o f  bed-form .

2. CHOP Canals (West Pakistan Canal)

A total o f  33 data sets o f  n ine canals in W est Pakistan w ere collected by C haudry 

et al. (1970) under the Canal and H eadw orks Observation Program (CHOP) o f  the W est 

Pakistan W ater and Power D evelopm ent Authority, 1962 -  1964, Lahore, W est Pakistan.. 

The data include: discharge ( 1/s), w idth (m), depth (m), slope, D 50 (mm ), gradation, 

specific gravity, concentration o f  sedim ent (ppm ), and tem perature (°C).
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3. American Canals

Simons (1957) obtained a total o f  24 sets o f canal data in Colorado. Nebraska and 

W yoming. However, only 13 com pleted sets o f  data were used in this study

The data include: discharge (cfs). width (ft), depth (ft), slope. D50 (mm), 

concentration o f  sedim ent (ppm), tem perature (°F) and sedim ent size distribution (%).

4. Atchafalaya River

A total o f  72 data sets w ere obtained from Toffaletti (1968) on the Atchafalaya 

River at Simmesporl. Louisiana (see Table B1 and B2 o f  Toffaletti. 1968).

The concentration is the combination o f the m easured suspended load and 

unmeasured load calculated by Toffaletti's procedure. Total suspended sand discharge 

was determined by the Luby method. The given concentration is for sand particle 

(>0.0625mm). The data include: date o f  survey, discharge (cfs). w idth (ft), radius (ft), 

slope (ft/ft). D6 5 (m m ), concentration o f  sediment (ppm), tem perature (°F). measured 

suspended bed-material load (t/day). measured suspended bed-material load plus 

unmeasured (t/day). m easured suspended load concentration (ppm ) sedim ent size 

distribution, measured suspended bed-material concentration (ppm), sedim ent size 

distribution for m easured suspended sedim ent and bed- material, and height o f  unsampled 

zone (ft).

R e p r o d u c e d  with p e r m is s io n  o f  t h e  co p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



5. Amazon & Orinoco Rivers

A total o f  114 data o f  the Amazon and Orinoco River systems can be found in 

Posada (1995). The river systems include: the Amazon. Orinoco. Apure Rivers and their 

tributaries.

The data include: date o f  survey (yymmdd). discharge (nrVs). w idth (m). depth 

(m). median bed diameter (mm), slope (m/m), suspended sedim ent concentration (mg/1), 

temperature (°C). sediment size distribution for suspended load, bed-material load and 

total load (%). unsampled height (m). Values o f  the median diameters were estimated by 

graphical interpolation, assuming a log-normal distribution o f  particle sizes.

Total load discharge is the sum o f  suspended sedim ent discharge in the measured 

zone plus the sediment discharge computed with Modified Einstein Procedure for the 

unmeasured zone. The MEP was developed by Colby and Hembree (1955).

6. Black River

A total o f  17 data sets were collected on the Black River near Gallesville. 

W isconsin USA (Williams & Rosgen. 1989). However, only 7 completed sets o f  data 

were used in this study. The measurement was conducted during 1977 through 1979. The 

data include: date o f measurement, water discharge at the time o f  the bed load 

measurement and at the time o f the suspended load measurement (nrVs). w idth (m), depth 

(m). mean velocity (m/s), water temperature (°C). suspended load (kg/s) and bed load 

(kg/s), bed load particle size distribution and bed material particle distribution. The water 

discharges were determined in some cases from rating curves (velocity and depth from 

hydraulic geometry, and width from bed load measurement) and in other cases by direct
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m easurem ent (the latter also providing v. w  and d). The suspended load was determined 

with a com m on depth integrating discharge-w eighted sam pler (Guy and N orm an. 1970). 

The bed load was sampled with a pressure-difference sam pler called the Helley-Smith 

bed load sam pler (Helley and Smith. 1971).

7. In d ia  C an a l

Chitale (1966) obtained 32 sets o f  canal data in India. The data include: discharge 

(I/s), w idth (m). depth (m). slope. D5 0  (m m ), specific gravity, concentration o f  sediment 

(ppm), tem perature (°C).

8 . C h ippew a R iver

A total o f  6 6  data sets were collected on the Chippewa River near Caryville. at 

Durand and near Pepin. W isconsin USA by W illiam s and Rosgen (1989). However, only 

47 com pleted sets o f data were used in this study, including the Chippewa River near 

Caryville 15 data. Chippewa River at D urand 14 data and Chippewa River near Pepin 18 

data. The measurements were conducted during 1976 through 1979. The data include: 

date o f  m easurement, water discharge at the tim e o f  the bed load measurement and at the 

time o f  the suspended load measurement (nrVs). w idth (m). depth (m). mean velocity 

(m/s), water temperature (°C). suspended load (kg/s) and bed load (kg/s), bed load 

particle size distribution and bed material particle distribution. On the Chippewa River 

near Caryvillea and at Durand, the water discharges were determined in som e cases from 

rating curves (velocity and depth from hydraulic geom etry, and width from bed load 

measurement) and in other cases by direct m easurem ent (the latter also providing v. w
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and d). On the Chippewa River near Pepin the w ater discharges, velocities, widths and 

depths were determ ined from a direct (current-m eter) discharge measurement. The 

suspended load was determ ined with a com m on depth integrating discharge-weighted 

sam pler (Guy and Norm an. 1970). The bed load was sampled with a pressure-difference 

sam pler called the H elley-Sm ith bed load sam pler (Helley and Smith. 1971).

9. Chulitna River

A total o f  43 data sets were collected on the Chulitna River below Canyon near 

Talkeetna. Alaska. USA (W illiam s & Rosgen. 1989). However, only 4 completed sets o f  

data were used in this study. The measurement was conducted during 1982 through 1985. 

The data include: date o f  measurement, w ater discharge at the time o f  the bed load 

m easurement and at the tim e o f  the suspended load measurement (m 7s), width (m). depth 

(m). mean velocity (m /s), water temperature (°C). suspended load (kg/s) and bed load 

(kg/s), suspended load particle distribution, bed load particle size distribution and bed 

material panicle distribution. The water discharges were determined in some cases from 

rating curves (with velocities and widths and depths by the rating curve-area technique) 

and in other cases by direct measurement (the latter also providing v, w and d). The 

suspended load was determ ined with a com m on depth integrating discharge-weighted 

sam pler (Guy and Norm an. 1970). The bed load was sampled with a pressure-difference 

sam pler called the Helley-Sm ith bed load sam pler (Helley and Smith. 1971).
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10. Colorado River

A total o f  131 data sets from the Colorado River were collected by USBR (1958). 

A summary o f  the variables is as follows: discharge (1/s), w idth (m). depth (m). slope. D50 

(mm), gradation, specific gravity, concentration o f sedim ent (ppm), and temperature (°C).

11. Hii River

Shinohara and Tsubaki (1959) collected 38 data sets on the Hii River in Japan. 

Records numbers 1 to 8  were collected from a station at Igaya, 9 to 12 from a station at 

Kurihara. 13 to 18 from a station at side channel A. 19 and 20 from a station at side 

channel B. and 21 to 23 from a station at side channel C. The rest the o f records are for 

accom panying laboratory experim ents made in a wooden flume. The data include: 

discharge (1/s), width (m). depth (m). slope. D50 (mm), gradation, specific gravity, 

concentration o f  sediment (ppm ), and type o f  bed forms.

12. M iddle  Loup River

Hubbel and Matejka (1959) collected 32 sets o f  data on the Middle Loup River at 

Dunning. Nebraska (Section E). The data are from Table 1 (Pages 89-90). Table 3 (Pages 

99-100). and Table 4 (Pages 104-105). To provide sufficient turbulence to cause the 

entire sedim ent loads to become suspended, a turbulence flume was constructed at the 

bridge on State Route 2. Accordingly, it was possible to measure the total load with 

suspended load samplers. The data include: date o f survey (yymmdd), stage 1 (m). unit 

discharge 1 (m 2/s). stage 2  (m). unit discharge 2  (m 2/s). width (m), depth (m). slope
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(m/m), concentration o f sedim ent (ppm ), temperature (°C). sedim ent size distribution for 

suspended load and bed-material load concentration (% ). and sedim ent size distribution 

for m easured suspended sedim ent and bed- material (%).

Stage 1 (m) and unit discharge I (m2/s) were at the tim e o f  w ater discharge 

measurement. Stage 2 (m) and unit discharge 2 (m 2/s) were at the tim e o f  suspended 

sedim ent discharge measurement.

13. Mississippi River

There are three kinds o f  data in this river: two sets o f  data from Toffaletti (1968) 

and one set o f  data from Posada (1995). Data from Toffaletti (1968) include 53 sets o f 

data at Tarbert Landing and 111 sets o f  data at Saint Louis. M issouri. The sediment and 

hydraulic geometry parameters are the same as for the A tchafalaya River.

A total o f  85 data sets on the Upper and Low er M ississippi Rivers and their 

tributaries can be found in Posada (1995). The data include: date o f  survey (yymmdd). 

discharge (mJ/s). width (m). depth (m). median bed diam eter (m m ), slope (m/m), 

suspended sediment concentration (mg/1), temperature (°C). sedim ent size distribution for 

suspended load, bed-material load and total load (%). and unsam pled height (m). Values 

o f the median diameters were estimated by graphical interpolation, assuming a log­

normal distribution o f particle sizes.

Total load discharge is the sum o f  suspended sedim ent discharge in the measured 

zone plus the sediment discharge computed with M odified Einstein Procedure (MEP) for 

the unmeasured zone. The M EP was developed by Colby and Hembree (1955).
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14. Mountain Creek River

Einstein (1944) obtained 100 sets o f  data on the Mountain C reek. Records No. 1 

to 81 were collected on the M ountain Creek, a tributary o f  the Enoree R iver in Greenville 

County. South Carolina. August through N ovem ber 1941. Records No. 82 to 100 were 

obtained on the W est Goose Creek in Tallahatchie River basin about 4 miles west o f 

Oxford. March 26 and 27. 1942. The data include: w etted perimeter (m). area (m2). mean 

velocity (ft/s), slope (m/m). D?o (mm), gradation, specific gravity, total load 

concentration (ppm ), and temperature (°C). W idth was taken to be equivalent to the 

wetted perim eter o f  the bed. Depth was derived from area and width. T he cross section 

was assumed to be trapezoidal and the discharge was obtained by m ultiplying width 

times depth tim es mean velocity.

15. N io b ra ra  R iv e r n e a r  C ody

Colby and Hembree (1955) took a total o f  51 sets o f field m easurem ents on the 

Niobrara River near Cody from July 13. 1949 through July 8 . 1953. N ineteen sets o f  data 

were obtained at the gauging station section and the contracted section and 32 sets o f  data 

were collected at the gauging station only.

This river has a natural contracted section (which was used to measure the 

sediment concentration), cut in bedrock, and its cross section is alm ost rectangular. The 

stream flow observation point was located 580 m upstream o f  this contracted section. 

Turbulence occurred sufficiently in the contracted section to make the suspended load 

nearly the sam e as the total sediment load.
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The data include: date o f  survey (yymmdd). stage 1 (ft), discharge 1 (cfs). 

discharge 2 (cfs). area (ft2). width (ft), depth (ft), velocity (ft/s), slope (ft/mile), 

concentration o f  sediment (ppm), temperature (°F). sedim ent size distribution for 

suspended load and bed-m aterial load concentration (% ). and sediment size distribution 

total load (%).

Stage 1 and discharge 1 were measured at the time o f w ater discharge 

m easurem ent and discharge 2 was taken at the tim e o f  suspended sediment discharge 

measurement.

16. North Fork Toutle River

A total o f  10 sets o f  data were collected on the North Fork Toutle River near Kid 

Valley. Washington. USA (W illiam s & Rosgen. 1989). However, only 2 com pleted sets 

o f data were used in this study. The measurement was conducted from 1985 through 

1987. The data include: date o f  measurement, water discharge at the time o f  the bed load 

measurement and at the tim e o f  the suspended load m easurem ent (nT/s). width (m). depth 

(m). mean velocity (m/s), w ater temperature (°C). suspended load (kg/s) and bed load 

(kg/s), bed load particle size distribution and bed material particle distribution. The water 

discharges were determined by direct measurement (the latter also providing v. w and d). 

The suspended load was determined with a com m on depth integrating discharge- 

weighted sampler (Guy and Norman, 1970). The bed load was sampled with a pressure- 

difference sampler called the Helley-Smith bed load sam pler (Helley and Smith. 1971).
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17. North Saskatchewan River & Elbow River

Samide (1971) collected 55 sets o f  data on the N orth Saskatchewan River at 

Nordegg Bridge and Elbo River near the Bragg Creek Village. The data include: 

discharge ( 1/s), w idth (m), depth (m). slope. D>o (mm), gradation, specific gravity, and 

concentration o f sedim ent (ppm). Tem perature measurements were not published, but the 

values given by Peterson and Howells (1973) have been retained.

18. O a k  C reek

A total o f  17 data from Oak C reek were obtained from the much larger data o f 

M ilhous (1973). The data include: discharge (1/s), hydraulic radius (m). energy slope 

(m/m). D50  (mm), gradation, specific gravity, concentration o f  sedim ent (ppm), particle 

size distibution. and temperature (°C). The equivalent depth and width were determined 

using the com bination o f hydraulic radius and the M anning n values in Figure 9 o f 

Milhous (1973).

19. Red R iver

A total o f  30 data sets were obtained from Toffaletti (1968) on the Red River at 

Alexandria. Louisana (Table B1 and B2). The data collected are the same as on the 

Atchafalaya River.
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20. Rio Grande River

N ordin and Beverage (1965) collected 293 sets o f  data from 6  stations on the Rio 

Grande R iver in New  M exico. M easurem ent o f  hydraulic geometry param eters and 

sedim ent load were held at the following stations: Otowi Bridge near San Idelfson for 

Records No. 1 through 18. Cochiti for Records No. 19 through 8 8 . San Felipe for 

Records No. 89 through 158. near Bernalillo for Records No. 159 through 216. 

Albuquerque for Records No 217 through 270. and near Belen for Records No 271 

through 293.

The data  include: discharge (1/s), w idth (m). depth (m). slope. D 50 (mm), 

gradation, concentration o f  sedim ent (ppm), tem perature (°C). and m easured suspended 

load (ppm). The bed material load is the sum  o f  measured suspended load plus 

unmeasured load com puted by the M odified Einstein Procedure.

21. Rio Grande Convey Channel

A total o f  9 sets o f  data from the Oak C reek were obtained from the m uch larger 

data set o f  Culbertson et al. (1972). The data include:

From Table 1 at pages J26-27: date o f  survey (yymmdd). section number, 

discharge (nT/s). flow area (fit2), surface width (ft), depth (m). slope (m /m ), type o f 

bedform. concentration o f  sedim ent (mg/1), tem perature (°C).

From Table 4 at pages J38-40: sedim ent size distribution bed-m aterial load 

concentration (%). sedim ent size distribution for total load (%), D 5 0  (mm) for both total 

load and bed m aterial load. The total load was assum ed to be equal to the suspended load 

measured at the W eir (Sec. 194).
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22. Rio Grande River near Bernalillo

A total o f  38 data sets were obtained from Toffaletti (1968) on the Rio Grande 

River near Bernalillo. The data collected are the same as on the Atchafalaya River.

23. Rio Magdalena and Canal del Dique

A total o f  113 sets o f data were collected on the Rio M agdalena and Canal del 

Dique. Colum bia by Nedeco (1973). Records No. 1 to 52 were obtained from 10 stations 

on the Rio M agdalena. Records No. 53 to 113 were collected at 10 stations on the Canal 

del Dique. The data include: discharge (1/s), width (m). depth (m). slope. D50 (mm), 

specific gravity, concentration o f sedim ent (ppm), and tem perature (°C). The gradation 

parameter is based on the median and 65 percentile particle sizes with the assumption o f  

log-normal distribution.

24. River Data o f Leopold

Leopold (1969) collected totals o f  72 sets o f data. The data can also be found in 

Brownlie (1981b). The data include: discharge (1/s), width (m). depth (m). slope. D50  

(mm), specific gravity, concentration o f  sedim ent (ppm), and temperature (°C).

25. Rivers in Portugal

A total o f  219 data sets o f  rivers in Portugal were collected by Da Cunha (1969). 

The data include: discharge (1/s), width (m). depth (m). slope (m/m). D50 (mm), 

gradation, and concentration of sediment (ppm).
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26. Snake & Clearwater Rivers

A total o f  21 sets o f  data were collected on the Snake and Clearwater Rivers in the 

vicinity o f  Lewiston. Idaho by Seitz (1976). Records No. I Through 11 were obtained on 

the Snake River near Anatone. Washington and Records No. 12 through 21 were 

obtained on the Clearwater River at Spalding. Idaho. The data include: discharge (1/s), 

width (m). depth (m). slope. D?o (mm), gradation, concentration o f sedim ent (ppm), and 

temperature (°C).

27. S usitna  R iver

A total o f  38 data sets were collected on the Susitna River near Talkeetna. Alaska. 

Alaska. USA (Williams & Rosgen. 1989). However, only 2 completed sets were used in 

this study. The measurement was conducted from 1982 through 1985. The data include: 

date o f  m easurement, water discharge at the time o f  the bed load measurem ent and at the 

time o f  the suspended load measurement (mJ/s). w idth (m). depth (m). m ean velocity 

(m/s), water temperature (°C). suspended load (kg/s) and bed load (kg/s), suspended load 

panicle diastribution. bed load particle size distribution and bed material particle size 

distribution. The water discharges were determined from a rating curve: velocities, 

widths and depths, where given, determined by the rating curve-area technique). The 

Suspended load was determined with a common depth integrating discharge-weighted 

sampler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference 

sampler called the Helley-Smith bed load sampler (Helley and Smith. 1971).
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28. Toutle River

A total o f 31 data sets were collected on the Toutle River near Silver Lake. 

W ashington. USA (W illiams & Rosgen. 1989). H owever, only 9 completed sets o f  data 

were used in this study. The measurement w as conducted during the period i 985 through 

1987. The data include: date o f  measurement, w ater discharge at the time o f  the bed load 

measurem ent and at the time o f  the suspended load measurement (m 7s). width (m), depth 

(m). mean velocity (m/s), w ater temperature (°C). suspended load (kg/s) and bed load 

(kg/s), bed load particle size distribution and bed material particle size distribution. The 

w ater discharges were determ ined by direct m easurem ent (the latter also providing v. w 

and d). The suspended load was determined w ith a com m on depth integrating discharge- 

weighted sampler (Guy and Norman. 1970). The bed load was sampled with a pressure- 

difference sampler called the Helley-Smith bed load sam pler (Helley and Smith. 1971).

29. Trinity River

A total o f  4 data sets were collected by Knott (1974). Records No. 1 and 2 were 

obtained on the North Fork o f  the Trinity River near Helena. Montana and Records No. 3 

and 4 were obtained on the South Fork o f  the Trinity River below Hyampom.The data 

include: discharge (1/s), w idth (m). depth (m), slope. D50 (mm), gradation, and 

concentration o f sediment (ppm ). The tem perature values were obtained from the USGS 

series W ater Resources Data for California.
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30. Wisconsin River

A total o f  20 data sets were collected on the W isconsin River at Muscoda. 

W isconsin. USA (W illiams &  Rosgen. 1989). However, only 9 complete sets o f  data 

were used in this study. The m easurem ent was conducted from 1977 through 1979. The 

data include: date o f  m easurem ent, water discharge at the time o f the bed load 

m easurem ent and at the time o f  the suspended load m easurem ent (nrVs). width (m). depth 

(m). m ean velocity (m/s), w ater temperature (°C). suspended load (kg/s) and bed load 

(kg/s), bed load particle size distribution and bed material particle size distribution. The 

water discharges were determ ined in som e cases from the rating curves (velocity and 

depth from hydraulic geom etry, and width from bed load measurement) and in other 

cases by direct measurement (the latter also providing v. w and d). The suspended load 

was determ ined with a com m on depth integrating discharge-weighted sampler (Guy and 

Norman. 1970). The bed load was sampled with a pressure-difference sampler called the 

Helley-Smith bed load sam pler (Hellev and Smith. 1971).

31. Yampa River

A total o f  24 data sets were collected on the Yam pa River at Deerlodge Park. 

Colorado. USA (W illiams & Rosgen. 1989). However, only 11 completed sets o f  data 

were used in this study. The measurements were conducted during the period 1982 

through 1983. The data include: date o f  measurement, w ater discharge at the tim e o f the 

bed load measurement and at the time o f  the suspended load measurement (nT/s). width 

(m). depth (m). mean velocity (m/s), water temperature (°C). suspended load (kg/s) and 

bed load (kg/s), bed load particle size distribution and bed material particle size
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distribution. The water discharges w ere determined in some cases from the rating curves 

(velocity and depth from hydraulic geom etry and width from bed load measurem ent) and 

in other cases by direct m easurem ent (the latter also providing v. w  and d). The 

suspended load was determined with a common depth integrating discharge-w'eighted 

sam pler (Guy and Norman. 1970). The bed load was sampled with a pressure-difference 

sam pler called the Helley-Smith bed load sampler with orifice six inches high and twelve 

inches wide (Helley and Smith. 1971).

32. Yangtze River

A total o f  40 data sets on the Yangtze River were collected (Long and Liang. 

1994). The data include: date o f  survey (yymmdd). discharge (m 7s). w idth (m). depth 

(m). slope (m/m), concentration o f  sediment (kg/m3). temperature (°C). sedim ent size 

distribution for suspended load and bed-material load concentration (%).

33. Yellow River (lower)

A total o f 2326 sets o f data were collected on the Yellow River (Lower) at seven 

stations and these data can be found in Long and Liang (1994). Records No. 1 through 

339 were obtained at Huayuankou station (HYK). Records No. 440 through 593 were 

obtained at Jiahetan station (JHT). Records No. 594 through 898 were obtained at 

Gaocun station (GC). Records No. 899 through 1209 were obtained at Sunkou station 

(SK). Records No. 1210 through 1605 were obtained at Aishan station (AS), Records No. 

1606 through 1958 were obtained at Luokou station (LK). and Records No. 1959 through 

2326 were obtained at Lijin station LJ.
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The data include: Station code, date o f  survey (yymm dd), discharge (m 7s). width 

(m). depth (m ). slope (m/m), concentration o f  sedim ent (kg/mJ). tem perature (°C). 

sediment size distribution for suspended load and bed-m aterial load (%). bed material and 

suspended load (kg/s), load by size fraction com puted by MEP (kg/s) and total load 

computed by M EP (kg/s).

3.2. Field Data compilation

The data for each river used different formats and different units: for exam ple the 

unit o f discharge variable in some river data used 1/s. while other river data used nrVs. 

Before using the data for analysis, com pilation is needed and the SI units are used. The 

format units used for all variables are shown in the following table.

Table 3.1. The units for variables

No. Variable Unit
1. Date o f  m easurem ent yymmdd
2. Water discharge m 7s
3. Channel w idth m
4. Flow depth m
5. Flow velocity' m/s
6. Mean bed diam eter, dso mm
7. Water surface slope m/m
8. Water tem perature °C
9. Transported sedim ent concentration Cppm

Not all sets o f  data are used for the analysis since in some cases there are no 

sufficient variables. For example, from the total o f  151 sets o f data o f  the ACOP Canal, 

only 142 sets o f  data are used because 9 sets o f  data have no concentration value.

The entire field data were divided into two categories o f  applications: Group 1 for 

analysis o f  the ten existing equations and the new proposed equations. Group 2 for
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verification and validation o f  the proposed methods. To get these groups, the river data 

s e t s  are divided into two parts in random order.

The data are sum m arized in Table 3.2. The complete data are given in Appendix

A.
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T a b l e  3 . 2 .  S u m m a r y  o f  f i e l d  d a t a

No Code Name o( River Date 

of Meat

W ater

Discharge

Q

Channel

width

w

Flow

Depth

h

Flow

velocity

V

Mean bed 

diameter 

ds

W S

Sw temp

Trans 

Sed Conce 

Cppm

Total

Data

Data

Used

Source also  

found in

yymmdc m3/s m m m/s mm m/m 4C

1 ACP Acop Canal (Pakistan) max n a 27 35 0 76 1 02 0 083 00 0 0 0 4 : 12 5 151 142 M ahmood el al Brownlie (1981b)

mm n a 529 140 4 3 0 88 0 364 0 000161 36 2,083 (1979)

2 CHO Chops Canal in Pakistan max n a 28 24 1 31 0 88 0 09 0 000051 11 116 33 33 Chaudhry e t al Brownlie (1981b)

mm n a 428 122 341 1 03 0 311 0 00025- 29 1,317 (1970)

3 AMC American Canal max n a 1 3 0 8 0 48 0 005 0 000051 21 44 13 12 Simons Brownlie (1981b)

mm n a 29 22 2 59 0 51 0  042 0 000331 28 448 (1957)

4 ATC Atchafalaya max 59072: 382 305 6 1 021 0 088 o ooooo: 5 1 72 72 Toffaletti Brownlie (1981b)

mm 65073C 14188 503 14 75 1 91 0 354 0 000051 34 567 (1968)

5 AMO Amazon & Orinoco max 76061-1 9 1 0 93 9 25 0 024 0 00001- 26 0 1 114 85 Posada

min 8702 V. 23500C 3338 68 1 04 1 129 0 000401 33 852 (1995)

6 BCA Black Canal mm 77110E 20 72 0 55 0 4 0 365 0 000111 5 5 53 17 7 Williams & R osgen

max 7905C 163 122 1 9 1 0 53 0 000291 21 1.147 (1989)

7 CHI India Canal max 1 n a 1 4 0 6 7 0 4 0 02 0000057 n a 512 32 32 Chitale Brownlie (1981b)

mm n a 242 79 3 56 0 86 0 082 000016! n a 5,759 ('1966)

8 CHP Chippewa River min 76901 30 6 124 061 0 2 0 4 o 00009: 3 3 66 47 Williams & R osgen

max 79911 884 277 3 2 1 1 155 0000581 26 357 (1989)

9 CHU Chulitna River min 72782 925 98 5 1 7 15 2 5 0 000681 4 450 43 4 Williams & Rosgen

max 8451E 261 123 3 1 2 5 24 5 0 001401 5 5 1,183 (1989)

10 COL Colorado River max n a 77532 91 0 85 1000 7 0 155 0 000037 7 18 131 100 USBR Brownlie (1981b)

min n a 557445 255 3 89 563 08 0 695 0 000407 27 769 (1958)

11 HII Hii River max n a 2 8 0 31 0 73 0 21 0 00084C n a 116 38 38 Shlnohara & Tsubaki Brownlie (1981b)

. mm n a 2 8 0 4 0 74 1 46 0 0 1 130C n a 5,039 (1979

12 MID Middle Loup River max 500301 9 37 0 25 0 98 0 22? 0 000921 1 411 38 15 Hubbel & Matajka Brownlie (1981b)

mm 520924 13 46 041 0 7 0 35 0 001458 31 1,831 (1959

13 MIS Mississippi River max 51052: 1512 456 4 66 071 0 088 0 000011 2 7 164 164 Toffaletti Brownlie (1981b)

mm 65090E 28830 1109 17 28 1 5 0 25 0 00013- 34 511 (1968)

13b POS Missl River (Posada) max 870721 332 164 6 16 0 33 0 172 o ooooo: 3 0 2 85 85 Posada -
min 90062! 34100 1337 5 54 4 6 0 993 0 000177 31 370 (1995)

14 MOU Mountain C reek max n a 0 3 0 04 0 49 0 899 0 001361 15 27 too 100 Einstein Brownlie (1981b)

mm n a 1 4 0 44 0 7 9 0 286 0 00315(1 26 2,601 (1944)

15 NIO Niobrara River max 49071: 6 21 0 42 0 66 0 209 0 001135 1 257 51 19 Colby & Hem bree Brownlie (1981b)

near Cody min 521211 16 22 0 58 1 27 0 268 0 00179! 28 1,600 (1955)

16 NFT North Fork Toutle River min 8611! 124 56 0 85 2 4 6 9 0 00370C 6 5 13268 10 2 Williams & Rosgen
max 86226 137 59 0 85 2 6 6 6 0 0 0410C 8 5 16.364 (1989)
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Table 3.2. continued

17 NSR North Saskat 

& Elbo River

max

min

n a 

n a

5

39

3

6
0 7 3  

2 74

2 11 

2 34

1361 

76 11

0 00158C 

0 007451

13

18

4

760

55 55 Sam ide

(1971)

Brownlie (1981b)

18 OAK O ak Creek max n a 1 4 031 1 03 8 2 0 00970C 5 7 17 17 Milhous Brownlie (1981b)

min n a 3 6 0 53 1 09 27 0 01260C 7 184 (1973)

19 RED Red River max 58110! 190 130 3 0 4 9 0 089 0 000066 3 a 30 29 Toffaletti Brownlie (1981b)

min 64123C 1538 183 7 38 1 14 0 106 0 000082 35 500 (1968)

20RGR Rio G rande River max n a 0 064 8 0 1 6 0 4 0 17 3 0 000691 0 2 293 289 Nordin & Beverage Brownlie (1981b)

min n a 286 122 3 12 0 75 1 909 0 002466 29 11.40C (1965

21 RGC Rio G rande max 650512 25 20 0 89 1 41 0 11 0 000526 3 906 33 9 Culbertson et al Brownlie (1981b)

Convey Channel mm 66050 ' 37 27 1 5 0 89 0 16 0001116 18 3,049 (1972)

22 RIO Rio G rande max 52042! 35 41 0 3 3 261 0 106 0000746 14 463 38 38 Toffaletti Brownlie (1981b)

In Columbia min 61050! 286 197 1 46 0 9 9 0 338 0 000896 27 4,530 (1968)

23 NED Rio M agda & max n a 29 27 1 32 081 0 1 0 ooooo: 30 3 113 75 Nedeco Brownlie (1981b)

Canal del Dique mm n a 10200 845 13 28 091 1 08 0 000626 30 3,000 (1973)

24 LEO River data max n a 83334 89 0 85 1100 £ 0 14 0 000037 6 11 72 55 Leopold Brownlie (1981b)

ol Leopold mm n a 49929C 251 4 11 485 36 0 814 0000346 27 564 (1969)

25 POR Rivers in Portugal max n a 29 70 0 46 0 91 2 204 0000546 10 27 219 219 Da Cunha Brownlie (1981b)

mm n a 660 189 2 44 1 43 2 603 0 000976 10 351 (1969)

26 SNK Snake & max 971 137 4 02 1 76 0 4 0 00024! 6 4 21 17 Seitz Brownlie (1981b)

C learwater Rivers min 3511 198 5 91 3 33 0001216 15 33 (1976)

27 SUS Susitna River mm 82726 796 186 2 4 1 8 34 0001401 2 189 38 2Williams & Rosgen

max 831004 2770 308 4 4 2 1 35 0 002406 9 5 1,462 (1989)

28 TOU Toutle River min 85402 43 2 24 5 0 7 6 17 0 7 0 001906 4 1721 31 9 Williams & Rosgen

max 87126 253 5 69 1 5 2 7 4 75 0 005506 12 23,007 (1989)

29 TRI Tnmty River max n a 40 30 0 85 1 55 3 4 0 002606 6 36 4 3 Knott Brownlie (1981b)

min n a 83 54 12 1 28 118 0 003006 8 675 (1974)

30 WIS W isconsin River mm 32477I 86 9 219 0 82 0 5 0 4 0 000286 7 5 22 20 9 Williams & Rosgen

max 81576 714 310 2 6 0 9 0 49 0 000416 26 110 (1989)

31 YAM Yampa River min 83407 26 3 9 1 0 65 0 6 0 45 0 00040C 5 599 24 11Williams & R osgen
max 71282 447 93 3 9 1 3 0 7 0 000876 20 2,933 (1989)

32 YAN Yangtze River max 820917 4080 1210 3 56 0 95 0 025 0 00000! 8 77 40 40 Long & Liang

mm 851102 4 120C 1530 133 2 02 0 0 6 3 0 00008' 26 1,214 (1995)

33 YEL Yellow River max 560509 8 55 0 53 0 27 0 0 1 8 000001(1 0 67 2326i 1112Long & Liang

mm 901220 13600 3190 11 29 0 38 0 081 000090C 32 482,409 (1995)

Total data min 0 064 1 0 04 021 0 005 0 000002 0 0 1 4.532 2,946
max 557,445 3,338 68 9 25 76 11 0 01260C 36 482,409

65



Based on sediment size four kinds of river data were analyzed:

1. gravel-bed rivers (2 mm < ds < 64 mm).

2. very fine to fine sand-bed rivers (0.062 -  0.250 mm)

3. medium to very coarse sand-bed rivers (0.250 -  2.00 mm).

4. silt-bed rivers (sedim ent size 0.004m m  < ds < 0.0625 mm).

According to the size o f  river (in terms o f  width and depth) the data were divided 

into three different types o f  river including:

1. small river with width <  1 0m  and depth < 1 m.

2. intermediate river with 10 m < width < 50 m and 1 m < depth < 3 m .

3. large rivers with width > 50 m and depth > 3 m.

3.3. Laboratory data

A lthough the main purpose is to propose new methods o f  sedim ent transport 

relation in the field, laboratory data were used for verification (in C hapter 6) o f  the new 

m ethod. A total o f  919 sets o f  laboratory data from 19 sources were selected, including:

1. Barton & Lin (1955) 30 data sets.

2. Brooks (Vanoni & Brooks. 1957) 21 data sets

3. G uy, Sim ons & Richardson (1966) 290 data sets.

4. Franco (1968) 19 data sets.

5. Kalinske & Hsia (1945) 9 data sets.

6. Kennedy & Brooks (1963) 9 data sets.

7. Laursen (1958) 24 data sets.

8. M eyer-Peter & M uller 139 data sets (M eyer. Peter & M uller. 1948 and 

Brownlie, 1981b)

9. N om icos 1 (in Toffaleti,1968; Vanoni & Brooks, 1957) 12 data sets,

10. N om icos 2 (in  Vanoni & Brooks.1957) 26 data sets.
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11. Onishi. Jain & Kennedy (1976) 14 data  sets.

12. Stein (1965) 57 data sets.

13. Straub (1954 & 1958) 24 data sets,

14. Taylor & Vanoni (1972) 6 data sets.

15. Vanoni & Brooks (1957) 15 data sets.

16. Vanoni & Hwang (1967) 16 data sets,

17. W illiams(1970) 83 data sets.

18. Willis. Coleman and Ellis (1972) 96 data sets.

19. Wilcock & Southard (1988) 29 data sets

The range o f  the laboratory data includes: 

discharge (m3/s) : 0 .0 0 1 —4.614

width (m) : 0.267 — 2.438

depth (m) : 0.008 — 1.092

velocity (m/s) : 0.188 —5.547

particle sediment size, dso- (mm) : 0.011 -  28.60 

slope : 0.00015 — 0.0331

temperature o f  water °C : 1.67 — 48.0

concentration (Cppm) : 0 .0 0 3 6 -1 1 0 .9 9 8 .8

The complete data are given in Appendix B.
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Chapter 4 
ANALYSIS

4.1. General

In this chapter the ten sediment relations were used to  calculate the total load o f  

sediment using the data in Group 1. Total load o f  sediment was calculated using mean 

diameter o f  river bed (uniform sediment size).

To make sure that the applicability o f  the existing equations were programmed 

correctly, references o f  other calculations were used as follows:

•  Julien (1995) for programming: Einstein, Bagnold, Shen & Hung, Ackers & White, 

Yang, Brownlie, and Karim & Kennedy,

• Yang (1996) for programming: Einstein, Laursen, Bagnold, Toffaletti, Shen & Hung, 

Ackers & White, Yang, and Karim & Kennedy,

• Wu (1999) for programming: Laursen, Toffaletti, Ackers & W hite, Yang, Karim & 

Kennedy, and Karim,

• Simons and Senturk (1992) for programming: Einstein, Laursen, Bagnold, Toffaletti, 

and Yang,

• Nakato (1990) for programming: Toffaletti, Ackers & W hite, Yang, and Karim & 

Kennedy.
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4.2. Computation of Sediment Discharge

Based on the sedim ent size four kinds o f  river da ta  were analyzed:

1. gravel-bed rivers (2 m m  < ds < 64 mm)

2. very fine to fine sand-bed rivers (0.062 -  0.250 m m )

3. medium to very coarse sand-bed rivers (0.250 -  2 .00  mm)

4. silt-bed rivers river (sedim ent size 0.020 mm < ds <  0.062 mm).

According to the size o f  river (in terms o f  w idth and depth) the data were divided 

into different types o f  river including:

1. small river with width <  10 m and depth < 1 m.

2. intermediate river with 10 m < width < 50 m and 1 m < depth < 3 m.

3. large river with width >  50 m and depth > 3 m.

The Cppm measured and com puted are shown in figures. The discrepancy ratio

R D . standard deviation <td. scattering s and correlation coefficient C c . between 

measured and computed sedim ent discharges are show n in tables. Three kinds o f 

correlation coefficient C c were com puted including: C PPm  computed and Cppni measured, 

parameters and Cppm m easured, and parameters and C p p m  computed.

4.2.1 Gravel-Bcd Rivers

The mean diam eter o f  particle size has the range o f  3.40 mm (very fine gravel) to 

76.11 mm (very' coarse gravel).

Three river data sets were examined including: Saskatchewan & Elbow Rivers 

(55 data). Trinity River (3 data) and Oak Creek (17 data). Saskatchewan & Elbow, and 

Trinity Rivers were used for com putation o f  the sedim ent discharge (Group 1). The Oak

6 9
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Creek and the laboratory data o f  M eyer-Peter-M uller (1948) containing 139 data were 

used for validation and verification.

The river data show a wide range o f  hydraulic geom etric data, including:

•  discharge : 1.331 -8 2 .4 8  m3/s

•  width : 3.05 -  53.95 m

•  depth : 0.307 -  2.74 m

•  slope : 0 .0 0 1 58-0 .0126

The results for computational total sedim ent discharge (Cppm) using the selected 

equations was summarized in figures and tables. The discrepancy ratio R D, standard 

deviation ctd and scattering s o f  Cppm, both com puted and measured, were computed. 

Three kinds o f  coefficient o f  correlation Cc w ere com puted including: Cppm m easured 

and CPPm com puted, parameters and Cppm measured and parameters and Cppm com puted. 

Results o f  com putation o f each param eter are shown in Tables 4.1 and 4.2.

T ab le  4.1. Discrepancy ratio R D, standard deviation od, and scattering s, 

betw een C ppfn computed and measured for gravel-bed rivers

Bagn Ackers Yang' Shen Brown Karim Laurs Karim TofTa Einstein
old White 73 Hung lie &Ken cn letti

Discrepancy Ratio. R D 12.30 0.33 0.10 68.95 4.25 23.45 7.16 4.52 0 .0 1 18.18

standard deviation. a D 12.30 1.47 0.21 68.07 6.68 25.85 13.66 4.45 0.01 24.38
scattering, s 0.92 -1.90 -1.34 1.67 0.34 1.17 0.30 0.45 1 © 1.09
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Figure 4.1. Cppm computed and measured fo r  gravel-bed rivers
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4.2.2 Sand-bed Rivers

The mean diameter o f  particle size has the range o f very fine sand (0.062 -  0.125 

mm) to very coarse sand (1.00 — 2.00 mm).

A total o f  2503 sets o f  data o f  23 rivers were used, including:

1. Amazon and O rinoco River systems 85 data sets

2. American Canal 12 data

3. Atchafalaya R iver 72 sets

4. Colorado River 100 data sets

5. Hii River 38 data sets

6. India Canal 14 data sets

7. M iddle Loup R iver 15 data sets

8. Mississippi R iver (Posada) 85 data sets

9. Mississippi River at St Louis 111 data sets

10. Mississippi River at Tarbert Landing 53 data sets

11. Mountain Creek 100 data sets

12. Niobrara River 19 data sets

13. Pakistan Canal 142 data sets

14. Portugal River 219 data sets

15. Red River 29 data sets

16. Rio Grande (N ordin) 289 data sets

17. Rio Grande Convey Canal 9 data sets

18. Rio Grande near Bernalillo 38 data sets

19. Rio Magdalena & Canal del Dique 75 data sets
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20. River Data o f  Leopold 55 data sets

21. Snake & C learw ater River 17 data sets

22. W est Pakistan (C H O P) Canal 33 data sets

23. Yellow River 893 data sets

The computation w as performed for two kinds o f  sand-bed rivers: very fine to 

fine sand-bed rivers (0.062 -  0.250 mm) and medium to very coarse sand-bed rivers

(0 .2 5 0 -2 .0 0  mm).

1. Very fine to fine sand-bed rivers (0.062 — 0.250 mm)

A total o f  1405 data  sets were used to com pute the total sedim ent load using 

selected sediment transport equations. The river data show a wide range o f  hydraulic 

geometric data, including:

•  discharge : 0.00094 -235,000 m3/s

•  width : 0.35 -3 ,1 9 0  m

• depth : 0.02 -  68.00 m

• slope : 0 .0 0 0 0 0 2 1 -0 .0 1 1 3

The data were divided into two groups: Group 1 (706 data) for computation and 

Group 2 (699) for validation and verification. Results o f  computational total sediment 

discharge using the selected equations were summarized in figures and tables.

The Cppm measured and computed are shown in Figure 4.2.
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Figure 4.2. Cppm computed and measured for very fine to fine sand-bed rivers

The discrepancy ratio R D, standard deviation op  and scattering s o fC ppm, both 

computed and measured, were computed. Three kinds o f  coefficient o f  correlation Cc 

were computed including: Cppm measured and Cppm com puted, parameters and Cppm 

measured and parameters and Cppm computed. Results o f  com putation o f  each param eter 

are shown in Tables 4.3 and 4.4.

Table 4.3. Discrepancy ratio RD, standard deviation od* and scattering s, between 

Cppm computed and measured for very fine to fine sand-bed rivers

B a g n o l A c k e rs  Y a n g ' S h c n B r o w K a r im L a u rs K ari T o ffa l E rn st
d W h ite 73 H u n g n lic & K e n e n m e tti c m

D is c r e p a n c y  R a tio r d
0 . 2 1 5 . 3 1 0 .3 0 0 .3 2 0 .5 1 0 .9 0 0 .3 6 1 .2 8 2 .5 6 0 .6 3

sta n d a r d  d e v ia t io n 0 .4 4 2 2 .2 1 0 .7 0 0 .8 7 0 .8 8 1 .9 2 0 .5 9 1 .72 3 .5 2 1 .0 5

sc a t te r in g  s - 1 . I 6 -0 .0 6 -0 .9 3 - 0 .9 3 - 0 .5 8 - 0 .5 1 - 0 .7 4 - 0 .0 8 0 .1 6 - 0 .9 0
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Tabic 4.4. Correlation coefficient Cc, among C,,,)m computed, C,,,„n measured and hydraulic geometry and sediment 

characteristic parameters for very fine to fine sand-bed rivers

Cppm
Cppm
meas

BagnoldAckers
(white

Yang'73Shen
|Hung

Brownli Karim
Kenn

Laur
sen

Karim Toff a 
letti

Eins
tein

Q
(m5/s)

w
(m)

d
(m)

V

(m/s)
d,
(mm)

s . temp
“C

l o

(N/nf
u.

(m/s)

V)

(mJ/s
d. o

(m/s)
Measured t j i i 1 i
Bagnold 0.36 1 1 1 ! I
Acker-White 0.19 0.54 1 1
Yang'73 0.37 0.85 0.73 1 j |
Shen & Hung 0.51 0.83 0.57 0.93 1
Brownlie 0.58 0.76 0.49 0.86 0.97 1 I
Karim-Kenned) 0.38 0.70 0.68 0.90 0.86 0.79 1
Laursen 0.36 078 070 0792 0784 ■ 079 075 1
Karim D 48 07 8 062 0787 “0701 0790 '  0 74 095 1
Toffaletti 0.52 0.55 0732 0.56 0.67 073 0.40 “ 0.67 078 1
Einstein 0.49 0766 0.53 0.76 0.86 0.88 0.73 0.79 0.90 0.65 1
Q (m’/s) 0.02 -0.03 0.02 0.02 0.02 0.03 0.05 0.01 0.01 0.01 0.04 1
w(m) “  0.37 0 26 0.11 0.31 0.37 0.44 0.22 0.32 0.38 0.45 0.29 0.44 1
d(m) -0.18 -0729 -0.02 -0.16 -0.22 -0.24 -0707 '  -0.16 -0.22 -0.24 -0.12 0.71 0.09 1
v(m/s) 0.58 0.38 0.23 0.43 0766 076 0.42 0.48 0768 0.67 0.74 0.16 0.43 •0.06 1
d, (mm) -0.33 -0.25 -0.15 -0.27 -0.34 -0.39 -0.20 •0.42 -0.52 -0,53 -0.41 0.18 -0.25 0.40 -0.45 1
$ . -0.03 0.56 0.02 0.12 0.08 0.02 0.05 0.01 -0.01 -0.05 -0.02 -0.05 -0.10 -0.15 -017 0.26 1
Temp (C) 0.17 -0.05 0.01 0.03 0.05 0.13 0 10 -0.07 -002 0.13 0.09 0.08 0.11 0.06 0.06 •0.02 -0.03 1
t„ (N/m2) 0 16 0.39 0.31 0.47 0.52 0.42 054 0.29 0.29 009 0.33 0.31 0.11 0.31 026 0.30 0.08 -0.01 1
u. (m/s) 0.16 0.40 0.28 0.46 0.52 0.44 0.50 0.29 0.30 0.12 0.34 0.28 0.11 028 0.28 0.30 0.09 0.00 0.98 1
u(m J/s) -0.17 0.01 -0.01 -0.05 -0.07 -0.15 -0.11 006 0.00 -0,15 -0.12 -0.08 -012 •0.04 -0.08 0.02 000 -0.98 -0.01 •0.02 1
d. -0.28 -0.26 -0.15 -0.26 -0.33 -0.36 -0.17 -0.42 -0.51 -0.48 -008 0.22 -021 0.42 -0.43 0.95 0.24 0.27 0.26 0.27 -0.27 1
c'i(rn/5) “ 0:30 ~ 0 7 2 4 -0726 -0733 70737 “ 0718 “ 0740 “ 0751 “ 0749 “ 0738 “ 0721 ” 0722 “ 0742 “ 0744 “ 0797 “ 0726 0717 “0728 “0728 “ 0717 “ 0799 1
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2. Medium to very coarse sand-bed rivers (0.250 -  2.00 mm)

A total o f  1098 data sets w ere used to compute the total sediment load using 

selected sediment transport equations. The river data show  a wide range o f  hydraulic 

geom etric data, including:

• discharge : 0 .0 4 7 4 -1 5 1 ,0 0 0  m3/s

•  width : 0.8 — 3,338 m

• depth : 0.0396 -  65.00 m

•  slope : 0 .0 0 0 0 1 3 8 -0 .0 0 3 1 5

The data were divided into tw o groups: Group 1 (552 data) for computation and 

Group 2 (546) for validation and verification. The Cppm m easured and computed are 

shown in Figure 4.3.

90%

1 Bagnoid 
2A <* tt& W M c
3Y jng(1073)

4 S h « n &  Hung

5Br(«nlM

OKstiwAKmmm&f
7Laus«n
9Kjnm

OToClWti
tO G nrltin

Figure 4.3. Cppm computed and measured fo r medium to very coarse sand-bed rivers
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The discrepancy ratio R D, standard deviation ctd and scattering s o f  Cppm , both 

computed and measured, were computed. Three kinds o f  coefficient o f  correlation Cc 

were com puted including: Cppm m easured and Cppm com puted, parameters and Cppm 

measured and parameters and Cppm computed. Results o f  computation o f  each param eter 

are shown in Tables 4.5 and 4.6.

Table 4.5. Discrepancy ratio R D ,  standard deviation O d ,  and scattering s, between 

Cppm computed and measured for medium to very coarse sand-bed rivers

Bagnol Ackers Yang' : Shen Brow Karim Laurs Kari Toffal Einst
d White 7 3 Hung nlie &Ken cn m etti ein

Discrepancy- Ratio R d
1 .6 8 2 .8 5 3 .2 2 5 .4 6 4 .8 6 1 2 .0 6 0 .6 2 .6 8 (I ' i • 2 .5 6

standard deviation CTd 5 .6 6 9 .0 6 1 6 .01 3 4 .7 1 2 6 .2 8 8 5 .9 1 2 .4 9 1 4 .0 4 3 .0 9 1 5 .9 3

scattering s -0.26 0.02 -0.07 -0.16 0.08 0.28 -0.70 -0.14 -0.53 -0.44
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4.2.3 Silt-bed Rivers

284 sets o f  data o f  3 rivers w ith range o f  mean diameter o f  particle size o f  0.020 

mm to  0.062 mm. including:

1. Yellow River 219 data sets, including measurements at: Huayuankou station 

(HYK) 45 data sets, Jiahetan station (JH T) 33 data sets, Gaocun station (GC) 

24 data sets, Sunkou station (SK) 13 data sets, Aishan station (AS) 36 data 

sets, Luokou station (LK) 40 data  sets, Lijin station (LJ) 28 data sets.

2. Yangtze River 40 data sets

3. India Canal 25 data sets

The river data show a wide range o f  hydraulic geometric data, including:

•  discharge : 1 .152-41 ,200 m 3/s

•  width : 4 .3 - 3 ,1 10 m

•  depth : 0.53 -  13.30 m

•  slope : 0.000009 -  0.00087

The data w ere divided into tw o groups: G roup 1 (143 data) for com putation and 

G roup 2 (141) for verification.

The Cppm m easured and com puted are shown in Figure 4.4.
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N o te :  M e th o d  o f  A c k e r s  a n d  W h ite  h a s  v e r y  h ig h  v a lu e s  (n o t  p lo tte d ) . A s n o te d  b y  J u lie n  ( 1 9 9 5 )  th is  

m e th o d  is  n o t g o o d  fo r  v e ry  f in e  m a te r ia l.

Figure 4.4. Cppm computed and measured fo r  silt-bed rivers

The discrepancy ratio  R D, standard deviation Od and scattering s o f  Cppm, both 

com puted and measured, w ere computed. Three kinds o f coefficient o f  correlation Cc 

w ere computed including: Cppm measured and Cppm computed, parameters and Cppm 

m easured and parameters and Cppm computed. Results o f  computation o f  each param eter 

are shown in Tables 4.7 and 4.8.

T ab le  4.7. Discrepancy ratio R D, standard deviation a 0, and scattering s, between 

Cppm computed and measured for silt-bed rivers
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Table 4.8. Correlation coefficient Cr among C,l|)m computed, C,l|)in measured and hydraulic geometry and sediment 

characteristic parameters for silt-bed rivers

Cppm BagnoldAckers Yang'73Shen Brown li Karim Laur Karim j  T off a Eins Q w d V S„ temp To u. d. i d

Cppm meas. White Hung Kenn sen letti tein (m3/s) (m) (m) (m/s) (mm) °C (N/mJ; (m/s) (m'/s (m/s)
Measured 1

1 ! i i

Bagnold 0.25 1
Acker-White -0.10 0.01 1
Yang'73 0.20 0.95 -0.03 1

1
0:99

Sheri & Hung 
Brownlie

0.35
073B

0.94 
— DT89

-0.07 
“ 0 09

0.90
0:86

1 ----------------- — ---------------- ------------- ------------- ------------ ------------- ------------- ------------- ------------- ------------- ------------ -------------

Karim-Kenned) 0.20 0.84 -0.04 0.83 090 0.85 1
1

Laursen ~ 0.29 "'0794 “ 0708 "  0:93 ' 0.91 0 90 0773 1
” 0 94

--------------
Karim 0:36 0:93 -0711 o;ee 0798 '  0797 '  0 84 1

' ' “ ” 1Toffaletti 0.48 0.66 -0712 0:59 072 076 0.45 '0 7 6 ‘ 078
. . . . .

Einstein 0;36 0.74 -0.08 0:68 0788 0:90 ” " 0 7 9 0.73 0.88 0.63 1
Q (rtf/s) 0.04 0.20 0.07 0.14 0.18 0 15 0.23 0.09 0.11 002 0.18 1
w(ni) 0.23 03 9 0.07 0.35 0.33 032 0.21 0.39 0.31 0.35 0 15 0.57 1

-----------1
d(m) -0.23 -0.08 0.15 -0.13 -0713 -0717 ” 003 ' -0 24 -022 -033 -0.05 0.82 0.11
v (m/s) 0.46 13.48 '  -0713 0.39 067 0.72 ' 0753 " 0 50 ” 069 0:69 083 0.20 0.14 -0.03 1
d, (mm) 0.29 -0.09 -0.22 -0.03 0.13 0.21 005 0.03 0.16 0.24 0.21 -0.46 -0.14 -0.63 0.34 1
s » 0.32 0.83 -0.08 0.80 0.85 0.82 070 081 0.81 0.59 0.61 -0.03 0.35 -0.35 0.35 029 1
Temp^C) 0.26 0.19 -0.16 0.19 0.30 0.37 0.24 0.18 025 036 0.36 0.16 0.08 0.07 0.45 0.08 0.18 1
t. (N/m2) 0.20 0.67 0.06 0.55 0.73 0.66 0.78 048 063 0.31 0.69 0.41 0.17 031 0.52 -0.01 0.61 0.22 1
u (m/s) 021 0.66 008 0.53 0.70 0.63 0.70 0.47 0.61 0.33 0.67 0.44 0.18 0.36 0.51 -0.06 0.60 0.24 0.98 1
i> (m7/s) -0.21 -0.18 0.16 -0.18 -0.29 -0.34 -0.23 -0.17} -0.23 -0.33 -0.34 -0.20 -0.10 -0.11 -0.42 -002 -0.15 -0 98 -0.21 -0.24 1
d. 0.35 -0.01 -0.23 0.04 0.24 0.33 0.13

O 
O

 
O 

O
 

C
O 0.24 0.35 0.33 -0.34 •0.09 -0.52 0.48 0.91 0.32 0.48 0.08 0.04 -0.43 1

(m/s) 0732 -0T06 -0:20 0:00 0719 ' 0 28 ”0710 0.19 0.30 029 •0.32 -0.09 -0.48 046 0.91 0.28 0.45 0.06 0.03 -0.39 0.99 1
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4.2.4 Small Rivers (width < 10 m, and depth < 1.0 m)

A total o f  163 data sets o f  rivers w ith range o f  w idth from 0.35 to  9.60 m and 

range o f depth from 0.02 to  0.94 m including:

1. American Canal 3 data sets

2.Hii River 38 data sets

3. India Canal 3 data sets

4. M ountain C reek 100 data sets

5. Rio Grande (N ordin) 3 data sets

6. Saskatchewan & Elbow River 16 data sets

The river data show a wide range o f  hydraulic geom etric data, including:

• discharge : 0.0009 -  7.35 m3/s

•  mean bed material diameter: 0.042 mm (coarse silt) -  57.67 mm (very coarse 

gravel)

•  slope : 0 .0 0 0 1 1 5 -0 .0 1 1 3

The data w ere divided into two groups: G roup 1 (82 data) for com putation and 

G roup 2 (81) for verification.

The Cppm m easured and computed are shown in Figure 4.5.
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Figure -4.5. Cppm computed and measured fo r  small rivers

The discrepancy ratio R D, standard deviation ctd and scattering s o f  Cppm, both 

computed and measured were computed. Three kinds o f  coefficient o f  correlation Cc 

were com puted including: CPPm measured and Cppm computed, param eters and Cppm 

measured and parameters and Cppm computed. Results o f  com putation o f  each param eter 

are shown in Tables 4.9. and 4.10.

T able 4.9. Discrepancy ratio R D, standard deviation <?d* and scattering s, between 

Cppm computed and measured for small rivers
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4.2.5 Intermediate Rivers ( 10 m < width < 50 m, and 1.0 m < depth < 3 m)

A total o f  127 sets o f  data o f  rivers w ith range o f  width from 10.58 to  49.68 m and 

range o f  depth from 1.01 to 2.96 m including:

1 A m azon and Orinoco River system s 4 data sets

2. American Canal 4 data  sets

3. India Canal 19 data sets

4. Pakistan Canal 64 data sets

5. Rio Grande (Nordin) 19 data sets

6. Rio Grande Convey 8 data sets

7. Southam  Rivers 7 data sets

8.Trinity 1 datum set

9. W est Pakistan (CHOP) Canal 1 datum  set

The river data show a w ide range o f  hydraulic geometric data including.

•  discharge : 6.42 -  268.72 m3/s

•  m ean bed material d iam eter: 0.021 mm (medium silt) -  4.20 mm  (fine gravel)

•  slope : 0.000020 -  0.00280

The data were divided into two groups: G roup 1 (66 data) is for com putation and 

Group 2 (61) is for verification.

The Cppm measured and com puted are shown in Figure 4.6.
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Figure 4.6. Crr- computed and measured fo r  intermediate rivers

Discrepancy ratio R D, standard deviation ctd and scattering s o f  Cppm com puted 

and measured were computed. Three kinds o f  coefficient o f  correlation Cc were 

com puted including: Cppin measured and Cppm computed, parameters and Cppm measured 

and param eters and Cppm computed. Results o f  computation o f each param eter are shown 

in Tables 4.11. and 4.12.

Table 4.11. Discrepancy ratio RD , standard deviation gd, and scattering s, 

between Cppm computed and measured for intermediate rivers

B a g n o ld A c k e r s  Y a n g 'S h e n  B r o w  n  K ari 
W h ite  7 3  H u n g  l ie  m & K

e n

L a u r se n  K a r im  T o f fa  E in s t  
le t t i  c in

D is c r e p a n c y  R a tio R d
0 .3 6 6 .3 7 0 . 3 8  0 .7 6  1 .44 0 .3 7 1 .3 7  ' tv-4 0 .2 2

sta n d a r d  d e v ia t io n Ctd 0 .4 4 1 9 .0 7 0 .3 3  3 .0 9  1 .7 0  3 .3 5 0 .8 0 1 . 1 4  0 .8 5 0 .4 9

s c a t te r in g  s - 0 .6 3 0 .0 2 - 0 .5 9  - 0 .7 0  - 0 .3 2  -0 .1 9 : - 0 .9 1 -0 .0 1  - 0 .2 6 - 1 .3 6
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T a b i c  4 . 1 2 .  C o r r e l a t i o n  c o e f f i c i e n t  C \  a m o n g  C | ) | im c o m p u t e d ,  m e a s u r e d  a n d  h y d r a u l i c  g e o m e t r y  a n d  s e d i m e n t  

c h a r a c t e r i s t i c  p a r a m e t e r s  f o r  i n t e r m e d i a t e  r i v e r s

Cppm BagnoldAckers Yang77 Shen Brown li Karim Laur Karim Toffa Eins Q w d V ds 3w temp To u- u d. «>

Cppm meas. White Hung Kenn sen letti tein (mJ/s) (m) (m) (m/s) (mm) °C (N W (m/s) (m2/s) (m/s)
Measured 1 1
Bagnold 0.46 1 i
Acker-White 0.41 0.08 1 t

1
Yang'73 0.70 0.55 0.00 1

1
1

Shen & Hung 0.25 0.97 -0.05 0.41 ------ 1 j
Brownlie .... 0'3B 0.96: -0.07 0761 0796

1
t

. . . .  . .L
Karim-Kenned) 0.38 0.95 -0.06 , 0.63 0.95 1.00
Laursen 0.52 0.78 0.49 0.23 070 0.65 0763 1 - '
Karim 0.76 0 43 0733 0773 0725 0.43 0.42 '0754 1
Toffaletti 0.64 0736......0.23 0.67

0740
0.21 0.39 0739 0.46 0.95 V

0740' 1
'

Einstein 0TT8 0.83 20.09 0.67 0.88 0.86 0.60! 0.34
Q (rrP/s) -0.20 0.08 -0.31 0.12 0.18 0.21 0.21 -0.24 -0.20 -0.22 0.20 1
w(m) -0.39 -0.19 -0.40 -0.10 -0.05 -0.05 -0.04 -0.50 -0.47 -0.43 -0.10 0.76 1
d (m) -0.44 -0.46 07T0 -0.54 -0.3B -0.45 -0.45 -0.23 -0736 -0735 -0737 0.42 0.29 1
v (m/s) 0"25 0.93 -0.11 0.44 0797 0.95 0793 ‘ 0762 0.25 0.21 0789 0.3b 0.03 •0.31 1
d, (mm) 0.02 0.81 -0.11 0.12 0.89 0.77 0.75 0.56 -0.10 -0.11 0.77 0.15 0.00 -0.31 0.87 1

0.47 0.87 -0.12 0.73 0.82 087 087 0.44 031 0.25 0.68 0.20 -0.01 •0.59 0.83 0.72 1
TempfC) -0.56 -0.57 -0.10 -0.54 -0.45 -0.51 -0.49 -0.47 -0.57 -0.47 -0.35 0.08 0.30 0.34 -0 46 -0.31 -0.54 1

(N/m2) 0.44 0,83 -0.11 0.72 078 0.81 0.82 0.39 0.26 0.18 0.62 0.29 0.04 -048 0.80 0.69 098 -0.52 1
u. (m/s) 047 078 -0.13 077 071 0 78 079 032 0.32 024 060 0.32 0.07 -051 0.76 0.61 0.97 -0.53 098 1
u (m2/s) 0.54 061 00 5 0.56 0.51 0.56 053 049 0.59 049 0.43 •0.04 •0.26 -0.38 0.53 0.36 0.56 -0.96 0.54 0.56 1
d- 0.00 0.79 -0.13 0.11 0.87 0.74 0 72 0 52; -0 13 -0 14 0.76 0.15 0.01 -0.34 085 1 00 0 72 -0.26 069 061 0 32 1
tn(nvs) 0:04 071 ~  -0720 0722 '  0778 0769 0767 0735 -016 -016;' 0'69 “ 0 17 “ 0707 “ 0745 078 "0793 “ 0778 “ 0.24 "0776 “ 0771 "0730 "0796

1
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4.2.6 Large Rivers (width > 50 m and depth > 3 m)

A total o f  754 sets o f  data o f  rivers with range o f  width from 51.51 to 3.338 m and 

range o f  depth from 3.01 to 62.3 m including:

1. Amazon and Orinoco R iver Systems 63 data sets

2. Atchafalaya River 72 data sets

3. Colorado River 14 data sets

4. India Canal 9 data sets

5. M ississippi River 248 data sets

6. Pakistan Canal 32 data sets

7. Red River 28 data sets

8. Rio M agdalena & Canal del Dique 35 data sets

9. River Data o f  Leopold 14 data sets

10. Snake & Clearwater River 17 data sets

11. West Pakistan (CHOP) Canal 7 data sets

12. Yangtze River 40 data sets

13. Yellow River 175 data sets

The river data show a wide range o f hydraulic geom etric data including:

•  discharge : 1 0 7 -2 3 5 .0 0 0  m3/s

• mean bed material d iam eter: 0.02 mm (medium silt) — 1.15 mm (very coarse 

sand)

•  slope : 0.0000021 -0.00121

8 9
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The data were divided into tw o groups: Group I (380 data) for com putation and 

Group 2 (374) for verification.

The Cppm measured and com puted are shown in Figure 4.7.
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Figure 4.7. Cppm computed and measured fo r  large rivers

The discrepancy ratio R D, standard deviation Od and scattering s o f  Cppm 

com puted and measured w ere com puted. Three kinds o f  coefficient o f  correlation Cc 

were computed including. Cppm m easured and Cppm com puted, param eters and Cppm
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m easured and param eters and Cppm computed. Results o f  computation o f  each param eter 

are shown in Tables 4.13 and 4.14.

T ab le  4.13. Discrepancy ratio R D, standard deviation Od, and scattering s,

between Cppm computed and measured for large rivers

B a g n o l A c k e r s  Y a n g ' S h e n B r o w  K a rim L a u rse  K ari T o f fa l E in s t
d  W h ite 7 3 H u n g n lie & K e n n m c tti e in

D isc r e p a n c y  R a tio R d
i l >4 tOO 

h ig h
2 .3 2 3 .5 9 3 .9 7 7 .4 3 ! P 3 .2 2 1 .9 0 2 .0 5

sta n d a r d  d e v ia t io n 3 .7 4  to o  1 1 .5 5 2 5 .1 9  2 2 .8 1 4 6 .4 4 3 9 9 1 3 .4 7 4 .4 3 1 1 .3 9
h ig h

s c a t te r in g  s - 0 .6 1  0 .7 1 - 0 .4 9 - 0 .8 2 - 0 .1 8 0 .0 5 - 3 5 .4 6 0 .0 4 - 0 .0 2 - 0 .8 2
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Table* 4.14. Correlation coefficient Cc among C,l|m, computed, C,,,,,,, measured and hydraulic geometry and sediment 

characteristic parameters for large rivers

Cppm Bagnolc Ackers Vang73Shen Brownli “Karim Laur ,Karim Toffa Eins Q w a V d , s . temp u- u d- in

Cppm meas. White (Hung Kenn sen letti tein (m3/s) (m) (m) (m/s) (mm) °C (N/mJ (m/s) (m2/s) (m/s)
Measured 1 1 j
Bagnold 0.63 “ T ,
Acker-White -0.03 0.15 1

._ . ^
|

Yang'73 0.58 0.94 0.07 1 i
Shen & Hung ‘ 0.76 " 0.91 -0.01 0.88 1 -------
Brownlie 0780 0786 -0703 0782 0.98 ' '1 i
Karim-Kenned) 0.63 0.86 -0.02 0.92 0.90 0.85 1
Laursen 0768 0.94 070T — 0794 0793 0790 ' 0785 '  " 1 ' l " |
Karim 0771 0.91 -0703 0792 " 0796 0794 0789 "07971 1 .... .... L.
Toffalelli 07 0 079 -0703 0.78 0785 ‘"  0788 ” 0770 " 0  8 8 ' ” 0791 1
Einstein 0.73 0783'" ”-‘0.03 0780 ‘ 0794 0795 ‘  0783 07897 0794 082 1
Q (m’/s) 
w(m)

-0.04
-0.02

-0.08
-0.08

•0.03
-0.02

-0.06
-0.05

-0.06
-0.06

-0.06
-0.06

-0.03
-0.03

-0.06! -0.06 
-0 06; -0 06

-0.06
-0.05

-0.04
-0.04

1
081 1

1d (m) -0.28 -0.29 -0703 ”̂ 0722 -0731 -0733 -0720 -0726! -0729 
0.69[ 0776

-0731 -0728 0.78 0.59 ------
v (m/s) 0.66 ‘"0767 -0706 0760 D782 0786 ‘ 0762 0.75 0.80 0.15 0.05 -0.16
d, (mm) -0.37 -0.48 -0.09 -0.34 -0.41 -0.43 -0.32 -0.42’ -0.41 -041 -0740 0.16 022 0.28 ■0.27 1

0.39 0.41 -0.02 0.39 0.54 0.51 0.43 0.37[ 0.40 0.34 0.38 -0.15 -0.19 -0.39 0.52 0.10 1
Temp 1C) 0.15 0.04 -0.10 0.06 0.09 0.13 0.10 008! 0.09 

0.20‘ 023
0.12 0.13 0.19 0.22 0.09 0.10 -0.05 -0.02 1

r0 (N/m2) 0.19 0.24 -0.03 0.26 0.36 0.32 0.31 0.15 0.23 0.27 0.12 0.17 0.47 0.29 0.80 -0.04 1
u. (m/s) 0.22 0.27 -0.03 0.28 0.38 035 0.33 0.24| 0.27 0.19 0.28 0.30 0.17 0.17 O ro 0.28 0.75 -0.04 0.96 1

u (m7/s) -0.16 -0.08 0.10 -0.09 -0.12 -0.15 -0.12 -0.111 -0.12 -0.15 -0.15 -0.17 -0.19 -0.07 -0712 010 0.01 -0.98 0.04 0.03 ' 1
d. -0.35 -0.47 -0.09 -0.34 -0.40 -0.42 -0.31 -0.41T -040 -0.40 -0.39 0.20 0.27 0.29 -0.26 0.97 0.09 0.13 0.27 0.26 -0.09 1

(rtVS) -0.41 -0.53 -0709 -0738 -0746 “ 0748 -0.35 -0 46 -0 46 -0 46 -0.45 0.22 0.28 0.34 -0.31 0.98 004 0.02 0.27 0.2/ 0.02 0.9/ 1
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4.3. Discussion and Summary or Overall Results

4.3.1 Discussion of Overall Results

The discrepancy ratio o f  Cppm measured and Cppm computed are summarized in 

Table 4.15.

Table 4.15. Discrepancy ratio RD between C,^*, computed and measured for 

several river-beds and river sizes.

Bagn Ackers 
old &  White

Yang' Shen & 
73 Hung

Brown Karim & Laurs 
lie Kennedy en

Karim Toffa Einst 
Ictti ein

gravel-bed rivers 12.30 0.33 0.10 68.95 4.25 23.45 7.16 4.52 0 .01 18.18
m-c sand-bed rivers 1.68 2.85 3.22 5.46 4.86 12.06 0.60 2.68 0.93 2.56
f-vf sand-bed rivers 0.21 5.31 0.30 0.32 0.51 0.90 0.36 1.28 2.56 0.63
silt-bed rivers rivers 0.56 too high 1.66 0.52 0.41 1.74 3.01 1.72 4.21 1.06

small rivers 2.05 1.45 1.38 3.57 I.is 3.01 1.43 1.19 0.68 3.48
intermediate rivers 0.36 6.37 0.38 0.76 U.04 1.44 0.37 1.37 0.94 0.22

large-rivers 1.04 too high 2.32 3.59 3.97 7.43 1.13 3.22 1.90 2.05
note : blue is the best for river-beds, and red is the best for river sizes.

In more detail, data in the range o f  the discrepancy ratio are summarized in Tables 

4.16 to  4.22.

Table 4.16. Range in percent of discrepancy ratio of gravel-bed rivers for each 

method

<0.50 0.5 -0 .75 0.75 - 1 .251.25- 1.501.50 - 2.00 >2.00
Bagnold - i- : - j- 5%: 95%
Ackers & V 95% - ;- :* 5%
Yang (197: 97% - 3%!- -
Shen & Hii- ;- j- ;- 100%
Brownlie 12%. 3%i 16%! 5%: 1 0 % i 53%
Karim&Ker- j- - i- ;- 100%
Laursen 3% | 2%: 3%. 10%; 81%
Karim 2%j 12%i 14%! 5%: 2%: 66%
Toffaletti 100%i- ; — i - ! —
Einstein i - i- ;- !- i 2%i 98%

93

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



Table 4.17. Range of discrepancy ratio (%) of medium to very coarse sand-bed

rivers for each method

< 0 .5 0  0 .5 - 0 . 7 5  0 .7 5 -  1 .2 5  1 .2 5  - 1 . 5 0  1 .5 0  -  2 .0 0 ; > 2 .0 0
B a g n o ld 5 0 % 8 % 1 6 % 7 % 5 % ' 1 4 %
A c k e r s  & W 2 5 % “ 1 8 %  '" " 2 0 % '

. . .  4 % -
8 % '  " 2 5 %

Y a n g  ( 1 9 7 3 3 9 % ? 1 4 % ' ~ f 1 % " '  " 4 % " 6 % 2 6 %
S h e n  & H u "43% “ 1 5 % " T 1 % “ 5 % 3 % 2 3 %
B ro w n lie "1 9 % ' 1 5 % i 2 4 % ' 6 % " 8 % : 2 7 %
K a rim & K e n 1 0 % ' 1 1 % ; 1 7 % 7 %  ' T1%- '  4 3 %
L a u r s e n 7 5 % _  9 % r 6 % ' 2 % T 3 % : 5 %
K a rim 3 6 % r 2 1 % ; 2 4 % 5 % 4 % 1 1 %
T o f fa le t t i 6 0 % 7 1 3 % '" T 4 % * 3 % r '  3 % ; '  6 %
E in s te in 6 3 % 1 1 % ! 9 % " T % “ 3 % : 1 3 %

Table 4.18. Range of discrepancy ratio (%) of very fine to fine sand-bed rivers for 

each method

^TT50------0.5 - 0.75' 0.75 - 1.25 T25 -1.50-1.SO - 2.00: >2.00
B a g n o ld 8 9 % 3 % : 4 % 1 % 1 % 2 %
A c k e r s  & W 3 5 % i o % : T 6 % " " 5 % " 6 % " 2 '8 %
Y a n g  ( 1 9 7 3 8 9 % “ 3 % 4 % " 1 % T% “ 3 %
S h e n  & H u 8 9 % " ' "5% " 2 % " 0 % " 1 % r 2 %
B ro w n lie " 7 7 % " 6 % 7 8 % " 2 % " 3 %  " 5 %
K a rim & K e ri 6 6 % “ 7 % r 1 0 % " 3 % " 3 % :  " T f%
L a u r s e n 8 0 % ' 9 % ' 7 % " T % 2 % " 2 %
K a rim 2 8 % ' 1 5 %  ' 2 5 % 8 % " 9 % 1 4 %
T o f fa le t t i " 1 7 % ' " 8% " 1 6 % 7 % " 1 1 % " 4 0 %
E m  s te in "" 6 2 % ' 1 0 % ' 1 4 % ' 3 % ~ 5 % 6 %

Table 4.19. Range of discrepancy ratio ( %)  of silt-bed rivers for each method

"  " ■ <  0 .5 0  0 .5  - 0 . 7 5  0 .7 5 -  1 .2 b  1 . 2 5 -  1 .5 0  1 . 5 0 - 2 .0 0  > 2 .0 0
B a g n o ld 8 4 % 1 % 3 % 3 % 2 %  ■ 7 %
A c k e r s  & W "  1 5 % " " 1 % “ 5 % " t % 3 % 7 6 %
Y a n g  (1 9 7 3 6 8 %  i 6 % ' 8 % * ■ t % ' 2 % 1 5 %
S h e n  & H u’ " 8 T % “ 3 %  ; " 5 % ' T % “ 1 % 6 %
B ro w n lie 8 2 % ' .......... 4 % "  " 7 % " 1 % ' " 1 % 5 %
K a  ri m  & K e n 6 6 % ' 7 % : "3'%* 1 % ' 1 % , 2 1 %
L a u r s e n " "19% " "' 1 0 % " 2 2 % ' 5 % ' 1 1 % " "  " 3 3 %
K a rim '1 7 % ' 1 ’1 % "1 8 % ' " 1 4 % ' " 1 2 % 7 ' 2 7 %

T o ffa le t t i"  " “ 8 % 8 % “ 8 % ' - 2 % : 9 % 6 6 %
E in s te in 5 4 % ; 1 0 % : T 3 % " 4 % 7 3 % T 1 7 %
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Table 4.20. Range of discrepancy ratio (%) of small rivers for each method

<TT.50  U 3 " - 0 . 7 5  0 .7 5 - 1 . 2 5 1 . 2 5 - 1 3 0 1 3 1 7 - 2 .0 0  > 2 .0 0
B a g n o ld 1 2 % 9 % 1 6 % 1 1 % 1 2 % 4 0 %
A c k e r s  & W 2 3 % 1 0 % 2 1 % " * 5 % 2 1 % "21%
Y a n g  (1 9 7 3 2 0 % ' ~ 6 % 1 6  % ”  ' 1 3 % 2 2 % ' 2 3 %
S h e n & H u 1 6 % ”  ” '  t t %  ; " 2 3 % ' T 7 % ' T 1 % 2 2 %
B ro w n lie 2 4 % * 1 5 % ~ 2 9 % 1 0 % ' 9 % 1 3 %
K a rim & K e n 1 0 % ” 6 % 1 1 % ' 1 % 9 % ' 5 3 %
L a u r s e n 2 0 % ” ' ” ”1 1  % ”  " 2 3 % : 1 0 % : " T 6 % " " '  2 1 %
K a rim T 3 % ” ” 2 T % * 3 9 % : 6 % " 6 % 1 5 %
T o ffa le t t i 4 5 % ' 2 2 % : 2 0 % : ' 5 % * 7 % 1 %
E in s te in 2 2 % ' "  ' 2 % " 2 % " ^ 5 % 6 8 %

Table 4.21. Range of discrepancy ratio (%) of intermediate rivers for each method

< 0 .5 0  0 .3 ' - 0 . 7 5  ;0 .7 5 - 1 .2 5 : 1 .2 5 - 1 . 5 0 : 1 . 5 0 - 2 . 0 0  > 2 .0 0
B a g n o ld 82% 9% 6 %  - 2 % 2 %
A c k e r s  & W 41% ~ " 6 % ' 1 5 %  ■ 3 % " ” 8% 2 7 %
Y a n g  (1973 ' 70%...... T4% " 1 5 % 2 %  - -

“2 %S h e n  & H u 7 3 % ' ' 8 % ” 1 1 % ~ 5 % 3 %
B ro w n lie 5 3 % ' * 1 2 % ' 1 2 % 5% 9% 9%
K a rim & K e n 45% 12%* 9%T 9% '" 3 % 2f%
L a u r s e n 85 %* 6 % * ” 5 % " 2%"” 2% 2%
K a rim 20%”” 24% 1 4 % 1 1 % ' 1 1 % 2 1 %
T o f fa le t t i 4 4 % "  ' 14%* 1 5 % '" 6 % : " 6 % ' *15%
E in s te in .....88%'" 5 % 5% - 2 % 2 %

Table 4.22. Range of discrepancy ratio (%) of large rivers for each method

< 0 .5 0  0 .5 - 0 . 7 5  0 .7 5 - 1 . 2 5 1 . 2 5 - 1 . 5 0 1 . 5 0 - 2 .0 0  > 2 .0 0
B a g n o ld 7 2 % 9 % 7 % " 3 % 1 % 8 %
A c k e r s  & W ”  2 4 % * ” 1 5 % 1 6 % 4 % : 6 % " 3 4 %
Y a n g  (1 9 7 3 6 5 % ' " 1 3 % 9% * 2 % ' '  ”2 % " ”9 %
S h e n  & H u" ” 7 9 % 1 0 % 4 % ' 1 % ' 1 % " 5 %
B ro w n lie  ' " 4 1 %  ”” ” 1 1 % ' “2 1 % " ' 6 % " ” ” 8% * 1 3 %
K a rim & K e n " 2 7 %  " " 9 % * 1 8% " ” 7 % 1 1 % " 2 9 %
L a u r s e n * 8 3 % ' * 3 % ' 5 % 1 % : - 8 %
K arim 1 7 % " ”2 2 % " 2 3 % : 8 % ' n % " 2 0 %
T o ffa le t t i 2 2 % " 1 6 % 2 6 % ' 7% , 8 % " 2 0 %
E in s te in '  7 6 % ' 4 % * ~ 6 % - ” 2 % : " 4 % * ” 9 %

The relation betw een data (%) and the discrepancy ratio o f  each method for 

various particle diam eters o f  bed material and various channel sizes are also shown 

graphically in Figure 4.8.
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-s * COÛt* «8"C-t« 
g • ‘ r*» 1c sd'-d tvd 
Q
x ^ m a i '  p - . * - s  

O nter^e3.aa Pive  ̂
4-Jfj1̂  ̂»»?"*

:• 5 -2  : t  :  '* -' 7 5  ; 25  • t  t o  i t : : : :  >? 3c

O l t c r v p a n c y  R a t i o

d. Shen & Hung’s method

B  r o w n l i e

Q C- :-c«c
ic Sm «l; a  .»«>.*% 
Q Intn'm 
4 I «f£« On*M

o s  c * t  3 * t i : t  i : i  1 *.c i t :  ? * *  »7Co

Bn ir*(tn<y IttM

K a r i m  A  K e n n e d y

T  V i  « ”  ®  v « r *  

i w d ' C *  -v** r s

* 3 t o  3 t  o  ’ » c :t i }*, * r ;  • «  i so  • j  o c  »; cc

O l K r a p a n c y  M t l o

e. Brownlie’s method f. Karim & Kennedy’s method

96

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



o  ->:» »

Laurvtn
Gra**»i-t>e3

:o • c tu r i*  w iiC 'O i 
raie ss *>“*. sarc t*c 

S'-ic«eC
X5r,jii3,vrj 
Q nia'*n#<3;are 
A _ar<j* P ‘*en

g. Laursen’s method

K arin
*3«1 sec

M + a f o *  C O g rS ^ S JO C  

/  -'*n« fc  *<r«* ssnc  C« 

Srvc*c
j j S r  j l l  P  r r»

o ' :5
O ls c r tp a n c y  R atio

h. Karim's method

T offaletti

i. Toffaletti's method

K inttain

X  S t. a-* P v*rs

D i s c r e p a n c y  R a flo

j. Einstein's method

Figure 4.8. The relation between data (%) and the discrepancy ratio o f each method for 

various particle diameters o f  river-bed material and various channel sizes

For gravel-bed rivers, Ackers &  W hite followed by Brownlie, are the closest to 

the Cppm m easured although the discrepancy ratio, standard deviation and correlation 

coefficient do not indicate the closest value. For example, as shown in Table 4.15, the

discrepancy ratio ( R D) o f  Ackers & W hite is only 0.33 (best value if  R D=1). However, 

the closest Pearson correlation coefficient Cppm computed to m easured are Bagnold and 

Shen & Hung both with Cc o f  0.70 (see Table 4.2). Visually, in Figure 4.1, Brownlie
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has com puted Cppm that is the closest to  the Cppm measured. Hence, for gravel-bed rivers, 

it is difficult to decide which method is the best. One possible reason is that gravel-bed 

rivers generally are characterized by bimodal sediment distribution (ASCE Task 

Committee, 1992). It also should be noted that gravel-bed streams display a much wider 

range o f  grain sizes compared to sand-bed streams (Duo et al. 1989). Accordingly, using 

a uniform particle diam eter to describe the mobility o f  bed mixture in gravel-bed streams 

may not be appropriate (Diplas, 1987).

F or medium to very coarse sand-bed rivers, from Table 4.15., Toffaletti 

( R D=0.93), and then Laursen ( R D=0.60) and Bagnold ( R D = 1.68) are the closest to the 

Cppm measured. However, based on the Pearson correlation coefficient Karim (Cc = 0.66) 

followed by Brownlie (Cc = 0.60) have the closest values compared to measured values. 

Visually, the best relations are shown in Figure 4.9.

— 50%

a. Based on discrepancy ratio
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Figure 4.9. The best relations fo r  Cm̂  computed and measured based on discrepancy ratio and 

correlation coefficient fo r  medium to very coarse sand-bed rivers.

For very fine to  fine sand-bed rivers, from Table 4.15., Karim & Kennedy 

( R d =0.90), followed by Karim ( R D =1.28) are the  closest to the Cppm measured. On the 

other hand, from Table 4.4. Brownlie (Cc = 0 .58 ) and Toffaletti (Cc = 0.52) have the 

highest correlation to  the Cppm measured. Visually, the best relations are shown in Figure

4.10.
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Figure 4.10. The best relations fo r Cmm, computed and measured based on discrepancy ratio 

and correlation coefficient for very fin e  to fine sand-bed rivers.

For silt-bed rivers, based on Table 4.15., Einstein ( R D = 1.06) and Bagnold

( R d=0.56) have the closest to the Cppm measured. However, from  Table 4.8., Toffaletti 

(Cc = 0.48) and Brownlie (Cc = 0 .38) have the highest correlation to  the Cppm measured. 

Visually, the best relations are show n in Figure 4.11.
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Figure 4.11. The best relations fo r  Cppm computed and measured based on discrepancy ratio 

and correlation coefficient fo r  silt-bed rivers

It should be noted that the Yellow River contributes about 63 %  o f  the data for 

very fine to fine sand-bed rivers and about 77 %  o f the data for silt-bed rivers. This river 

is an extremely heavily sedim ent-laden river and floods at hyperconcentrations o f 

sediment frequently occur (Qi Pu and Yean, 1993; Ye Qingchao, 1995; Zhao et ah, 1995; 

Junfeng, 1989; Li et ah, 1997). Accordingly, the characteristics o f  hydraulic geometry 

and sediment are not the same as in the case o f  common alluvial rivers.

Brownlie ( R D=1.18) and Karim ( R D=1.19) give the closest results for small 

rivers. In interm ediate rivers Cppm com puted for Toffaletti ( R D =0.94) and Brownlie 

( R D =0.94) are the closest to the Cppm measured. In large rivers Bagnold ( R D = 1.04) and 

Laursen ( R D=1.13) have the closest results to the Cppm measured.
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4.3.2 Summary of Overal Results

Some sum m aries o f  the applicability o f  each method for various particle 

diameters o f  river-bed materials and various channel sizes can be drawn:

1. Bagnold’s method

B agnold 's method is relatively good and applicable for silt-bed rivers ( RD =

0.56) and large rivers ( R D = 1.04). The param eter that has relatively good correlation for 

various river-beds and river sizes is the slope. It over-predicts for coarse material o f  river­

beds but under-predicts for finer bed m aterial o f  rivers.

2. Ackers & White’s method

Ackers & W hite 's method is applicable for gravel-bed rivers, although it under-

predicts ( R D = 0.33). It much over-predicts for silt-bed rivers; the C ppm are too high. This 

method has a tendency to increase the C ppm as the mean diam eter o f the river-bed 

becomes finer. This tendency also occurs w hen the river size increases.

3. Yang’s method

Compare to other methods. Y ang's method has no consistency in results for both 

several kinds o f  particle diameter o f  river-bed material and river sizes. For example, it 

under-predicts for gravel-bed rivers, but over-predicts for medium to very coarse sand- 

bed rivers and then it under-predicts for silt-bed rivers. This phenomena also occur for 

river sizes. However, the range o f the discrepancy ratio R D for several kinds o f  particle 

diameter o f  river-bed materials and for river sizes is from 0.10 up to 3.22.
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4. Shen & Hung’s method

It over-predicts for coarse m aterials o f  river-beds (from m edium  sand to gravel- 

bed rivers). However it under-predicts for finer materials (from silt to fine sand-bed

rivers).

This equation applies quite well to small rivers, but tends to predict a lower 

sedim ent bed-material concentration than the measured values for large rivers and the 

results o f  C ppm computed by this m ethod agree well to what Sim ons and Senturk (1992) 

stated about this equation for some large rivers.

5. Brownlie’s method

This method is applicable for sm all ( RD = 1.18) to interm ediate rivers (R D = 

0.94). but over-predicts for large rivers. This equation also over-predicts for coarse 

m aterials but under-predicts for finer m aterials.

6. Karim & Kennedy’s method

This method is good for very fine to fine sand-bed rivers ( R D = 0.90) but it over-

predicts for coarse material. It is relatively good for intermediate rivers ( R D = 1.44) and 

some large rivers.

7. Laursen’s method

Laursen method under predicts for sand-bed channels but over-predicts for gravel 

bed and silt-bed channels. It mostly under-predicts for intermediate to large rivers but 

over-predicts for small rivers.
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8. Karim's method

It is relatively good for sand-bed channels, but over-predicts for gravel and silt- 

bed rivers. It is also applicable for river sizes, although for some large rivers it over 

predicts.

9. Toffaletti’s method

It under predicts for gravel-bed rivers. However, this method is relatively good for

medium  to very coarse sand-bed channels ( R D = 0.93). This method also has a tendency 

to increase the Cppm as the mean diam eter o f  the river-bed becomes finer. This tendency 

also occurs when the river size increases.

10. Einstein's method

It is applicable for silt bed channel ( R D = 1.06). However, it over-predicts for 

gravel-bed channels. It under-predicts for intermediate rivers and most large rivers. 

However, it over-predicts for small rivers and some large rivers.

Comparison o f Cppm measured and Cppm computed by each method for several 

kinds o f  particel diameter o f  river-bed material and several river sizes is shown in Figure 

4.12.
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Figure 4.12. Comparison o f  C ^ - measured and Cppm computed by each method for several 

kinds o f  particle diameter o f  river-bed material and several river sizes

4.4. Laursen Graph

The relation between u./co; and f(u*/coi) for three kinds o f  sediment size and 

channel size were plotted on the original Laursen Graph. The results are shown in 

Figures 4.13 and 4.14.

From Figure 4.13 and Figure 4.14 consistent relations between u*/o, and fl[u»/©i) 

for different sizes o f  bed diam eter and channel size occur. Based on this relation, 

modifications o f  the Laursen method were developed. Details o f  the modification are 

shown in C hapter 6.
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Chapter 5 
SUMMARY ANALYSIS OF 

PREVIOUS AUTHORS

5.1. Basic Forms and Assumptions

This chapter presents a comprehensive review o f  com parison and evaluation o f  

some sedim ent transport relations w ith  emphasis on the ten selected sediment transport 

equations. The purpose o f  this review is to find basically the knowledge o f  sediment 

transport behind the mathematical derivations and also to  determine the interrelationships 

among them. Judgements on the validity o f  assum ptions used on the derivation and 

com parisons with the measured data are discussed. A  summary o f  comparison results 

from previous authors is also presented.

The m ajority o f  sediment transport equations w ere derived and developed from 

the assumption that the sediment transport rates are determ ined by dominant variables. 

Since sedim entation problems are very complex, selecting dominant variables is one o f  

the most im portant steps in developing new sediment transport equations (Lu, 1978). In 

fact, until now  the general relationship between channel m orphology and the grain size o f  

sedim ent in the channel is an im portant, but poorly know n aspect o f  alluvial rivers (Dade 

and Friend, 1998).

Even a relatively simple and general concept o f  bed load and suspended load 

requires consideration o f  many factors that are interrelated in complex ways (Colby,
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1964). Additionally. Colby stated that the interrelationships am ong four such dom inant 

variables including total shear, velocity, stream  power and effective shear param eter on 

the bed sedim ent vary widely if  the resistance to flow varies. Yang & Sim ons (1996) 

stated that the size o f  sedim ents, fall velocity o f  a single or a group o f  particles, and 

characteristics o f  deposited sediments are important. Nakato (1990) stated that the mean 

flow depth is one o f  the most critical independent variables in estimating sedim ent 

discharges. Therefore, the fate o f  reliable sedim ent discharge predictions mostly depends 

on the accuracy o f  the mean depth m easurem ent. Wang et al. (1995) stated that the bed 

load transport rate is mainly a function o f  shear stress, particle diam eter and the specific 

gravity. Zemial and Laursen (1963) stated that sediment load is a unique function o f  the 

flow, fluid and bed-m aterial characteristics. Accoedingly, the uncertainty o f  sedim ent 

load for a given discharge can be related to these functions.

Selection o f  a sedim ent transport relation for a specific condition and application 

might be based on any number o f  criteria, including simplicity, accuracy, and available 

data, depending on user requirements (ASCE Task Committee. 1982). However, 

evaluation o f  this type needs a database that becomes a serious limitation, especially 

when field data are used.

With the exception o f  probabilistic and regression approaches the equations o f  

sediment transport can be classified into the basic form (Simons & Senturk. 1992 and 

Yang. 1996)

Q s = A (B  — Bc )D (5.1.)

in which:

Q s = the sedim ent discharge
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A = parameter related to flow and sediment characteristics

B = parameter that can be w ater discharge Q. average flow velocity u. water surface slope 

Sw. energy slope Sf. shear stress t .  stream  power xu, unit stream  power uS. etc..

Bc = critical condition param eter related to B at incipient m otion 

D = parameter related to flow and sedim ent characteristics

The unit discharge o f  sand is m ainly a  function o f  m ean velocity, and the depth 

and particle size gives the secondary effect (Colby, 1964 and Posada. 1995). In the 

sim plest form, the sedim ent transport in sand-bed rivers varies as a function o f  the 

velocity to about the fifth pow er (S im ons & Simons. 1987 and Posada. 1995). Using data 

from the Mississippi River (85 sets o f  data) and Amazon &  O rinoco River Systems (114 

sets o f  data). Posada proposed a new  sedim ent discharge relation for sand-bed rivers as a 

function of velocity.

q, = 30u5 (5.2)

in which

qt = the unit sand discharge (M g/m /day) 

u = the mean velocity (m/s)

Using Equation (5.2). Posada com puted the unit sand discharge q, for the data o f  

the Mississippi River and Am azon & O rinoco River System s and compared the results to 

the measured values. A bout 70 %  o f  the data for the M ississippi River and A m azon &

Orinoco River Systems have discrepancy ratio R D between 0.5 and 2.0. However, this 

relation fails when it is plotted with additional data (2503 sets o f  data from 23 river
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system s) for sand-bed rivers (see Sub-chapter 4.2.2). A scatter o f  the result is shown in

Figure 5.1.

p « r t « e t
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Figure 5.1. Relation o f  unit sediment discharge q, from measured and computed results 

using Equation (5.2) fo r  2503 sets o f  field data

The Pearson correlation coefficient o f  qs computed using Equation (5.2) and qs 

m easured is shown in T able 5 1.

Table 5.1. Pearson correlation coefficient between q, measured and qs computed 

using  Equation (5.2)

qs (computed using Eq. (5.2) qs (measured)
qs (computed using Eq. (5.2) 1.00 0.66
qs (measured) 0.66 1.00

About 60 % o f  the computed unit sediment discharge is 50 %  less than the 

m easured unit sedim ent discharge. Only 33 %  o f  qs (com puted) are between 70 %  and 

200 %  o f  qs measured and 7 %  o f  qs (com puted) are greater than 200 %  o f  qs measured. 

Accordingly, the application o f  Equation (5.2) for a wide variety o f  river data is still 

questionable.
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Simons et al. (1981) proposed an efficient method o f  evaluating sediment 

discharge. The method is based on the relationships o f  flow depth, velocity, particle 

diameter and gradation coefficient, and it can be easily applied to sand and fine gravel- 

bed canals. These power relationships were developed by Simons et al. from a computer 

solution o f  Meyer-Peter & M uller bed load transport equation and the integration o f  the 

Einstein method for suspended bed sediment discharge (Julien. 1995) and written as

q, = c sldc'-’u c,i (5.3)

in which

q, = unit sediment transport rate (frVft width/s) 

d - flow depth (ft) 

u = velocity in (ft/s)

cS|. cS2 - cS3 . = coefficients based on mean particle diam eter (d50) ranging from sand to fine 

gravel (0.1 mm -  5.0 mm). The values o f  these coefficients can also be found in Table

11.1.. Julien (1995).

Equation (5.3) was obtained for steep sand and gravel-bed channels under 

supercritical flow (Simons et al.. 1981; Julien. 1995).

More than one value o f  sediment discharge can be obtained for the same value o f 

Q. u. S w. S r . or x (Yang, 1996). For exam ple, for a given value o f  Q. two (or more) 

different values o f total sedim ent discharges can be obtained. Gilbert (1914) stated that 

there is no correlation at all between w ater discharge and sedim ent discharge. 

Accordingly, the validity o f  the assumption that total sediment discharge o f  a given 

particle could be determined by those parameters is questionable.
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Yang (1996) stated that the stream pow er t u  as the independent variable has a 

correlation to the  sedim ent discharge. Furthermore, the unit stream pow er uS has a 

stronger correlation and is directly related to suspended load and bed load as well as total 

load. This relationship does not only exist in straight channels but also in channels that 

are in process o f  changing their patterns from straight to m eandering and to  braided 

channels (Yang, 1977 & 1996; Vanoni, 1978; Yang & M olinas, 1982). In dimensionless 

form o f  the unit stream  pow er uS /o , further improvement o f  correlation to the sedim ent 

discharge occurred (Yang &  Kong, 1991).

However, as plotted in Figure 5.2. for the total data sets o f  1459 in Group 1 (for 

gravel bed rivers, medium to  coarse sand bed rivers, very fine to  fine sand-bed rivers and 

silt bed rivers) only the dim ensionless unit stream pow er uS/co tends to  have better 

correlation to the sediment discharge. Figure 5.2a and Figure 5.2b show that scatter 

occurs for the relation between stream pow er and Cppm (m easured) and between unit 

stream pow er and Cppm (m easured) respectively.

From Figure 5.2c, although increasing the dim ensionless stream power tends to 

increase the sedim ent discharge, the erratic behavior o f  sedim ent load in streams on the 

basis o f variations o f  both sedim ent characteristics and hydraulic geom etry still occur 

(Zemial and Laursen, 1963).
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Figure 5.2a. Relation between CK̂  (measured) and stream power fo r  several river-beds using 

data in Group I
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Figure 5.2b. Relation between Cp^ (measured) and unit stream power fo r  several diameters o f  

river-bed materials using data in Group I
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Figure 5.2a Relation between (measured) and dimensionless unit stream power fo r

several particle diameters o f  river-bed materials using data in Group 1
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For fine to coarse sand-bed rivers it is difficult to differentiate the relation 

between uS/co and Cppm, since as shown Figure 5.2c for the same value o f  Cppm measured 

the fine sand bed-rivers have the same value o f  uS/o for coarse sand-bed rivers. 

However, reduction o f  mean diam eter o f  river-beds (from gravel-bed rivers to silt-bed 

rivers) tends to increase the sediment concentration. The Pearson correlation coefficient 

is shown in Tables 5.2a, b, and c.

Table 5.2. Pearson correlation coefficient between Cppm measured and uS/co, uS 

and t u  for several kinds of river-bed

Gravel-bed rivers Coom measured US/(D uS TU
(m/s) (N/ms)

Cpom measured 1
uS/o 0.71 1

uS (m/s) 0.69 0.95 1
t u  (N/ms) 0.67 0.82 0.88 1

a. Gravel-bed rivers

m e d iu m  to  c o a r s e  C Dom measured 
s a n d -b e d  r iv e r s

uS/co uS
(m/s)

TU
(N/ms)

C DDm measured 1
uS/co 0.58 1

| uS (m/s) 0.45 0.90 1

t u  (N/ms) 0.33 0.23 0.29 1
b. m edium  to  coarse sand-bed rivers

v e r y  f in e  to  f in e  
sa n d -b e d  r iv e rs

C Dpm measured uS/co uS
(m/s)

TU
(N/ms)

Cpom measured 1
uS/co 0.74 1

uS (m/s) 0.76 0.87 1
t u  (N/ms) 0.18 0.40 0.46 1

c. very fine to fine sand-bed rivers

s i l t - b e d  r iv e r s  Coom measured uS/co uS
(m/s)

TU

(N/ms)
Coot measured 1

uS/coi 0.45 1
uS (m/s) 0.62! 0.74; 1

t u  (N/ms) 0.30! 0.74 0.78 1
d. silt-bed rivers
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The parameters in Table 5.2. will be considered as one or more variables o f  the 

new proposed method.

5.2. Evaluations and Comparisons for Sediment Transport Relations

M any researchers have presented com parisons and evaluations between com puted 

and m easured sediment discharges. Some o f  the results are presented in the following 

sub-chapter with emphasis on the ten selected sedim ent equations.

1. Alonso et al. (1982)

They examined the sedim ent transport relations for total load and the equations 

include: Ackers & White (1973). E instein-M eyer (hybrid method discussed in Alonso et 

al. (1982)}. Engelund-Hansen (1967). Laursen (1958). Yang (1973). and for bed load: 

Bagnold (1956), M eyer-Peter-M uller (1948). and Yalin (1963).

A total o f  40 field data sets. 523 laboratory data sets and 176 tests o f  overland 

flow on concave slope were used and com pared to the computed sedim ent transport. The 

bed material ranges from very fine to coarse sand particles. The data are divided into two 

groups; channel flows and sheet flows.

The best three equations for channels w ith sedim ent sizes from fine to very coarse 

sand w ere Yang (1973), Laursen (1958) and A ckers & White (1973). However, for silt- 

bed rivers. Laursen was the best.

2. Bcchteler and Vetter (1989)

Fifteen total sediment transport m odels were compared. The equations include: 

Ackers-W hite (1973), Bagnold (1966). Bishop-Simons-Richardson (1965). Einstein
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(1950). Engelund-Hansen (1967). Graf-Acaroglu (1968). Karim-Kennedy (1981). 

Laursen (1958). Pem ecker-Vollm ers (1965). Raju-Garde-Bhardwaj (Raju e t al. 1981). 

Toffaletti (1969). van Rijn (1984), Y ang (1973), Yang (1979). and Zanke (1982).

Seven river systems data w ith different regimes were used and com pared to the 

computed sedim ent transport. The rivers included the Rhine River, the M ississippi River 

at St Louis (two sets o f  data), the Rio Grande River. Rio Puerco. Fivemile C reek, and the 

Niobrara River. However, the river data were not specifically defined and only 

suspended load was measured. The bed-load was evaluated by the procedure after 

M ever-Peter & M uller (1949). The author concluded that the bed load was only a small 

part o f  the sedim ent load transported in rivers. Accordingly, no significant error for the 

determ ination o f  the total load occurred.

The best three equations wrere Karim Kennedy (1983). Yang (1979). and Bagnold

(1966). N ote that Yang (1979) is a  modification o f  Yang (1973) for low  sedim ent 

concentration and for relatively sm all value o f dim ensionless critical unit stream  power 

(ucrS/(o).

3. Brownlie (1981a)

Brow nlie developed a new  sedim ent transport relation (see Sub-chapter 2.3.2) and 

compared his equation to 13 sedim ent transport relations, including Ackers & White 

(1973). Bagnold (1966), Bishop et al. (1965). Einstein (1950), Engelund & Fredsoe 

(1976). Engelund & Hansen (1967), G raf (1971), Laursen (1958), Ranga Raju et al. 

(1981), R ottner (1959), Shen & H ung (1971). Toffaletti (1969). and Yang (1973).

The laboratory data com prise a total o f 480 sets o f  data from 18 sources, and the 

field data com prise a total o f 519 sets o f  data from 11 river systems. Brow nlie only
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developed a sand-bed rivers equation w ith m ean diam eter particle from very fine sand to 

very coarse sand (D 5 0  min 0.088 mm and max 1.349 mm).

The best three for laboratory data were Brownlie (1981a). A ckers & W hite (1973) 

and Shen & Hung (1971). The best three for field data are Brownlie (1981a). Engelund 

& Hansen (1967) and Toffaletti (1969) o r Bagnold (1966).

4. German Association for Water Resources and Land Improvement (1990)

Fifteen total sedim ent transport m odels were compared. The equations include: 

Ackers-W hite (1973). Bagnold (1966). Bishop-Simons-Richardson (1965). Einstein 

(1950). Engelund-Hansen (1967). G raf-A caroglu (1968). Karim -Kennedy (1981), 

Laursen (1958). Pemecker-Vollmers (1965). Ranga Raju-Garde-Bhardwaj (1981). 

Toffaletti (1969). van Rijn (1984). Yang (1973). Yang (1979). and Zanke (1982).

A total o f  1500 sets o f  laboratory data and 300 sets o f  field data from seven rivers 

(six rivers in the USA and one river in G erm any) were used. Details o f laboratory field 

data were not given. Total bed material load (ignoring wash load) is the sum o f  bed load 

determined by M eyer-Peter and M uller and suspended load calculated from field 

measurement o f  velocity and concentration distributions.

The best three were Yang (1979). Bagnold (1966) and Karim & Kennedy (1981).

5. Lau and Krishnappan (1985)

Four sedim ent transport relations were analyzed, including Ackers & White 

(1973). Bagnold (1966). Einstein (1950a), and Yang (1976).
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All data were flume data w ith particle diam eter o f  sediment o f  0.15 mm (sand), 

specific gravity o f  2.65. Range o f  flow depth was 0.065 m to 0.13 m. with slope o f 

0.00059 to 0.001.

The best three were Ackers &  W hite (1973), Yang (1976) and Bagnold (1966).

6. M au an d  Brooks (1991)

In the discussion o f  "Test o f  Selected Sediment-Transport Formulas by T. Nakato 

(1990)". Mau & Brooks (1991) considered two cases in computing the sediment 

discharge by Brownlie (19981a). The first was to com pute the sediment discharge using 

B row nlie's relation. The regime and flow depth were first predicted using a separate 

friction relation based upon the input variables: sedim ent characteristics (D i6 . D50. Dx4. 

D9 0 . ys). fluid characteristics (y.v) and flow characteristics (q.S). The predicted depth 

then was used to calculate the velocity. Finally these parameters were used to calculate 

the sedim ent discharge. The second case was used the measured values o f  depth and 

velocity in order to calculate the sedim ent discharge.

The best methods for predicting sediment transport appeared to be Ackers & 

White (1973). Toffaletti (1969). Karim  & Kennedy (1981) and Brownlie (1981a). W hen 

Brow nlie's method is used to com pute both depth and sediment discharge, the errors are 

more slight than using the measured depth. Hence, Mau and Brook concluded that others 

formulas also would presumably show  an increase in error if they were based on 

predicted rather than the measured depths.
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7. Nakato (1990)

N akato investigated sedim ent transport relations and compared the results to field 

measurements, including A ckers-W hite (1973). Einstein and Brown (Brown. 1950). 

Engelund and Fredsoe (1976). Engelund and H ansen (1967), Inglis and Lacey 

(Inglis.1968). Karim-Kennedy (1981). Meyer. Peter & Muller (1948). Schoklitsch 

(Shulits. 1935). Toffaletti (1969). van Rijn (1984a.b). and Yang (Yang Sc Stall. 1976).

These formulas were com pared to field data m easured at two USGS gauging 

stations along Sacramento River in California. The bed material sizes range from fine 

sand to coarse gravel. Although one river data w ere used to test the applicability o f 

selected form ulas, the author stated that the results are judged  to be indicative o f  those for 

typical natural rivers with range o f  bed materials from sand-bed to gravel bed rivers. 

Besides, the mean flow depth is one o f  the most critical independent variables in 

estimating sedim ent discharges.

The best three in this com parison were Toffaletti (1969). Yang and Karim & 

Kennedy (1981).

N akato also concluded that prediction o f sedim ent discharges in natural rivers is a 

difficult task and more rigorous num erical model calibrations based on field data should 

be done. Besides. Nakato also hoped that practical hydraulic engineers w ould develop 

the habit o f  looking up several sedim ent transport equations and evaluate them  on the 

basis o f field data before making the final choice alternative.
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8. Stevens and Yang (1989)

Steven and Yang analysed 13 sedim ent transport formulas. The formulas were 

divided into two groups: five bed-load discharge formulas and eight total bed material 

formulas. The first group included Einstein (1944). Kalinske (1947), M eyer-Peter & 

M uller (1948). Rottner (1959). Schoklitsch (Shulits. 1935). The bed material formulas 

included Ackers &  W hite (1973). Colby (1964). Einstein (1950a). Engelund & Hansen 

(1967). Laursen (1958). Toffaletti (1969). Yang (1973), and Yang (1984) for gravel.

Two river data sets were used including 19 sets o f  Niobrara River data (Colby and 

Hembree. 1955) and 100 sets o f  Mountain Creek data (Einstein. 1944). Ranges o f  bed 

material diam eter o f  these rivers were 0.215 — 0.349 (fine to medium sand) and 0.286 -

0.899 mm (m edium  to coarse sand), respectively.

The best three for Niobrara River data were Yang (1973). Ackers & White and 

Toffaletti. The best three for M ountain Creek data were Yang (1973), Engelund-Hansen

(1967) and Ackers & W hite (1973).

9. Raphelt (1996)

In developing a sedim ent transport relation for gravel-bed rivers, Raphelt (1996) 

compared six sedim ent transport relations, including Einstein Bed Load Formula (1950). 

Meyer-Peter & M uller (1948). Modified Laursen by Copeland (1989). Parker (Parker et 

al.. 1982 and Parker. 1990), Schoklitsch (1934). and Yang (1984) formula for gravel 

equation. He used a total 187 sets o f  data from ten gravel-bed river systems, including 

the Toutle. North Fork Toutle, Susitna. Tanana. Oak Creek, Clearwater, Chippewa near 

Durand . Chippewa near Caryville and Granite Creek Rivers.
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The best three for these gravel-bed rivers were Yang (1984). Schoklitsch (1934) 

and Parker.

10. R ijn (1984b)

The author developed methods to calculate bed-load transport. qb, (Rijn, 1984a) 

and suspended load, qs. (R ijn. 1984b). The total sedim ent load. qt. is the sum o f  the bed 

load and the suspended load. R ijn 's method for total load was compared to Ackers & 

White (1973). Engelund & Hansen (1967) and Yang (1973).

A total o f  783 sets o f  data were used which contained 486 field data sets and 297 

flume data sets. Field data o f  various conditions were used, including the Rio Grande 

River near Bernalillo, Atchafalaya River near Simmesport. Mississippi River near Tarbert 

Landing. Mississippi River near St. Louis. Red River near Alecandria. Middle Loup 

River. India Canals. Pakistan Canals and Niobrara River. The range o f  these field data 

were: particle diameter 0.090 to 0.400 mm (very fine to m edium  sand), velocity 0.4 to 2.4 

m/s. flow depth 0.3 to 17 m. Flume data were used including Guy et al. (1966). Oxford. 

Stein (1965), Southampton A & B, Barton & Lin (1955). The range o f  these flume data 

were: particle diameter 0.100 to 0.480 mm (fine to medium sand), velocity 0.4 to 1.3 m/s. 

How depth 0.1 to 0.4 m. The width depth ratio and the Froude number for all data were 

larger than 3 and smaller than 0.9, respectively.

The best three m ust be divided into three parts: field data, flume data and total 

data. The best three for field data were Rijn (1984). Engelund & Hansen (1967). and 

Ackers & White (1973). The best three for flume data were Yang (1973). Ackers & 

White (1973) and Rijn (1984). The best three for total data  were Rijn (1984), Ackers & 

White (1973). and Engelund & Hansen (1967).

125

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



Rijn also stated some conclusions:

•  Yang (1973) must have serious system atic errors for large flow depth

•  The sediment transport theory should also comprise a bed-roughness predictor 

as stated by ASCE Task Com m ittee (1971)

•  The dimensionless grain diam eter is the characteristic param eter for sediment 

transport.

•  It is difficult to predict the total load with accuracy less than a factor o f  2.

•  It is better and possible to develop sim ple approximation m ethod to calculate 

sedim ent transport rate rather than com plicated numerical solution methods 

with a slightly higher accuracy.

11. Vanoni (1975)

Vanoni (1975) compared the m easured and the computed sedim ent discharges 

from thirteen equations from field data (N iobrara River and Colorado River). The 

equations include: Blench (1966). Colby (1964). Dubovs (Brown 1950). E instein 's bed­

load function (Einstein 1950a), Einstein-Brown (Brown 1950). Engelund-Hansen (1967), 

Inglish-Lacey (Inglis. 1968). Laursen (1958), M eyer-Peter (M eyer-Peter-M uller. 1948). 

M eyer-Peter-M uller (1948). Schoklitch (Shulits. 1935). Shields (1936). and Toffaletti 

(1969).

The range o f  Niobrara River data were: discharge (5.86 -  16 m^/s). width (21.03 

to 21.95 m). depth (0.42 -  0.58 m), mean bead diam eter (0.215 -  0.349 mm) and slope 

(0.001136 -  0.0018). The range o f  Colorado River data were: discharge (77.53 -  500.16
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nT/s). w idth (92.64 to 254.55 m). depth (1.13 -  3.89 m). mean bead diam eter (0.155 -

0.695 m m ) and slope (0.000037 -  0.00041).

The comparison o f  com puted and m easured values for the N iobrara river were re- 

plotted by Yang & Stall (1976). Julien (1995). Yang (1977) and discussed by W illiams 

(1995). The comparison o f  com puted and measured values for the Colorado River were 

replotted by Julien (1995) and discussed by Julien (1995) and W illiam (1995).

For the Niobrara River: it was difficult to judge which ones are the best three o f  

sedim ent transport relations. H owever, from the plotted graph shown in Yang & Stall 

(1976), Julien (1995) and Yang (1977). the equations, which have closest agreement to 

the m easured value were Laursen (1958) and Toffaletti (1969).

For the Colorado River: it was also difficult to judge which ones are the best three 

o f sedim ent transport relations. However, from the plotted graph shown in Julien (1995). 

the equations which have closest agreem ent to the measured value w ere Engelund & 

Hansen (1967), and Einstein & Brown. Julien (1995) also added the m ethods o f Karim 

and Kennedy (1981) and A ckers and W hite (1973) which have also the closest agreement 

to the m easured value.

Accordingly, with only two river system data the judgm ent may not be 

representative if the sedim ent transport relations are applied to other rivers.

12. White et al. (1975)

They compared eight sedim ent transport relations including: A ckers and White 

(1973). Bagnold (1966). Bishop et al. (1965), Einstein's bed-load function (Einstein 

1950a). Engelund and H ansen (1967), M eyer-Peter (M eyer-Peter-M uller. 1948). Rottner 

(1959). and Toffaletti (1969).
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A Total o f  1280 flume and field data sets were used including 840 flume data sets 

with sand bed rivers. 180 flume data sets with light weight material and 260 field data 

sets. Range o f  particle sizes is from 0.04 to 68 mm. Only data with Fr less than 0.8 were 

used.

In com parison of the selected equations, they used four dimensionless parameters 

including dimensionless grain size (d*). dim ensionless mobility number (Fgr). 

dim ensionless flow depth (d/dso). and relative density (s). since they postulated that these 

parameters are the basic quantity for sedim ent transport.

The best three o f the comparison using the full data were Ackers & White (1973). 

Engelund & Hansen (1967) and Rottner (1959).

It should be noted that when using the dimensionless grain size as the prime 

indicator. Ackers & White (1973) was the most reliable with 68 % o f data falling in the 

range. This is not surprising since the developm ent o f Ackers & White used this 

param eter as the basis of its development. They also pointed out that Engelund & Hansen 

equation tends to over predict the sedim ent transport at low shear stress.

13. Williams (1995)

In developing a numerical index to determ ine which sediment transport relation to 

be used for any given condition, the author com pared four sediment transport relations 

including. Ackes & White (1973). Brownlie (1981a). Engelund & Hansen (1967). and 

Yang Unit Stream Power (1973. 1979 & 1984).

A total o f  3,739 flume and field data sets were used, including flume and field 

data com piled by Brownlie (1981b). The flume data were obtained from 38 sources, the 

field data were from 18 river systems. The range o f  mean bed diameter (dso) was greater
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than 0.062 mm  but less than 2.00 m m  (sand only). Range o f  standard deviation o f  

sediment sizes was less than 5. The sedim ent concentration (Cppm) was greater than 10. 

The range o f  the ratio o f  hydraulic radius to mean bed diam eter (r/d50) was greater than 

100. These last two restrictions, as stated by the author, were to eliminate bimodal 

distribution and to avoid shallow  w ater effects.

Some conclusions have been m ade by the author for each sediment transport 

relation.

1. Ackers & White (1973)

•  although slightly over-estim ate but good for flume data

•  not good for particle < 0.125 mm

• over-predict for medium sand and small flow depth (< I foot)

• under-predict for field data

•  not applicable for large flow depths

2. Brownlie (1981a)

•  limited for d/dfo > 100

•  best when used Brow nlie's flow depth predictor

•  best for low' velocity, small depth and medium sand

•  over-estim ate for flume data with concentration less than 50 ppm

3. Engelund & Hansen (1967)

•  over predict at low shear stress

• good for light weight sedim ents (s<2.65)
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•  good for fine sediment

•  under-estim ate generally for flume data but over-predict if  C ppm less than 100

•  over-estim ate for flume data with d$o less than 0.15 mm except for velocity >

3 f/s

•  over-predict for field data but under-estimate for medium sand 

Additionally, Nordin & McLean (1989) stated that this equation would give a  

reliable prediction over a very wide range o f  flow and bed roughness conditions, 

so long as the bed sedim ents contain a fairly narrow range o f  sizes so that a 

uniform particle diam eter could representative the mixtures.

4. Vang

• not good for fine sedim ents (< 0.125 mm)

• good for medium sands

• over-estim ate for coarse sands

•  good for flume and small rivers

•  under-predict for large flow depths

•  not good for light weight sedim ent (s< 2.65)

14. Wu (1999)

Wu (1999) proposed a new method for predicting fractional transport rate o f  bed 

m aterial load in sand-bed channels. His method was developed based on the concept o f  

the transport capacity fraction approach. He compared his method to nine selected

sed im en t transport relations including Ackers & White (1973), Einstein (1950), Engelund
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& Hansen (1967). Karim & Kennedy (1981). Karim (1998). Laursen (1958). Li (1988). 

Toffaletti (1969). and Yang (1973).

Wu used a total 118 sets o f  field data and flume data (containing 891 data points) 

to develop his new method and com pared to the selected sedim ent transport relations. 

The field data included 19 sets o f  N iobrara River data and 15 sets o f  iVliddle Loup River 

data. The flume data included 29 sets o f  Einstein data (1978). 22 sets o f Einstein & 

Chien data ( 1953b) and 33 sets o f  Samaga et al. data (1986a. 1986b). The range o f data 

were:

•  median diameter 0 .1 0 -  0.90 mm  (sand only),

•  geometric standard deviation 1.3 -  3.0.

•  flow discharge 0.0056 to 16.06 mJ/s

•  velocity 0.49 to 1.41 m/s

•  flow depth 0.056 — 0.58 m

•  slope 0 .0 0 0 9 3 -0 .0 1 3

For verification Wu used 48 sets o f  independent data (containing 327 data points) 

o f both field data and flume data. The field data included 9 sets o f  Rio Grande Convey 

Canal data and 19 sets o f Yellow River data at Tuchengzi station. The flume data 

included 20 sets o f  White & Day data (1982). The range o f  data were:

•  median diameter 0.055 -  2.065 mm.

•  width 2.46 -  807 m

• flow discharge 0.196 -  3,980.000 mJ/s

•  velocity 0.49 to 1.41 m/s

• flow depth 0.437 -  2.808 m
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• slope 0 .000078-0 .0011

The best sedim ent transport relations using field data and flume data were: Wu 

(1999). Karim & Kennedy (19810. Yang (1973). Engelund & Hansen (1967). The best 

relation using the verification data o f  field and flume data were Wu (1999). Engelund & 

Hansen (1967). Yang (1973). and Li (1988).

15. Yang and Molinas (1982)

The authors stated that application o f  basic fluid mechanics and turbulence 

theories in open channel flow proved that suspended sedim ent concentration at a given 

depth is a function o f  the turbulence production rate at that depth. Besides, total sedim ent 

concentration can be expressed as a function o f  unit stream power.

They compared seven total load equations including Ackers & W hite (1973). 

Colby (1964). Engelund & Hansen (1967). M addock (1976). Shen & Hung (1971), Yang 

(1973). Yang (1979). Yang (1973) is a dimensionless unit stream power equation to 

calculate the total sedim ent concentration which includes criteria for incipient m otion and 

Yang (1979) is a dimensionless unit stream pow er equation to calculate the total sedim ent 

concentration without any criteria for incipient motion (Yang. 1996; Yang & Molinas. 

1982). Yang (1979) concluded that for sedim ent higher than 100 ppm by weight both 

Yang (1973. 1979) are equally accurate, but for flows w ith low sediment concentration 

Yang (1973) should be used because as the rate o f sedim ent transport decreases the need 

to include incipient motion criteria increases.

A total o f  1.259 sets o f data from flume data and field data were used. The flume 

data were 1.093 sets; however, there was no specification o f  these data. A total o f  166 

sets o f  data from five river systems were used for analyzing and comparison including.
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Mountain Creek (Einstein. 1944). N iobrara River (Colby &  Hembree. 1955), Middle 

Loup River (Hubbel & M atejka. 1959). Rio Grande R iver (Nordin. 1964). and the 

M ississippi River at St. Louis (Jordan. 1965). The range o f  data were:

•  median diam eter 0.15 -  1.71 mm (fine to very coarse sand)

•  width 0.134 —532 m

•  velocity 0.23 to 1.91 m/s

• flow depth 0.01 — 15.2 m

• slope 0.000043 -  0.0279.

The best equations can be divided into three groups: flume data, field data and 

total data. The best relations for flume data include Yang (1979). Yang (1973) and 

M addock (1976). The best relations for field data were Yang (1979). Yang (1973) and 

Shen & Hung (1971). The best relations for all data were Yang (1979). Yang (1973) and 

Shen & Hung (1971).

Some notes were pointed by the authors including:

• The sedim ent transport relations which used the unit stream power produce 

better results

•  Colby (1964) should not be applied to laboratory data and this method also 

underestimates the total bed material loads in natural rivers

• Shen & Hung and M addock equations are only good for flume data and small 

stream but not for large rivers

• Engelund & Hansen (1967) can predict the sedim ent discharge in flume data 

with reasonable accuracy
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16. Yang and Wan (1991)

They m ade a comparison o f overall accuracy as well as the accuracy within 

different range o f  sedim ent concentration. Froude num ber and slope for seven sediment 

transport relations including Ackers & W hite (1973). Colby (1964). Einstein (1950). 

Engelund & H ansen (1967). Laursen (1958). Toffaletti (1969). Yang (1973).

A total o f  1.438 sets o f  data from flum e data and field data were used. The flume 

data were 1.119 sets o f  data including Guy at al. (1966) 285 sets o f  data. G ilbert (1914) 

637 sets o f data. Nom icos (1956) 12 sets o f  data. Vanoni & Brooks (1957) 14 sets o f  

data. Kennedy (1961) 41 sets o f  data. Stein (1965) 42 sets o f data. W illiams (1967) 37 

sets o f  data. Schneider (1971) 31 sets o f  data and W hite & Day (1982) 20 sets o f  data. 

The range o f  the data were:

•  m edian diam eter 0 .1 9 -7 .0 1  mm (fine sand to fine gravel)

•  velocity 0.74 -  6.45 ft/s

• flow depth 0.074 -  2.82 ft

•  slope 0.0001 -0 .0 2 7 9 .

A total o f  319 sets o f  data from five river systems were used for analysis and 

comparison including. M ountain Creek (Einstein. 1944) 81 sets o f data. Niobrara River 

(Colby & Hembree. 1955) 49 sets o f data. M iddle Loup River (Hubbel & M atejka. 1959) 

79 sets o f data. Rio Grande River (Nordin. 1964) 59 sets o f data, and the Mississippi 

River at St. Louis (Jordan. 1965) 51 sets o f  data. The range o f data were:

• m edian diam eter 0.130 -  0.925 mm  (fine to coarse sand)

• velocity 1.20 to 7.82 ft/s
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•  flow depth 0.27 -  40.4 ft

•  slope 0.000043 -  0.00192.

The best relations for flume data were Yang (1973). Engelund & Hansen (1967). 

and Ackers & White (1973). The best relations for field data were Yang (1973). 

Toffaletti (1969) and Einstein (1950).

The authors also made a comparison o f  accuracy o f  methods according to the 

concentration. Froude number, and energy slope using both laboratory data and field 

data. This information is summarized in Tables 3 to 8 in Yang & Wan (1991) and could 

be used by the engineers as a reference for selecting the sediment transport relation to 

solve engineering problems under different flow and sediment conditions.

5.3. Overall Results of Comparison Cppm Measured and Computed with Field Data

Most sediment transport relations have their own limitation o f applicability, 

which implies the range o f data used in the formula calibration and developm ent; 

however, this limitation generally is not considered in the application (Woo and Yoo. 

1991).

However, based on comparison by previous authors and the result analyzed in 

Chapter four, a summary o f  the comparison among measured and computed o f sedim ent 

discharges is shown Table 5.3a. This table shows that it is a difficult task to judge and to 

select the best sediment transport relations for all conditions. Even between formulas 

accounting for both bed and suspended load (or the total bed material transport), the 

variations are appreciable and by experience errors o f  100 % are to be expected 

(Raudkivi. 1967).
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Table 5.3a also shows that from the com parison o f  sediment discharge measured 

and com puted by 16 previous authors and this present study, more than 50 sediment 

transport relations have been developed. However, none o f  these equations Fit the whole 

spectrum o f  data from flumes, canals and rivers. In o ther words, as stated by Sim ons and 

Senturk (1992). a single universal sedim ent transport equation is not or may never be 

available.

A ccurate field m easurem ents are difficult to achieve. In conditions w ith combine 

bed-load and suspended load transport. bed-Ioad sam pling in rivers is complicated 

(Gaweesh and Rijn, 1994). Errors associated w ith m easuring devices and the extreme 

temporal variations in transport rate are on o f  the feature characteristics o f  bed material 

movements (Knighton. 1998: Hubbell. 1987; Gom ez. 1991).

Hence, foremost among the needs o f  im provem ent sedim entation research 

probably is the need for refinem ent o f  the procedures o f  m easurem ent and the 

developm ent o f  more convenient and inexpensive measuring devices for practical 

purposes (Renard and Hickok. 1967; Sim ons and Senturk. 1992).

However, an attem pt to draw  conclusions about the applicability o f  the selected 

sedim ent transport relation is shown in Table 5.3b.
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Table 5.3b. Summary of the applicability of the selected sediment transport 

relations based on comparison by the results of previous authors and the results 

analyzed in Chapter Four

MethodT "  '■ gravel m ed to v v. fine to 
c o a rse  sam ite sand

silt ! small 
j rivers

mterme.
rivers

large
rivers

field
data

flume
data

1 Acker & White X X I x X
2 Bagnold X X x I X X X
3 Brownlie x X I * X X X
4 Einstein I X x i I i ■ x
5 Kanm r  * X i x l 1 !i t i
6 jK anm  & Kennedy X X |  X I i X X
7 1 Laursen X |  X X { X X X
8 |S h en  & Hung X |  X * X X
9 1 Toffaletti X j  X X x X

10i Yang’73 & '84 x x  i ! x ! i  x X

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .

138



Chapter 6 
DEVELOPMENT OF PROPOSED METHOD

The primary objective o f  this study was to  create one or m ore new equations o f  

total load sediment transport. Using statistical approaches and non-linear optimization, 

simple sediment transport relations w ere developed so they can be easily applied and be 

used for practical purposes. Field data were used to test the applicability o f  existing 

(selected) sediment transport equations for alluvial rivers and to  investigate how the 

hydraulic geometry and sedim ent characteristics correlate to  the sedim ent transport rate.

Using the results o f  com putation in Chapter 4, discussion o f  theory and 

applicability o f  the selected sedim ent transport equations in C hapter 2, and summary 

analysis comparison o f  sedim ent discharge measured and com puted from  some sedim ent 

transport relations by previous authors, dominant variables were exam ined carefully. The 

selected variables w ere used to propose new methods in determ ination o f  sedim ent 

discharge or to modify one o f  the selected sediment transport relations.

An attempt to  modify simple sediment transport equations such as Posada (1995) 

and Simons et al. (1981) is presented. Additionally, from analyzing o f  the ten selected 

sediment transport relations, Laursen (1958) was chosen to  be modified since it has a 

functional relation betw een u -/o  and f(u«/o) for a wide range o f  bed m aterial sizes.
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6.1. New Proposed Method Based on Modification of Posada (1995)

As stated earlier, any proposed new equation should be relatively simple and easy 

to be applied in the field. Therefore, a new sedim ent transport relation is developed based 

upon Posada (1995).

Equation (5.2) on page 113 (Posada, 1995) can be analyzed in m ore detail. Using 

this equation and the data in G roup 1 the relationship between m easured and computed o f  

the unit sedim ent discharge is show n in Figure 6.1 and Table 6.1. T he discrepancy ratio 

and the correlation coefficient are  shown in Table 6 .1.

Table 6.1. Discrepancy ratio and correlation coefficient between qs measured and qs 

computed using Equation (5.2)

G ravel- m ed. to v v l in e  to silt-bed sm all interm ed large
bed coarse  sand- fin e  sand- nvers n v ers late nvers
rivers bed  rivers bed  rivers n v ers

D isc r e p a n c y  R a t io  R D 3 1 2 .4 6 1.12 0 .3 3 0 .1 8 0 .1 9 0 .4 3 0 .1 2

C o r r e la t io n  c o e f f i c ie n t  Cc 0 .2 1 8 0 .7 2 7 0 .6 8 2 0 .5 1 1 0 .8 5 9 0 .7 5 2 0 .7 1 4

Posada developed her equations using a  total o f  119 data sets (114 data o f  

Amazon & Orinoco River System s and 85 data  o f  Mississippi River). The range o f  

hydraulic data and particle diam eter is shown in Table 6.2.

Table 6.2. Range of data used by Posada (1995) to develop Equation (5.2)

w id th d e p th

1 m >  2 0  m <  l m  l m < d < 3 m >  3 m

2 .5 1 % 9 7 .4 9 % 0 .5 0 %  1 0 .0 5 % 8 9 .4 5 %

M e a n  b e d  m a ter ia l d ia m e te r

<  0 .1 2 5  m m 0 .1 2 5  - 0 . 2 5 0  m m 0 .2 5 0  -  2 .0 0 0  m m

5 .8 8 % 3 1 .9 3 % 7 7 .3 9 %
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Figure 6.1. Detail relationship of unit sediment discharge q, from measured and computed 
reults using Equation (5.2) for several bed-rivers and channel sizes using data in Group I.

141

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w i th o u t  p e rm is s io n .



It can be seen from Table 6.2 that Posada developed her sedim ent transport 

relation in large rivers and using mostly medium to very coarse mean bed material (77.39 

% ). Accordingly, as shown in Figure 6.1b it is not surprising that the unit sediment 

discharges computed by Equation (5.2) fit quite well for those conditions. For medium to 

very coarse sand bed rivers the discrepancy ratio between qs measured and qs com puted is 

1.12. However, it is only 0.33 for very fine to fine sand-bed rivers, it is 0.18 for silt-bed 

rivers and it is 312.46 for gravel (m uch over-prediction). The equation gives relatively 

better results for large rivers com pared to small and intermediate rivers.

As shown in Table 5.2. and Figure 5.2 the unit stream pow er (uS) and the 

dimensionless unit stream  pow er (uS/e>) have relatively strong correlation to the 

measured sediment discharge (Cppm). Considering these two param eters and the 

correlation coefficient for each variable o f  hydraulic geom etry and the sediment 

characteristics shown in Tables 4.2., 4.4., 4.6. and 4.8., Equation (5.2) using non-linear 

optimization, and the field data for different kinds o f  river beds can be modified. The 

procedures o f  analyzing Equation (5.2) are as follows.

1. Selection of statistical parameters

The objective o f  this selection is to test the goodness o f  fit o f  the new equation.

Three parameters w ere selected including the discrepancy ratio R D , the correlation 

coefficient Cc, and graphical com parison between the unit sedim ent discharge qs 

measured and computed.

2. Selection of hydraulic geometry and sediment characteristic variables

This selection is based on the correlation coefficient Cc between each hydraulic 

geom etry and sedim ent characteristic variable. The analysis has been done and the results
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are tabulated as shown in Tables 4.2., 4.4., 4.6. and 4.8. For silt-bed rivers the Pearson 

correlation coefficient are summarized as follow s (see Table 4.8);

C  (m e asu re d ) Q w d V d* s . u . u d. or

PPfn rrfVs. m : m i m m m t °C  (N /irr) i rrvs: r t r / s (TVS

C (m e a s u re d ) 1 .00 0 .0 4 0 .2 3 -0.23 0 .4 6 0 .2 9 0 .3 2 0 .2 6  0 .2 0 0 .21 -0 .21 0 .3 5 0 .3 2

Table 6.3. Pearson correlation coefficient Cc between Cppni measured and 

hydraulic geometry and sediment characteristic variables for silt-bed rivers data in 

Group 1

3. Selection of variables that will be added to Equation (5.2)

From Tables 5.2, 6.3 and Figure 5.2, the variables o f  velocity u, flow depth h and 

slope S are selected to  be added to Equation (5.2). Accordingly, for silt-bed rivers 

Equation (5.2) is modified to become

q, =a(30u?Xubh cSd) (6.1)

in which

a = coefficient to be analyzed

b. c, d. = power coefficients o f  velocity, depth and slope to be analyzed.

4. Non-linear Optimization

In M icrosoft Excel Solver for non-linear optim ization software. Equation (6.1) is 

proposed using silt-bed river data in group 1. The M icrosoft Excel Solver is used to 

optim ize Equation (6.1) by finding the values o f  “b, c and d?’ in iteration procedures 

with constraints: the correlation coefficient C c is optimum (close to  I) and the trends o f  

all silt-bed river data in graphical com parison between the unit sedim ent discharge qs 

m easured and com puted are almost forms line with angle 45 degree to  the horizontal

line. The results are optim ized to get R D close to  one by changing the value o f  “a”
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(iteration procedures using “goal seek tool”  in M icrosoft Excel Solver). The description 

above is illustrated in Figure 6.2a.
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Optimization of Cc to make the result form a line. In this result, q, measured and computed is 
formed straight-line by changing the values of “b, c and d” in iteration procedures in 
Microsoft Excel Solver. However, the correlation coefficient Cc is only 0.118 (bad correlation) 
because the results almost form a horizontal line. Again using non linear optimization in 
Microsoft Excel Solver, change the values of “b, c and d” in iteration procedures to reach Cc 
close to one and the graphical results reach close to an angle of 45 degrees.
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c lo s e  to  t h e  p e r f e c t  a g g r c m e n t  l in e

Figure 6.2a. Step o f  non-linear optimization to modify Equation (5.2) fo r  silt-bed rivers using 

data in Group I

The final result o f  the optimization for silt-bed river data in G roup 1 is a = 9.380, 

b  = -2.738, c =  0.182 and d = 0. Accordingly, for Silt-bed rivers, Equation (6.1) can be 

rewritten as

1 4 4
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q, = 9.380(30ir Xu ^ h 01*2 ) (6.2)

Similarly, the new equations for very fine to  fine sand-bed, medium to very 

coarse sand-bed and gravel-bed rivers follow  the procedure o f  calculation above.

Summ ary result o f  coefficients a. b, c, for several river-beds are shown in Table

6.4.

Table 6.4. Parameters of a, b, c, d of Equation (6.1) for several river-bed materials 

using data in Group 1

a b c d
silt-bed rivers 9.380 -2.378 0.182 0
very fine to fine-bed rivers 94.32 -1.354 0.406 0.412
medium to v coarse sand-bed rivers 70.78 -1.700 0.468 0.613
gravel-bed rivers 14,396.16 -4.000 1.000 2.000

Discrepancy ratio and correlation coefficient o f  original Posada and modified 

Posada are shown in Table 6.5.

Table 6.5. Discrepancy ratio and correlation coefficient of original Posada and 

modified Posada using data in Group I

Original Posada modified Posada

R d
Cc R d

Ce

Silt bed rivers 0.18 0.7567 1.00 0.7724
very fine to fine sand-bed rivers 0.33 0.6843 1.00 0.7242
medium to very coarse sand-bed rivers 1.12 0.7274 1.00 0.8146
gravel-bed rivers 312.46 0.2175 1.00 0.7625

The com parison between original Posada and modified Posada using the data in 

Group 1 for various river-beds can also be seen in Figure 6.2b.
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Figure 6.2b. Comparison among q, measured and q, computed using original Posada and 

modified Posada fo r  various particle diameters o f  river-bed materials using data in Group I.

6.2. New Proposed Method Based on Modification of Simons et ai. (1981)

Equation (5.3) (Simons et al., 1981), which w as obtained for steep sand and 

gravel-bed channel under supercritical flow, was analyzed and modified to obtain a  new
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sedim ent transport rate w ith various ranges o f  hydraulic geometry and sediment 

conditions. The range o f  param eter this equation was developed is shown in Table 6.6.

Table 6.6. Range of parameters Equation (5.3) was developed by Simons et al. 

(1981)

P a r a m e t e r V a lu e  r a n g e S I  U n i t s

F r o u d e  n u m b e r 1 - 4 -

V e l o c i t y 1 . 9 8 - 7 . 9 2 m /s

Bed slope 0 . 0 0 5  -  0 . 0 4 0 00.000
u n i t  d i s c h a r g e ,  q 3 .0 5  -  6 0 . 9 6 m / s

p a r t i c l e  s i z e .  d 50 >  0 . 0 6 2 m m

Using statistitical approach, non-linear optim ization, and the field data for 

different kinds o f  river bed Equation (5.3) can be modified. The procedures o f  analyzing 

Equation (5.3) are as the same as the procedures o f  modified Posada equation.

q, = a (c sld c'-’u c" )u bSc (6.3)

in which:

qt = total unit sedim ent discharge (ft7s/ft width) 

c î = coefficient

c S2 = power o f depth related to diam eter o f river-bed materials 

c S3 = power o f velocity related to diam eter o f  river-bed materials 

d = How depth (ft) 

u = velocity (ft/s)

S = Slope

a. b. c = coefficient o f  Equation (6.3)

Coefficients a, b, c for several river-beds are shown in Table 6.7.
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Table 6.7. Parameters a, b and c of Equation (6.3) for several river-beds using 

data in Group 1

a b c
silt-bed rivers 24.26 -1.00 0.250
very fine to fine-bed rivers 8.26 0.750 0.250
medium to very coarse sand-bed rivers 3.30 0 0.200

Using this equation and the data in group 1 the relationship between measured and 

computed o f the unit discharge is shown in Figure 6.3.

Discrepancy ratio RD and correlation coefficient Cc o f  original Simons et al. 

and modified Sim ons et al. are shown in Table 6.8.
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m e d i u m  t o  \  e n .  c o a r s e  s a n c - f ' e u  n v  e r -

Figure 6.3. Comparison among q, measured and computed using original Simons et aL and 
modified Simons et aL for various particle diameters of river-bed materials using data in Group
I
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Table 6.8. Discrepancy ratio RD and correlation coefficient Cc of original Simons 

et al. and modified Simons et al. using data in Group 1

O r ig in a l  S i m o n s  e t  a l . m o d i f i e d  S i m o n s  e t  a l .

R d
Cc

R o
Cc

S i l t  b e d  r iv e r s 0 .5 1 0 . 3 6 1 3 1.0 0 0 . 4 0 2 4

v e r y  f i n e  t o  f i n e  s a n d - b e d  r iv e r s 1 .2 7 0 . 5 9 3 0 1 .0 0 0 . 6 0 5 8

m e d i u m  t o  v e r v  c o a r s e  s a n d - b e d  r iv e r s 1 .5 4 0 . 6 5 4 7 1 .0 0 0 . 6 5 5 3

Extension o f the coefficients csj, csi and cS3  for gravel-bed rivers produces 

theoretically very large am ount o f  sedim ent rates, w hich does not make any sense. Hence, 

for particle diameter o f  river-beds greater than 5.00 mm. the Simons et al. m ethod was 

not to be modified.

6.3. Modification of Laursen’s Method

M odification o f  L aursen 's m ethod were conducted by M adden (1985) and by 

Copeland (1989). A brief description o f  these modifications is presented before the 

m odification in this present study. Com parison am ong these m odifications are also 

presented.

6.3.1 Modification by Madden (1985)

In the Arkansas R iver channel design studies Madden (1985) m odified the 

Laursen method. The sedim ent transport relation by Laursen was adopted because it is 

expressed in terms which perm it separating readily the effects o f the various param eters 

which are generally considered to govern the bed material load, hydraulic geom etry, and 

sedim ent characteristics.

The range o f data in the m odification o f  Laursen is shown in Table 6.9.
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Table 6.9. Data range used in developing Laursen transport function (Waterways 

Experiment Station, 1998)

P a ra m e ter d a ta  r a n g e
1. M e d ia n  p a r tic le  s i z e  r a n g e , n u n 0 . 0 4 - 4 . 8
2 . M u lt ip le  s i z e  c la s s e s v es
3 . V e lo c i t y ,  fp s 0 . 8 5 - 7 . 7

4 . D e p th , ft 0 .2 5  -  5 4

5 . S lo p e , ft  p e r  ft 0 .0 0 0 0 1  - 0 . 1

6 . W id th , ft 3 -  3 6 4 0

7 . W a te r  T e m p e r a tu r e . °F 3 6 - 9 0

The modified Laursen by M adden is a m ultiple grain size function for sand bed 

transport that has been used for mixtures o f  sand and gravel (W aterw ays Experim ent 

Station, 1998). The m odification o f  the Laursen graph is based on three sets o f  special 

m easurem ents on the A rkansas River: near D ardanelle in June-July 1957 and April 1958, 

and near M orrilton in April 1958. The results o f  the Missouri R iver measurem ent by 

B ondurant (1958) were used as a reference. M adden discovered that the rating curves 

calculated from the original Laursen resulted in loads considerably smaller than  the 

curves developed from the longer term m easurem ents, but the curves did parallel each 

other. In the Arkansas R iver planning studies, a new  graph o f  the Laursen m ethod was 

developed using Laursen’s param eters but based on Arkansas R iver data only. Two 

versions o f  the modified Laursen’s graph were developed at different tim es as show n in 

Figure 6.4.
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Legend for 1985 restudy:
•  Average o f measurements near Dardaneiic 19S7 
■+• Average of measurements near Dardaneiic 1957
* Average o f  measurements near M onilton  1958 
■ Ovcral average o f  measurements

o r ig in a l  
L a u rsen  •

total load curve for Arkansas Rjver.j 
dated Oct. 1959|

too

•- bed load fom Laursen

100
u./ci)0.1

Figure 6.4. Development o f  the Laursen graph fo r  the Arkansas River project planning studies 

(Madden, 1964)

The procedure for developing the functional relationship used the equation

f —
C /p si

V CO , fd0
7 .6 (  T ' ^

^ T ci )
P b i Id J

in which

C = sedim ent concentration o f  each grain size class, percent by weight 

u* = shear velocity = ^ /tQ/p  

o) = fall velocity

d; = diam eter particle sedim ent o f  size fraction i 

d = flow depth

Psi-  Pbi = The fraction o f  suspended material and fraction o f  bed material o f  dj, 

respectively
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t ,  =  yRS, s YdS„ = 28.25—  (6.5)

f  2 . V '3
« '  50 (6.6)
30 d ,

t c = 4ds in general, but t c > 4 d s for ds < 0.088m m  (6.7)

q, = 27qC (6.8)

Values f(u ./co) for suspended sedim ent corresponding to each value o f  (u ./to ). 

but values f(u . /to) for bed-load were calculated from the equation

f  (u. /<o) = 10.7378(u. /to)0 25501 (6.9)

which was deduced from Laursen's curve labeled "bed load” .

The bed load was added to the suspended load to obtain value f (u ./to )  applicable 

to the total bed material load.

The final revision o f the m odified Laursen graph by Madden is show n in Figure

6.5.
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Figure 6.5. Modified Laursen graph by Madden (1985)

Adjustm ent factor related to the Froude num ber was added to  the Laursen 

equation, and hence the modified Laursen equation by M adden (1985) becomes.

6.3.2 Modification by Copeland (1989)

Copeland and Thom as (1989) modified the Laursen (1958) method to be used in 

streams both sand-bed rivers and extending to larger gravel-bed rivers. The param eter o f  

(u./e>i) was modified by the authors using additional sand-bed rivers and gravel-bed 

rivers. The original Laursen equation was also modified using the grain hydraulic 

roughness to  com pute the grain shear stress. Copeland & Thomas introduced a variable 

critical shear stress in the modified Laursen sedim ent transport relation to enhance the 

mobility o f  larger particles (gravels) in the presence o f  sm aller particles.

(6.10)
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The original Laursen’s bed shear stress due to  grain size V  in lb/ft- as expressed 

in Equation (2.13) can be rewritten as

t  , ' = pU
2 r d

58
5 0

v d ,
(6.11)

The grain shear stress is calculated from  the grain hydraulic roughness. 

Copeland computed this roughness using the Limerinos (1970) equation, as restructured 

by Burkham & Dawdy (1976), as expressed.

—  = 3.28 + 5.75 lo g —  (6.12)
u . d gj

in which

u'. - Jgr 'S  (6.13)

r '=  — —— (6.14) 
1.81 IS0-'3

n = 0 .3 4 k / 6 (6.15)

in which

n = M anning 's roughness coefficient

ks = coefficient o f roughness for the bed

u = the mean velocity

u'« = the grain shear velocity

r' -  hydraulic radius o f  bed grain roughness

dX-4 = particle size o f which 84% o f  the bed is finer

S = slope
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Accordingly, the bed shear stress due to grain size x0' in Equation (6.11) is 

calculated by inserting the m ean velocity u computed from Equation (6.12).

The bed load transport is a  function of the ratio o f the applied grain size to the 

critical shear stress and is expressed as (T0'/Tcj - l ) .

For turbulent flows over rough boundaries, the critical shear stress t^ varies 

linearly with particle size since the Shield parameter remains constant (Julien. 1995). 

Highway Research Board (1970) plotted the relationship between critical shear stress and 

median grain size djo on a  flat horizontal surface (also found in Figure 7.7. in Julien. 

1995). Paintal (1970) found that the critical stress varied with the applied shear stress, 

decreasing significantly when the dimensionless shear stress was less than 0.05. The 

dim ensionless shear stress for the ith Toi. size class is defined as

•  '  (, Hsr
in which

T()" = the bed shear stress due to grain size 

ys = specific weight o f  sedim ent

y = specific weight o f  water

dj = geometric mean diam eter o f  particle o f the ith size 

The critical dim ensionless shear stress is defined by

Laursen (1958) assumed a constant critical dimensionless shear stress xCj* 0 .039  

for all particle sizes. However, according to Julien (1995), this value is the threshold of
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motion for very fine gravel and is to be equivalent to a value o f  0.2 for the ratio o f  shear

to fall velocity (u-/«).

According to Copeland the critical dim ensionless shear stress varies between 0.02 

and 0.039. The lower lim it was adopted from the research o f  A ndrew s (1983). When tc;. 

is greater than 0.050, it should be taken 0.039 as recommended by Laursen. The lower 

limit o f t c,« is:

The modification o f  the critical dim ensionless shear stress indicates that the 

potential transport o f  coarser particles (such as gravel) is increased as the initiation of 

motion for these particles at lower shear stresses.

The difference between the original Laursen and m odified Laursen by Copeland 

for suspended load is that in the original Laursen the suspended transport rate is the ratio 

between total shear velocity to grain fall velocity (u*/coj). while in modified Laursen by 

Copeland the suspended transport rate is the ratio o f  grain shear velocity to grain fall 

velocity (u'./coj).

The modified Laursen equation by Copeland (1989) can be written as

r cl. = 0 .647 tO(. +0.0062 (6.18)

and. hence the critical shear stress is calculated by:

x Cl = ^c,-(Ys -y )d (6.19)

(6.20)

in which:

C, = total average sedim ent concentration in weight per unit volum e
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y =  specific weight o f  w ater 

p;= fraction

u'» = grain shear velocity 

d = flow depth

dj = diam eter particle o f  the  i1*1 size fraction 

to ' = bed shear stress due to grain size 

id  = critical shear stress for sediment size di 

(Di = fall velocity o f  particle size dj

= functional relation defined on Plate 16 Copeland & Thomas (1989) o r roughly 

plotted in Figure 6.6.
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Figure 6.6. Modified Laursen graph by Copeland (1989)
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The range o f  data used in the developm ent o f the Laursen transport function is 

shown in Table 6.10.

T ab le  6.10. Data range used in development of the Laursen transport function by 

C opeland  (Copeland &  Thomas, 1989; and Waterways Experiment Station, 1998)

P aram eter R iv e r  d a ta F lu m e  d a ta
1. M ed ia n  p a r tic le  s iz e  ra n g e , m m 0 .0 8  -  0 .7 0 0 .0 1 1  - 2 9
2 . M u lt ip le  s iz e  c la s s e s y e s y e s
3 . V e lo c ity ,  fp s 0 .0 6 8  -  7 .8 0 .7 0  - 9 .4
4 . D ep th , ft 0 .6 7  -  5 4 0 . 0 3 - 3 . 6
5 . S lo p e , ft  p e r  ft 0 .0 0 0 0 0 2 1  - 0 .0 0 1 8 0 .0 0 0 2 5  -  0 .0 2 5
6 . W id th , ft 6 3  — 3 6 4 0 0 .2 5  - 6 .6
7 . W ater T e m p e ra tu re . °F 3 2 - 9 3 4 6 - 8 3

The modified Laursen by Copeland was applied by Raphelt (1996) to ten river 

systems including the Toutle. North Fork Toutle. Susitna. Tanana. Oak Creek. 

Clearwater. Chippewa near Durand. C hippew a near Caryville and Granite Creek Rivers. 

From a total o f  187 sets o f  gravel-bed river data. 147 sets o f  data were above the 

measured values. 39 sets o f data were w ithin the range o f  accuracy compared to the 

measured values (discrepancy ratio o f  com puted to measured values is in the range o f  0.2 

to 5) and only 1 set o f  data were below the range o f  accuracy. Raphelt (1996) concluded 

that modified Laursen by Copeland significantly over-predicted gravel bed transport for 

individual grain size. The maximum over prediction is as much as 6000 times higher 

than the measured value. The data w ithin the range o f  accuracy all had df0 o f  bed 

material either sand or very fine gravel. The lowering o f  the critical dimensionless shear 

stress without accounting for the probability o f  grains to move, and without the hiding 

factor, probably are the reasons for the over-prediction o f  modified Laursen by Copeland 

for gravel-bed transport with dso > 4.00 m m .
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6.3.3 New Proposed Method Based on Modification o f Laursen (1958)

The total average sediment concentration, Ct using Laursen can be com puted 

using Equation (2.2). This equation is rewritten

C, = 0 . 0 1 y 2 > ! ^ -
d

— -1  
VTci

r  ^
U .

v ° iy
(6.21)

Since the calculation is using the mean bed diam eter (uniform material), d?o, this 

equation reduces to

C, = 0.0 ly ‘ 50

\  a  J
^ - - 1  

V ^ c i  J V.®  50 J
(6 .22)

From Chapter 4, the comparison between CppiI, m easured and com puted is 

summarized in Figures 6.7 and 6.8.

g r t v t l

2 0  0 %

£♦00
1 E ♦ 0  0 1 E ♦ 0 1 t E * 0  2 1 E ♦O 3

C {wi • • • u
1 E * 0 5  1 E » 0 8

Figure 6.7. Comparison Cppm (measured) and computed (Laursen method) for various river­

beds
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Figure 6 .8  Comparison Cppm (.measured) and computed (Laursen method) for various 

channel sizes

From Figures 6.7. and 6.8., and Tables 4.15 to 4 .22 it can be seen that for various 

river-beds and channel sizes, summaries can be given:

1. Silt-bed rivers

M ost o f  the Cppm computed is greater than Cppm m easured with discrepancy ratio 

o f 3 .01. Range o f  discrepancy ratio o f  0.5 up to  2 is 48  %,  discrepancy ratio less than 

0.5 is 19 % and discrepancy ratio greater than 2 is 33 %  (for detail see Table 4.19 and 

Figure 4.8g). However, only 22 % has discrepancy ratio  o f  0.75 -  1.25.

2. Very fine to fine-bed rivers

M ost o f  the Cppm computed is much smaller than Cppm m easured with discrepancy 

ratio o f  0.36. Range o f  discrepancy ratio o f  0.5 up to  2 is only 19 % , discrepancy ratio
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less than 0.5 is 80 %  and discrepancy ratio greater than 2 is only 2 %  (for detail see Table 

4.18 and Figur 4.8g). However, only 7 % has discrepancy ratio o f  0.75 -  1.25.

3. M edium  to co arse  bed rivers

Most o f  the Cppm computed is sm aller than Cppm m easured with discrepancy ratio 

o f  0.60. Range o f  discrepancy ratio o f  0.5 up to 2 is only 20 %. discrepancy ratio less 

than 0.5 is 75 %  and discrepancy ratio greater than 2 is only 5 % (for detail see Table 

4.17 and Figure 4.8g). However, only 6 % has discrepancy ratio o f  0.75 -  1.25.

4. Gravel bed rivers

Most o f  the Cppm computed is much greater than Cppm m easured with discrepancy 

ratio o f 7.16. Range o f  discrepancy ratio is shown in Table 4.16.

Range o f  discrepancy ratio o f 0.5 up to 2 is only 15 %. discrepancy ratio less than 

0.5 is only 3 %  and discrepancy ratio greater than 2 is 81% (for detail see Table 4.16 and 

Figure 4.8g). However, only 3 % has discrepancy ratio o f  0.75 -  1.25.

5. Small rivers

Most o f  the CPpm computed is greater than Cppm m easured with discrepancy ratio 

o f  1.43. Range o f  discrepancy ratio o f  0.5 up to 2 is 60 %, discrepancy ratio less than 0.5 

is 20 % and discrepancy ratio greater than 2 is only 21 %  (for detail see Table 4.20 and 

Figure 4.8g). Discrepancy ratio o f 0.75 -  1.25 is about 23 %.
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6. Intermediate rivers

Most o f  the C p p m com puted is smaller than C ppm  measured with discrepancy ratio 

o f 0.37. Range o f  discrepancy ratio o f  0.5 up to 2 is only 15 %. discrepancy ratio less 

than 0.5 is 85 %  and discrepancy ratio greater than 2 is only 2 % (for detail see Table

4.21 and Figure 4.8g). Discrepancy ratio o f  0.75 -  1.25 is only about 5 %.

7. Large rivers

M ost o f  the C p p m com puted is much sm aller than C p pm measured with discrepancy 

ratio o f  1.13. Range o f  discrepancy ratio o f  0.5 up to 2 is only 9 %. discrepancy ratio less 

than 0.5 is 83 % and discrepancy ratio greater than 2 is only 8 % (for detail see Table

4.22 and Figure 4.8g). However, only 5 % has discrepancy ratio o f  0.75 -  1.25.

6.3.3.1 Modified Laursen Graph

Bondurant (1958) proposed a modification o f  the Laursen graph. He plotted the

relationship between (u « /o j )  and f(u./ro) in the Laursen graph from the Missouri R iver 

data at Omaha and at Kansas City. At the lower part o f  Laursen graph. Bondurant (1958) 

modification Fit quite well with the Laursen graph. However, between the upper part and 

the lower part, the values o f  u*/a>j for the Missouri River data deviate sharply from those 

o f  Laursen graph. This deviation seems quite well compare to the value o f  u./to; from 

various river-bed rivers (see Figure 6.9.).

Data o f  the original graph plotted roughly from Laursen data and modification 

proposed by Bondurant (1958) are shown in Figure 6.9.
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Figure 6.9. Points o f  Laursen data and values o f  the relation between u-/(Oi and f(u  •/a>j) from  

Missouri River (after Laursen, 1958 and Bondurant, 1958)

Sediment transport can be subdivided into three zones describing the dominant 

mode o f transport: bed load, mixed load and suspended load (Julien, 1995; M iddleton & 

Southard. 1984; Dade & Friend, 1998). T he param eters u ./o  and dso/d in Equation (6.22) 

are also indicators how  the mode o f  the sedim ent transport.

Figure 6.10. shows the ratio o f  suspended load to total as function o f  u«/e> and

d/d5o.
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Figure 6.10. Ratio o f  suspended load to total load versus ratio shear to fa ll velocities and 

dimensionless flow  depth d/dSo (Julien, 1995)

Julien (1995) stated that for turbulent flow over rough boundaries that generally 

occurs in natural streams, the incipient motion corresponds to u./co = 0.2. Furthermore, 

bed load will be dom inant for u./co less than about 0.4. M ixed load or transition zone is 

found where 0.4 < u./co < 2.5. In this zone, bed-load and suspended load contribute the 

total load. When u./co > 2.5. the suspended load is dom inant and effects o f  gravity on 

particles are negligible compared with turbulent mixing. Dade & Friend (1998) gave a 

slight different criterion o f  mode o f  sedim ent transport com pared to Julien (1995). 

D om inant suspended load occurs w hen u«/co > 3.33. u./co o f  m ixed load is in the range o f  

0.33 -  3.33. and dom inant bed load is when u./co < 0.33. In mode o f suspended load, 

less than approxim ately 10 -  20 %  total sedim ent load is bed load. However, in m ode o f  

bed load, more than about 80 -  90 %  is bed load. In m obile boundary channel, these

1 6 4
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different modes o f  sedim ent transport cause the changes o f  flow condition (Ansley. 

1965).

However, all modes o f bed m aterial transport can occur simultaneously over a 

wide range o f  flow conditions, even though one could dominate at any given stage 

(Knighton. 1998).

Table 6.11. summarizes the m odes o f  sedim ent transport given shear and fall 

velocities.

Table 6.11. Modes of sediment transport given shear and fall velocities

U-'lO J u lien  ( 1 9 9 5 ) u./co D a d e  &  F rien d  ( 1 9 9 8 )

< 0 . 2
0 .2

0 .2  -  0 .4  
0 .4  -  2 .5  

> 2 .5  
2 5  

100  
4 0 0

n o  m o tio n  fo r  a ll p o s s ib le  g ra in  s iz e s  
lo w e s t  p o s s ib le  in c ip ie n t  m o tio n  fo r  
tu rb u len t f lo w  o v e r  rough  b o u n d a r ie s  
se d im e n t  tra n sp o rt a s  b e d -lo a d  
s e d im e n t  tra n sp o rt a s  m ix e d - lo a d  
s e d im e n t  tran sp o rt a s  su sp e n d e d - lo a d  
Cr, 8 = 0 .7  5 Co 2 
Co s = 0 .9 3  Co 2 
Co 8 =  0 .9 8 C 0 2

< 0 . 3 3  
0 .3 3  <  u./co < .3 3 3  

> 3 .3 3 3

p red o m in a n t b ed  load  
m ix e d  load
p red o m in a n t su sp e n d e d  load

note: C 0 * is  th e  c o n c e n tr a t io n  at y  = 0 .8  d

Figure 6.11. shows the mode o f  sedim ent transport plotted in original Laursen

graph.
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Figure 6.11. Modes o f  sediment transport plotted in original Laursen graph (Laursen, 1958; 

Julien. 1995; and Dade A Friend, 1998)

The parameter (x„' / xcj - 1) in Equation (6.22) is important to the determ ination o f 

bed-load. and the param eter u«/o relates to  the suspended load. W hen there is no 

suspended load, the value o f  f ( u . / o ;) is unity. I f  the lowest part o f  Laursen graph is 

assumed to be linear, therefore this part could be extended to get the value u*/o for 

f  (u ,/co ;) equals to unity. This extension is show n in Figure 6.12.
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Figure 6.1Z Theoretical range o f  bed load from Laursen method [Equation (6.22)}

From  Figure 6.12. we can say that theoretically the bed-load (from  original 

Laursen graph) has value o f  u*/Oi in the range from 10"6 (very small and can be assumed 

to be zero) to eight. H owever, as stated by Julien (1995) and shown in Figure 6.10, in 

natural stream s the incipient motion for gravel corresponds to u«/o = 0.2.

Equation (6.22) can be rewritten as

C,' u . '

V ° j o  J O.Oly
v. d  j

7 6
(6.23)

- 1
y Tei

1 6 7
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Using Equation (6.23) and field data the relationship between u*/©i and 

can be plotted on the original Laursen Graph. The results for different sizes o f  river-bed 

particles and different o f  channel sizes are shown Figure 4.13 and Figure 4.14 in Chapter

Four.

Plotting u*/e>i and f(u*/cD; ) o f  several kinds o f  river-bed diameter data in Group 1 

graph (re-plotting o f  Figure 4.13) and modes o f  sedim ent transport into Laursen graph 

(combining Figure 4.13 and Figure 6.11) are shown in Figure 6.13.

m ix t d  lo a < T _ - su sp cn c  c d  lo a 3  (J u lien . 1 9 9 5
low est incipient 
iiHHioin gravel")

susperd ccT load  (D a d e 6: F n en d . 199X)bed
load1 E-01

1 E -01

Figure 6.13. Plotting u>/tOi and f(u-/a),) fo r  several diameters o f  river bed data from  Group I, 

graphs and modes o f  sediment transport defined by Julien (1995) and Dade A  Friend (1998) 

into Laursen graph

It can be seen that for various mean bed diam eters there is a  consistent tendency 

o f  the relation between u*/oj and f(u»/e>i). Lowest incipient motion zone occurs for 

gravel-bed rivers, the bed load zone consists mostly gravel-bed materials with small
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amount o f  coarse-bed materials. The mixed load zone is mostly medium to  very coarse 

sand-bed materials and relatively small am ount o f  very fine to fine sand-bed materials. 

In suspended load zone m ixture o f  very fine to  fine sand-bed materials and silt-bed 

materials occurs. However, although there is also a consistent tendency o f  the relation 

between u«/(3j and f(u»/«j) for various channel sizes (see Figure 4.14 ). scatter result still 

exists.

From Figure 6.13. modification o f  Laursen graph could be developed. Relation 

o f u*/(Oj and log f(u«/o;) is plotted in Figure 6.14.

 o r g n a l  la u r se n  <yaptt

1E02
1B031 E*00

Figure 6.14. Relation o f  uVojiand log f(u-/eoJ

The proposed modified Laursen graph is shown in Figure 6.15. The vertical line 

shown in the bed load zone in Figure 6.15. indicates that prediction o f  bed load could not 

be fairly accurate. Hence, calculating bed load accurately is still problem atic since the 

formulas proposed so far do not provide a good fit to all data (Garg et al., 1971). Besides, 

bed-load sampling in river is rather complicated and taking samples at only one location 

may lead to a large error o f  about 50 %  (G aw eesh and Rijn, 1994; Hubbel, 1989).
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R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e rm is s io n .



1 E+01 -?

1 E +00

3
d
£

1 E-01

1 .E -02

a J w E

m - ^ r r ^ s M

W  *

A
p roposed  m o 
graph fo r dif 
river-bed  cah

dified Lauzsen 
ercrit particles o f  
n n d s

s tit-b e d

v e r y l n e  to i n e  s a n d - b e d  

^  m e d iu m  to  c o a r s e  s a n d - b e d  

g ra v e l b ad  

---------o r ig in a l  l a u r s e n  g ra p h

1 E-02 1 .E-01 1 E - 0 0 1 .E -01 1 .E +02 1 E - 0 3

Figure 6.15. Proposed Laursen graph modification

The equations for each line in F igure 6.15. for silt-bed, very fine to  fine sand-bed. 

m edium  to coarse sand-bed and gravel-bed rivers are

y = 0.2003Ln(x) + 3 .1 192 (6.24a)

y = 0.6031 Ln(x) + 2.1116 (6.24b)

y = 0.5553Ln(x) + 1.8086 (6.24c)

y = 7 .1575Ln(x) + 8.479 (6.24d)

in which 

y =  Log f(u*/fa„)

X =  U */(0 j,

W ith Figure 6.15 and Equation (6.24), the original Laursen equation {(Equation 

(6.21)} is modified to become
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C t = O.Olyj
( d .

-1 10 ■.“JO , (6.25)
v. c S ) y

This equation is called modified Laursen 1.

Among the variables which have the relations to  the Cppm measured, the 

dimensionless unit stream  pow er has a strong relation (see Figure 5 .2 ). The range o f  this 

dimensionless unit stream  power, uS/co, when com pared to Cppm measured is 0.0000426 

to 0.403. The range o f  dim ensionless mean diam eter particle size djo/d is 0.00000197 to

0.00616. These relationships are plotted in Figure 6.16.
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1 .E -02

•o
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1 .E-04
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o  d so /d
\  u S  c )

1 .E -06

1.E-

-r 1 .E+00

1 E-01

1 .E -0 2

8
1 E-03 a

1 .E-04
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1 .E -06

i-01 1 .E + 0 0  1 .E+01 1 .E + 0 2  1 E+03 1 .E +04  1 .E +05  1 .E+06
Cppm ( m e a s u r e d )

F igure 6.16. R ange o f  dim ensionless u n it stream  pow er and  dim ensionless flo w  depth 

com pared to Cppm m easured.
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A c c o rd in g ly , the dimensionless unit stream pow er, using regression analyses and 

non-linear optimization technique can be added as another variable into Equation (6.25). 

Therefore, the equation can be rewritten

C, = 0.0 ly 'd 50"
7 / 6

^ - - 1
rf— ] ^uS^ 

co )
(6.26)

v. c5o y

This equation is so-called modified Laursen 2. 

in which

a = the variable according to mean bed particle size as showm in Table 6.12.

Table 6.12. Value of “a” in Equation (6.26) for various bed materials

R iv e r -b e d  m a ter ia ls a
g r a v e l 0
m e d iu m  to  v e r y  c o a r s e  san d - 0 .2
v e r y  fin e  to  f in e  sa n d 0 .0 7 8
silt 0 .0 6

6.3.3.2 Statistical Analysis of Modified Laursen Equation Using Data in Group !

Using modified Laursen 1 and Figure 6.15. com parison o f  Cppm computed and 

measured for various river-beds data in G roup 1 are sum m arized in Figure 6.17 and Table 

6.13.

In Chapter 7, validations o f  modified Laursen 1 and 2 are done using data in 

Group 2 and additional data o f  Rivers in USA (see Section 7.1. on page 179) for both 

based on mean diam eter o f  river-beds and channel sizes.
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Figure 6.17a. Comparison Cp^ measured and computed using Laursen and modified Laursen 

I fo r  silt-bed river data o f  Groupl.

m odiled  L aurcen 1

2 0 0 %

Figure 6.17b. Comparison ^  measured and computed using Laursen and modified Laursen 

I fo r  very fine to fine-bed river data o f  Groupl.
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Figure 6 .17a Comparison Cppm measured and computed using Laursen and modified Laursen 

1 fo r  medium to coarse sand-bed river data o f  Groupl.
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Figure 6.17d. Comparison C ^  measured and computed using Laursen and modified Laursen 

1 fo r  gravel-bed river data o f  Groupl.
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Table 6.13. Comparison discrepancy ratio between Cppm measured and Cppin 

computed by Laursen and modified Laursen 1 using data in Group 1.

Discrepancy Ratio 

( Laursen)

Discrepancy Ratio 

(M odified Laursen 1)

silt-bed rivers 2.001 1.263
v fine to fine sand-bed rivers 0.345 1.447
med to v coarse sand-bed rivers 0.342 1.466
gravel bed rivers 4.379 3.003

6.3.4 Comparison Original and Modified Laursen’s Methods

1. Original Laursen equation is expressed {see Equation (2.12)

c , - ( u . . r E PlU

2. M odified Laursen equations are the following

a. By Madden (1985) {see Equation (6.10)}

( *  ’ .1- 2 - - 1 f
VTc, J

d: V
C , = Z pJ - —  1

*r

0.1616
. 0 . 9 0 4

V /

b. By Copeland (1989) {see Equation (6.20)}

c, = o .o i r X p , ^ - - 1
r  , \  u'.

V X c. V W, J

c. Proposed method from the present study:

two new modifications were developed labeled modified Laursen 1 and modified 

Laursen 2.

• modified Laursen 1 {see Equation (6.25)}
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• modified Laursen 2 {see Equation (6.26) and Table 6.12}

C, = O.Oly
7 / 6  /

-----1
V  T c 5 0

10 1“*,)
\ O i  J

The difference among those modifications is sum m arized in Table 6.14.

Table 6.14. Comparison among modified Laursens (in general)

M odified by Madden _
1. Used the same equation 

but adding adjustment 
factor related to Froude 
Number

2. Used the modified graph

3. Used size fraction

4. Used Arkansas River 
data

5 Graph is higher than the 
original for sand bed. 
but not specified for 
eravcl and silt

Modified by Copeland 
1 Instead o f  grain shear stress 

Copeland used grain hydraulic 
roughness

Used modified graph

Used size fraction

Used both rivers and flume data 
(not specified)
Graph is higher than the original 
for sand bed. but for silt not 
specified, graph for gravel is 
smaller than new proposed

M odified by kodoatic  
1 Used the same equation but adding dimcnsionless 

stream power as the adjustment factor

Used modified graph but more specific b y  
using diameter of bed material from silt to 
gravel
diameter (no fraction) which is simpler

Used 33 river systems and 18 sources o f  flume data 
(total data more than 5300 sets o f  data)
Graph is higher than the original for sand bed (for 
sand bed is m ore specific for very fine to fine sand 
and medium to very coarse sand), but smaller for sill 
compared to original, graph for gravel is proposed

A comparison o f  original and modified Laursen graphs is shown in Figure 6.18.
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1 M 1

bed-Iixid o rig inal Laursen

Note: Copeland used u-’/co; and f  (u.’/Oj) instead of u./co; and f(u*/coi)

Figure 6.18. Comparison among original Laursen graph with modified Laursen graphs by 

previous authors and new proposed Laursen graph.
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Chapter 7 
VERIFICATION AND VALIDATION

7.1. General

To verify the validity o f  sedim ent transport relations developed in C hapter 6, data 

in G roup 2 were used. A comparison betw een Cppm new proposed method and existing 

sedim ent transport relations which produce best relations to  Cppm measured also were 

presented. Note that because sets o f  data for gravel-bed rivers were relatively small, the 

laboratory data o f  M eyer, Peter and M uller (1948) containing 139 sets o f  data  were used 

fo r validation and verification. The other verifications used the field data o f  G roup 2.

1. Gravel-bed rivers

The mean diam eter o f  particle size has the range o f  2.69 mm (very fine gravel) to 

28.65 mm (coarse gravel).

The data have a wide range o f  hydraulic geometric data, including:

• discharge : 0.001 —4.614 m3/s

• width : 0.1 -  2.0 m

• depth : 0.01 -  1.092 m

• slope : 0.0004 — 0.0227

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i te d  w i th o u t  p e r m is s io n .



2. Sand-bed rivers

The sand-bed rivers w ere divided into two kinds o f  sand-bed: very fine to fine 

sand-bed rivers (0.062 mm -  0.5 m m ) and medium to very coarse sand-bed rivers (0.5 

m m  -  2 .0 0  m m ).

□ Very- fine to fine sand-bed rivers (0.062 — 0.250 mm)

Total data o f  692 o f  G roup 2 from 23 river systems as mention in Section 4.2.2. 

were used. The hydraulic geom etric data are:

•  discharge : 0.003673 -  235.000 m3/s

•  width : 0.346 — 3.090 m

• depth : 0.0341 -  68.00 m

•  slope : 0.0000027 -  0.00769

□ Medium to very coarse sand-bed rivers (0.251 mm — 1.990 mm)

Total data o f  546 o f  G roup 2 from 23 river systems as mention in Section 4.2.2. 

and additional data o f  68 data from rivers in the USA were used. The additional data o f  

rivers in USA included: 7 sets o f  data o f  the Black River near G alesville. W isconsin. 3 

sets o f  data o f  the Chippewa R iver near Caryville. Wisconsin. 14 sets o f  data o f  the 

Chippewa River at Durand. W isconsin. 18 sets o f  data o f  the Chippewa R iver near Pepin 

W isonsin. 6 sets o f  data o f  the Toutle River at Tower Road near Silver Lake. 

W ashington. 9 sets o f  data o f  the W isconsin River at Muscoda. W isconsin and 11 sets o f  

data o f  the Yampa River at D eerlodge Park. Colorado.

The hydraulic geom etric data have the range:
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•  discharge : 0.0075 — 151.000 m3/s

•  w idth : 1.00 — 2.608 m

•  depth : 0.061 — 65.00 m

• slope : 0.0000138 -  0.0029

3. Silt-bed rivers

Total o f  141 data sets o f  G roup 2 from 3 river systems as m ention in Section 

4.2.3. were used.

The hydraulic geometric data  are:

•  discharge : 1 .1 5 -4 1 .2 0 0  m3/s

•  w idth : 4.3 - 3 . 1 10 m

• depth : 0 .5 5 - 1 3 .1 0  m

•  slope : 0 .0 0 0 0 1 2 0 -0 .0 0 0 8 7

4. Small Rivers (width < 10 m, and depth < 1.0 m)

A total o f  81 data sets o f  G roup 2 rivers from 6 river system s as mentioned in 

Section 4.2.4. were used.

The hydraulic geometric da ta  are:

•  discharge : 0.2268 — 7.35 m3/s

•  m ean bed diam eter : 0.042 mm (coarse silt) -  57.51 mm  (very coarse gravel)

•  slope : 0.000115 — 0.00745
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5. Intermediate Rivers ( 10 m < width < 50 m, and 1.0 m < depth < 3 m)

A total o f 61 data sets o f  G roup 2 from 9 river system s as mentioned in Section 

4.2.5. were used.

The hydraulic geom etric data are:

•  discharge : 17.50 — 268.72 m3/s

• m ean bed diam eter : 0.021 (m edium  silt) -  1.91 mm (very coarse sand)

• slope : 0.000058 — 0.0024

6. Large Rivers (width > 50 m and depth > 3 m)

A total o f  374 data sets o f  G roup 2 rivers from 13 river systems as mentioned in 

Section 4.2.6. were used.

The hydraulic geom etric data are:

•  discharge : 107 — 235.000 m3/s

•  mean bed diam eter : 0.02 m m  (medium silt) — 1.05 mm (very coarse sand)

•  slope : 0.0000027 -  0.000121

7.2. Modified Posada (1995)

Equation (6.1) was verified using data in Group 2. As a result o f  this verification, 

discrepancy ratio and correlation coefficient o f  original Posada and modified Posada are 

show n in Table 7.1.
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Table 7.1. Discrepancy ratio and correlation coefficient of original Posada and

modified Posada using data in Group 2

Original Posada modified Posada
Ce R d

Cc

Silt-bed rivers 0.12 0.8393 0.88 0.8018
very fine to fine sand-bed rivers 0.33 0.7845 1.01 0.8239
medium to very coarse sand-bed rivers 1.12 0.7511 1.07 0.8006
gravel-bed rivers 13.516 0.8357 0.47 0.9591

The comparison between original Posada and modified Posada using the data in 

Group 2 for various river-beds can also be seen in Figure 7.1.
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: W5
$  t ?  I r ’ e  S « n 5  ;$ .«p/ tr* *c sn* s an

a. Silt-bed rivers b. Very fine to fine sand-bed rivers

c. Medium to very coarse sand-bed rivers

s
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I f  34 !E C 2  * E C : t £ 3 1  i f C  • f - V  ’ C C  ' M l  ; M -
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d. Gravel-bed rivers

Figure 7.1. Verification of Equation (6.1) for several diameters of river bed data from Group 2
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7.3. Modified Simons et al. (1981)

Equation (6.3) w as verified using data in G roup 2. As a  result o f  this verification, 

discrepancy ratio and correlation coefficient o f  original Simons et al. and modified 

Sim ons et al. are shown in T able 7.2.

The comparison betw een original Simons e t al. and modified Sim ons et al. using 

the data in Group 2 for various river-beds can also be seen in Figure 7.2.

e
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-

a. Silt-bed rivers b. Verv fine to  fine sand-bed rivers

c. Medium to very coarse sand-bed rivers

Figure 7.2 Verification o f  Equation (6.3) fo r  several diameters o f  river bed data from  Group 2
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Table 7.2. Discrepancy ratio and correlation coefficient of original Simons et al. and

modified Simons et al. using data in Group 2

Original Simons et al. modified Simons et al.

R d
Cc R d

Cc

silt-bed rivers 0.399 0.258 1.01 0.285
very fine to fine sand-bed rivers 1.281 0.684 1.08 0.6605
medium to verv coarse sand-bed rivers 1.364 0.627 0.85 0.6601

7.4. Modified Laursen (1958)

Using the proposed m ethod and data in G roup 2 the sediment discharge for each 

kind o f  river bed was computed and the results are summarized in the following.

I. Gravel-bed rivers

The relationship between u*/G>i and ffu*/(Oi) from M eyer-Peter-M uIIer data for 

gravel-bed materials is still in the range o f  the relationship between u*/coi and f(u«/Oi) 

from data in Group I (see Figure 7.3).

H owever, using Figure 7.3. and trend line analysis in Excel softw are. Equation 

(6.24d) can be modified into

y = 3.4943Ln(x) + 4.112 (7.1)

with R2 = 0.8817 

in which 

y  = Log ff  u «/cl);,)

X =  U*/C0i,
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Figure 7.3. Relationships between u-Zto-, and logf(u-/cjJ for gravel-bed rivers (groupl) and 

gravel-bed Meyer-Peter-Muller laboratory data (group2).

Using this equation and Equation (6.26) with variable a = 0 {Equation (6.26) is 

the same as Equation (6.25) or modified Laursen 2 is the same as modified Laursen 1}, 

comparison o f Cppm measured and Cppm computed by modified Laursen was plotted in 

Figure 7.4.
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Figure 7.4. Cppm measured and computed using proposed method fo r  gravel-bed rivers using 

data Group 2

The original Laursen graph produces Cppm computed mostly greater than Cppm 

measured. The modified Laursen graph as shown in Figure 7.4. shifted the Cppm 

computed to become closer to the Cppm measured. However, two ranges o f  values occur 

when the Cppnl computed is com pared to  Cppm measured. These phenom ena possibly due 

to the fact that although dso is gravel, som e sand particles still exist in the river-bed hiding 

behind the gravel particles in the  bed. This condition produces bimodal distribution when 

the grain size versus probability is plotted, because as stated by ASCE Task Committee 

(1992), cobble-gravel stream beds are characterized by bimodal distribution: a surficial 

layer o f  cobble and gravel overlies a poorly graded mixture o f  coarse and finer material 

(sand). This layer is relatively stable during most flows in some stream  and some sands 

move over this layer throughout. Conversely, these phenomena also happen in medium to 

very coarse sand-bed rivers. A lthough dso is in the range o f  sand-bed, some gravel 

materials still exist.
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Accordingly, since only a few data o f  Group 2 (only lab data) and the occurrence 

o f  bimodal distribution, for gravel-bed rivers, further research should be done to develop 

the best relationship betw een Cppm measured and com puted. The results could be 

compared to M eyer-Peter and M uller form ula since this m ethod was preceeded by almost 

20 years o f  experim ental w ork and probably is the m ost widely used in engineering 

practise particulary in European countries (Bogardi, 1978; Sim ons & Senturk, 1992).

2. Medium to very coarse sand-bed rivers

From com putation Cppm for data in Group 1 using existing sedim ent transport 

relation, Toffaletti are the best with discrepancy ratio o f  0.93 (See Figure 4.3 and Table 

4.5 ). Comparisons CPpm m easured and Cppm computed using  original Laursen. modified 

Laursen 1, m odified Laursen 2 {Equation (6.26) with a  = -0.2} and the best existing 

relation for medium to  very coarse sand-bed rivers (T offaletti, R D =0.93) are shown in 

Figure 7.5.

1 C - 0 3

0

1 - C O

t  C O O

Figure 7.5. Comparison measured and computed using original Laursen, modified 

Laursen I, modified Laursen 2 and Toffaletti fo r  medium to  very coarse sand bed-rivers data 

in Group 2

187

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .



The discrepancy ratios between C PPm measured and computed are shown in

Table 7.3.

Table 7.3. Discrepancy ratio, RD, between Cppm computed and measured for 

medium to very coarse sand-bed rivers data in Group 2

Modified Modified Laursen Toffaletti
Laursen 1 Laursen 2 method

Discrepancy ratio RD 0.98 1.57 0.24 0.89

Although the discrepancy ratio o f  m odified Laursen 2 is greater than modified 

Laursen 1. visually from Figure 7.5. it seems that modified Laursen 2 is much better than 

the other m ethods. This is possibly due to error in measurem ent causing some results for 

the comparison to fall outside o f  the range o f  good correlation. For example. Brownlie 

(1981c) reported some field data sets contained a num ber o f  errors and Rijn (1982) also 

mentioned that India Canal data contained a 12 %  error in sediment concentration.

Accordingly, for this river-bed m odified Laursen 1 or Laursen 2 are 

recommended to be used.

3. Very fine to fine sand-bed rivers

From com putation Cppm for data in G roupl using existing sediment transport 

relation Karim & Kennedy are the best with discrepancy ratio o f 0.90 (See Figure 4.2. 

and Table 4.3.).

Comparisons o f  Cppm measured and C ppm com puted using original Laursen, modified 

Laursen 1. m odified Laursen 2 {Equation (6.26) w ith a = 0.078} and the best existing

relation for very fine to fine sand-bed rivers (Karim  and Kennedy, R D = 0.90) are shown 

in Figure 7.6.
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Figure 7.6. Comparison Cp^ measured and computed using original Laursen, modified 

Laursen 1, modified Laursen 2 and Karim & Kennedy for very fine to fine sand-bed rivers data 

in Group 2

The discrepancy ratios betw een Cppm measured and computed are shown in Table

7.4.

Table 7.4. Discrepancy ratio, RD, between Cppm computed and measured very fine 

to fine sand-bed rivers for data in Group 2

Modified Modified Laursen Karim &
Laursen 1 Laursen 2 method Kennedy

Discrepancy ratio R D 1.32 1.01 0.36 1.11
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From Figure 7.6 and Table 7.4. it seems that Cppm com puted using modified 

Laursen 2 fits quite well w ith Cppm m easured. Hence, for very fine to  fine sand-bed rivers, 

this proposed modified Laursen can be used.

4. S ilt-bed  rivers

From the results o f  com putation Cppm for data in G roup l, Einstein is the best with 

discrepancy ratio o f  1.06 (See Figure 4 .4  and Table 4.7). Com parisons Cppm measured 

and Cppm com puted using original Laursen, modified Laursen 1 (Equation (6.25)}. 

modified Laursen 2 {Equation (6.26) with a = 0.06} and the best existing sediment 

transport relation for silt-bed rivers (E instein) are shown in Figure 7.7.
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 200%

 50%
« I ju a n  

Bnstan
0 n

1 EKE c mocfffld Lm o t  2

s '  1EK32

1EHJ1

1 B 0 51 EK32

Figure 7.7. Comparison measured and computed using original Laursen, modified

Laursen 1, modified Laursen 2 and Einstein fo r  silt-bed rivers data in Group 2
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The discrepancy ratio between Cppm m easured and computed are shown in 

Table 7.5.

Table 7.5. Discrepancy ratio RD between Cppm computed and measured for silt- 

bed rivers data in Group 2

Modified Modified Laursen Einstein
Laursen I Laursen 2 method

Discrepancy ratio R D 1.17 0.99 1.45 0.50

It is obvious from Figure 7.7 and Table 7.5 that M odified Laursen 2 produces the 

closest results to the C ppm measured compared to M odified Laursen 1. Laursen m ethod, 

and Einstein. Hence, for silt-bed rivers, modified Laursen 2 is recommended to be used to 

calculate the sedim ent discharge.

5. C h an n e l Size

As stated in the previous chapter the analysis o f  sedim ent transport relations is 

also divided based on channel size into three main categories: small rivers, interm ediate 

rivers and large rivers. From Figure 4.14. the relationships between u./coj and f(u-/<Uj) for 

these three kinds o f  channel size from data in G roupl seem to follow the proposed 

m odified Laursen graph. Validation for this consistency is exam ined using data in G roup 

2 for three kinds o f  channel size. The relationships between u»/&>i and f(u*/coj) from data 

o f  Group 2 for these three kinds o f  channel size are plotted with the Laursen graph and 

are shown in Figure 7.8.
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Figure 7.8. Relationships between uVtOi and logf(u</a>J fo r  various river size and proposed 

modified Laursen graph.

From Figure 7.8 it can be concluded that consistency o f the relationships between 

u«/coi and logf^u«/ot) is quite good for several kinds o f  river size based on data in Group

2. This figure also shows that for different kinds o f  mean bed sediment size (from silt to 

gravel) the proposed modified Laursen graph w orks well. However, although for gravel- 

bed the field data and laboratory data tend to have the same values o f  the u./to; and 

logf(u*/Oi) relationships, further research should be done since available data for this 

river-bed type are not as many as the sand-bed rivers.
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7.5. Verification Using Laboratory Data

7.5.1 General

The new proposed m ethods (modified Posada. Sim ons et al. and Laursen) were 

developed for various conditions using field data. However, the applicabilty o f these 

methods were verified using laboratory data.

For a long time, experim ents involving laboratory-scale alluvial channels is an 

important component o f  the study o f  river channel developm ents, evolutions and 

geometric forms (Leopold & W olm an. 1957; Wo 1 man & Brush. 1961; and Schumm & 

Kahn. 1972). However. Dade & Friend (1998) pointed out an important lim itation o f this 

approach. When they plotted the relationship o f  shield param eter (x*) and grain Reynolds 

num ber (Re*), note that mixed load and bed load from laboratory data have lower values 

o f  Re* for the same x* com pared to the same load obtained from rivers.

in which

p = density o f  water 

S = channel slope 

d = flow depth

ds = particle diameter o f  bed material 

u* = shear velocity

in which

T' = (ps -P )d

pSd (7.2)

(7.3)
v
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ps = density o f  solid particle 

v = kinematic viscosity o f  transporting fluids

In fact, the form o f  laboratory scale channels appears to  be  near critical condition 

for sedim ent transport. This difference betw een experimental and natural channels is due 

in part to the relatively small Reynolds num bers o f  laboratory scale. Open channel flows, 

when Re is less than about 104, do not fully develop the turbulence patterens (Schlicting.

1979). The mixing created by the turbulence is not only responsible for the transfer o f  

mom entum  and shear, but also for that o f  suspended matter (Holtorff, 1983; Kikkawa & 

Ishikawa, 1978).

Brownlie (1981a), during the developm ent o f  his equation for sedim ent transport 

relation, used a coefficient o f  C b to distinguish laboratory data and field data, since field 

data tended to have slightly higher sedim ent concentration than laboratory for a similar 

range o f  dimensionless numbers. The values o f  C b for laboratory data and field data are 

unity and 1.268 respectively. H owever, no theoretical description is found in his 

dissertation.

A total o f  780 sets o f  laboratory data from 18 sources (see  Sub-chapter 3.3) were 

used to  verify the new methods.

7.5.2 Modified Posada

Comparison unit sedim ent transport discharges qs m easured and qs computed 

from  modified Posada using laboratory data are shown in Figure 7.9 and Table 7.6.
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Table 7.6. Discrepancy ratio RD and Coefficient Correlation Cc between qs

computed and measured from Modified Posada using laboratory data

River-bed Original Posada Modified Posada 
without correction Factor

Modified Posada 
with Correction Factor

R d
C c R d

Cc R d
Cc

silt-bed 0.004 0.885 0.150 0.944 1.000 0.944
v. fine to fine sand-bed 0.277 0.890 1.440 0.929 - -
med to v. coarse sand-bed 1.060 0.755 1.230 0.812 - -
gravel-bed too high 0.297 9.150 0.950 1.000 0.950

As shown in Figure 7.9 and Table 7.6. the m odified Posada can be applied to the 

laboratory' data. However, a correction factor C f has to be added for silt-bed data, since as 

described in Section 7.5.1. the silt-bed channels from laboratory data did not (possibly) 

develop fully turbulent as the silt-bed data from field data. To increase the discrepancy

ratio R d from 0.150 to become 1.00. a  value C f o f  6.66 should be added to the 

M odified Posada for silt-bed channel from laboratory data. No correction factor was 

needed for the M odified Posada for sand-bed channels from laboratory data. However, 

for gravel-bed channel a value o f  0.109 was added to the M odified Posada.

7.5.3 Modified Simons et al.

A comparison sediment transport discharges Cppm measured and Cppm com puted 

from modified Sim ons et al. using laboratory data are shown in Figure 7.10 and Table 

7.7.
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Table 7.7. Discrepancy ratio RD and Coefficient Correlation Cc between Cppm

computed and C ppin measured from Modified Simons et al. using laboratory data

River-bed Original Simons 
et al.

Modified Simons et al. 
without correction Factor

Modified Simons et al. 
with Correction Factor

R d
Cc

R d
Q R d

Cc

silt-bed 0.044 0.451 0.362 0.314 1.000 0.314
v. fine to fine sand-bed 0.463 0.733 0.450 0.828 1.000 0.828
med to v. coarse sand-bed 1.407 0.704 1.190 0.700 - -

As show n in Figure 7.10 and Table 7.7. the modified Sim ons et al. can be applied 

to the laboratory data. However, a correction factor C f has to be added for silt-bed data, 

since as described in Section 7.5.1. the laboratory data silt-bed channels from may have 

fully developed the turbulence patterns as the silt-bed data from field data. To increase

the discrepancy ratio R D from 0.362 to become 1.00, a value C f o f  2.761 should be 

added to the M odified Sim ons for silt-bed channel from laboratory data and for very fine 

to fine sand bed channel, to increase the discrepancy ratio R D from 0.450 to become 

1.00. value C f o f  was 2.224. No correction factor was added to the M odified Simons for 

medium to very coarse sand-bed channels from laboratory data.

7.5.4 M odified  L au rsen

The values f(u*/to) from laboratory data (780 sets o f  data) seem to follow the 

theoretical explanation in Section 7.5.1 (see Figure 7.11). The values o f  f(u*/to) are less 

than the values o f  f(u•/<») from field data for the same value o f  u«/co. Correction should be 

made when the m odified Laursen will be used in the experim ental lab. Constants o f  1.1 

and 1.3 as correction factors C f for silt bed and for sand-bed rivers, respectively, have to 

be added to laboratory data to achieve the modified Laursen graph. Hence, the correction
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factors C f (Brownlie used C b) for silt bed and for sand-bed rivers are: C F =1/1.1 = 0.91 

for silt bed rivers and C F = 1/1.3 = 0.77 for sand-bed rivers. These correction factors also 

indicate that the smaller the bed material diam eter the smaller the turbulence because o f  

the more stream lined bed forms.
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Figure 7.11. Relationships between u -/(o, and f(u  VetJ from  laboratory data
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Figure 7.12. Verification and correction fo r  proposed method using various laboratory data

(780 sets o f  data from 18 sources)
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A plot o f  the field data and lab data after correction o f  the relationships u*/o and 

f(iW o) into the Laursen graph shows that the modification laboratory data seem s to  fit

quite well with the laboratory data for several kinds o f  river-beds (see Figure 7.13).
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Figure 7.13. Comparison o f  fie ld  and modified laboratory data fo r  the relationship between 

u */(o and f(u-/to)for several kinds o f  river-bed.

Comparison CpPm measured and Cppm computed fo r several diameters o f  river-bed 

material using laboratory data are shown in Figure 7.14. Sim ons (1957) were also used in 

this comparison. Sim ons (1957) data w ere very carefully collected on straight and 

uniform  sections w ith very good w eather condition. A lthough the data were very limited 

(only 12 sets o f  data) but they were the m ost accurate field data (Albertson, 1999).

Figure 7.14 shows that laboratory and Simons (1957) data seem to fit qu ite  well 

w ith the new proposed method based on modification o f  Laursen for several kinds o f 

river-beds (see also Figure 7.13).
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Figure 7.14. Comparison between Cpp*, measured and original Laursen and comparison 

between Cpp„ measured and Cppm modified Laursen fo r  several diameters o f  river-bed material 

using laboratory data and Simons (I957)data

7.6. B edform

The bed configuration in alluvial channels can be divided into tw o sub divisions, 

including low er regime and upper regim e based on the shape, resistance to flow and 

mode o f transport (Simons & Richardson, 1966). The bed configuration that may form in 

alluvial channel in the lower regim e includes: plane bed w ithout sedim ent movement, 

ripples, dunes, w ashout dunes o r transition. The bed configuration that may form in
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alluvial channel in the upper regime includes: plane bed with sedim ent movement, 

antidune standing waves, antidune breaking waves, chutes and pools. Alluvial channels 

under quasi-steady conditions will adopt some definite bed configuration that dominates 

on the m agnitude o f hydraulic resistance and naturally this resistance would vary with the 

changes in the bed. (Engelund. 1966; Garde & Rangaraju. 1966).

The antidune is the characteristic o f  the bed formation and the transition from 

fully suspended flow to flow with a bed form ation for supercritical flow o f  sand-water 

mixtures (Ansley. 1965). D ifferent bed form in alluvial channels has been considered as 

an instability factor in a flat bed flow (Hill et al.. 1969). Their experimental results show 

that the flow depth has no effect on the value o f  critical shear stress at which the flat bed 

becom es unstable. The turbulence phenomena in rivers may still be the instigator o f  the 

developm ent o f  bed form (V anoni & Brooks. 1957). I f  the bed Reynolds number (u*d/u) 

reduces, the frequency o f  eddies to penetrate the bed decreases. However, the laminar 

sublayer never becomes a perfect insulator.

Accordingly, flow regim e (bed configuration) at least should be considered in the 

developm ent o f  sediment transport relations in alluvial streams (Garde & Albertson. 

1958: Bishop et al.. 1965. and Albertson. 1999).

In verification o f  the proposed method the flow regime should be included. 

However, from the 33 river data only 5 river system s were observed with regard to flow 

regime: American Canals collected by Sim ons (1957). Pakistan Canals collected by 

M ahmood et al. (1979). Rio G rande Conveyance Channel, the Niobrara River, and the 

Hii River. In American Canals, Pakistan Canals, Rio Grande Convey and the Niobrara
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River the bed forms were dunes, transition and plane bed with sedimentation. The bed 

forms in the Hii River, however, w ere only ripples and dunes.

American Canals consist o f  only 12 data. Pakistan Canals consist o f  142 data, but 

the data with bed form observed w ere only 30 sets o f  data. The Rio G rande Conveyance 

Channel consists o f  only 9 sets o f  data. Data o f Niobrara River were 40 sets and the Hii 

River consists o f  38 sets o f  data. Hence, the total field data with bed form observation 

were 139 sets. Additionally, laboratory studies with a total o f  780 sets o f  data from 18 

sources were selected. These data w ere described in detail in Section 3.3

The comparison o f  Cppin measured and Cppm com puted using m odified Laursen 2 

for each bed form condition is shown in Figure 7.15.

1 E *06
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 50%
» Plane-bed
-  Ripple
a Dune
». Transition
c Plane-bed with sed.
o Standing wave
t Breaking wave
m  Chute/pool

1 £ * 0 3  

Cppm (M tuured)
1 £ * 0 1

Figure 7.15. Comparison between C r -  measured and Crpm computed by modified Laursen 2 

fo r  several bed-forms using 780 sets o f  laboratory data.

From this figure it can be concluded that the Cppm computed tends to increase 

from plane bed to transition in the lower regime. However, in ripple som e values has
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Cppm computed quite high. In the upper regime the Cppm also has a tendency to increase 

from plane bed with sediment movement to chute (or pool). However, some values of 

Cppm in ripples (lower regime) are higher than Cppm in chute (or pool) zone.

Considering the conditions o f bed forms in term of lower regime and upper 

regime Figure 7.16 shows the comparison Cppm measured and Cppm computed by 

modified Laursen 2 for lower regime and upper regime. From Figure 7.16, the distinction 

between lower and upper for both methods is quite clear. For both methods, the lower 

regime mostly has lower value o f Cppm than the upper regime. The treshold between the 

upper regime and the lower regimes lies on sediment concentration o f about 1000 Cppm- 

This value agrees with what Watson et al. (1998) have observed. A substantial increase in 

stability is found as disturbed channels evolve to sediment transport capacity less than 

about 1,000 -  1,200 ppm in a severely incised sand bed in northern Mississippi.

—  pe r f ec t  
— 200  %
 5 0 %

O  L o w e r  r e g i m e 
□  U p p e r  r e g i m e

i e»oo 

C pp m ( m a n u r e d )

Figure 7.16. Comparison between C^m  measured and Cppm computed by modified Laursen 2 in 
the lower and upper regimes using laboratory data
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Plotting slope versus sediment concentration (Figure 7.17.) indicates that beyond 

a slope of S = 0.006. only upper regime exists. At sediment concentration about 1.000 

ppm mixed conditions between lower regime and upper regime occur. Accordingly, the 

sediment concentration can also be related to a treshold of sepecific stream power. Sp,.,. 

which is defined as S .̂, = yQS/w (Bledsoe. 1999).

When the slope S versus grain Froude number Fg are plotted (Figure 7.18). the 

results of flow regimes mostly agree with the Brownlie data as plotted in Figure 2.12. 

Plane bed without sediment, ripples and dunes that characterize the lower flow regime 

occur below the line of Fg‘. Antidunes and chutes/pools that characterize the upper flow 

regime lie above the line.

The transition zone exists between washout dunes to plane bed with sediment 

transport (Simons and Richardson. 1966). These two kinds o f bed configuration as shown 

in Figure 7.18. mostly follow the line o f Fg\  However, some values o f  plane bed with 

sediment transport are much below o f the line.

The shift from lower to upper regime represents an abrupt and significant 

decrease in bed roughness, with a corresponding decrease in depth, and increase in flow 

velocity and sediment transport (Bledsoe, 1999).
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Chapter 8 
CONCLUSIONS

8.1. General

In this dissertation, new methods for predicting the sediment transport rates of 

bed-material in alluvial channels are presented. The proposed methods were developed 

based on the Posada method (1995), the Simons et al. method (1981), and the Laursen 

method (1958).

A total o f  33 river systems including rivers in the USA, South America and Asia 

with a total o f 4532 sets o f data (after compilation, 2946 sets o f data) were used. The 

summary and range o f field data include:

Table 8.1. Summary of Field Data

Parameter min max

Discharge (m3/s) 0.064 557,445
Width (m) 1 •<%

Flow depth (m) 0.04 68
Flow velocity (m/s) 0.21 9.25
Mean bed diameter (mm) 0.005 76.113
Slope 0.000002 0.0126
Temperature (°C) 0 36
Transported sediment (Q^m) 0.1 482,409
Range of bed form ripple plane bed upper regime
Note: Bed form was observed only in 5 canals and rivers including American. Pakistan Canals. and Rio 
Grande Conveyance Channel and the Niobrara and the Hii Rivers.

The data were divided into two groups in random order; one for analysis and 

development o f new methods and the other for verification and validation.
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Additionally, 919 sets of laboratory data from 19 sources were selected to verify 

the proposed methods. The laboratory data are summarized as follows:

Table 8.2. Summary of Laboratory Data

Parameter min max

Discharge (nrVs) 0.001 4.614
Width (m) 0.267 2.438
Flow depth (m) 0.008 1.092
Flow velocity (m/s) 0.188 5.547
Mean bed diameter (mm) 0.011 28.60
Slope 0.00015 0.03310
Temperature (°C) 1.67 48.00
Transported sediment (Cppm) 0.0036 110,998.8
Bed form plane bed without sed. chute or pools

8.2. Ten Sediment Transport Relations

First, the 10 sediment transport relations were used to calculate the sediment 

transport rates for gravel-bed rivers, medium to very coarse sand-bed rivers, very fine to 

fine sand-bed rivers and silt-bed rivers. These relations were also used to compute the 

sediment transport rates for small rivers (width < 10 m and depth < 1 m), intermediate 

rivers (10 m < width < 50 m and 1 m < depth < 3 m). and large rivers (width > 50 m and 

depth > 3 m). The following conclusion can be drawn from the results o f computational 

sediment discharge (Cppm):

1. Gravel-bed rivers (2 mm < ds < 64 mm)

Compared to the measured values, none of the selected sediment relations can 

accurately predict the sediment discharge. The closest values based on the discrepancy

ratio are Ackers & White (R D=0.33) and Brownlie (R D=4.25). However, based on the
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Pearson correlation coefficient for computed to measured Cppm. the best are Bagnold and 

Shen & Hung, both with Cc of 0.70 (see Table 4.2). On the other hand, as indicated in 

Figure 4.1.. although Brownlie was developed for sand-bed rivers, it has the closest value 

to Cppm measured. Hence, for gravel-bed rivers, it is difficult to decide which method is 

the best.

2. Medium to very coarse sand-bed rivers (0.250 mm < d, < 2.00 mm)

Toffaletti (R D=0.93), and then Laursen (R D=0.60) and Bagnold (R D=1.68) are 

the closest to the Cppm measured. However, based on the Pearson correlation coefficient 

Karim (Cc = 0.66) followed by Brownlie (Cc = 0.60) have the highest values compared to 

measured values. Visually, the best relations are shown in Figure 4.8.

3. Very fine to fine sand-bed rivers (0.062 mm < d5 < 0.250 mm)

Karim & Kennedy (R D=0.90), followed by Karim (R D = 1.28) are the closest to 

the Cppm measured. On the other hand, as shown in Table 4.4.. Brownlie (Cc = 0.58) and 

Toffaletti (Cc = 0.52) have the highest correlation to the Cppm measured. Visually, the 

best relations are shown in Figure 4.9.

4. Siit-bed rivers (0.004 mm < ds < 0.062 mm)

Einstein (R D=1.06) and Bagnold (R D=0.56) have the closest results to the Cppm 

measured. However, as shown in Table 4.8., Toffaletti (Cc = 0.48) and Brownlie (Cc = 

0.38) have the closest correlation to the Cppm measured. Visually, the best relations are 

shown in Figure 4.10.
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5. Small rivers (width < 10 m and depth < 1 m)

Brownlie (R D=1.18) and Karim (R D=1.19) give the closest results. However, as 

shown in Table 4.10., Yang (Cc = 0.85) followed by Toffaletti (Cc = 0.79) have the 

highest correlation to the Cppm measured.

6. Intermediate rivers (10 m < width < 50 m and 1 m < depth < 3 m)

Toffaletti (R D=0.94) and Brownlie (R o =0.94) are the closest to the Cppm 

measured. However, from Table 4.12., Karim (Cc = 0.76) followed by Yang (Cc = 0.70) 

have the highest correlation to the Cppm measured.

7. Large rivers (width > SO m and depth > 3 m)

Bagnold (R D=1.04) and Laursen (R D=1.13) have the closest results to the Cppm

measured. However, from Table 4.14., Brownlie (Cc = 0.80) and Shen & Hung (Cc =

0.76) have the highest correlation to the Cppm measured.

It should be noted that for silt-bed rivers and for very fine to fine sand-bed rivers, 

the Yellow River contributes about 77 % and 63 % of the data, respectively. As reported 

by many authors, this river is an extremely heavily sediment-laden river and floods at 

hyperconcentrations of sediment frequently occur. Accordingly, the characteristics of 

hydraulic geometry and sediment will not be the same as in the case of common alluvial 

rivers.

From Table 4.15. it can be seen that both Ackers & White and Toffaletti have a 

tendency to increase the Cppm as the mean diameter of river becomes finer. This tendency
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also occurs when river size increases. The applicability the selected sediment transport 

relations based on comparison between measured and computed sediment transport rates 

by previous authors and the results analyzed in this study is summarized in Table 5.3b.

8.3. New Proposed Methods

8.3.1 Based on Modification of Posada Method (1995)

In a comparison to measured value the proposed method expressed in Equation 

(6.1) and Table 6.4 gives best prediction for the data in Group 1 (see Table 6.5 and Figure 

6.2b). The proposed method is also considerably improved over existing relationships 

when it was verified by data in Group 2 (see Table 7.1 and Figure 7.1).

8.3.2 Based on Modification of Simons et al. Method (1981)

Compared to measured value, the new proposed method expressed in Equation 

(6.3) and Table 6.7 gives best prediction for the data in Group 1 (see Table 6.7 and Figure 

6.3). The proposed method is also considerably improved over existing relationships 

when it was verified by data in Group 2 (see Table 7.2 and Figure 7.2). Although Simons 

et al. was obtained under supercritical flow and for steep sand and gravel-bed rivers, the 

proposed method can be applied to sub-critical flow for various sand-bed and silt-bed 

rivers.

8.3.3 Based on Modification of Laursen Method (1958)

The Laursen method was modified in both the Laursen graph and Laursen 

equation. The Laursen graph was modified and expressed in Figure 7.8. for various river­

beds and channel sizes. The Laursen equation was modified and expressed in Equation
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(6.25) (so-called modified Laursen 1) and in Equation 6.26 (so-called modified Laursen 

2) with Table (6.12).

Based on comparisons of the new proposed Laursen graph to Laursen graph 

modified by Madden (1985) and Copeland (Copeland and Thomas. 1989) as expressed in 

Figure 5.20. some conclusions can be drawn:

□ Gravel-bed rivers

Only the new proposed and Copeland graphs plotted the Laursen's functional 

relation. However, the new proposed produce smaller o f f(u*/tOj) for the same value 

of u«/cOj than the Copeland graph, although both are parallel.

□ Sand-bed rivers

all modifications produce considerably higher values than the Laursen graph. 

However, the proposed method is plotted more specifically according to particle 

size ranging from very fine sand to very coarse sand-bed rivers.

□ Silt-bed rivers

Only the new proposed Laursen graph plotted the Laursen's functional relation for 

this kind of river-bed with values lower than the original Laursen graph.

The modification of Laursen by Madden and Copeland produced a modified 

equation but still using size fraction. However, the new proposed method is simpler 

because it uses uniform bed particle, dso. (no size fraction) for the whole flow depth.

Although the new proposed methods produce best results compared to other 

methods, errors in estimation o f sediment transport load can be as large as one order of 

magnitude (Julien, 1999). This is due to the complexity o f  parameters and variables 

involved in sedimentation.
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These three new proposed methods indicate that using a wider range o f data it 

may also be possible to modify the other sediment transport relations.

8.4. Laboratory Data

Modified Posada can be applied in the laboratory data with correction factors Cf 

of 6.66 for silt-bed streams, no correction for sand-bed streams and 0.109 for gravel bed.

Modified Simons et al. can be applied in the laboratory data with correction 

factors Cf o f 6.66 for silt-bed streams, 2.224 for very fine to fine sand bed channels and 

no correction factor for medium to very coarse sand-bed channels.

Modified Laursen can be applied in the laboratory data with correction factors of

0.91 for silt-bed streams and 0.77 for sand-bed streams. No correction factor is added into 

the gravel-bed channels.

8.5. Bedform

From Figure 7.15, it can be concluded that in the lower regime the Cppm computed 

tends to increase from plane bed to transition. However, in the ripple zone some values 

have Cppm computed quite high. In the upper regime the Cppm also has a tendency to 

increase from plane bed with sediment movement to chute (or pool). From Figure 7.16, it 

can be concluded that the lower regime mostly has lower values of Cppm than the upper 

regime.

The treshold between the upper regime and the lower regimes lies on sediment 

concentration of 1,000 Cppm. Accordingly, the sediment concentration can also be related
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to a treshold o f sepecific stream power, to. Plotting slope versus sediment concentration

(Figure 7.18) indicates that beyond a slope o f S = 0.006, only upper regime exists.

8.6. Overall Conclusions

Some major contributions o f the present research were developed from a wide

range of field and laboratory data. These contributions are:

•  The applicability of the ten sediment transport relations in various river beds and 

channels sizes.

• The study also indicates that there is no universal sediment transport equation 

available for all conditions, including various river-beds and river sizes.

• This study shows the modifications of Posada (1995), Simons et al. (1981) and 

Laursen (1958) methods. Although a wide variety of field data were used and the new 

proposed methods produce better results compared to other methods. However, errors 

in estimation of sediment transport load can be as large as one order o f magnitude.

•  Eventhough the modifications were developed using field data, they can be also 

applied in the laboratory by adding a correction factor.

•  The new proposed methods indicate that using a wider range o f data it may also be 

possible to modify other sediment transport relations.
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Chapter 9 
RECOMMENDATIONS

Some recommendations can be drawn from this study:

1. Applicability o f the new proposed methods in the present study should be tested for a 

wider range o f sediment conditions, especially for gravel-bed and silt-bed rivers. The 

results for gravel-bed rivers could be compared to Meyer-Peter and Muller.

2. Since the Yellow River, with hyper-concentrations of sediment, dominates the data 

for fine-sand to silt-bed rivers, further research related to hyper-concentrations of 

sediment of this kind o f river-bed should be conducted.

3. Selection of parameters to evaluate sediment transport models in terms of accuracy 

and validation should be conducted.

4. This study does not include the effect o f water temperature. As stated by Hong et al.. 

1984. temperature changes from 30° C to 15° C has no effect on the sediment 

discharge. However, the effect will become more pronounced with further 

temperature decrease. About 40 % o f the data inlvolve temperatures lower than 15° C. 

Accordingly, further research should be conducted on sediment transport relations 

involving water temperature especially for this range of data.
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5. Since field data are used as the data base for developing new sediment transport 

relations, improvement and refinement of the procedures o f measurement for 

practical purposes should be done to obtain more accurate field data.

6. Modification can also be applied for any sediment transport equation using a wider 

range o f  data. Therefore, for engineering purposes, the steps o f sediment transport 

analysis are as follows (Simons & Senturk. 1992. also strongly recommended by 

Simons. 1999):

□ Examine the available transport equations and determine which ones are best for a 

specific river system.

□ Calculate the rates of transport using selected relationships and compare the 

results with field data.

□ Select the relationship which best agrees with field observations and if data are 

available, refine and modify this relationship so that it is site specific.

□ If the river will be used for very important purposes, such as dams, navigation, 

etc.. additional field observation should be conducted so that the chosen sediment 

transport relation could be extended to a wider range of flow conditions.

7. Most sediment transport relations have been developed under the condition of steady 

uniform flow. but. research on the condition of unsteady flow is fairly limited 

(McDowell. 1989; Song & Graf. 1997). The basic equations for unsteady flow can be 

derived from the equation of motion o f sediment-laden water, continuity for sediment 

and continuity for water (Chang & Richards. 1971; Lyn. 1987; Palaniappan et al., 

1998). Increased research should be conducted for this condition.

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



8. Research should be conducted for predicting total bed material transport rate for 

several kinds of river-bed with more data especially on gravel-bed and silt-bed rivers.

9. Since flow regime should be considered in the development o f sediment transport 

relations in alluvial streams and mostly only laboratory data have been used for 

verification, investigation should be conducted with more field data on bed 

configuration.
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APPENDIX A. DETAILS OF FIELD DATA
(28 pages)

Data Date of Water Channel Flow Flow Mean bed W S Water Transported Bed
Source measure­ discharge width Depth velocity diameter Slope temp Sediment Form

ment w h V d. S. Concent.
\ ,m /s m m m/s mm m. m ’C ppm

1 2 3 4 5 6 7 8 9 1 0 1 1

Am a Apure above El Sam an 0106/87 300.00 135.00 2.47 0.90 0.364 0 000145 29 56 0

Am a Apure above El Sam an 05/21/86 1290 00 218.00 5.26 1 . 1 2 0.298 0.000146 29 166 0

Am a Apure above Portuguesa 05/19/86 1430.00 263.00 4.95 1 . 1 0 0.378 0 000089 29 236 0

Ama Apure at Cano Ruende 0108/87 252.00 151.00 2.23 0.75 0.584 0 000139 29 34 0

Ama Apure at El Perro 03/16/83 235.00 237.00 1.98 0.50 0273 0 000030 29 5 0

Ama Apure at El Perro 0114/87 324.00 244.00 2.38 0.56 0444 0  000118 29 23 0

Ama Apure at El Perro 05/15/86 800.00 266.00 3.81 0.79 0.296 0 000057 30 65 0

Ama Apure at El Perro 06/06/85 874.00 266.00 4.90 0.67 0 308 0 000030 29 15 0

Ama Apure at El Perro 11/29/82 1040.00 260.00 4.71 0.85 0.227 0.000030 27 72 0

Ama Apure at El Perro 10/10/84 2400.00 233.00 8.73 1.18 0.273 0 000030 29 130 0

Ama Apure at Las Culatas 0110/87 322.00 235.50 2.71 0.51 0.542 0000139 29 13 0

Ama Apure at Palmarito 0 1 0 1 8 7 134.00 106.00 2 . 1 1 0.60 0.279 0  000218 29 6 8 0

Ama Apure below Bruzual 0105/87 293.00 186.00 1.85 0.85 0.896 0000238 29 43 0

Ama Apure below Bruzual 05/2186 1190.00 214.00 4.35 1.28 0.438 0  000182 29 2 2 0 0

Ama Cano Boqucron below pucntc Boqucron 0111/87 32.40 67.00 2.40 0 . 2 0 0 . 2 2 0 0  000118 29 1 0 0

-Ama Cano la Tigra. 4 km above mouth 0 1 0 1 8 7 106.00 136.00 1.42 0.55 0.767 0000225 29 38 0

Ama Cano la Tigra, 4 km above mouth 05/23/86 308.00 140.00 2.45 0.90 0.370 0 000225 29 136 0

Ama Cano Las Garzas. 1 km above mouth 0109/87 2 2 . 1 0 31.50 1.23 0.57 0 519 0000139 29 15 0

Ama Cano Las Garzas. 2 km above mouth 0109/87 52.10 102.50 1.51 0.34 0 424 0.000139 29 8 0

Ama Cano Manati at Manati 0115/87 185.00 104.00 4.33 0.41 0 185 0000076 29 46 0

Ama Madeira at Urucurituba 1111/82 23100.00 1 0 1 0 . 0 0 19.90 1.15 0 089 0  000060 27 89 0

Ama Madeira at Urucurituba 07/11/83 24700.00 1040.00 23.70 1 . 0 0 0  196 0 000045 27 11 0

Ama Masparro. 1 km above mouth 0104/87 8.60 23.00 1.13 0.33 0  282 0 000238 29 39 0

Ama Masparro. 5 km above mouth 05/2186 52.00 49.50 1.46 0.72 0 296 0  000182 29 194 0

Ama Orinoco at bachaquito 03/09/83 4030.00 1315.00 3.74 0.82 0 532 0 000059 32 6 0

Ama Orinoco at bachaquito 05/30/85 1 2 1 0 0 . 0 0 2170.00 6.50 0 . 8 6 0 492 0 000064 28 15 0

Ama Orinoco at bachaquito 11/19/82 14000.00 2181.00 6.85 0 94 0487 0 000058 29 17 0

Ama Orinoco at bachaquito 11/1 S/82 14400.00 2172.00 6.99 0.95 0 499 0 000058 29 17 0

Ama Orinoco at bachaquito 10/15/84 22600.00 2501.00 9.05 1 . 0 0 0 493 0 000065 28 24 0

Ama Orinoco at Cabruta-Caicara 05/18/82 59900.00 2560.00 16.50 1.42 0 374 0000047 29 61 0

Ama Orinoco at Caura mouth 08/19/82 57300.00 2195.00 17.40 1.50 0 396 0000058 28 60 0

Ama Orinoco at Curiquima-Capuchinos 06/05/85 2 2 1 0 0 . 0 0 2890.00 7.21 1.06 0217 0 000044 28 80 0

Ama Orinoco at Curiquima-Capuchinos 10/11/84 34600.00 3270.00 1 1 . 0 0 0.96 0 342 0 000035 29 30 0

Ama Orinoco at Cunquima-Capuchtnos 08/17/82 47100.00 3338.00 12.60 1 . 1 2 0375 0 000033 28 37 0

Ama Orinoco at El Almaccn 1105/82 23800.00 2215.00 10.90 0.99 0 428 0 000047 28 8 0

Ama Orinoco at El Almaccn 06/24/82 50900.00 2650.00 16.30 1.18 0 350 0 000041 28 59 0

Ama Orinoco at El Almaccn 08/2182 65000.00 2680.00 17.20 1.41 0431 0 000042 29 82 0

Ama Orinoco at Guarampo-Puma Cuchillo 1106/82 23000.00 1905.00 15.50 0.78 0 378 0 000039 28 4 0

Ama Orinoco at Guarampo-Punta Cuchillo 06/15/82 49600 00 1910.00 19.60 1.33 0495 0 000043 28 72 0

Ama Orinoco at Guarampo-Punta Cuchillo 08/23/82 67100.00 2040.00 21.40 1.54 0 426 0 000048 30 75 0

Ama Orinoco at Isla Cciba 08/'15/82 30800.00 2505.00 11.40 1.08 0.404 0  000062 27 29 0

Ama Orinoco at Musinacio 03/19/83 7240.00 1 1 2 0 . 0 0 13.50 0.48 0427 0000042 30 0 0

Ama Orinoco at Musinacio 1103/82 25400.00 1275.00 18.80 1.06 0489 0.000046 28 16 0

Ama Orinoco at Musinacio 06/2182 52000.00 1208.00 26.20 1.64 0 338 0 000055 27 32 0

Ama Orinoco at Musinacio 08/20/82 70700.00 1310.00 28.00 1 93 0 499 0.000058 30 58 0

Ama Orinoco at Parguaza 03/1183 5390.00 918.00 15.10 0.39 0.297 0 000058 31 0 0

Ama Orinoco at Parguaza 11/21/82 17300.00 1227.00 13.80 1 . 0 2 0410 0.000058 29 II 0

Ama Orinoco at Parguaza 10/13/84 27300.00 1150.00 17.20 1.38 0426 0.000058 28 45 0

Ama Orinoco at Parguazn 08/16/82 43700.00 1333.00 17.80 I 84 0.436 0  000061 27 1 0 2 0

Ama Orinoco at San Fernando de Atabapo 05/26/85 2650.00 849.00 3.76 0.83 0.699 0.000037 30 2 1 0

Ama Orinoco at San Fernando dc Atabapo 10/18/84 5260.00 840.00 6.73 0.93 0.911 0 000037 30 8 0

Ama Pagucy, 0.5 km above mouth 0104/87 17.50 22.50 1 . 1 0 0.71 0 427 0.000238 29 262 0

Ama Portugucsa at El Sombrcnto 0111/87 152.00 67.50 4.66 048 0418 0000139 29 25 0

Ama Portugucsa at El Sombrcnto 05/18/86 317.00 77.50 6.14 0.67 0 2 1 1 0 000089 29 11 0
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I ■> 3 4 5 6 7 S 9 1 0 11

Ama Purus below Bcrun 12/06/82 5010.00 580.00 23 40 0.37 0.232 0 . 0 0 0 0 2 0 27 0 0

Ama Sarare above Puente Rcmolino 01 30 87 133.00 170.00 116 0.63 0 349 0.000400 29 255 0

Ama Sararc above Puente Remohno 05/25/86 272.00 167.50 1 . 6 8 0.97 0 . 2 1 1 0000272 29 851 0

Ama Solimoes at Anon 1206/82 75700.00 1819 00 21.80 1.84 0.331 0  000026 1 7 140 0

Ama Sollmoes at Ilha Xibeco 11/30/82 66600 0 0 1720 00 21.80 1.78 0 . 2 1 2 0.000064 ■>7 167 0

Ama Solimoes at Iquitos 07/08/76 38100 00 970.00 23.00 1.71 0.255 0000069 26 78 0

Ama Solimoes at Iquitos 05/20/77 43600.00 1080.00 23.80 1.70 0 . 2 2 0 0 000069 27 159 0

Ama Solimoes at Jutica 1203/82 71300.00 3020 00 16.90 1.40 0.192 0.000045 2 ? 164 0

Ama Solimoes at Manacapuru 05/28/77 133000.00 3130.00 27.60 1.54 0.216 0.000033 28 69 0

Ama Solimoes at Manacapuru 06/2276 140000 0 0 3100.00 28.10 1.61 0.244 0.000033 26 8 6 0

Ama Solimoes at Santo Antonio do lea 11/29/82 65400 00 2160.00 19.00 1.59 0.244 0.000064 1 7 128 0

Ama Solimoes at Santo Antonio do lea 05/2277 83700.00 2129.00 2 2 . 0 0 1.79 0.198 0000056 1 7 125 0

.Ama Solimoes at Santo Antonio do lea 06/2976 86100.00 2 1 0 0 . 0 0 21.90 1.87 0.238 0.000056 26 63 0

Ama Solimoes at Sao Paulo de Olivenca 05/2277 63600.00 1400.00 23.70 1.92 0333 0.000058 27 1 2 0 0

Ama Solimoes at Vargem Grande 11.27/82 57100.00 1360.00 22.70 1.85 0.196 0 000064 •>7 174 0

Ama Solimoes below Itapeua 1205/82 80800.00 1400.00 36.10 1.60 0.154 0000045 2 ? 1 1 0 0

Ama Solimoes below Itapeua 027284 85200.00 1418.00 37.30 1.61 0 . 1 2 0 0.000034 •>7 78 0

Ama Solimoes below Itapeua 0526/77 151000.00 1 0 0 0 . 0 0 62.30 2.42 0.409 0.000037 7 ? 47 0

Ama Solimoes below Tupc 1201/82 62700.00 1530.00 23.90 1.71 0343 0 000045 7 7 175 0

.Amazon at Costa do Paura 121282 1 2 0 0 0 0 . 0 0 2300.00 38.90 1.34 0.141 0.000014 27 23 0

Amazon at Iraccma 06/11/77 155000.00 2400.00 45.00 1.44 0.171 0.000019 7 7 43 0

Amazon at Obidos 1213/82 123000.00 2 2 0 0 . 0 0 46.20 1 . 2 1 0.135 0 000014 7 7 17 0

Amazon at Obidos 03/04/84 177000.00 2250.00 48.50 1.62 0 . 1 2 2 0.000014 28 49 0

Amazon at Obidos 06/0277 230000.00 2340.00 55.80 1.76 0337 0  0 0 0 0 2 0 2 ? 52 0

Amazon at Obidos 06/1476 235000 00 2600.00 48.90 1.85 0343 0 . 0 0 0 0 2 0 26 85 0

Amazon at Obidos (Vertical c) 06/0277 139.00 1 , 0 0 65.00 2.14 0.149 0  0 0 0 0 2 0 27 62 0

Amazon at Obidos (Vertical d) 06/0277 128.00 1 .0 0 6 8 . 0 0 1 . 8 8 0.149 0 . 0 0 0 0 2 0 27 49 0

Amazon at Obidos (Vertical c) 06/0277 1 1 1 . 0 0 1 .0 0 63.00 1.76 0371 0 . 0 0 0 0 2 0 27 29 0

Amazon at Obidos (Vertical 0 06/0277 118.00 1 . 0 0 65.00 1.81 0.376 0  0 0 0 0 2 0 ->7 36 0

Amazon at Obidos (Vertical g) 06/0277 139.00 1 . 0 0 63.00 2 . 2 0 0.124 0  0 0 0 0 2 0 > » 78 0

Amazon at Sao Jose do Amatari 1210/82 90600.00 1510.00 44.60 1.35 0359 0.000014 2 7 18 0

American Canal - 1 . 2 2 3.19 0.80 0.47 0.229 0000294 2 1 406 0

American Canal - 1.56 3.49 0.80 0.56 0.173 0.000253 2 1 249 0

American Canal - 3.20 3.96 U 2 0.61 0349 0  0 0 0 1 1 0 26 44 0

American Canal - 4.14 9.33 1.07 0.41 0318 0000135 25 254 0

American Canal - 4.83 10.73 0.89 0.51 0.465 0000237 26 52 0

American Canal - 5.01 7.62 0.89 0.74 0.580 0.000330 26 448 0

American Canal - 5.62 7.59 1 .0 1 0.73 0.715 0.000302 23 123 0

American Canal - 6.42 12.56 1 .0 1 0.50 0.446 0.0002 IS 28 1 0 0 0

American Canal - 10.47 6.92 1.60 0.95 0360 0.000114 2 6 131 0

American Canal 12.59 11.73 1.83 0.59 0.096 0.000063 23 370 0

American Canal - 29.18 22.19 2.53 0.52 0353 0 000058 2 2 115 0

.American Canal - 29.40 14.81 2.59 0.77 0311 0  0 0 0 1 2 0 2 2 185 0

Atchfalava River 1218/53 382-32 304.80 6 . 1 0 0 . 2 1 0.124 0  0 0 0 0 0 2 31 1 0

Atchfalava River 03/19/54 637.20 307.85 6 . 2 2 0-33 0.161 0.000010 29 6 0

Atchfalaya River 0324/54 651 36 307.85 6 . 2 2 03 4 0 091 0 000004 29 9 0

Atchfalava River 1210/53 719.33 307.85 6.25 0.37 0.153 0  000006 29 8 0

Atchfalaya River 06/19/54 843.94 310.90 6.43 0.42 0.127 0 000007 31 3 0

Atchfalaya River 1203/53 1073.33 313.94 6.89 0.50 0.138 0  0 0 0 0 1 0 26 4 0

Atchfalaya River 0424/55 1084.66 313.94 6.28 0.55 0.091 0 000009 18 18 0

Atchfalaya River 05/01/55 1138.46 313.94 6 . 2 2 0.58 0.091 0  0 0 0 0 1 0 15 23 0

Atchfalaya River 03/10/54 1169.62 313.94 6.83 0.55 0.157 0 . 0 0 0 0 1 1 28 6 0

Atchfalaya River 0128/55 1200.77 316.99 6.46 0.59 0.138 0 . 0 0 0 0 1 0 19 19 0

Atchfalaya River 0121/55 1214.93 316.99 6.40 0.60 0.130 0  0 0 0 0 1 1 18 25 0

Atchfalaya River 0625/54 1237.58 313.94 6.74 0.59 0.123 0 . 0 0 0 0 1 1 30 19 0

Atchfalaya River 07/06/54 1237.58 316.99 6.80 0.57 0.132 0.000011 28 15 0

Atchfalaya River 03/31/54 1240.42 313.94 6.80 0.58 0.155 0  0 0 0 0 1 1 29 17 0

Atchfalaya River 10/08/54 1263.07 316.99 6.61 0.60 0.123 0  0 0 0 0 1 1 26 17 0

Atchfalaya River 03/05/54 1376.35 316.99 7.19 0.60 0.151 0  0 0 0 0 1 0 29 36 0

Atchfalaya River 0924/54 1393.34 316.99 6.89 0.64 0.119 0 . 0 0 0 0 1 1 30 38 0

Atchfalaya River 10/15/54 1449.98 316.99 6.92 0 . 6 6 0.141 0 000014 26 42 0

Atchfalaya River 1126/53 1707.70 323.09 7.59 0.70 0.169 0.000014 27 23 0

Atchfalaya River 1231/54 1770.00 323.09 7.04 0.78 0.144 0  000016 24 62 0

Atchfalaya River 04/07/45 2044.70 321.56 9.97 0.64 0.189 0.000023 28 14 0

Atchfalava River 1 I/01.I7 2143.82 328.27 9.85 0 . 6 6 0.223 0.000015 28 23 0
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I ■? 3 4 5 6 7 S 9 1 0 II

Atchfalaya R j v c t 01/12/46 2155.15 321 87 10 30 0.65 0.195 0.000017 15 16 0

Atchfalava River 10/05/45 2I77 81 322.48 10 24 0  6 6 0.241 0  000017 19 2 0 0

Atchfalava River 11/15/17 2279 76 331 0 1 9 94 0 69 0.209 0  000015 25 15 0

Atchfalaya River 06/1225 2282.59 333 ' 6 9 94 0 69 0 . 2 0 1 0  0 0 0 0 2 2 6 13 0

Atchfalaya River 1217/44 2288.26 327 96 10 IS 0 69 0  208 0 . 0 0 0 0 2 0 31 26 0

Atchfalaya River 03/24/45 2288.26 327 6 6 9 8 8 0 71 0.213 0.000018 29 2 1 0

Atchfalava River 09/10/70 23 27.90 334.37 9 20 0 76 0.148 0  000018 6 136 0

Atchfalaya River 11/16/26 2359 06 338.33 8.90 0.78 0.261 0 000024 29 23 0

Atchfalaya River 1020/45 2415 70 327.36 10.58 0.70 0226 0.000019 14 37 0

Atchfalaya River 05/05/17 2421.36 334.98 9 91 0.73 0.223 0.000017 29 44 0

Atchfalaya River 11/03/00 2475 17 335.89 10 52 0.70 0215 0.000024 8 155 0

Atchfalaya River 1231/44 2500 6 6 329.18 10 45 0.73 0.189 0.000019 29 29 0

Atchfalaya River 0 1 /0 1 / 0 0 2554.46 348.08 9.91 0.74 0 2 0 0 0.000027 29 16 0

Atchfalaya River 09/04/53 273005 344 42 8.23 0.96 0.177 0.000019 25 67 0

Atchfalaya River 07/07/00 2766.86 349.30 10.49 0.76 0.227 0.000026 17 33 0

Atchfalaya River 08/19/81 3086.88 374.90 9 48 0.87 0.153 0.000027 27 49 0

Atchfalaya River 01/05/55 3285 12 350.52 7.86 1.19 0.103 0.000015 2 1 225 0

Atchfalaya River 120522 3398.40 373.08 10 52 087 0.308 0.000029 19 44 0

Atchfalaya River 0828/53 3483.36 550 52 9 30 1.07 0.177 0 . 0 0 0 0 2 0 2 2 6 1 0

Atchfalava River 08/17/55 3540.00 365 76 8.32 1.16 0.130 0.000023 9 208 0

Atchfalaya River 08/05/81 3624.96 390 14 10.09 0.92 0.153 0.000032 34 57 0

Atchfalay a River 120629 3624.96 368 81 8 . 1 1 1 .2 1 0.154 0.000024 9 174 0

Atchfalaya River 0125/46 3851.52 340.46 10.85 1.04 0205 0 . 0 0 0 0 2 0 8 1 2 2 0

Atchfalava River 072281 4163.04 396 24 10.55 1 .0 0 0.153 0.000031 33 33 0

Atchfalaya River 03/1280 4616 16 390 14 9.05 1.31 0.17! 0.000028 5 232 0

Atchfalaya River 07/31/55 4984.32 387 10 9.42 1J7 0.143 0.000028 8 252 0

Atchfalaya River 04/15/81 5380.80 405.38 1 0 . 8 8 1 2 2 0232 0.000035 26 74 0

Atchfalaya River 0429/81 5494,08 408.43 11.25 1 . 2 0 0.153 0.000036 34 1 2 0 0

Atchfalaya River 09/11/44 6598.56 393 19 1 2 . 8 6 1.30 0 2 1 1 0.000034 29 146 0

Atchfalaya River 122029 6853 44 402.34 1 1  0 0 1.55 0.172 0.000034 7 183 0

Atchfalaya River 01/06/81 778800 411 48 1 0  8 8 1.74 0.179 0.000038 8 1 0 2 0

Atchfalaya River 0127/81 7986 24 438 91 1 1 . 8 6 1.53 0.188 0 000038 8 207 0

Atchfalaya River 102921 8042 8 8 406 30 13 62 1.45 0.192 0.000037 26 2 2 2 0

Atchfalaya River 06.01/53 8354.40 414 53 12.07 1.67 0 2 2 1 0.000043 IS 194 0

Atchfalaya River 0326/80 84 3 9 36 408.43 11.64 1.77 0.169 0.000039 9 404 0

Atchfalaya River 01/13/81 8524,32 435 8 6 12.80 1.53 0.175 0.000038 8 179 0

Atchfalaya River 04/1826 8524 32 412.39 13.81 1.50 0.181 0.000040 1 0 237 0

Atchfalava River 01/19/81 8665 92 435 8 6 12.95 1.53 0286 0.000041 2 2 156 0

Atchfalaya River 09.03/53 9175 6 8 417.58 13.38 1.64 0.193 0 000042 1 2 387 0

Atchfalaya River 01/1281 9543 84 448.06 13.87 1.54 0235 0.000045 2 0 60 0

Atchfalaya River 0920/80 10223 52 451 10 13 23 1.71 0.199 0.000044 1 2 343 0

Atchfalaya River 10/06/80 11243 04 454 15 13.17 1 . 8 8 0.197 0.000048 15 333 0

Atchfalaya River 01/05/81 11497 92 454 15 13.29 1.91 0260 0.000050 IS 567 0

Atchfalaya River 04/1021 11639 52 468.78 14.75 1 . 6 8 0274 0.000045 16 232 0

Atchfalaya River 07/1621 1178! 12 469.70 14.54 1.73 0.289 0.000045 2 1 260 0

Atchfalaya River 1020/80 12007 6 8 457.20 13.41 1.96 0.229 0.000051 18 178 0

Atchfalaya River 10/13/80 12149 28 457 20 13.75 1.93 0.235 0.000051 17 280 0

Atchfalaya River 072221 12574 08 476.10 14.20 1 . 8 6 0.183 0.000047 2 1 365 0

Atchfalaya River 1 0 / 1 1 2 1 13848 48 483.72 14.11 2.03 0.181 0.000050 2 1 474 0

Atchfalava River 08/17/98 14188 32 503 22 14.72 1.92 0.193 0.000049 15 501 0

Black River 03/31/78 163 84 1.9 1 . 0 0.365 0.00018 5.5 123 0

Black River 08/0928 2 0  1 72 0.55 0.5 0.400 0.00027 16 1 0 1 0

B lack River 05/1028 28 9 94 0 57 0.5 0.405 0.00024 15.5 161 0

Black River 11/0827 32 3 94 0 77 0.5 0.420 0.00023 1 0 53 0

Black River 06/1328 26 1 77 0.75 0.5 0.440 0.00029 2 1 105 0

Black River 1 0 2 8 2 8 24 2 96 0 58 0.4 0.440 0.00018 8 73 0

Black R iver 05/3129 92 9 1 2 2 1.5 0.5 0.530 0 . 0 0 0 1 1 18 1.147 0

C hippew a River, C arryville 04/13/77 117 185 1.4 0.5 0.980 0.00013 11.5 8 0

C hippew a River, C arryville 11/16/77 141 185 1.4 0.5 1 . 1 0 0 0.00015 8  5 3 0

C hippew a  River. C arryville 04/1428 374 231 2 0 . 8 1 990 0.00025 6.5 27 0

C hippew a River. C arryville 05/10/77 51 8 176 0.99 0.3 3.000 0 . 0 0 0 1 1 17 6 0

C hippew a River. C arryville 06/0628 172 2 0 0 1.5 0 . 6 3.200 0.00019 2 2 13 0

C hippew a River. C arryville 07/0627 337 209 2 . 2 0 . 8 3.330 0.00023 26 23 0

C hippew a River. C arryville 11/1726 32 132 1 0 . 2 3.500 0.000093 4 5 5 0

C hippew a River. C arryville 10/12/77 433 231 2  2 0.9 4.650 0.00025 13 2 2 0
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C h ippew a River. Carryville 10/18/76 30 6 124 11 0 2 5 000 0 00011 7 4 0

C h ippew a River. Carryville 04/05 /78 320 225 1 8 0 8 5  800 0 00023 4  5 19 0

C h ippew a River. Carryville 04 /17 /79 620 245 2 5 1 0 6 .0 0 0 0 00025 4  5 17 0

C h ippew a River. C arryville 10/31/78 123 190 1 3 0 5 7 .6 0 0 0 00017 10 5 5 0

C h ippew a River. Carryville 09 /13 /77 255 204 1 8 0 7 7 6 60 0 00021 19 11 0

C h ippew a River. Carryville 07/06 /78 348 226 1 9 0 8 7  9 00 0 .00025 21 19 0

C hippew a River. Carryville 04 /23 /79 779 247 2 8 1.1 15.500 0 .00025 8 38 0

C hippew a River. D urand 05 /10 /77 132 188 1 0 7 0 .5 5 0 0 .00033 17 5 47 0

C h ippew a River. D urand 03 /17 /77 219 215 1 3 0 8 0  570 0 00032 3 68 0

C hippew a River. D urand 09 /13 /77 279 223 1 5 0 9 0 .5 8 0 0 .00034 19 176 0

C hippew a River, D urand 07 /06 /77 377 225 1 8 0 9 0 .6 0 0 0 .00036 26 101 0

C hippew a River. D urand 04 /13 /77 139 187 1 1 0 7 0 .610 0 .00034 15 60 0

C hippew a River. D urand 11/16 /77 198 199 1 3 0.8 0 .6 3 0 0.00031 5 47 0

C hippew a River, D urand 04 /17 /79 739 239 2 9 1.1 0 .6 4 0 0.00031 5 75 0

C h ippew a River. D urand 11/16/76 51.5 153 0 62 0.6 0 .6 5 0 0.00032 3 16 0

C h ippew a River. D urand 06 /06 /78 247 224 1 6 0 7 0 .6 8 0 0 .00035 22 19 0

C h ippew a River. D urand 10/12 /77 479 227 2 2 1 0 0 .7 1 0 0 00032 13 70 0

C h ippew a River. D urand 07 /06 /78 473 233 2 1.0 0  74 0 0 .00029 24 77 0

C h ippew a River. D urand 10/18/76 5 0 7 160 0 61 0.5 0 .8 7 0 0 .00029 6 28 0

C h ippew a River. D urand 08 /24 /77 53.8 160 0 68 0.5 0 .8 8 0 0 .00032 20 48 0

C hippew a River. D urand 0 4 /23 /79 884 244 3 2 1.1 1.300 0 .00032 9.5 99 0

C hippew a River. Pepin 0 5 /11 /77 110 243 0 95 0 5 0 .400 0 .00032 18.5 33 0

C hippew a River. Pepin 0 4 /14 /77 155 241 1 1 0.6 0 .4 4 0 0.00041 15 194 0

C hippew a River. Pepin 0 3 /16 /77 257 265 1 5 0 7 0 .4 6 0 0 .00045 4 .5 201 0

C hippew a River. Pepin 0 7 /24 /79 140 247 0 85 0.7 0 .4 7 5 0.00029 2 4  5 33 0

C hippew a River, Pepin 0 7 /07 /77 399 273 1 6 0.9 0 .4 8 0 0 .00037 25 .5 357 0

C hippew a River. Pepin 0 4 /06 /78 391 276 1 8 0.8 0 .4 8 0 0.00028 5 99 0

C hippew a River. Pepin 0 5 /30 /79 219 242 1 4 0 7 0 .4 8 0 0.00017 2 0 .5 58 0

C hippew a River. Pepin 0 9 /11 /79 118 229 0 76 0 7 0 .4 8 0 0.00025 18.5 69 0

C hippew a River. Pepin 0 9 /14 /77 295 274 1 3 0.9 0 .4 9 0 0 .00037 18.5 85 0

C h ippew a River Pepin 0 6 /07 /78 217 264 1 1 0 7 0 .5 1 0 0.00024 2 2  5 63 0

C h ippew a River. Pepin 10/19/76 72.5 171 0 75 0 6 0 .5 4 0 0 .00036 6 64 0

C h ippew a River. Pepin 09 /20 /78 320 277 1 5 0 8 0  540 0 .00033 19 81 0

C hippew a River. Pepin 11/17/76 70 171 0 76 0 5 0 .5 6 0 0 .00058 4 73 0

C h ippew a River. Pepin 11/01/78 187 246 1 2 0 6 0 56 0 0 .00029 7  5 58 0

C h ippew a River. P ep in 09 /20 /76 70.5 171 0 8 0.5 0 .5 8 0 0 .00039 16 102 0

C h ippew a River. Pepin 05 /16 /78 170 261 0 97 0 7 0 .6 0 0 0 .00025 16 .5 59 0

C h ippew a River. Pepm 09 /01 /76 76.2 195 0 88 0.5 0 .6 2 0 0 .00039 19 41 0

C h ippew a River. P ep in 11 /17 /77 210 270 1 4 0 6 0 .7 1 0 0 .00036 3.5 70 0

C hulitna River 05 /19 /83 347 98  5 1 9 1 8 2 .5 0 0 0 .00068 5.5 450 0

C hulitna River 09 /13 /83 279 101 1 8 1.5 7 .6 5 0 0 .00064 5 .5 830 0

C hulitna River 05 /18 /84 261 100 1 7 1.5 20 .5 0 0 0 .00074 4 693 0

C hulitna River 07 /27 /82 924.5 123 3 1 2 5 24 .5 0 0 0 .0014 6 1.183 0

Colorado River - 77.53 103 08 I 13 0 66 0.310 0.000207 l l 86 0

Colorado River - 92.03 130 54 I 49 0 47 0.313 0.000073 II 23 0

Colorado River - 96.79 95 73 I 91 0.53 0.280 0.000133 13 23 0

Colorado River - 105.34 130 54 I 51 0.53 0.290 0.000060 II 312 0

Colorado River - 105.34 106.35 l 40 0 71 0.310 0.000233 13 133 0

Colorado River - 108.23 106.99 I 37 0.74 0.315 0.000253 10 113 0

Colorado River - 109.16 95 17 I 55 0.74 0.280 0.000277 9 365 0

Colorado River - 111 .65 96 29 I 99 0.58 0.260 0.000147 10 18 0

Colorado River - 115.25 136 14 I 37 0.62 0.310 0.000176 12 62 0

Colorado River - 118.19 99 95 2 01 0.59 0.280 0.000113 13 21 0

Colorado River - 121.11 107 59 1 48 0.76 0 2 7 3 0.000333 12 152 0

Colorado River - 121.76 108.15 1 59 0.71 0.300 0.000220 11 105 0

Colorado River - 127.71 132.52 1 68 0.57 0 2 8 5 0.000100 10 139 0

Colorado River - 128.90 106 77 1 51 0 80 0.330 0.000233 11 239 0

Colorado River - 131.45 107 54 1 57 0 78 0 2 8 8 0.000260 12 225 0

Colorado River - 132.24 136 11 1 45 0.67 0.315 0.000389 12 172 0

Colorado River - 134 00 136.72 1 47 0 6 7 0 2 8 5 0.000183 11 176 0

Colorado River - 135.92 106.43 1 67 0.76 0.315 0.000220 9 195 0

Colorado River - 137.87 92 64 1 93 0.77 0.236 0.000196 13 113 0

Colorado River . 154 47 110.11 1.86 0 76 0 2 9 3 0.000207 15 198 0

Colorado River - 155.52 109 93 1 93 0.73 0.325 0.000167 20 200 0

Colorado River - 157.36 134.74 1 94 0 6 0 0.260 0.000200 11 177 0
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Colorado River - 158.40 110.32 I 91 0.75 0 300 0 000173 16 193

Colorado River . 166.08 154.58 1 91 0.65 0 285 0 0 0 0 1 0 0 14 193

Colorado River - 169 90 137 42 1 59 0.78 0 320 0000107 14 143

Colorado River - 173 16 102.77 204 o bo 0 250 0 000153 8 289

Colorado River - 175.59 102.43 206 0 S3 0 335 0 000407 1 0 316

Colorado River . 178.11 100.97 2.08 0 85 0 340 0000127 1 1 73

Colorado River - 181.17 110.67 2.15 0 76 0.340 0.000177 2 2 304

Colorado River - 181.65 109.79 1.93 0  8 6 0 315 0 000213 1 1 413

Colorado River - 183.78 136.17 2 . 0 1 0 67 0 270 0 000157 16 6 8

Colorado River - 184.20 102.43 1 91 0.94 0.300 0.000267 8 230

Colorado River - 187.60 110.69 2.18 0.78 0 360 0,000173 24 276

Colorado River - 191.93 104 S3 2.26 0.81 0 430 0.000140 U 192

Colorado River - 194.90 101.49 2.29 0.84 0.290 0.000173 1 1 1 1 2

Colorado River - 196.07 1(0.06 2.04 0 87 0.300 0.000260 II 78

Colorado River - 198.90 103.28 2.25 0.85 0 295 0.000277 9 474

Colorado Rjver - 203.12 151.82 2.25 0  60 0.245 0 . 0 0 0 1 0 0 1 0 262

Colorado River - 209.80 110 90 2.24 0.84 0 345 0.000227 2 2 2 1 2

Colorado River . 210.28 104.23 2.06 0.98 0 310 0.000067 9 604

Colorado River - 216 91 14603 2.03 0.73 0 . 2 2 0 0 . 0 0 0 1 0 0 1 2 145

Colorado River . 217.08 110.92 2  2 2 0  8 8 0 330 0.000216 17 242

Colorado River - 219.12 107.58 2.53 0.81 0.270 0.000267 17 316

Colorado River - 219.80 110.59 2.06 0.97 0.340 0.000193 14 160

Colorado River 220.31 109.44 2.87 0.70 0.315 0.000213 9 182

Colorado River - 221.49 103.95 2.31 0 92 0.320 0 . 0 0 0 2 2 0 14 325

Colorado River - 221.72 104 27 2.47 0 . 8 6 0.285 0.000240 15 477

Colorado River - 223.62 1 1 2 . 2 2 2.49 0.80 0.355 0.000173 2 0 109

Colorado River - 226.53 139 33 2.44 0.67 0.290 0.000080 2 2 164

Colorado River - 228.94 146 62 2.70 0 58 0.230 0.000146 14 189

Colorado River - 234.49 153 28 2.64 0.58 0.155 0.000080 14 94

Colorado River - 239.11 140.22 2.43 0 70 0.205 0.000127 23 253

Colorado River . 240.07 1 1 6 8 2 . 2 2 0 97 0.370 0.000187 2 2 151

Colorado River - 241.83 145 79 2 99 0 56 0 . 2 0 0 0 000346 2 0 264

Colorado River - 243.52 103 01 2.57 0 92 0.300 0.000177 18 283

Colorado River . 245.76 105 79 2 40 0 97 0.280 0 . 0 0 0 1 1 0 IS 178

Colorado River - 254.20 247 28 1 46 0.70 0.270 0.000167 II 394

Colorado River - 269 94 112.79 2  6 8 0.89 0.340 0.000224 19 148

Colorado River - 272.78 108 45 2  6 8 0 94 0.695 0.000103 15 178

Colorado River - 274.22 112.51 2.65 0 92 0.370 0.000206 2 2 255

Colorado River - 279.77 142 12 2.62 0.75 0 . 2 0 0 0.000153 27 168

Colorado River - 279.77 112 77 2 72 0.91 0.400 0.000147 27 2 0 2

Colorado River - 288.83 142 10 2 58 0.79 0.225 0.000067 24 181

Colorado River . 293.28 112.23 3 12 0.84 0280 0.000193 13 573

Colorado River . 293.50 1 1 0  28 3 05 0 87 0.275 0.000150 2 1 159

Colorado River - 294.44 158 25 2 76 0 67 0 . 2 1 0 0 . 0 0 0 1 0 0 2 0 106

Colorado River . 296.76 112 78 2.80 0.94 0295 0.000233 26 87

Colorado River . 301.86 139 97 2.54 0.85 0295 0.000147 2 2 230

Colorado River - 303.92 113 05 2 83 0.95 0.320 0.000207 15 328

Colorado River - 307.10 113.61 2 87 0.94 0.295 0.000216 26 199

Colorado River . 308.65 139 54 2.64 0.84 0.320 0 . 0 0 0 1 2 0 18 90

Colorado River 310.61 113 09 290 09 5 0.350 0.000193 24 166

Colorado River _ 315.73 114 01 2 78 1 0 0 0.335 0.000233 26 302

Colorado River _ 324.23 144 34 2 96 0.76 0.265 0  000166 17 264

Colorado River . 324.62 14097 2 67 0 . 8 6 0.400 0.000153 2 2 193

Colorado River . 324.79 141 75 2 92 0 78 0.240 0.000087 26 1 1 1

Colorado River . 328.48 14697 291 0.77 0 . 2 0 0 0.000073 27 228

Colorado River - 330.71 147 69 3 14 0.71 0.230 0.000069 19 152

Colorado River . 334.14 109 06 263 1.16 0.240 0.000283 19 160

Colorado River 335.84 146 54 2 85 0.80 0.225 0.000060 26 233

Colorado River . 343.65 157 90 282 0.77 0.195 0.000144 2 0 338

Colorado River - 344.62 144 79 2.62 0.91 0.320 0.000113 2 1 140

Colorado River - 344.90 14637 2 70 0.87 0.340 0.000160 2 2 115

Colorado River 345.44 114 35 3 07 0.99 0.360 0.000227 27 2 0 1

Colorado River 348.30 159 8 8 3 89 0.56 0.180 0.000037 17 57

Colorado River - 348.75 III  59 3 34 0.94 0.260 0.000196 23 172

Colorado River - 358.77 110.15 3 37 0.97 0.250 0 . 0 0 0 2 2 0 18 355
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Colorado River . 359.20 46.21 2.96 0.83 0 270 0 000127 25 S3

Colorado River . 359.99 116.81 3 09 I 00 0 270 0 000127 16 209

Colorado River . 360 50 114.73 3 14 I 00 0 375 0000257 27 213

Colorado River . 362.46 117.03 2.83 I 09 0 300 0 000187 13 131

Colorado River . 370.61 111.64 2.62 I 27 O 275 0  000160 2 0 36

Colorado River - 387.66 149.09 3 08 0  8-1 0280 0000207 26 114

Colorado River . 389.58 114.91 3 63 093 0230 0 . 0 0 0 2 0 0 2 0 2 1 2

Colorado River . 403.57 253.10 2.30 0 69 0 310 0.000140 19 32

Colorado River . 408.39 112.77 2.87 1.26 0 248 0.000310 IS 347

Colorado River . 413.43 148.29 3.37 0 83 0 240 0.000177 17 119

Colorado River - 443.16 162.43 3.59 0 76 0 195 0.000134 19 48

Colorado River - 45432 160.67 331 0.85 0 175 0.000170 17 284

Colorado River . 500.16 254.55 2.19 0.90 0 360 0  000180 19 769

Hii River . 0.00094 0.35 0 . 0 2 0 14 0 2 1 0 0.008090 2 0 925

Hn River . 0.00145 0.35 0 . 0 2 0 19 0 2 1 0 0.011300 2 0 1.955

Hii River . 000199 0.35 0 . 0 2 023 0  2 1 0 0.010700 2 0 3316

Hit River . 0.00168 0.35 0.03 0 19 0 . 2 1 0 0009750 2 0 2.347

Hii River . 0.00244 0.35 0.03 0.25 0 2 1 0 0009270 2 0 1.728

Hii River 0.00303 0.35 0 03 0.28 0 . 2 1 0 0 008040 2 0 4.878

Hii River 0.00448 035 0.03 0.40 0 2 1 0 0.007280 2 0 4.274

Hii River . 0.00542 035 0.03 0.46 0 2 1 0 0.008390 2 0 5.639

Hii River . 0.00440 0.35 0.04 0.35 0 2 1 0 0.007080 2 0 3.546

Hii River _ 0.00651 035 0.04 0.51 0 2 1 0 0.006690 2 0 3.261

Hii River . 0.00745 035 0.04 0 56 0 2 1 0 0.006440 2 0 4.323

Hii River _ 0.00367 035 0.03 0.31 0 2 1 0 0.005820 2 0 1.249

Hii River . 0.00513 035 0.04 0 35 0 . 2 1 0 0.005820 2 0 1.325

Hii River 0.00437 0.35 0.04 0 29 0 2 1 0 0.007690 2 0 1.702

Hii River . 0.00775 0.35 0.04 0 50 0 . 2 1 0 0.005150 2 0 2.342

Hii River . 1.78047 8 . 0 0 0 31 0 73 I 440 0.000840 2 0 1 2 1

Hii River . 235603 8 . 0 0 0.40 0 74 I 440 0.001060 2 0 167

Hii River 2.42392 8 . 0 0 0.42 0 71 1 440 0.000850 2 0 116

Hii River . 2.76436 8 . 0 0 0 49 0 70 1 440 0.000860 2 0 I 17

Hii River _ 3.49857 8 . 0 0 0 59 0  74 1 440 0.000880 2 0 299

Hii River . 4.85132 8.00 0.65 0 93 I 440 0.001480 2 0 271

Hit River . 4.47922 8 . 0 0 0 70 0  SO I 440 0 . 0 0 1 0 1 0 2 0 154

Hii River . 4.72729 8 . 0 0 0 73 0  81 I 440 0.001530 2 0 191

Hii River . 1.13182 8 . 0 0 0  2 0 0 70 1 330 0.001660 2 0 553

Hii River . 2.23740 8 . 0 0 037 0 75 1.330 0.001380 2 0 207

Hii River . 1.95124 8 . 0 0 039 0 63 I 330 0.000890 2 0 136

Hii River . 2.91789 8 . 0 0 045 0  80 I 330 0.001420 2 0 167

Hii River _ 0.I8I04 2 . 0 0 0  16 0 58 I 260 0.001690 2 0 296

Hii River . 034806 2 . 0 0 0 . 2 0 0 63 I 260 0.001610 2 0 284

Hii River _ 0.34433 2 . 0 0 0.26 0 67 I 260 0.001610 2 0 275

Hii River . 0.42868 2 . 0 0 029 073 I 260 0.001670 2 0 283

Hii River . 0.52172 2 . 0 0 0.34 0 76 1.260 0.001660 2 0 243

Hit River . 0.71449 2 . 0 0 0.47 0 76 1.260 0.001660 2 0 242

Hii River 0.04740 0.80 0.11 0 55 1 260 0.001690 2 0 225

tin River . 0.07000 0.80 0 15 060 1 260 0.001720 2 0 127

Hii River _ 039008 2 . 0 0 030 066 1.460 0.001370 2 0 2 2 2

Hii River _ 0.49427 2 . 0 0 0 36 0 69 1 460 0.001400 2 0 2 1 0

Hii River 0.53144 2 . 0 0 036 0.74 1 460 0  001460 2 0 270

India Canal . 1.15 435 067 039 0.048 0.000145 2 0 1,031

India Canal . 139 4.31 0 79 038 0.064 0.000165 2 0 760

India Canal . 2 . 0 2 5.34 094 040 0042 0.000115 2 0 1,417

India Canal 3.00 5.78 1 1 0 047 0.046 0.000115 2 0 3.132

India Canal . 13.19 10.70 1 94 064 0.051 0 . 0 0 0 1 0 0 2 0 671

India Canal . 13.41 10.58 1 97 065 0.050 0 . 0 0 0 1 0 0 2 0 981

India Canal . 14.03 14.66 1.72 0 56 0.037 0.000080 2 0 4030

India Canal . 14.11 13.49 I 85 057 0036 0.000080 2 0 1,894

India Canal . 14.81 13.55 1 . 8 6 0 59 0.043 0.000080 2 0 2.467

India Canal . 15.84 17.31 1 57 0 58 0.070 0 . 0 0 0 1 2 0 2 0 726

India Canal . 15.87 17.34 1 57 0 58 0.056 0 . 0 0 0 1 2 0 2 0 596

India Canal . 19.22 15.95 2.37 0.51 0.048 0.000088 2 0 512

India Canal . 19.45 16.03 238 0.51 0.044 0.000088 2 0 624

India Canal - 24.59 18.07 2.24 061 0 046 0 . 0 0 0 1 2 0 2 0 2,517

i 1
0
0
0
0
0
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0
0
0
0
0
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India Canal - 27 50 17 89 2.51 061 0 039 0 000070 2 0 822 0

India Canal - 27 67 17 98 2.52 0.61 0 033 0 0 0 0 0 " 0 2 0 851 0

India Canal - 27 S9 18.17 2.17 0.71 0 050 0  0 0 0 1 1 2 2 0 2.601 0

India Canal . 30.86 20.57 2.37 0 63 0064 0  000080 2 0 918 0

India Canal . 35 74 20.58 2.38 0.69 0 043 0  ooooso 2 0 797 0

India Canal . 59 16 25.49 2.44 095 0  0 2 1 0 000084 2 0 5.759 0

India Canal . 60 72 25.56 2.49 095 0 025 0 000084 2 0 5.182 0

India Canal - 68.82 25.77 2.55 1.05 0  031 0  0 0 0 1 1 0 2 0 3.55" 0

India Canal . 68.92 25.68 2.55 1.05 0 033 0  0 0 0 1 1 0 2 0 3.508 0

India Canal - 131 39 51.51 3.29 0 77 0  066 0 000065 2 0 1.593 0

India Canal . 132.80 51 90 3.29 0 78 0064 0 000065 2 0 1.976 0

India Canal - 153.25 56.02 3.37 0  81 0 024 0  000060 2 0 2.887 0

India Canal - 156 05 56.27 3.39 0.82 0  0 2 0 0000060 2 0 2.601 0

India Canal . 15741 56.47 3.35 083 0 030 0 000070 2 0 2.316 0

India Canal . 158.57 56.61 3.35 0.83 0 039 0 000070 2 0 2.175 0

India Canal - 163.72 66.55 3.39 0 73 0  082 0 000057 2 0 1.519 0

India Canal - 166.36 66.54 3.41 0.73 0  080 0 000057 2 0 1.425 0

India Canal . 242.19 79.10 3.56 0 . 8 6 0057 0 000064 2 0 1.490 0

MiddlcLoup River 09/03-25 9 34 44.81 0.33 0 . 6 2 0  282 0.001420 31 648 0

MiddlcLoup River 03/15/26 9 46 45.42 0.31 0.67 0.351 0  001288 2 0 884 0

MiddlcLoup River 03/25/97 1 0 . 2 2 44.20 0.33 0 70 0 339 0 001345 1 0 1.044 0

MiddlcLoup River 08/10/70 10.31 43.89 032 0 73 0 317 0001458 24 455 0

MiddleLoup River 03/28/26 10.36 45.11 0.33 0.69 0 274 0 001307 18 816 0

MiddlcLoup River 04/25/98 10.39 44.81 0.37 062 0.383 0  0 0  288 31 411 0

MiddlcLoup River I l/IS/70 10.45 43.28 0.36 0 . 6 8 0 424 0 001250 2 2 481 0

MiddlcLoup River 12/07/25 10.93 45.11 0.33 0 74 0 334 0001326 26 494 0

MiddlcLoup River 08/17/99 11.30 37.49 033 0 92 0 351 0 001174 i.637 0

MiddleLoup River 05/05/70 11.30 44.20 0.34 0.75 0 382 0 001250 16 871 0

MiddleLoup River 10/29/69 11.61 42.98 0.29 093 0 292 0 001439 4 1.831 0

MiddlcLoup River 02/10/70 11.72 44 JO 03 0 0  8 8 0 335 0 001023 1 1 1 . 1 1 0 0

MiddlcLoup River 02/24/99 12.09 46.33 031 0 83 0  351 0 001307 4 1.345 0

MiddlcLoup River 10/09/69 12.23 43.89 0.30 094 0  278 0 000928 4 1.618 0

MiddlcLoup River 1225/71 12.54 45.11 0.25 I 13 0 219 0 001545 3 1.023 0

Missi Arkansas River at Pendleton ARK. 03.23/89 1900.00 380.00 7.08 0 71 0 299 0 000059 1 2 6 0

Missi Arkansas River at Pendleton ARK 06/19/89 3590 00 391.00 7.19 I 28 0 290 0 000105 25 154 0

Missi Illinois River at Valley Citv. IL 06/07/90 1230.00 2 2 1 . 0 0 6 . 2 0 090 0 480 0 000040 1 0 15 0

Missi Illinois Rjver below Mcrcdosia. IL 05/16/88 332.00 228.00 3.61 0.40 0 ISO 0  000028 2 2 2 0

Missi Missouri River at Hermann. MO 03/09/89 1480.00 270.00 4.52 1 . 2 1 0  381 0 000172 187 0

Missi Missouri River at Hermann. MO 05/19/88 1480.00 350.00 4.31 098 0 386 0000173 2 2 104 0

Missi Missouri River at Hermann. MO 06/07/89 1760.00 270.00 5.18 1 26 0 389 0000172 23 154 0

Missi Missouri River at Hermann. MO 0720/87 2640.00 377.00 5.65 I 24 0 379 0  000170 27 2 1 2 0

Missi Missouri River at St. Charles. MO 12/02/87 2810.00 428.00 5.30 1.24 0  370 0  000177 6 353 0

Missi Ohio River at Olmsted. IL 0523/88 3230.00 945.00 5.85 0.58 0 454 0 000029 2 2 3 0

Missi Ohio River at Olmsted. II. 1206/87 4200.00 974.00 7.82 0 55 0 39  3 0 000017 9 1 0

Missi Ohio River at Olmsted. IL 06/11/89 8760.00 1008.00 931 0.93 0  606 0  000026 24 4 0

Missi Ohio River at Olmsted. IL 06/14/90 9550.00 1046.00 11.80 0.78 0 570 0  000016 2 2 7 0

Missi Ohio River at Olmsted. IL 03/03/90 16100 0 0 1080.00 12.50 1 . 2 0 0 659 0 000042 6 1 2 0

Missi Ohio River at Olmsted. IL 03/16/89 20400.00 1070.00 13.70 139 0 556 0 000051 9 34 0

Miss: Ohio River at Uniontown. KY 03/01/90 6620.00 761.00 9.84 0 . 8 8 0 889 0  000031 6 4 0

Missi Old River near Knox Landing. LA 12/17/87 1830.00 525.00 5.54 063 0 340 0  000060 9 6 0

Missi Old River near Knox Landing. L.A 08/06/87 2050.00 519.00 4.08 0.97 0 350 0000045 31 48 0

Missi Old River near Knox Landing. LA 06/04/88 2150.00 515.00 4.06 1.03 0 292 0  000079 25 87 0

Missi Old River near Knox Landing. LA 0625/89 4880.00 562.00 9.62 0.90 0 246 0 000040 26 77 0

Missi Old River near Knox Landing. LA 0329/89 6150.00 556.00 1 1 . 1 0 1 0 0 0 307 0000042 13 25 0

Missi Wabsh River near New Haven. IL 0228/90 2340.00 355.00 6 . 1 1 1 08 0 798 0 000093 3 46 0

Missi White River at mile 11 5. ARK 07/31/87 332.00 168.00 2.92 0 . 6 8 0 378 0 000150 31 15 0

Missi While River at mile 11 5. ARK 0529/88 438.00 164.00 3.17 0.84 0 334 0 000050 2 2 25 0

Missi White River at mile 11 5. ARK 12/12/87 519.00 177.00 4.02 0.73 0 393 0 000052 II 1 0 1 0

Missi White River at mile 11 5. ARK 06/18/89 860.00 195.00 8.98 0.49 0 373 0 000050 23 3 0

Missi White River at mile 11 5. ARK 03/22'89 1500.00 2 0 0 . 0 0 10.30 0.73 0 592 0 000053 1 2 2 0

Missi Yazoo River below Steele Bavou. MS 0622/89 1070.00 165.00 9.19 0.71 0.561 0  0 0 0 0 2 1 26 7 0

Missi Yazoo River below Steele Bavou. MS 0622/90 1250.00 2 0 0 . 0 0 9.75 064 0  2 2 2 0  000016 28 4 0

Missi Yazoo River below Steele Bayou. MS 0326/89 1500.00 182 0 0 10.40 0.79 0 450 0 000037 15 2 2 0

Mississippi River above Arkansas City. ARK 08/02/87 7630.00 850.00 11.50 0.78 0.284 0 000064 31 17 0

Mississippi River above Arkansas Citv. ARK 05/30/88 8160.00 838.00 1 1 . 0 0 0.89 0  286 0  000060 24 17 0
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River at StLouis 
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■> 3 4 5 6 7 8 9 1 0

12/13,87 9920 00 904 00 1 1 . 0 0 1 . 0 0 0 398 0  000066 9 314

06,20,89 23300 00 990.00 15.10 1.56 0  286 0 000069 25 114

03/24,39 26800 0 0 1035.00 15.90 I 63 0 321 0  000066 1 1 119

05/26,88 7170 00 805.00 8.36 1 07 0 380 0000104 2 2 54
12/08/87 9470 00 844.00 9.67 1.16 0 846 0 . 0 0 0 1 0 1 9 370

06/14,89 15300 00 902.00 11.50 I 47 0 469 0000098 24 61

07/30/87 6850.00 701.00 6.75 1.45 0 370 0 000094 30 85

OS-H'SS 7050 00 754.00 7.36 1.27 0 394 0 000096 23 S3

12/1 1/87 8770.00 750.00 7.96 1.47 0.334 0 000095 9 152

06/17/89 16900 00 897.00 13.10 1.44 0 441 0 000094 24 84

03/07/90 23300.00 855.00 1730 1.58 0365 0  000082 7 84

03,71/89 25900 00 913.00 16.50 1.72 0  681 0 000085 9 1 0 2

05/70/88 3350.00 487.00 6.75 1 . 0 2 0386 0.000085 23 36

07/22/87 3830.00 482.00 735 1.08 0324 0 000085 28 74

03/13/89 3940 00 490.00 6.90 1.17 0389 0.000085 6 1 2 0

06/08/89 4760.00 508.00 7.66 1 . 2 2 0 443 0 000092 25 83

01/15/79 1512.29 455.98 4.94 0.67 0.235 0 000079 3 13

09/14/70 1512.29 457.20 4.66 0.71 0 505 0000072 2 25

04/01.36 1560.43 460.25 4.82 0.70 0 296 0 000134 14 26

03/16/09 1634.06 459.64 5.18 0.69 0 328 0.000103 2 45

05/75/51 1755.84 470.61 600 0.62 0.544 0.000072 5 14

05/20/54 1767.17 462.69 539 0.71 0.268 0.000056 7 2 1

05/26/51 1806 82 470.92 6 . 1 0 0.63 0.573 0 000057 5 14

1 I/17'53 1886.11 463.91 5.55 0.73 0.287 0.000052 18 1 2

01/28/27 1886 1 1 471.53 6.16 0.65 0.598 0 000057 2 2 1

01/2777 1911.60 472.14 6.19 0.65 0.572 0.000052 2 23

08/19/53 2005.06 467.26 5.61 0.77 0.293 0000052 2 1 14

07/0476 2064 53 471.83 634 0.69 1.152 0.000046 1 1 15

05/12/63 2095.68 464.52 5.64 0.80 0386 0 000103 17 44

04/0176 2115 50 474.88 6.52 0 . 6 8 0.642 0 000052 2 1 7

077181 2208.96 465.43 6.07 0.78 0 299 0 000072 6 30

01 24/46 2271.26 469.39 5.97 0.81 0 574 0 000072 •> 67

1 1 73/79 2279 76 470.92 6.04 0.80 0 224 0 000072 6 37

1 173 79 2279.76 470.92 6.04 0.80 0.224 0 000093 6 36

0878/63 2299.58 470.61 5.55 0 . 8 8 0 625 0000098 9 51

0804/53 2486.50 471.22 6.40 0.82 0.274 0 000056 2 2 19

09/0118 2628 1 0 469J 9 5.94 0.94 0.549 0000093 2 70

07/11/45 2633.76 46939 6.64 0.84 0.641 0000062 18 14

04/13/07 2789.52 46939 6.95 0 . 8 6 0 306 0 000069 23 2 1

1276,80 2832.00 477.62 6.95 0.85 0 299 0 000065 2 1 31

03/31,90 2888.64 472.44 6.95 0 . 8 8 0.472 0 000077 25 37

0921:90 2916.96 477.62 6.40 0.95 0.429 0  000062 IS 49

05 05/17 3001.92 474.88 6.83 0.93 0.511 0 000077 26 48

03,1526 3030.24 480.06 7.74 0.82 0 579 0.00003! 24 24

0527/89 3086.88 477.93 6.74 0.96 0.377 0000093 2 2 61

10/16/45 3115.20 478.54 7.32 0.89 0.646 0.000061 8 27

06/14/80 3256.80 472.74 735 0.94 0.310 0000060 27 24

07/19/81 3256.80 472.74 735 0.94 0 310 0  000062 27 23

01/18/91 3398.40 480.97 735 0.96 0.350 0 000067 13 70

12/15/44 3426.72 478.54 7.99 0.90 0 741 0 000042 28 15

01/0926 3568.32 479.15 6.58 1.13 0.187 0000079 17 2 0 1

04/05/00 3624.96 486.16 7.47 LOO 0.429 0.000049 18 37

06/21/90 3624.96 475.49 7.53 1 .0 1 0 443 0 000072 26 59

04/14/17 3681.60 48138 7.65 1 . 0 0 0.555 0 000077 27 41

0323/45 3766.56 480.97 7.77 1 .0 1 0.643 0 000031 29 17

0126/89 3823.20 486.46 7.56 1.04 0 354 0.000093 13 1 0 0

01/16/62 3851.52 484.02 7.47 1.07 0.229 0  000108 8 2 0 2

04/08/00 3851.52 484.63 7.74 1.03 0.469 0 000052 2 0 36

08/12/79 3908 16 481.89 7.77 1.04 0 225 0 000072 16 79

08/12/79 3908.16 481.89 7.77 1.04 0.225 0000088 16 78

01/17/17 3993.12 480.36 8 . 0 2 1.04 0.500 0000077 24 62

05/02/53 4021.44 480.36 7.99 1.05 0.225 0.000063 24 40

09/16/99 4049.76 48036 8 . 0 2 1.05 0.467 0 000046 26 31

09/30/16 4134.72 485.24 8.08 1.05 0.447 0.000103 2 ! 67

05/01/72 419! 3 6 482.80 8.35 1.04 0.604 0.000047 28 38

II
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I 2 3 4 5 6 7 S 9 1 0 11

Mississippi River at SiLouts 04/20/07 4389 60 483 I 1 799 114 0  216 0 000075 6 126 0

Mississippi River at StLouis 04/21 53 4502 8 8 486 16 8.41 1 1 0 0.208 0  000066 26 59 0

Mississippi River at StLouis 01/23/53 4531 20 486.16 8.50 UO 0 . 2 2 0 0000062 29 69 0

Mississippi River at StLouis 12/0225 4559 52 496 82 9.63 0.95 0.519 0.000026 26 32 0

Mississippi River at StLouis 08/20/79 4616 16 486.16 3.38 1.13 0226 0.000072 IS 108 0

Mississippi Rjver at StLouis 10/18/52 4701.12 492.25 8.35 1.14 0 243 0 000065 28 81 0

Mississippi River at StLouis I2T 325 4729 44 497.74 9.24 1.03 0.624 0.000031 26 34 0

Mississippi River at StLouis 02/10/99 4814 40 493 78 9.66 1 .0 1 0.733 0.000025 17 92 0

Mississippi River at StLouis 02/11/89 4871 04 494 39 8.50 1.16 0306 0.000103 8 106 0

Mississippi River at StLouis 12/28/61 4871.04 497.43 8.56 1.14 0307 0.000098 19 70 0

Mississippi River at StLouis 06/12^99 4899 36 486.77 8.90 1.13 0.567 0 000046 28 31 0

Mississippi Rjver at StLouis 10/13/71 4956.00 491 95 9.05 1 .1 1 0.472 0.000067 23 39 0

Mississippi River at StLouis 10/03/52 4984.32 491.03 8.50 1.19 0 . 2 1 1 0.000066 27 98 0

Mississippi River at StLouis 07/11/52 5040.96 492.25 8.53 1 . 2 0 0.I9I 0.000062 23 103 0

Mississippi River at StLouis 09/09/25 5040 96 499 87 981 1.03 0.610 0.000042 28 25 0

Mississippi River at StLouis 07/10/52 5069.28 492.86 8.56 I 20 0.191 0.000079 2 1 1 0 1 0

Mississippi River at StLouis 09/15/51 5267 52 499 57 9.45 1 . 1 2 0313 0.000053 4 8 6 0

Mississippi River at StLouis 01/15/53 5324 16 495 30 8.99 1 . 2 0 0 225 0.000065 26 72 0

Mississippi River at StLouis 10/26/71 5437 44 497 74 9.33 1.17 0.610 0.000046 23 60 0

Mississippi River at StLouis 01/14/53 5579 04 498.35 9 17 1 . 2 2 0.225 0.000072 25 91 0

Mississippi River at StLouis 05/27,25 5607.36 502.92 1 0 . 1 2 1 . 1 0 0.697 0.000036 27 45 0

Mississippi Rjver at StLouis 08/16/99 5720 64 499.87 9.66 1.18 0.176 0.000042 6 182 0

Mississippi River at StLouis 0 8 2 5 2 5 5947 20 502.92 10.49 1.13 0.680 0.000042 27 52 0

Mississippi River at StLouis 04/02/8 1 606048 494.39 9.54 1.28 0.324 0.000088 14 1 1 2 0

Mississippi River at StLouis 04/02/81 6060 48 494.39 9.51 1.29 0334 0.000073 16 8 6 0

Mississippi River at StLouis 04/05/62 6071 81 511 45 9.72 1 . 2 2 0.334 0.000108 2 2 105 0

Mississippi River at StLouis 05/17/99 6202.08 501.70 1 0 . 2 1 1 .2 1 0.345 0.000026 8 167 0

Mississippi River at StLouis 0428/62 6230 40 501.09 10.06 1.24 0356 0.000108 25 77 0

Mississippi River at StLouis 03/31/52 6258 72 501.70 9.78 1.28 0.176 0 000063 1 2 119 0

Mississippi River at StLouis 04/10/71 6258 72 499.87 9.60 1.30 0.417 0.000082 11 106 0

Mississippi River at StLouis 07/03/52 6258 72 504.14 9.97 1.25 0.463 0 000055 9 106 0

Mississippi River at StLouis 04/10/71 6400 52 499.87 9.57 134 0.399 0.000086 11 108 0

Mississippi River at StLouis 0203-99 6626 8 8 505.97 10.97 1.19 0.733 0.000025 17 132 0

Mississippi River at StLouis 1 202  89 671 I 84 499.26 9.48 1.42 0399 0.000108 26 137 0

Mississippi River at StLouis 10/07/16 6796 80 508.41 9.88 1.35 0.435 0.000098 19 105 0

Mississippi River at StLouis 11/11/98 6796 80 504.75 1 1 . 2 2 1 . 2 0 0.723 0.000036 2 0 8 6 0

Mississippi River at StLouis 1128/98 6825 12 505.36 1 0 . 0 0 1.35 0.592 0.000072 2 1 6 8 0

Mississippi Rjver at StLouis 10/19/16 6881 76 505.97 9.33 1.46 0356 0.000118 8 226 0

Mississippi Rjver at StLouis 1 12622 6910 08 507.19 10.27 133 0.239 0 000057 17 1 1 2 0

Mississippi Rjver at StLouis 04/0821 6910 08 495 00 9.88 1.41 0.399 0 000089 11 1 2 1 0

Mississippi River at StLouis 0921/61 7323 55 515.72 9.81 1.45 0 . 2 2 1 0.000118 9 320 0

Mississippi River at StLouis 04/0721 7363 20 498.65 1 0 . 1 2 1.46 0.399 0.000078 1 0 128 0

Mississippi River at StLouis 06/18/06 7788 00 507 19 1 0 . 2 1 1.50 0.250 0.000076 ■» 239 0

Mississippi River at StLouis 03/15/52 7872 96 510 84 11.09 139 0.520 0.000060 1 0 131 0

Mississippi River at StLouis 0624/16 8127 84 518.16 10.73 1.46 0.427 0.000113 H 104 0

Mississippi River at StLouis 0216/80 8184 48 514.50 10.42 1.53 0333 0 000069 19 187 0

Mississippi Rjver at StLouis 06/17/06 8241 12 509.63 10.36 1.56 0.260 0.000093 2 233 0

Mississippi River at StLouis 01/11/62 841 1 04 502.92 11.06 1.51 0.295 0.000103 18 175 0

Mississippi River at StLouis 08/30/98 841 1 04 495.00 10.85 1.57 0.496 0.000082 13 1 1 0 0

Mississippi River at StLouis 0227/99 8524 32 513.89 10.94 1.52 0.485 0.000072 2 2 132 0

Mississippi River at StLouis 0829/98 8524 32 507.80 10.64 1.58 0.496 0.000095 13 104 0

Mississippi River at StLouis 09/0289 8779 20 510.84 10.67 1.61 0.350 0.000108 23 232 0

Mississippi Rjver at StLouis 0824/98 9912.00 508.71 11.40 1.71 0.431 0.000105 9 145 0

Mississippi River at StLouis 10/04/97 I0 I6 6  8 8 516.64 12.25 1.61 0.632 0000088 2 1 214 0

Mississippi River at StLouis 0822/98 10280 16 513.59 11.40 1.76 0.419 0.000082 9 178 0

Mississippi River at StLouis 1128/43 1076I 60 518.16 11.95 1.74 0.561 0.000108 17 97 0

Mississippi River at StLouis 11/0298 10959 84 523.04 13.72 1.53 0.758 0.000046 2 1 236 0

Mississippi River at StLouis 0 2 1 4 2 5 11639 52 505.97 12.07 1.91 0.188 0  000082 4 511 0

Mississippi River at StLouis 0 4 2 9 9 8 13253 76 532.18 15.24 1.63 0.664 0.000077 28 118 0

Mississippi Rjver at StLouis 0 1 2 9 2 5 19087 6 8 575.46 13.69 2.42 0.475 0.000113 18 329 0

Mississippi Rjver at StLouis 04/15/98 19937 28 548.64 16.76 2.17 0.696 0000118 25 185 0

Mississippi Rjver at StLouis 0421/98 21608 16 542.54 17.28 2.30 0.664 0 000134 27 188 0

Mississippi Rjver at Tarbert Lan 0126/55 424800 896.11 7.59 0.62 0.297 0.000018 18 1 2 0

Mississippi Rjver at Tarbert Lan 04/1255 427632 896.11 7.53 0.63 0387 0 . 0 0 0 0 2 2 17 15 0

Mississippi Rjver at Tarbert Lan 0420/55 4332.96 896.11 7.53 0.64 0.307 0  0 0 0 0 2 2 17 1 2 0
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1 s 3 4 5 6 7 8 9 1 0 II
Mississippi Riser at Tarbert Lan 07/01/5-4 4502.88 90830 7 6 8 0,65 0282 0 . 0 0 0 0 2 0 28 1 2 0

.Mississippi Riser at Tarbert Lan 04/27/55 4531.20 899 16 7 50 0 67 0.304 0 . 0 0 0 0 2 2 18 13 0

Mississippi River at Tarbert Lan 06/23/54 4616.16 908.30 7 77 0.65 0.292 0 . 0 0 0 0 2 0 31 31 0

Mississippi Riser at Tarbert Lan 10/20/54 4701 12 908.30 7 59 0  6 8 0.327 0  0 0 0 0 2 0 24 1 2 0

Mississippi Riser at Tarbert Lan 10/13/54 4814 40 911,35 7 83 0 67 0.301 0.000023 26 15 0

Mississippi Riser at Tarbert Lan 09,'22/54 4899 36 908.30 7,83 0 69 0.305 0 . 0 0 0 0 2 2 29 16 0

Mississippi Riser at Tarbert Lan 01/19/55 4956.00 905 26 8  11 0 . 6 8 0.293 0 . 0 0 0 0 2 0 18 33 0

Mississippi Riser at Tarbert Lan 09/30/54 5097.60 911 35 7.92 0.71 OJOO 0.000023 28 15 0

Mississippi Riser at Tarbert Lan 11/22/81 5125 92 908.30 6.74 0.84 0.199 0.000036 34 70 0

Mississippi Riser at Tarbert Lan 06/18.54 5324.16 914.40 8.23 0 71 0.292 0 . 0 0 0 0 2 0 31 16 0

Mississippi Riser at Tarbert Lan 02/13/82 5494.08 914.40 6  92 0.87 0.198 0.000037 32 49 0

Mississippi Riser at Tarbert Lan 01/07/55 6456.96 938.78 8.84 0 78 0302 0.000023 2 1 34 0

Mississippi Riser at Tarbert Lan 04/03/54 6541.92 972.31 860 0.78 0-292 0.000027 29 2 0 0

Mississippi Riser at Tarbert Lan 03-26/54 6938.40 978.41 8.56 0.83 0.292 0.000023 29 s i 0

Mississippi Riser at Tarbert Lan 12/16/53 7448 16 987.55 9.17 0  82 0.292 0.000028 29 2 1 0

Mississippi Riser at Tarbert Lan 03/18/54 7504.80 987.55 8.93 0.85 0.292 0.000027 28 29 0

Mississippi River at Tarbert Lan 12/09/53 8042.88 993 65 9 54 0.85 0.294 0 . 0 0 0 0 2 2 27 2 0 0

Mississippi Riser at Tarbert Lan 08/03/81 9827 04 1002.79 8  93 1 . 1 0 0.199 0.000041 34 1 1 0 0

Mississippi River at Tarbert Lan 03/1 — 54 10506.72 1033-27 1061 0.96 0.292 0.000028 29 49 0

Mississippi River at Tarbert Lan 04/13/81 I0563J6 1008 89 920 1.14 0.188 0.000037 25 97 0

Mississippi Riser at Tarbert Lan 120253 10591.68 1024.13 10.58 0.98 0.284 0.000032 24 45 0

Mississippi River at Tarbert Lan 03/10/80 10704.96 1014.98 10.27 1.03 0 . 2 1 0 0.000032 6 140 0

Mississippi River at Tarbert Lan 1125/53 10903.20 1045.46 10.70 0.97 0.253 0.000027 24 33 0

Mississippi River at Tarbert Lan 08/02/55 11639.52 1027.18 14 48 0.78 0-292 0.000032 19 153 0

Mississippi River at Tarbert Lan 1224/53 11752.80 1042.42 11.13 1 .0 1 0.292 0.000033 28 46 0

Mississippi Riser at Tarbert Lan 0427/81 12205.92 1033.27 9.57 1.23 0.179 0.000043 26 106 0

Mississippi River at Tarbert Lan 122529 13933.44 1051 56 11.77 1.13 0.183 0.000035 7 26 0

Mississippi River at Tarbert Lan 121329 14216.64 1054.61 11 46 1.18 0 - 2 0 0 0.000027 8 194 0

Mississippi River at Tarbett Lan 0324/80 15179 52 1066.80 11.52 1.24 0.198 0.000036 7 151 0

Mississippi River at Tarbert Lan 05/01/81 16340 64 1072.90 12.56 1 . 2 1 0.206 0.000033 6 207 0

Mississippi River at Tarbert Lan 01/1 I/SI 16935 36 1085 09 12.37 1.26 0.209 0.000037 6 167 0

Mississippi Riser at Tarbert Lan 01/18/81 17020 32 1091.18 12.13 1.29 0.205 0.000038 as 262 0

Mississippi River at Tarbert Lan 0125/81 1741680 1085 09 12.56 1.28 0.233 0.000033 8 105 0

Mississippi Riser at Tarbert Lan 01/04/81 18124.80 1088.14 12 89 1.29 0 . 2 1 2 0.000033 7 137 0

Mississippi Riser at Tarbert Lan 01/15/81 18492.96 1097.28 12.53 1.35 0.199 0.000040 2 0 204 0

Mississippi Riser at Tarbert Lan 0928/80 21013.44 1 100 33 12 98 1.47 0.188 0.000032 1 0 216 0

Mississippi River at Tarbert Lan 01/11/81 2 1 2 1 1  6 8 1100 33 13 23 1.46 0.188 0.000038 19 144 0

Mississippi Riser at Tarbert Lan 05/30/53 22032 96 1097.28 14 63 1.37 0.188 0.000037 17 59 0

Mississippi River at Tarbert Lan 10/0280 22061.28 1103 38 13.81 1.45 0.199 0.000035 1 2 186 0

Mississippi Riser at Tarbert Lan 01/08/81 22656 00 1103 38 13 44 1.53 0.199 0.000038 18 244 0

Mississippi River at Tarbert Lan 09/05/53 22854 24 1100 33 15 45 1.34 0.290 0.000042 26 77 0

Mississippi River at Tarbert Lan 01/04/81 24298 56 1103 38 14.45 1.52 0.196 0.000037 18 193 0

Mississippi River at Tarbert Lan 1023/80 24298 56 1103 38 14.69 1.50 0.199 0.000033 17 167 0

Mississippi River at Tarbert Lan 10/09/80 24468.48 1103 38 14 42 1.54 0.199 0.000037 15 136 0

Mississippi River at Tarbert Lan 10/1280 25969 44 1103.38 14 81 1.59 O’ lO 0.000035 17 189 0

Mississippi Riser at Tarbert Lan 06/05/53 26026 08 1103.38 14,97 1.58 0.178 0.000035 18 165 0

Mississippi River at Tarbert Lan 09/10/53 26082.72 1097,28 15 06 1.58 0.282 0.000038 1 1 199 0

Mississippi Riser at Tarbert Lan 10/16/80 26309.28 1103.38 14 81 1.61 0.199 0.000036 17 160 0

Mississippi River at Tarbert Lan 05/09/53 26564 16 1097 28 I 5 .67 1.55 0.322 0.000035 11 94 0

Mississippi River at Tarbert Lan 0829/53 28829.76 1109 47 16 40 1.58 0.299 0.000038 2 1 1 0 1 0

Mississippi River at Thebes. IL 0 5 2 2 8 8 3590 00 525.00 6.13 1 . 1 2 0/334 0.000114 23 6 8 0

Mississippi River at Thebes. IL 03/15/89 4890.00 602.00 7.29 l . l l 0.377 0.000128 8 77 0

Mississippi River at Thebes. IL 1205/87 5190.00 574 00 6.62 1.37 0.378 0.000130 6 209 0

Mississippi River at Thebes. IL 06/10/89 5220.00 609 00 6.60 1.30 0.431 0.000127 25 107 0

Mississippi River at Thebes. IL 06/13/90 12600 0 0 623.00 11.40 1.77 0.572 0.000109 2 2 179 0

Mississippi River below Arkansas City. ARK 0620/90 25500.00 1055.00 15 0 0 1 .6 ! 0-357 0.000080 26 85 0

Mississippi River below Belle Chassc, LA 06/07/88 5570 00 778.00 19.30 0_37 0.172 0.000003 26 0 0

Mississippi River below Belle Chasse. LA 1220/87 9560 00 776 00 20.30 0.61 0.182 0.000006 13 3 0

Mississippi River below Belle Chasse. LA 0628/89 2 0 1 0 0 . 0 0 813 00 2 1  80 1.13 0.208 0 . 0 0 0 0 2 0 26 51 0

Mississippi River below Belle Chassc. LA 04/01/89 22500 00 800.00 21 50 1.31 0.224 0 . 0 0 0 0 2 2 14 93 0

Mississippi River below Belle Chasse. LA 03/14/90 26700 00 881 0 0 2 1  2 0 1.43 0.323 0.000027 13 94 0

Mississippi River below Fullton. Tenn. 03/05/90 22800 0 0 1260 0 0 1 2 . 1 0 1.49 0.543 0.000088 8 138 0

Mississippi River below Fullton. Tenn. 03/19/89 24800.00 1337.00 1 2 . 1 0 1.53 0.412 0.000093 9 142 0

Mississippi River below Grafton. IL 06/11/90 5040 00 941.00 644 0.83 0.448 0.000036 2 2 2 1 0

Mississippi River below Hickman. KY 0728/87 6270 00 995 00 6 . 1 ! 1.03 0.479 0.000065 30 19 0
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Mississippi Riser below Hickman. KY 05/24/88 6790.00 991.00 6  54 1.05 0.385 0  000066 2 2 34 0

Mississippi Riser bcloss Hickman. KY 12/07/87 8820 0 0 1008 0 0 791 I I I 0444 0  000066 8 70 0

Mississippi Riser bcloss Hickman. KY 06/12/89 14100.00 1 135 00 9 38 1.32 0.408 0.000079 25 46 0

Mississippi Riser below Hickman. KY 03/04/90 2 1 0 0 0 . 0 0 1153 00 1 2 . 0 0 1.51 0.993 0 000078 6 79 0

Mississippi Riser bcloss Hickman. KY 03/17/89 24700 00 1165 00 12 SO 1.65 0 . 6 8 6 0 000084 1 0 1 2 0 0

Mississippi Riser bcloss Memphis. Tenn. 06/18/90 20800 0 0 1 0 0 2 . 0 0 14 10 1.47 0.457 0.000087 26 61 0

Mississippi Riser bcloss Vickburg. MS 08/04/87 7750.00 1131.00 7 14 0.96 0.381 0 000067 30 2 1 0

Mississippi Riser bcloss Vickburg. MS 06/02/88 7950.00 1129 00 681 1.03 0.377 0.000067 25 30 0

Mississippi Riser below Vickburg. MS 12/15/87 10400.00 1153.00 8  29 1.09 0.321 0.000064 9 91 0

Mississippi Riser beloss Vickburg. MS 06/23/89 24800 00 1 2 2 2 . 0 0 13.20 1.53 0J74 0.000064 25 98 0

Mississippi Riser below Vickburg. MS 03/27/89 26600.00 1 2 1 0 . 0 0 14 50 1.52 02514 0.000027 1 2 128 0

Mississippi Riser below Vickburg. MS 06/23/90 27300.00 1255 00 14.90 1.46 0392 0 000055 27 58 0

Mississippi Riser bcloss Vickburg. MS 03/10/90 34100.00 1308 00 15.20 1.72 0.251 0.000060 II 153 0

Mississippi Riser Chester. IL 07/23/87 4250.00 591.00 6.46 M l 0.345 0.000089 29 57 0

Mississippi Riser near St. Francisvillc. LA 06/05/88 5700.00 900.00 7 59 0.83 0.259 0  000028 25 1 2 0

Mississippi Ris er near St. Francisvillc. LA 08/07/87 6190.00 983.00 7 59 0.83 0.266 0.000029 30 14 0

Mississippi Riser near St Francisvillc. LA 12/18/87 8180.00 970.00 9.04 0.93 0349 0.000031 9 58 0

Mississippi Riser near St. Francisvillc. LA 06/26/89 19000.00 1 0 2 0  0 0 14 30 1.31 0.244 0.000041 26 77 0

Mississippi Riser near St. Francisvillc. LA 03/30/89 23100.00 1 0 1 0  0 0 15 60 1.47 0 . 2 1 2 0.000040 14 1 1 2 0

Mississippi Riser near St. Francisvillc. LA 06/25/90 23200.00 1025.00 15.90 1.42 0352 0.000040 27 76 0

Mississippi Riser near St. Francisvillc. LA 03/12/90 26300.00 1013.00 16.80 I 55 0367 0.000039 13 115 0

Mississippi River near Winfield. MO 06/05/89 2320.00 562.00 6  16 0.67 0.498 0.000039 24 4 0

Mountain Creek - 0.06 3 92 0.04 0.41 0386 0.003150 2 0 1.046 0

Mountain Creek 0.08 3.29 0.06 0257 0.899 0.001510 2 0 54 0

Mountain Creek 0.09 3.92 0 05 0.50 0386 0.003110 2 0 584 0

Mountain Creek . 0.09 3 92 0.05 0.50 0386 0.003110 2 0 360 0

Mountain Creek - 0.09 3.92 0.05 0.50 0386 0.003090 2 0 360 0

Mountain Creek - 0.09 3 51 0.07 0.39 0.899 0.001610 2 2 70 0

Mountain Creek - 0 . 1 0 3.55 0.07 0.40 0.899 0.001520 25 73 0

Mountain Creek - 0  1 0 3 92 0.05 0.53 0386 0.003090 2 0 520 0

Mountain Creek - 0 . 1 1 3 92 0 05 0.55 0.286 0.003090 2 0 689 0

Mountain Creek - 0 . 1 2 5 76 0  08 0.42 0.899 0.001580 2 2 41 0

Mountain Creek - 0 . 1 2 5 92 0  05 0.57 0386 0.003060 2 0 656 0

Mountain Creek - 0.13 3 92 0.06 0.59 0386 0.003060 2 0 603 0

Mountain Creek - 0.13 3 92 0.06 0.59 0386 0.003070 2 0 573 0

Mountain Creek - 0.15 3 92 0  06 0.61 0386 0.003020 2 0 1.029 0

Mountain Creek - 0.15 3 92 0 09 0.45 0.899 0.001370 25 79 0

Mountain Creek - 0.15 3 92 0.09 0.45 0.899 0.001400 25 79 0

Mountain Creek - 0.16 3 92 0  06 0 63 0.286 0.003020 2 0 1.092 0

Mountain Creek - 0  16 5 95 009 0.45 0.899 0.001390 25 74 0

Mountain Creek - 0.16 3 95 009 0.45 0.899 0.001370 25 74 0

Mountain Creek - 0.17 3 98 0 09 0.46 0.899 0.001390 25 83 0

Mountain Creek - 0.17 3 92 0.07 0.63 0.286 0.002480 2 0 418 0

Mountain Creek - 0.18 4 02 0  1 0 0.47 0.899 0.001600 26 2 0 0 0

Mountain Creek - 0.18 4 02 0  1 0 0.47 0.899 0.001590 26 178 0

Mountain Creek - 0.18 4.02 0 . 1 0 0.47 0.899 0.001590 26 2 0 0 0

Mountain Creek 0  18 4 02 0  1 0 0.47 0.899 0.001590 26 178 0

Mountain Creek - 0.18 3 92 0.07 0.67 0386 0.002960 2 0 1 . 1 2 0 0

Mountain Creek - 0.19 4 02 0 . 1 0 0.47 0.899 0.001480 2 2 82 0

Mountain Creek - 0.19 4 02 0 . 1 0 0.47 0.899 0.001510 2 2 109 0

Mountain Creek - 0.19 4 04 0  1 0 0.47 0.899 0.001580 26 215 0

Mountain Creek - 0.19 4 04 0 . 1 0 0.47 0.899 0.001580 26 172 0

Mountain Creek - 0.19 4 04 0 . 1 0 0.47 0.899 0.001490 2 2 85 0

Mountain Creek . 0.19 4 04 0 . 1 0 0.47 0.899 0.001520 2 2 106 0

Mountain Creek - 0.19 4 04 0 . 1 0 0.47 0.899 0.001550 2 2 132 0

Mountain Creek - 0.19 4 04 0  1 0 0.47 0.899 0.001560 2 2 95 0

Mountain Creek - 0.19 4.04 0 . 1 0 0.47 0.899 0.001570 2 2 116 0

Mountain Creek - 0 2 0 4 06 0 . 1 0 0.48 0.899 0.001480 24 123 0

Mountain Creek - 0 . 2 0 4 08 0  1 0 0.48 0.899 0.001480 24 119 0

Mountain Creek - 0 . 2 1 4 22 0.13 0.38 0.899 0.001640 2 0 74 0

Mountain Creek - 0 . 2 1 4 10 0 . 1 1 0.48 0.899 0.001480 24 113 0

Mountain Creek 0  2 2 4 12 0 . 1 1 0.49 0.899 0.001490 24 92 0

Mountain Creek - 0.23 4 30 0.14 0.37 0.899 0.001630 25 27 0

Mountain Creek - 0.23 4.13 0 . 1 1 0.49 0.899 0.001490 24 105 0

Mountain Creek - 024 4 15 0 . 1 2 0.50 0.899 0.001500 24 136 0
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Mountain Creek - 0.24 4 15 0  1 2 0.50 0 899 0001560 26 186

Mountain Creek - 0.24 5 92 008 0 75 0  286 0002910 2 0 2.601

Mountain Creek - 0.25 4 16 0  1 2 0.50 0.899 0001490 24 146

Mountain Creek - 0.26 4 IS 0  1 2 0 51 0.899 0001510 24 1 1 1

Mountain Creek - 0.27 421 0  1 2 0.52 0 899 0.001510 24 135

Mountain Creek - 0.29 4 33 0 17 0 40 0.899 0001630 25 42

Mountain Creek - 0.30 4.25 0.13 0.53 0 899 0 001490 24 108

Mountain Creek - 0.30 4.25 0  13 0.53 0 899 0001570 15 169

Mountain Creek - 0.30 4.25 0 13 0.53 0.899 0.001560 15 161

Mountain Creek - 0.31 4.26 0 14 0 53 0.899 0 001500 24 172

Mountain Creek - 0 J I 4.26 0 14 0.53 0 899 0.001570 26 159

Mountain Creek - 0.31 4.26 0 14 0.53 0 899 0.001550 15 178

Mountain Creek - 0.32 4.27 0 14 0.54 0.899 0.001550 25 6 8 6

Mountain Creek - 0.32 4.27 0 14 0 54 0.899 0.001570 26 229

Mountain Creek - 0.32 4.27 0 14 0.54 0.899 0.001550 15 216

Mountain Creek - 0.33 4 28 0 14 0.54 0.899 0.001530 15 193

Mountain Creek - 0 3 3 4.28 0.14 0.54 0.899 0.001550 15 193

Mountain Creek - 0.33 392 0 . 1 0 0.85 0.286 0.002850 2 0 620

Mountain Creek - 0.34 4 30 0.14 0.54 0.899 0.001590 26 204

Mountain Creek - 0 3 5 4 28 0 14 0.57 0.899 0.001360 2 0 264

Mountain Creek - 0 3 5 392 0 . 1 0 0.85 0.286 0 002760 2 0 508

Mountain Creek - 0.35 4.31 0.15 0.55 0.899 0.001630 26 139

Mountain Creek - 0.35 4.31 0.15 0.55 0.899 0.001560 26 183

Mountain Creek - 0 3 5 431 0.15 0.55 0.899 0.001560 26 171

Mountain Creek - 0 3 9 433 0  16 0.56 0.899 0.001580 26 195

Mountain Creek - 0 3 9 433 0  16 0.56 0.899 0.001580 26 195

Mountain Creek - 0.41 433 0 17 0.57 0.899 0.001570 26 169

Mountain Creek - 0.42 4 33 0  2 0 0.48 0.899 0.001650 25 29

Mountain Creek - 0.43 433 0 17 0.58 0.899 0.001590 26 234

Mountain Creek - 0.44 4 53 0 IS 0.58 0.899 0.001610 26 258

Mountain Creek - 0.45 4 33 0  18 0.58 0.899 0.001610 26 181

Mountain Creek - 0.45 4 33 0  IS 0 58 0.899 0.001630 26 181

Mountain Creek - 0.46 4 33 0  2 1 0.49 0.899 0.001730 2 0 146

Mountain Creek - 0.46 3 92 0  1 2 0.99 0.286 0.002760 2 0 853

Mountain Creek - 0.65 3 92 0 15 1.13 0.286 0.002750 2 0 931

Mountain Creek - 0.65 4 33 0  26 0.57 0.899 0.001790 2 0 149

Mountain Creek - 0 . 6 8 4 33 0 27 0.58 0.899 0.001710 25 71

Mountain Creek - 0.70 4 33 0 25 0.65 0.899 0  001600 2 0 345

Mountain Creek - 0.76 4 33 0 29 0.61 0.899 0 001790 2 0 208

Mountain Creek - 0.81 4 33 0 30 0.62 0.899 0.001790 2 0 1 1 2

Mountain Creek - 0.85 4 33 0 31 0.63 0.899 0.001770 2 0 179

Mountain Creek - 0 . 8 8 4 33 0 30 0.69 0.899 0.001750 2 0 317

Mountain Creek - 0.90 4 53 0 32 0.65 0.899 0.001790 2 0 351

Mountain Creek - 0.93 433 0 33 0 . 6 6 0.899 0.001790 2 0 195

Mountain Creek - 0.96 433 0  32 0 70 0.899 0.001790 2 0 384

Mountain Creek - 1 . 0 0 3.92 0 19 1 35 0.286 0.002690 2 0 758

Mountain Creek - 1 . 0 1 4 33 0 33 0.71 0.899 0.001770 2 0 259

Mountain Creek - 1 . 0 2 4 33 0 33 0.71 0.899 0.001790 25 573

Mountain Creek - 1 . 0 2 4 33 0 33 0.71 0.899 0.001810 2 0 239

Mountain Creek - 1 . 0 2 4 33 0 33 0 71 0.899 0.001800 2 0 406

Mountain Creek - 1 . 0 2 433 0.33 0.71 0.899 0.001800 2 0 239

Mountain Creek - 1.04 4 33 0 35 0 . 6 8 0.899 0.001840 25 140

Mountain Creek - 1.35 4 33 0 41 0.77 0.899 0.001870 25 230

Mountain Creek - 139 4 33 041 0.77 0.899 0.001850 25 491

Mountain Creek - 1.46 433 0 43 0.78 0.899 0.001880 25 431

Mountain Creek - 1.48 4 33 0 44 0.78 0.899 0.001920 25 209

Mountain Creek - 1.49 4 33 0 44 0.79 0.899 0.001830 25 277

Niobrara River 12/23/25 5.86 21.34 0 44 0.62 0.349 0 . 0 0 1 2 1 2 23 257

Niobrara River 09/16/25 5.91 21.03 042 0.67 0.320 0.001250 28 278

Niobrara River 09/05/25 6.57 21 34 0 43 0.72 0.280 0.001136 24 372

Niobrara River 05/27/25 6.62 21 34 0 47 0.65 0.285 0.001250 2 1 566

Niobrara River 08/17,70 6.65 21 49 0 44 0 71 0.292 0.001288 23 608

Niobrara Riser 03/30/26 6.65 21.18 0.47 0.67 0.300 0.001136 16 567

Niobrara River 11/21/70 7.16 21.18 0 46 0.73 0 J3 7 0.001288 2 2 637

Niobrara River 02/22/71 7.22 2134 0 44 0.77 0.306 0.001174 17 740

II
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Niobrara Rner 12/10/25 7.53 21 34 0.49 0 72 0299 OOOI155 2 2 550

Niobrara Ri\cr 07/10/43 7.56 21.49 0 47 0 75 0 304 0 001345 24 825

Niobrara River OS/11/70 7.64 21.34 0 48 0 75 0  286 0 001269 18 577

Niobrara Rj\ ct 08/20/25 7.78 21.34 0.49 0 74 0 314 0  001288 23 747

Niobrara Rjver 01/09/27 9.40 2134 043 1 0 1 0334 0  001610 1 940

Niobrara River 06/20/71 9.42 21.03 0.48 0.94 0327 0001402 16 1.118

Niobrara Rner 03/22/71 9.74 2134 0.47 0 9 8 0  262 0.001420 16 1.069

Niobrara Ri\cr 10/11/69 11.35 2134 049 1 09 0 307 0.001705 5 1.267

Niobrara River 01/30/70 11.72 21.64 049 I 10 0  286 0 001705 7 1.600

Niobrara River 06/30/97 1 2 . 8 8 21.64 0.53 113 0314 0.001686 14 1.293

Niobrara Ri\cr 05/07/70 16.05 21.95 0.58 1.27 0215 0.001799 1 2 1.488

North Fork Totle River 01/19 /86 123.5 56 0.85 2 .6 6  900 0 0041 6.5 16,364

North Fork TotJe River 02/26/86 137 59 0.85 2 .4 8.600 0.0037 8.5 13.266

Oak Creek - 2 . 0 1 5.74 0.37 0.94 2 2 . 0 0 0 0  012600 6 28

Oak Creek - 1.42 5.71 0.31 0.81 16 0 0 0 O.0I25OO 6 7

Oak Creek . 1.53 5.68 0.32 0.84 2 0 . 0 0 0 0.012500 6 8

Oak Creek - 2.61 5.60 0 47 1 . 0 0 25.000 0.009700 5 6 8

Oak Creek - 2.61 5 60 0 47 1 0 0 17 000 0 009700 5 52

Oak Creek - 2.63 5.65 0.47 1 0 0 19 000 0 009700 5 41

Oak Creek - 2.83 5 37 049 I 07 26.000 0.009800 5 38

Oak Creek - 3.40 5.78 0.53 1 . 1 2 24.000 0 009900 5 1 1 1

Oak Creek - 1.90 5.75 0.39 0.85 13.000 0 . 0 1 0 0 0 0 7 15

Oak Creek - 1.81 5.91 0.37 0.83 8 . 2 0 0 0 . 0 1 0 0 0 0 7 14

Oak Creek - 2.61 5.82 0.45 1 . 0 0 27.000 0 . 0 1 0 2 0 0 6 51

Oak Creek - 2 . 2 1 531 043 0 96 19.000 0.010800 6 184

Oak Creek - 1.53 443 0 40 0.85 9 500 0.010500 6 24

Oak Creek - 133 4.23 039 0  82 1 1  0 0 0 0.010400 6 13

Oak Creek - 1.44 4.46 039 0  82 1 0 . 0 0 0 0 . 0 1 0 0 0 0 6 15

Oak Creek - 1.76 4.83 0 42 0 87 1 2 . 0 0 0 0 . 0 1 0 0 0 0 6 41

Oak Creek - 2 . 1 0 5.28 043 0 92 23 000 0 0 1 0 0 0 0 6 69

Pakistan Canal 27.50 86.26 091 03 5 0  128 0.000142 18 15

Pakistan Canal 28.77 85.65 091 03 7 0 154 0.000124 18 13

Pakistan Canal 29.48 93.27 0 76 0 41 0 152 0  000088 17 16

Pakistan Canal 29.59 35.66 1 . 6 8 0 49 0.085 0.000085 31 103

Pakistan Canal 44.00 48.77 1 34 0 6 7 0.177 0.000145 31 94

Pakistan Canal 47.83 46.33 1 80 0 57 0 169 0.000108 32 215

Pakistan Canal 48.62 35 6 6 232 0 59 0  116 0.000072 23 32

Pakistan Canal 49.64 46.63 1 . 6 8 0 63 0.147 0 . 0 0 0 1 1 0 30 36

Pakistan Canal 50.60 35.66 2.23 0 6 4 0  128 0.000074 24 54

Pakistan Canal 51.42 35.66 2.32 0  62 0 114 0.000070 23 76

Pakistan Canal - 51.88 35.36 2 19 0 67 0.123 0  000086 17 422

Pakistan Canal - 51.90 35.66 2.19 0  6 6 0 136 0000086 IS 386

Pakistan Cana! 52.13 35.66 229 0 64 0  1 1 0 0.000075 32 156

Pakistan Cana! 52.13 49.07 1 43 0 74 0 140 0 000148 31 445

Pakistan Cana! 5237 35.36 2.26 0  6 6 0  1 2 1 0.000073 23 58

Pakistan Canal 52.41 35.66 2.53 0 58 0.117 0.000076 28 128

Pakistan Cana! 52.47 35.36 2 29 0 65 0.123 0.000088 24 869

Pakistan Canal - 52.92 3536 2  16 0 69 0.132 0.000085 18 153

Pakistan Canal 54.14 3536 2.26 0  6 8 0 . 1 1 2 0.000067 2 1 61

Pakistan Canal - 5437 35.36 2.19 0 70 0.129 0.000085 18 367

Pakistan Canal - 54.74 35.66 2 19 0 70 0.124 0.000089 16 560

Pakistan Canal - 55.16 35.97 2.23 0 6 9 0 . 1 1 2 0.000085 2 2 289

Pakistan Cana! - 55.64 35.66 235 0  6 6 0  113 0.000077 28 511

Pakistan Canal . 56.29 35 97 2 29 0  6 8 0.138 0.000076 24 184

Pakistan Canal 56.80 46.33 1.92 0 64 0.144 0.000109 30 225

Pakistan Cana! 5833 35.97 2.47 0 6 6 0 . 1 2 2 0.000087 29 166

Pakistan Canal 61.73 3566 2.53 0  6 8 0.127 0.000074 29 79

Pakistan Canal 63.77 47.55 2.16 0  62 0.156 0.000150 16 n o

Pakistan Canal 65.92 46 63 2  16 0 65 0.151 0.000107 25 290

Pakistan Canal 67.11 46 94 2.13 0 67 0.152 0 . 0 0 0 1 1 2 30 54

Pakistan Canal 67.71 46 63 2.16 0 6 7 0.147 0 . 0 0 0 1 1 0 36 372

Pakistan Canal 67.85 46.63 2 13 0  6 8 0.159 0.000124 25 146

Pakistan Canal 68.13 46.03 207 0 71 0.149 0.000127 2 1 529

Pakistan Canal 68.78 47.24 2.23 0.65 0.155 0.000147 16 845

Pakistan Canal 68.84 47.85 2.19 0 . 6 6 0.152 0.000148 15 410
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1 2  3 4 5 6 T 8 9 1 0 11

Parisian Canal 68.92 124.97 1.46 0 38 0 195 0000045 19 5 0

Pakistan Canal 69 18 46.94 2.16 068 0 164 0  0 0 0 1 0 2 25 262 0

Pakistan Canal 7003 47.24 2.16 0  6 8 0 153 0000116 30 48 0

Pakistan Canal 70.40 46.63 2.16 0 70 0 142 0 0 0 0 1 0 ! 25 346 0

Pakistan Canal 70.40 46.63 232 0 65 0 144 0  000116 29 323 0

Pakistan Canal 70 42 46.63 2.19 0 69 0 143 0000115 30 82 0

Pakistan Canal 70.71 46.63 2.16 0.70 0 146 0 000099 25 366 0

Pakistan Canal 71.30 4663 2 . 1 0 0.73 0  2 1 1 0000104 24 79 0

Pakistan Canal 71.92 46.63 232 0.67 0 148 0 0 0 0 1 1 2 28 796 0

Pakistan Canal 72.66 46.63 232 0.67 0  150 0000116 25 142 0

Pakistan Canal 72.66 46.63 2.35 0 . 6 6 0  156 0 0 0 0 1 1 2 29 310 0

Pakistan Canal 73.60 46.63 236 0.70 0.145 0 0 0 0 1 1 1 31 335 0

Pakistan Canal 74.11 4663 2.23 0.71 0 142 0000116 32 233 0

Pakistan Canal 74.22 46.63 2.29 0.70 0.155 0 000114 28 333 0

Pakistan Canal 74.30 94.79 1.49 0.52 0.146 0000142 26 77 0

Pakistan Canal 74.84 46.63 239 0.70 0.152 0 000107 28 304 0

Pakistan Canal 75.32 46 33 2.29 0 71 0  16! 0 000104 28 240 0

Pakistan Canal 75.69 49.07 2.16 0.71 0 193 0000148 34 98 0

Pakistan Canal 75.86 46.63 232 0.70 0 148 0  000115 31 351 0

Pakistan Canal 76.94 69.49 1.83 0.61 0.108 0000132 27 125 0

Pakistan Canal 77.11 4633 2.26 0.74 0 149 0000108 31 289 0

Pakistan Canal 77.28 46.63 236 0.73 0.147 0 000109 31 577 0

Pakistan Canal 78.55 46.63 232 0.73 0 149 0000107 32 385 0

Pakistan Canal 78.92 99 67 134 0 59 0 167 0000104 26 8 8 0

Pakistan Canal 79.17 46.94 2.44 0.69 0.142 0 000095 2 1 383 0

Pakistan Canal 79.60 50.60 2.13 0.74 0 191 0 000154 16 279 0

Pakistan Canal 80.19 49.07 2.04 080 0 178 0000148 25 69 0

Pakistan Canal 81.52 49.07 2.13 0 78 0  182 0000152 2 0 399 0

Pakistan Canal 8 3 3 1 49.07 2.07 0  82 0 179 0000145 32 1 2 2 0

Pakistan Canal 84.02 4938 2.16 0.79 0 167 0000146 31 56 0

Pakistan Canal 85.21 47.85 2 . 1 0 0 85 0  168 0000132 2 1 322 0

Pakistan Canal 85.29 88.39 1.46 066 0 164 0000129 26 132 0

Pakistan Canal 86.25 49.68 2.23 0 78 0  186 0 000154 17 167 0

Pakistan Canal 86.34 4938 2.16 0  81 0  170 0000147 29 1.007 0

Pakistan Canal 86.54 4968 2.16 0  80 0.207 0000154 17 71 0

Pakistan Canal 87.50 49.38 2.19 0  81 0  176 0000144 32 328 0

Pakistan Canal 89.48 49 6 8 2.16 0.83 0 185 0 000154 16 104 0

Pakistan Canal 90.42 4938 2.13 0  8 6 0 173 0000153 2 1 517 0

Pakistan Canal 90.53 88.39 1.52 0 67 0 14S 0000137 28 183 0

Pakistan Canal 92.79 100.89 1.40 0  6 6 0 154 0000106 27 106 0

Pakistan Canal 9437 88.39 I 46 0 73 0 084 0 000137 28 190 0

Pakistan Canal 96.59 86.56 1.62 069 0 131 0000139 26 331 0

Pakistan Canal 97.44 70.41 2 . 1 0 066 0 147 0000134 26 164 0

Pakistan Canal 98.94 86.56 1.65 069 0 167 0000127 26 232 0

Pakistan Canal 99.48 86.56 1.65 0 70 0 192 0000129 26 289 0

Pakistan Canal 1 1 0 . 1 2 125.58 1 . 8 6 0.47 0.241 0  000086 17 19 0

Pakistan Canal 110.72 71.02 2.16 0.72 0 179 0000137 26 481 0

Pakistan Canal 130.46 70.41 2.35 0.79 0 125 0000129 25 297 0

Pakistan Canal 136.32 127.41 1.77 0.61 0 133 0  000086 28 34 0

Pakistan Canal 137.82 69.19 Uj 00 0.84 0  132 0000133 28 607 0

Pakistan Canal 138.04 70.41 2.41 0  81 0 1 IS 0000149 26 563 0

Pakistan Canal 139.74 71.93 2.23 0.87 0 149 0.000107 25 391 0

Pakistan Canal 140.14 70.10 2.35 0.85 0.126 0000134 28 564 0

Pakistan Canal 146.62 126.49 1.71 0 . 6 8 0.198 0 000087 30 48 0

Pakistan Canal 151.24 9032 1.89 089 0 I 16 0000152 29 188 0

Pakistan Canal 153.31 70.71 2 . 1 0 1 03 0 174 0000135 30 419 0

Pakistan Canal 153.82 71.63 2.35 091 0 144 0000166 26 584 0

Pakistan Canal 156.48 7234 2.41 0.90 0.161 0.000149 27 228 0

Pakistan Canal 158.09 118.87 2.23 060 0 083 0000070 28 369 0

Pakistan Canal 166.87 90.53 1.89 098 0 179 0000113 28 319 0

Pakistan Canal 169.08 7234 2.47 095 0  162 0 0 0 0 1 2 1 28 169 0

Pakistan Canal 169.67 70.71 1.89 1.27 0 164 0000134 30 872 0

Pakistan Canal 179.56 12436 2.04 0.71 0 223 0  0 0 0 1 1 2 2 1 52 0

Pakistan Canal 183.83 91.14 2.19 0.92 0.173 0.000138 26 373 0

Pakistan Canal 207.62 126.19 2.16 0.76 0 273 0000099 14 49 0
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1 2  5 4 5 6 7 8 9 1 0

Pakistan Canal 222.09 I2 S . 0 2 226 0.77 0  226 0000104 1 2 97

Pakistan Canal 224.44 120.70 2.50 0 74 0 195 0  000082 31 65

Pakistan Canal 233 10 140.21 2.07 0  80 0  206 0 000098 1 2 268

Pakistan Canal 267 65 117.35 2.80 0.81 0.313 0 . 0 0 0 1 1 2 IS 65
Pakistan Canal 279 80 135.94 2.32 0.89 0.293 0  0 0 0 1 1 2 28 123

Pakistan Canal 291 27 128.63 2.59 0.87 0.176 0 0 0 0 1 0 0 23 115

Pakistan Canal 297 16 I2 8 J2 2.56 0 90 0 154 0000097 25 2.083

Pakistan Canal 297 41 129.24 2.62 0 . 8 8 0 187 0000098 19 229

Pakistan Canal 321 51 119.79 3.41 0.79 0.169 0  000088 14 138

Pakistan Canal 337 28 116.43 320 0.91 0 289 0 0 0 0 1 1 2 14 39

Pakistan Canal 342.95 110.95 329 0.94 0.250 0 000119 16 33

Pakistan Canal 346.71 110.64 332 0.94 0 252 0 000123 14 7!

Pakistan CanaJ 349.46 111.56 3.41 0.92 0.230 0  0 0 0 1 2 1 15 44

Pakistan Canal 349.97 112.17 3.47 0.90 0 205 0 0 0 0 1 1 2 13 106

Pakistan Canal 355.72 116.74 326 0.93 0 299 0.000109 14 42

Pakistan Canal 357.76 111-25 3.54 0.9! 0  2 0 1 0 000125 15 162

Pakistan Canal 362 91 120.09 3.57 0.85 0.272 0  0 0 0 1 1 2 14 116

Pakistan Canal 36333 128.02 2.77 1 0 2 0  260 0 000093 26 265

Pakistan Canal 363 64 110.95 3.44 0.95 0.275 0 0 0 0 1 2 0 16 103

Pakistan Canal 371.80 113.39 3.51 0.94 0.234 0 0 0 0 1 2 0 15 493

Pakistan Canal 375.65 125.88 3.81 0.78 0  268 0  000116 -I 17

Pakistan Canal 380.58 101.50 2.90 129 0.182 0000105 30 57

Pakistan CanaJ 387 69 122.23 3.72 0.85 0279 0 000107 15 32

Pakistan Canal 38805 121.92 3.66 0.87 0331 0  000108 -I 18

Pakistan Canal 391.06 92.05 3.66 1.16 0.157 0  000150 30 342

Pakistan Canal 392.70 119.79 3.57 0.92 0.275 0 .0 0 0 ! 1 2 14 94

Pakistan Canal 393.21 1 1 1 . 8 6 3.57 0.99 0.242 0 . 0 0 0 1 2 1 24 108

Pakistan Canal 394.77 117.65 3.54 0.95 0 279 0 000113 16 44

Pakistan Canal 395.13 113.08 3.SI 092 0  2 2 2 0  000061 27 89

Pakistan Canal 404.62 11430 3.57 0.99 0 197 0000119 14 614

Pakistan Canal 412.04 1 1 1 . 8 6 3.63 1 . 0 2 0  170 0 000119 25 216

Pakistan Canal 412-29 11826 3.63 0.96 0 233 0  0 0 0 1 2 0 23 106

Pakistan Canal 412.72 118.26 3.60 097 0  2 2 0 0 0 0 0 1 2 1 2 1 57

Pakistan CanaJ 414.47 111-56 3.69 1 . 0 1 0.214 0  0 0 0 1 2 1 23 8 6

Pakistan Canal 417 42 112.47 3.66 1 . 0 1 0  2 0 2 0.000! 17 25 114

Pakistan CanaJ 423.25 118.26 3.63 099 0 258 0 0 0 0 1 2 1 24 59

Pakistan Canal 428.15 114.00 3.69 I 0 2 0  2 1 0 0  0 0 0 1 2 2 13 54

Pakistan Canal 441.29 120.40 4.08 0.90 0  208 0 000093 23 181

Pakistan Canal 451 40 121.92 424 0.87 0  2 0 2 0 000098 67

Pakistan Canal 481.92 123.44 430 091 0 364 0 000079 IS 29

Pakistan Canal 486.82 123.44 427 0.92 0 199 0 000103 29 205

Pakistan Canal 528 6 8 123.44 3.72 115 0 113 0 000055 23 95

Portugal River 29.00 69.65 0.55 0.76 0 311 0 000710 1 0 34

Portugal River 30.00 69.65 0.56 0.76 0 328 0  000660 1 0 40

Portugal River 33.00 69.70 0.63 0.75 0.277 0  000660 1 0 37

Portugal River 35.00 69.60 0.63 0.80 0 438 0  000620 1 0 35

Portugal River 36.00 69.70 0.63 0.81 0 397 0  000620 1 0 58

Portugal River 36.50 12425 0.46 0.64 0 575 0 000700 1 0 38

Portugal River 37.50 69.70 0.67 0.80 0 235 0 000670 1 0 39

Portugal River 38.00 69.70 0 . 6 6 0.82 0453 0 000630 1 0 1 0 2

Portugal River 40.00 70.40 0.67 0.85 0.174 0 000670 1 0 96

Portugal River 40.00 69.70 0.70 0.82 0 303 0 000730 1 0 48

Portugal River 40.00 126.65 0.48 0 . 6 6 0 395 0 000710 1 0 28

Portugal River 41.00 69.70 0.72 0.82 0.378 0000730 1 0 62

Portugal River 42.00 131.35 0.48 0.67 0444 0 000710 1 0 49

Portugal River 42.50 130.50 0.48 0 . 6 8 I 056 0 000720 1 0 27

Portugal River 44.00 69.70 0.75 0.84 0 424 0 000720 1 0 76

Portugal River 45.50 69.70 0.77 0.84 0.396 0 000750 1 0 96

Portugal River 48.00 134.45 0.51 0.70 0 337 0 000730 1 0 27

Portugal River 50.00 136.00 0.52 0.70 0 705 0 000730 1 0 48

Portugal River 56.50 70.40 0 . 8 6 0.93 0 460 0 000720 1 0 61

Portugal River 58.00 13725 0.56 0.75 0.424 0  000810 1 0 so

Portugal River 58.30 70.40 0 . 8 8 0.94 0.516 0000730 1 0 107

Portugal River 59.60 1 1 0 . 0 0 0.69 0.79 0.374 0 000690 1 0 48

Portugal River 60.00 69.90 0.95 0.90 0.286 0 000780 1 0 75
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I ■y } 4 5 6 7 8 9 1 0 II

Portugal River - 65 50 70.40 0.96 0.97 0 344 0 000730 1 0 69 0

Portugal River - 6 6  40 70 40 1 09 0  8 6 0 402 0000740 1 0 1 1 ' 0

Portugal River - 6 8  0 0 145.40 0  60 0.77 0 645 0.000790 1 0 107 0

Portugal River - 71 0 0 138.40 0.59 0 . 8 8 0 473 0 000790 1 0 48 0

Portugal River - 7 5 0 0 146.95 0.65 0.77 0 603 0.000770 1 0 51 0

Portugal River - 74.00 70 00 1.09 0.97 0.301 0 000840 1 0 2 0 1 0

Portugal River - 75 00 70.50 1 . 1 1 0.96 0.348 0000720 1 0 50 0

Portugal River - 75 00 70.40 1.13 0.94 0.398 0.000730 1 0 109 0

Portugal River 75 00 155.00 0.63 0.77 0.623 0.000670 1 0 113 0

Portugal River - 77 05 70.40 1.08 1 . 0 2 0.395 0.000770 1 0 129 0

Portugal River - 77 90 70.40 1 . 1 0 1 . 0 1 0.397 0.000750 1 0 61 0

Portugal River - 78 00 70.40 1.16 0.95 0.469 0.000770 1 0 S3 0

Portugal River ♦ 78 40 114.00 0.79 0.87 0.421 0.000730 1 0 73 0

Portugal River - 79 00 70.10 1.15 0.98 0.296 0.000730 1 0 73 0

Portugal River - 81 0 0 70.10 1.18 0.98 0.300 0 000730 1 0 131 0

Portugal River - 83 0 0 70.40 1.15 1.03 0.363 0.000750 1 0 103 0

Portugal River . S3 30 1 0 2 . 0 0 0.93 0 . 8 8 1.909 0.000850 1 0 45 0

Portugal River - 84 00 70.20 1 . 2 0 I 00 0.228 0.000740 1 0 129 0

Portugal River - 84 00 70.20 1 . 2 1 0.99 0.277 0.000740 1 0 155 0

Portugal River - 85 00 161.00 0 . 6 6 0.80 0.608 0.000680 1 0 115 0

Portugal River - 8 6  80 70.40 1 . 2 0 1.03 0.500 0.000730 1 0 81 0

Portugal River - 87 00 161.60 0 . 6 8 0.80 0.313 0.000740 1 0 113 0

Portugal River - 87 00 70.30 1223 1 . 0 0 0.318 0.000730 1 0 161 0

Portugal River - 8820 173.60 0.59 0 . 8 6 0.527 0  000800 1 0 60 0

Portugal River . 89 00 173.60 0.60 0 . 8 6 0.429 0.000820 1 0 79 0

Portugal River - 89 90 140.00 0.72 0.89 0.474 0.000770 1 0 105 0

Portugal River - 94 00 70.40 1.33 1 . 0 0 0.343 0.000730 1 0 8 6 0

Portugal River • 96 00 70.40 1.35 1 . 0 1 0.247 0.000760 1 0 109 0

Portugal River . 96 00 70.40 1.30 1.05 0.265 0.000880 1 0 150 0

Portugal River . 96 50 70.50 1.39 0.98 0.369 0.000760 1 0 198 0

Portugal River • 97 00 163.20 0.72 0.82 0.391 0.000540 1 0 95 0

Portugal River - 99 00 70.40 1.33 1.06 0.344 0.000770 1 0 203 0

Portugal River - 1 0 2  0 0 70.50 1.46 0.99 0  218 0.000720 1 0 113 0

Portugal River - 1 0 2  0 0 70.50 1.45 0.99 0.254 0.000710 1 0 133 0

Portugal River - 1 0 2  0 0 70.40 1.40 1.03 0.278 0  000860 1 0 165 0

Portugal River . 1 0 2  0 0 173.35 0.71 0.83 0.442 0 000760 1 0 182 0

Portugal River - 103 00 70.40 1.40 1.04 0.294 0 000750 1 0 57 0

Portugal Rjver - 104 00 70.40 1.38 1.07 0.302 0.000790 1 0 160 0

Portugal River - 104 70 140.00 0.82 0.91 0565 0.000870 1 0 73 0

Portugal River . 106 0 0 70.40 1.41 1.07 0 . 2 2 2 0.000840 1 0 178 0

Portugal River - 107 00 70.60 1.50 1 . 0 1 0.230 0.000700 1 0 198 0

Portugal River - 107 00 70.50 1.41 1.07 0.254 0.000850 1 0 148 0

Portugal River . 109 00 70.40 1.44 1.07 0.364 0 000830 1 0 189 0

Portugal River - I 12 00 70.50 1.46 1.08 0.197 0.000830 1 0 136 0

Portugal River - 1 1 2 0 0 164.95 0.82 0.83 0.380 0.000620 1 0 87 0

Portugal River - 113 50 70.60 1.53 1.05 0224 0000680 1 0 234 0

Portugal River - 114 00 70.50 1.48 1.09 0.337 0.000830 1 0 186 0

Portugal Rjver - 114 90 182.40 0.65 0.97 0.314 0.000910 1 0 130 0

Portugal River - 11500 178.50 0.76 0.85 0.400 0.000810 1 0 199 0

Portugal River . 116 50 70.70 1.56 1.06 0.283 0000680 1 0 178 0

Portugal River - 11700 70.60 1.47 1.13 0.390 0000890 1 0 193 0

Portugal River . 118 0 0 179.60 0.78 0.84 0.361 0.000810 1 0 193 0

Portugal River - 11900 70.50 1.51 1 . 1 2 0.361 0.000880 1 0 240 0

Portugal River • 1 2 0  0 0 70.70 1.50 1.13 0.303 0 000890 1 0 92 0

Portugal River - 1 2 0  0 0 166.60 0.87 0.83 0.330 0.000650 1 0 133 0

Portugal River - 1 2 1  0 0 70.70 1.56 1 . 1 0 0.379 0.000880 1 0 176 0

Portugal River - 1 2 2  0 0 70.70 1.61 1.07 0.310 0.000700 1 0 169 0

Portugal River - 1 2 2  0 0 140.00 0.91 0.96 1.407 0000820 1 0 149 0

Portugal River . 123 00 70.60 1.54 1.13 0.215 0000870 1 0 2 2 1 0

Portugal River - 123 00 70.70 1.57 1 . 1 1 0.332 0000880 1 0 208 0

Portugal River . 124 00 70.60 1.56 1.13 0.279 0000890 1 0 307 0

Portugal River - 124 00 70.80 1.62 1.08 0.328 0.000750 1 0 191 0

Portugal River . 124.50 182220 0.79 0.87 0363 0 000850 1 0 161 0

Portugal River - 125.00 180.55 0.80 0 . 8 6 0.393 0.000680 1 0 1 2 1 0

Portugal River - 128 0 0 70.70 1.59 1.14 0.246 0.000880 1 0 297 0

259

R e p r o d u c e d  w ith  p e r m is s io n  o f  t h e  c o p y r ig h t  o w n e r .  F u r t h e r  r e p r o d u c t io n  p ro h ib i ted  w ith o u t  p e rm is s io n .
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Portugal River - 128 0 0 168 50 0 90 0 84 0416 0.000680 1 0 135

Portugal River - 128 50 70 80 1 6 8 1.08 0 332 0.000760 1 0 242

Portugal River - 130 00 165.15 0 84 0 94 0.356 0.000620 1 0 130

Portugal River - 131 00 70 80 I 91 0 97 0336 0.000870 1 0 181

Portugal River - 133 00 169 40 0 92 0.85 0.247 0.000710 1 0 190

Portugal River - 133 50 70 80 1.73 109 0 379 0000760 1 0 205

Portugal River - 134 00 71 00 1 . 8 8 1 . 0 1 0.397 0000740 1 0 III

Portugal River - 135 00 70.70 I 61 I.IS 0314 0  000880 1 0 266

Portugal River - 155 00 70.90 1.94 0.98 0.374 0.000840 1 0 239

Portugal River . 137 00 70 90 1.97 0.98 0.215 0.000850 1 0 282

Portugal River - 137 00 175.80 0.91 0 . 8 6 0 243 0.000710 1 0 168

Portugal River 137 00 70.80 1.63 1.19 0.329 0.000870 1 0 287

Portugal River - 137 00 182.80 0.84 0.90 0.331 0.000860 1 0 105

Portugal River - 137.00 70 80 1.70 1.14 0.452 0.000820 1 0 81

Portugal River - 138.00 70.90 1.98 0.98 0.237 0.000870 1 0 245

Portugal River - 138.00 70.90 1.82 1.07 0,399 0.000760 1 0 67

Portugal River - 139.00 70.80 1.95 1 . 0 1 0.325 0.000850 1 0 240

Portugal River - [40.00 70.80 1.74 1 14 0.414 0.000870 1 0 270

Portugal River . 141 00 70.90 2 . 0 2 0.99 0.274 0.000760 1 0 209

Portugal River - 141.00 70.80 1.97 1 . 0 1 0 276 0.000880 1 0 283

Portugal River - 141.00 70.80 1.70 1.17 0.291 0.000890 1 0 216

Portugal River - 141 00 70.80 1.97 1 .0 ! 0368 0.000870 1 0 213

Portugal River - 141.00 70.70 1.84 1.09 0.408 0.000870 1 0 253

Portugal River - 141 0 0 70.70 1.82 1 . 1 0 0.454 0.000900 1 0 227

Portugal River - 142.00 70.90 2 . 0 1 0.99 0.495 0.000880 1 0 246

Portugal River - 142 00 183.00 085 0.91 0.610 0.000820 1 0 180

Portugal River - 143 00 71.00 1.78 1.13 0.445 0.000900 1 0 351

Portugal River - 143 00 70.90 1.95 1.04 0.544 0.000890 1 0 204

Portugal River - 144 00 70.90 2.03 1 . 0 0 0 . 2 0 1 0.000890 1 0 252

Portugal River - 146 00 70 80 1 . 8 8 1 . 1 0 0348 0.000890 1 0 260

Portugal Rjver - 146 00 183 25 0 84 0.95 0.361 0.000860 1 0 187

Portugal River - 146 00 70.80 1.99 1.04 0372 0.000890 1 0 228

Portugal River - 147 00 70 70 1.91 1.09 0.300 0.000870 1 0 2 2 '

Portugal River - 147 00 70.80 1.89 1 . 1 0 0.342 0.000930 1 0 319

Portugal River - 148 00 70.70 1 . 8 8 1 . 1 1 0.233 0.000870 1 0 2 2 1

Portugal River - 148 00 70 80 1.90 1 . 1 0 0.293 0.000910 1 0 240

Portugal River - 149 00 7110 I 8 6 1.13 0.420 0.000880 1 0 271

Portugal River - 150 00 70.70 1.78 1.19 0.238 0.000870 1 0 2 0 1

Portugal River - 150 00 70 70 1.79 1.19 0293 0.000900 1 0 255

Portugal Rjver - 150 00 70 90 1.87 1.13 0354 0.000920 1 0 282

Portugal River - 150 00 70.80 2.06 1.03 1.077 0.000910 1 0 1 74

Portugal River - 151 00 70 80 2 . 0 1 1.06 0330 0.000880 1 0 148

Portugal River - 151 00 70.90 2.05 1.04 0.336 0.000910 1 0 272

Portugal River . 151 00 70 SO 1.80 1.18 0371 0.000880 1 0 199

Portugal River . 151 00 71.10 2.13 1 . 0 0 0.372 0.000740 1 0 147

Portugal River - 151.00 70.80 1.83 1.17 0380 0.000920 1 0 232

Portugal River - 151 00 70 70 1.79 1.19 0.536 0.000890 1 0 2 2 0

Portugal River - 151 00 70 80 1.93 1 . 1 1 0.340 0.000950 1 0 168

Portugal River . 152.00 70 70 1.80 1.19 0.232 0.000900 1 0 2 0 2

Portugal River - 152 00 71.10 2.14 1 . 0 0 0.311 0.000740 1 0 193

Portugal River - 152 00 71.10 2.14 1 .0 0 0362 0.000730 1 0 153

Portugal River - 152.00 70.70 1.80 1.19 0.433 0.000910 1 0 239

Portugal River - 152 40 183.00 0.89 0.93 0339 0.000870 1 0 6 8

Portugal River - 153 00 70.90 1.91 1.13 0.294 0.000940 1 0 346

Portugal River - 153 00 70 90 1.91 1.13 0.318 0.000810 1 0 203

Portugal River - 153 00 7090 1.91 1.13 0.439 0.000940 1 0 247

Portugal River - 154 00 71.20 1.92 1.13 0.291 0.000880 1 0 149

Portugal River . 156.00 71 20 1.98 I .1 I 0377 0.000750 1 0 127

Portugal River - 157 00 70.90 1.99 1 . 1 1 0270 0.000950 1 0 227

Portugal River - 157 00 71.40 1.94 1.13 0.312 0.000950 1 0 238

Portugal River . 158.00 71.00 2 . 1 0 1.06 0329 0.000780 1 0 152

Portugal River - 158 00 71.10 2.13 1.04 0.375 0.000890 1 0 232

Portugal River - 158.00 70.80 2.18 1.03 0.513 0.000970 1 0 171

Portugal River . 159 00 70.80 2.08 1.08 0343 0.000830 1 0 136

Portugal River - 159.00 70 80 1.80 1.24 1 . 0 0 0 0.000910 1 0 260
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1 2 3 4 5 6 7 S 9 to

Portugal River - 160.00 70 90 2.05 MO 0 345 0.000870 10 267

Portugal River . 160 00 176 35 I 00 0.91 0 368 0.000790 10 182

Portugal River - 160.00 70 80 1.87 1 21 0 578 0.000930 10 261

Portugal River - 161 00 70 90 2 02 112 0 323 0.000950 10 288

Portugal River - 161.00 71 60 2  1 0 1 07 0.372 0.000970 1 0 124

Portugal River - 162 0 0 70.90 2 . 1 0 1 09 0.298 0.000860 1 0 287

Portugal River - 162.00 70 90 I 95 1.17 0.712 0 000890 1 0 188

Portugal River - 162.80 183.00 0 98 0.90 0.384 0.000730 1 0 95

Portugal Rivci - 165.99 71 30 2  03 I 15 0.365 0.000750 1 0 6 8

Portugal River - 16599 70 90 2  16 1.08 0.401 0.000890 1 0 248

Portugal River . 166.99 183 44 0 96 0.95 0.352 0.000880 1 0 205

Portugal River - 169.99 71.00 2  2 1 1 OS 0.301 0.000740 1 0 198

Portugal River . 169.99 17660 1 04 0.93 0.478 0.000800 1 0 2 1 2

Portugal River 170.89 183 40 I 02 0.92 0.472 0.000820 1 0 71

Portugal River . 171.99 183.50 I 00 0.94 0.258 0.000890 1 0 281

Portugal River . 172.99 183.35 0 89 1.06 0.249 0.000870 1 0 258

Portugal River - 173.99 71 0 0 2 . 2 1 1.11 0.303 0.000770 1 0 225

Portugal River - 174.99 71.50 2.15 1.14 0305 0.000770 1 0 94

Portugal River - 174.99 70.10 2.35 1.06 0.569 0.000950 1 0 ITS

Portugal River . 177.99 176.75 1.08 0.93 0 360 0.000810 1 0 275

Portugal River - 178.99 71 50 2.19 1.14 0.405 0.000760 1 0 195

Portugal River - 178.99 71.00 2.13 IIS 0.480 0.000910 1 0 332

Portugal River 180.99 71.20 2.26 1 . 1 2 0 394 0.000780 1 0 148

Portugal River - 184.99 183.50 1.06 0.95 0.333 0.000870 1 0 214

Portugal River - 189.99 71.80 2.29 1.16 0.542 0.000830 1 0 190

Portugal River . 191.19 183.50 1.09 0.96 0.531 0.000800 1 0 81

Portugal River . 192.49 ISI 0 0 I 14 0.93 0 378 0.000940 1 0 228

Portugal River - 194 09 182.90 I 09 0.97 0.932 0.000710 1 0 89

Portugal River . 196.99 183.46 I 1 2 0.96 0.386 0.000810 1 0 156

Portugal River - 196.99 176.00 1.16 0.97 0.408 0.000860 1 0 2 1 1

Portugal River - 196.99 71 00 2.16 1.28 0.525 0.000940 1 0 172

Portugal River - 196.99 183 63 1 1 1 0.97 1 466 0.000810 1 0 146

Portugal River - 201.99 177 25 1 IS 0.96 0.409 0.000830 1 0 257

Portugal River - 211 99 177 40 I 21 0.99 0 . 2 1 1 0 000790 1 0 191

Portugal River - 215 59 183.65 I 16 1.01 0.629 0.000800 1 0 72

Portugal River - 218.49 183 60 1.22 0.97 0 349 0.000940 1 0 193

Portugal River - 221.79 183 SO 1 IS 1 . 0 2 0.380 0.000780 1 0 96

Portugal River . 227 99 184.00 1 32 0.94 0 372 0.000730 1 0 249

Portugal River . 25299 184 40 I 43 0.96 0.499 0.000720 1 0 161

Portugal River 254 39 183 SO 1.35 1 . 0 2 0 382 0.000920 1 0 260

Portugal River - 259.99 183 85 1 36 1.04 0391 0.000890 1 0 206

Portugal River 261.99 185 00 1 52 0.93 0 382 0.000780 1 0 254

Portugal River - 269 99 184 74 1 50 0.97 0.474 0.000750 1 0 2 0 2

Portugal River - 279.79 184 00 1 36 1 . 1 2 0.569 0.000750 1 0 76

Portugal River - 294.99 184 00 1.60 1 . 0 0 0.655 0.000610 1 0 92

Portugal River - 297 99 18500 1 63 0.99 0.406 0.000770 1 0 199

Portugal River - 299.99 185.00 1.65 0.98 0.389 0.000780 1 0 2 1 0

Portugal River - 305.19 184 05 1 49 1 . 11 0321 0.000850 1 0 197

Portugal River - 309.99 184.10 I 6 8 1 .0 0 1.190 0.000650 1 0 227

Portugal River - 31799 185 30 1 70 1 .0 1 0.310 0.000760 1 0 247

Portugal River - 320.39 184.10 1.55 1 . 1 2 0.314 0.000930 1 0 252

Portugal River - 349 99 184.10 1.73 1 . 1 0 0.411 0.000720 1 0 187

Portugal River 357.59 184.60 1.74 I I I 0361 0.000840 1 0 138

Portugal River . 369 99 186.00 I S3 1.08 0.698 0.000680 1 0 244

Portugal River - 409.99 187.27 1 . 8 6 1.18 0 356 0.000740 1 0 214

Portugal River - 432 59 187 60 1.76 1.31 0.415 0.000910 1 0 215

Portugal River - 451.99 187 50 1.99 1 .2 1 0.325 0.000740 1 0 97

Portugal River - 469 99 187 60 2.04 1.23 0.462 0.000770 1 0 183

Portugal River - 477.99 187 60 1.85 138 0 335 0.000950 1 0 213

Portugal River - 544.98 188.50 2.13 1.36 0.643 0.000790 1 0 203

Portugal River - 574.98 187 40 2.15 1.43 0.404 0.000750 1 0 147

Portugal Rjver . 579 98 187 90 2.33 1.32 0.419 0.000770 1 0 54

Portugal Rjver . 613 98 188 94 2.32 1.40 0.609 0.000810 1 0 169

Portugal River 614.98 188.00 2.38 1.38 0.375 0.000790 1 0 84

Portugal River • 639.98 187.70 2.44 1 40 0.486 0.000820 1 0 1 1 0
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1 2 3 4 5 6 7 8 9 10

Portugal Rjver - 659 98 188 79 243 144 0.525 0000820 10 208

Red River 07/14/26 190.31 155 75 5 00 041 0.149 0 000074 29 26

Red River 08/07/72 199 66 139 90 3 51 0 41 0.102 0 000073 29 26

Red River 0!/03'91 206.74 15941 3 51 0.37 0.109 0 000077 17 8

Red River 09/04/15 206.74 138 99 3 51 042 0110 0.000076 12 36

Red River 07/01/25 223.73 13045 3.38 051 0.178 0 000073 8 30

Red River 08/16/55 229.39 145.08 3 26 048 0.157 0 000077 14 42

Red River 03/23/45 242.99 14630 3.55 047 0.115 0.000077 28 43

Red River 06/17/25 254.03 146 30 3 17 0 55 0.170 0000076 6 46

Red Rtvcr 09/25/44 255.73 149 35 3 66 0.47 0 109 0.000078 55 51

Red River 12/16/44 263.09 150.57 3 66 0 48 0.100 0.000081 32 33

Red River 06/18/44 274.99 160.02 3 72 046 0.179 0.000080 32 43

Red River 07/15/45 278.10 140.51 3 72 0.53 0.115 0.000077 23 77

Red River 06; 04/44 331.34 16032 4 42 047 0.159 0.000082 31 21

Red River 10/18/45 334.18 155.75 3.78 0 57 0.185 0.000077 19 80

Red River i i  m m 362.50 156 97 3.75 0 62 0.112 0.000077 21 130

Red River 06/12/99 396.48 162.76 4 39 0.55 0.111 0.000076 34 80

Red River 04/13/17 40781 162.15 4 18 0 60 0.175 0.000075 31 83

Red River 03/20/25 421.97 15941 3 75 0.71 0.166 0.000077 3 127

Red River 05/02/72 461.62 164 90 4.39 0.64 0.119 0.000077 28 153

Red River 04/13/26 535.25 166.12 4 11 0.78 0.136 0.000076 20 239

Red River 03/06/99 594.72 168.55 5.27 067 0.176 0.000076 28 129

Red River 11/29.98 702.34 169 16 6 16 0.67 0.202 0.000072 25 68

Red River 10/26/00 73632 165 51 5.15 0 86 0.156 0.000076 7 345

Red River 03/20/99 863.76 170 38 5.82 0.87 0.I3S 0.000075 29 155

Red River 08/21/72 926.06 170 38 5.79 0.94 0.126 0.000080 24 239

Red River 12/0498 1019.52 173 13 7 07 0.83 0.161 0.000066 14 170

Red River 09/02/70 111581 175 26 64 0 0.99 0.224 0.000077 8 286

Red River 02/0798 1297.06 177.70 7 06 1.03 0.166 0.000073 16 293

Red River 11/0297 1537.78 182 88 7 38 1.14 0.212 0.000075 9 500

Rio Grande Convey Canal 01/13/81 25.75 21 34 1 30 0 93 0.270 0.000650 15 1.025

Rio Grande Convev Canal 01/13/81 25.75 22.86 1 37 0.82 0.280 0.000650 15 1.025

Rio Grande Convey Canal 01/14/81 25.19 22.86 1 50 0 74 0.210 0.000650 15 906

Rio Grande Convey Canal 01/14/81 25.19 20 12 1 25 1.00 0.230 0.000650 15 906

Rio Grande Convey Canal 04/13/81 33 68 22 56 0.89 1.67 0.200 0.000730 17 1348

Rio Grande Convev Canal 05/24/08 36.22 21 34 I 02 1.66 0.210 0.001110 18 2475

Rio Grande Convey Canal 04/14/81 36.51 2743 0.89 1 50 0.180 0.000520 17 985

Rio Grande Convey Canal 09/22/82 3538 22.56 1 10 143 0.180 0.000660 4 2486

Rio Grande Convey Canal 09/23/82 35.38 22 56 I II 1 42 0.180 0 000590 3 3.049

Rio Grande near Bernalillo 03/05/44 35.12 40 54 I 05 0 83 0.302 0.000830 18 783

Rio Grande near Bernalillo 03/05/44 35.12 139 90 040 0.62 0.302 0.000830 18 463

Rio Grande near Bernalillo 06/11/44 57.49 81 69 0 89 0 79 0.281 0 000820 23 598

Rio Grande near Bernalillo 06/11/44 57.49 108 81 0 44 I 20 0.281 0.000820 23 867

Rio Grande near Bernalillo 09/09/25 5749 176 78 0 48 0 68 0.338 0.000800 27 596

Rio Grande near Bernalillo 09/09/25 58.34 82 30 0 82 0.86 0.272 0.000800 24 924

Rio Grande near Bernalillo 11/08/43 59.47 81.99 0.78 0.93 0.317 0.000830 15 1.000

Rio Grande near Bernalillo 11/08/43 59.47 19263 0.33 0.93 0.317 0.000830 17 1,117

Rio Grande near Bernalillo 11/14/24 7731 82 91 0 75 1.24 0.230 0.000890 14 2317

Rio Grande near Bernalillo 06/03/25 78.16 81.99 0 84 1.13 0.312 0.000760 21 1.113

Rio Grande near Bernalillo 06/03/25 80.71 112 78 0 73 0.97 0.318 0.000760 21 724

Rio Grande near Bernalillo 11/14/24 8241 19507 036 1.17 0.306 0.000890 18 2.917

Rio Grande near Bernalillo 07/01/71 95 16 82.30 095 1.22 0423 0.000830 19 1.724

Rio Grande near Bernalillo 07/01/71 110.16 194 46 0.53 I 06 0.214 0.000830 18 1.635

Rio Grande near Bernalillo 09/03/89 13.28 81.38 0.90 1.54 0.308 0.000760 19 3.653

Rio Grande near Bernalillo 08/29/89 122.91 81 08 0 81 1.86 0.308 0.000760 17 2.978

Rio Grande near Bernalillo 08/29/89 124.04 151 79 0 58 1.40 0.308 0.000760 19 2.881

Rio Grande near Bernalillo 05/28/25 133.67 106 68 0.75 I 68 0.330 0.000790 23 2.118

Rio Grande near Bernalillo 09/03/89 133 95 157 89 0.69 1.22 0.308 0.000760 22 3.621

Rio Grande near Bernalillo 05/28/25 136.79 82.91 1.06 1.55 0.328 0.000790 22 1.849

Rio Grande near Bcmaltilo 08/26/89 154.34 158 50 0.65 1.50 0.308 0.000740 21 2.791

Rio Grande near Bcmaltilo 08/26/89 164.26 82 30 1.05 1.91 0.308 0.000740 18 3.588

Rio Grande near Bernalillo 09/10/89 168.79 162.15 0.64 1.63 0.308 0.000800 25 2.819

Rio Grande near Bernalillo 09/10/89 171.05 83.21 1.04 1.98 0.308 0.000800 23 4.530

Rio Grande near Bcmaltilo 05/25/25 172.75 149 05 0.66 1.74 0.317 0.000830 23 2.415

Rio Grande near Bernalillo 05/25/25 173.88 82.91 1.16 1 82 0.293 0.000830 21 2.139
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I
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande near Bernalillo
Rio Grande R ner
Rio Grande River
Rio Grande River
Rio Grande Rner
Rio Grande R ner
Rio Grande R ner
Rio Grande River
Ric Grande River
Rio Grande R ner
Rio Grande R ner
Rio Grande River
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande Rner
Rio Grande Rner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande Rner
Rio Grande R ner
Rio Grande River
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande Rner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande R ner
Rio Grande River
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande Rner
Rio Grande Rner
Rio Grande Rner
Rio Grande R ner
Rio Grande R ner
Rio Grande Rner
Rio Grande Rner
Rio Grande Rner

0209/25 180 96 173.74
0209/25 183.80 82.91
05/16/89 190.59 169.77
05/16/89 194 28 8230
08/20/89 220.61 154 84
08/20/89 231.09 82.91
05/21/89 235.34 164.90
05/21/89 235.62 82.60
05/29/89 245.82 8230
05/29/89 246.38 196.60
06/04/89 282.35 194.16
06/04/89 286.03 83.21

0.50 8.84
0.68 793
0.98 18.59
1.06 11.89
1.36 20.12
1.44 21.64
1.83 16.00
1.92 23.47
1.95 16.76
2.04 960
2.09 23.77
2.11 13.72
229 17.68
230 32.92
2.45 18.59
2.67 24.99
2.79 27.13
2.86 33.53
2.86 25.60
2.92 29.87
2.94 4328
3.06 21.95
362 29.26
3.74 26.52
4.05 16.15
4.05 33.53
4.08 26.82
436 28.96
4.56 26.21
4.64 19.81
4.79 27.43
4.84 25.60
4.87 29 26
4.90 28.04
5.21 2621
527 14.02
532 45.72
5.63 24.08
5.80 2926
5. SO 27.43
5.83 35.36
6.03 31.70
6.57 27.13
6.65 39.62
6.68 3139
6.85 4115
6.99 46.94
7.14 50.60
7.14 53.34
725 32.92
7.42 27.43
7.48 52.43
7.48 44.50

5 6 7

0.63 1 65 0347
1 11 2.00 0 387
0 66 I 71 0.308
I 12 2.10 0308
0 83 1 72 0.308
1 32 2.11 0.308
0 78 1.84 0308
I 36 2.10 0.308
1 25 2.38 0308
067 1 88 0.308
0.80 181 0308
1.46 2.35 0308
0.16 0.36 0300
0.22 0 3 9 0362
0 27 0 19 0352
023 0.38 0.311
021 0 33 0.231
0 18 0 3 7 0 452
043 0 2 7 0258
0 28 0 2 9 0.314
023 0 50 0265
0.42 0 51 0 328
020 0 43 0.294
032 0 48 0.297
0 28 0 46 0397
0 IS 0.40 0.296
0.41 0 32 0.304
0 32 033 0356
0 24 0 43 0 337
0 20 0 42 0370
0 37 0 30 0 396
0 24 0 40 0328
0 26 0 26 0343
0 29 0 48 0.259
0 35 0 35 0277
0 34 0 42 0365
0 71 0 35 0.173
0 35 0 34 0211
036 0.42 0.382
0 33 0 46 0.609
0 45 0 40 0.409
0.45 0 53 0.327
0.35 0 53 0.397
0 37 0 52 0.243
0 41 0 40 0282
0 36 0 49 0.247
0 40 0.50 0284
0 59 0 64 0277
0 34 0 34 0.325
0 45 0 52 0.361
0 46 043 0364
042 0 50 0.368
030 0.56 0.544
0 39 0 49 0.313
045 0.54 0.478
032 0 52 0.525
041 0 51 0381
0 32 0 52 0299
0 26 0 57 0.325
0.28 0 50 0.247
0 29 0 46 0291
037 0 59 0.578
0 54 0 50 0282
0 31 0 46 0.321
0 34 0.49 0.375

8 9 10 II
0 000840 18 2.S69 0
0 000840 17 2.517 0
0 000800 16 4.337 0
0 000800 14 3.203 0
0000830 22 2.768 0
0 000830 19 2.343 0
0 000800 17 3.830 0
0.000800 16 2.989 0
0 000790 19 2.818 0
0000790 20 3.766 0
0 000800 20 3.164 0
0 000800 23 2.449 0
0 000860 26 200 0
0.001100 14 99 0
0 001290 27 2 0
0 000690 23 35 0
0 000690 26 63 0
O.OOUOO 19 53 0
0.001290 25 19 0
0.001290 22 129 0
0.001100 16 651 0
0.001100 26 274 0
0.001100 16 140 0
0.000690 24 128 0
0.001100 18 252 0
0.000860 24 183 0
0.000690 17 48 0
0 000690 13 24 0
0.000860 22 262 0
0.001100 20 143 0
0.001100 9 6 0
0.000690 16 87 0
0.001500 27 5 0
0 000690 26 1.270 0
0.001100 11 63 0
0001100 7 53 0
0.000690 20 199 0
0.001100 22 97 0
0.001290 22 92 0
0.001290 12 39 0
0.001290 27 24 0
0 000690 12 81 0
0.001500 21 256 0
0.001290 17 248 0
0.001100 28 149 0
0.001290 II 344 0
0.000690 14 229 0
0.000860 27 3.460 0
0 000690 22 II 0
0.000860 24 261 0
0.001100 16 816 0
0.001290 21 585 0
0.001500 23 924 0
0.000690 18 176 0
0.001290 23 234 0
0.001500 18 719 0
0.001100 21 94 0
0.001100 I 594 0
0.001100 9 509 0
0.001500 11 748 0
0.001290 21 149 0
0.001500 27 671 0
0.001290 22 46 0
0.001290 23 472 0
0001500 21 1.180 0
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1 2 3 4 5 6 8 9 10 II

Rio Grande River - 750 29 57 0 46 0.55 0.333 0 00!100 >2 1.070 0

Rio Grande River - 759 23.47 0 53 0 61 0 378 0 001100 7 466 0

Rio Grande River - 7.65 54.86 0.28 0.49 0.228 0 000860 27 741 0

Rio Grande River - 7.70 34.75 0 40 0.56 0 525 0 001290 14 374 0

Rio Grande River . 7 73 37 SO 0 36 0.57 0.372 0 001500 7 1.700 0

Rio Grande River - 7.96 29.S7 0 44 0.61 0.357 0 001100 14 637 0

Rio Grande River - 8.30 48.46 0.35 0.49 0 266 0 001100 8 268 0

Rio Grande River . 8.32 30.48 0.49 0.56 0.349 0 001290 14 276 0

Rio Grande River - 8.32 45.72 0.33 0.55 0 438 0 001500 23 496 0

Rio Grande River - 8.64 45.72 0.32 060 0 469 0001500 16 681 0

Rio Grande River - 8.75 46.03 0.35 0.54 0.420 0.001500 24 213 0

Rio Grande River - 8.75 53.95 0.3! 0.53 0 629 0 001290 1 1 43 0

Rio Grande River - 8.95 35.66 0.41 0.61 0.357 0 000690 4 558 0

Rio Grande River . 9.00 39.62 0.39 0.58 0.352 0 001 100 19 415 0

Rio Grande River - 9.26 35.05 0.44 0.61 0.415 0 001290 5 1.290 0

Rio Grande River - 934 44.20 0.35 0.60 0 460 0001500 24 405 0

Rio Grande River - 9.83 35.05 0.45 0.62 0 373 0 001290 9 877 0

Rio Grande River - 985 54.25 0.35 0.52 0 376 0 001100 6 505 0

Rio Grande River - 9.97 41.15 0.39 0.62 0.416 0 001290 6 1.700 0

Rio Grande River - 10.14 52.43 0.33 0.59 0.294 0.001500 I 1.280 0

Rio Grande River - 10.19 52.43 0.35 0.55 0.343 0 001500 7 1.260 0

Rio Grande River - 10.22 6035 0.25 0.67 0.174 0 001500 23 1.550 0

Rio Grande River - 1036 39.01 0.44 0.60 0 360 0 00! 100 22 2.640 0

Rio Grande River - 10.36 4734 0.30 0.74 0 414 0 001500 22 3.410 0

Rio Grande River - 10.45 52.43 0.32 0.62 0 398 0 001500 5 1.190 0

Rio Grande River - 10.53 38.41 0.41 0.68 0.318 0 001500 11 1.380 0

Rio Grande River - 10.82 49.07 0.4! 0.54 0 351 0.000690 7 557 0

Rio Grande River - 10.90 31.70 0.41 0.84 0 330 0 001290 4 12360 0

Rio Grande River . 10.93 103.02 0.21 0.50 0 235 0 001100 14 729 0

Rio Grande River - 10.93 22.86 0.56 0.85 0 365 0 001500 0 1.260 0

Rio Grande River - 10.99 35.05 0 63 0 50 0 248 0 001 100 19 204 0

Rio Grande River • 11.18 74.37 0 34 0.44 0 215 0 000860 16 U lO 0

Rio Grande River - 11.18 47.24 0.4! 0.58 0 337 0 001100 10 406 0

Rio Grande River - 11.44 80.77 0.28 051 0 314 0 000690 25 371 0

Rio Grande River - 11.50 4734 0.40 0.61 0 361 0.001 100 9 570 0

Rio Grande River - 11.72 46.63 0.41 0.61 0 575 0 001500 12 320 0

Rio Grande River ♦ 11.72 36.58 0.48 0.66 0 643 0 001290 9 543 0

Rio Grande River - 11.78 63.40 0.36 0.52 0 472 0 001290 12 178 0

Rio Grande River - 11.89 30.48 0.59 066 0 21 1 0 001290 24 244 0

Rio Grande River - 12.06 33.83 0 43 0 82 0 312 0 001500 7 1.680 0

Rio Grande River - 12.09 41.15 0 51 0.58 0 .372 0 001100 19 574 0

Rio Grande River - 12.15 41.45 0 47 0.62 0 311 0 001 100 14 539 0

Rio Grande River - 12.18 40.54 048 0 62 0 345 0 001 I0O 6 807 0

Rio Grande River - 12.57 71.93 0 30 0.59 0 234 0 00! 100 3 996 0

Rio Grande River - 12.63 53.65 0.46 0.51 0 542 0 001500 15 311 0

Rio Grande River - 12.83 69.19 0.30 0.61 0 424 0000790 26 315 0

Rio Grande River - 12.83 53.04 0.42 0.58 0 445 0 001500 22 1.450 0

Rio Grande River - 12.86 63.40 0.43 0.47 0 174 0 000690 5 549 0

Rio Grande River - 12.94 46.63 0.42 0 66 0 395 0 001500 13 367 0

Rio Grande River - 13.00 82.91 0.33 0 48 0 251 0 000690 23 407 0

Rio Grande River . 13.14 38.41 0.52 0.66 0.404 0.001290 3 1.800 0

Rio Grande River - 13.14 37.80 0.50 0.69 0 411 0.001290 2 1,850 0

Rio Grande River - 1335 39.01 0.52 0.65 0 389 0 001290 2 1.200 0

Rio Grande River - 1334 35.97 0.48 0.79 0.336 0 001500 8 1.300 0

Rio Grande River . 13.54 39.62 0.51 0.68 0 375 0.001290 6 3.350 0

Rio Grande River - 13.56 48.77 0.52 0.54 0 318 0 000860 23 562 0

Rio Grande River - 13.59 54.25 0.38 0 66 0 305 0.001500 6 722 0

Rio Grande River . 13.70 34.75 0.38 I 03 0 356 0.001290 2 2.000 0

Rio Grande River - 13.73 53.04 039 0 67 0 397 0 001500 2 1.120 0

Rio Grande River - 13.96 65.23 040 0 54 0 302 0 000860 22 759 0

Rio Grande River - 14.04 79.25 0.31 0.56 0 222 0 000860 24 985 0

Rio Grande River - 14.07 33.83 0.51 0 82 0 4 39 0.001500 4 1.730 0

Rio Grande River - 14.16 54.25 0.46 0 57 0 335 0 001290 21 639 0

Rio Grande River . 14.24 39.62 0.54 0 66 0 406 0 001290 4 1.390 0

Rio Grande River - 1438 32.00 0.60 0.75 0 237 0 001500 11 981 0
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1 2  3 4 5 6 7 8 9 10 1 1

Rio Grande Ri\er - 1-1.55 49.99 0.53 0.55 0.310 0 001290 24 222 0

Rio Grande River - 14 58 5151 0.41 0.69 0399 0001500 8 1360 0

Rio Grande River - 14.64 37.80 0.56 0.69 0.474 0 001290 589 0

Rio Grande River - 1481 45.72 038 0.85 0.20! 0.001500 6 1.660 0

Rio Grande River - 14.81 52.43 0.46 0.61 0.316 0 00!100 2" 700 0

Rio Grande River - 14.98 40.54 0.53 0.70 0.499 0.001290 9 1330 0

Rio Grande River - 15.38 62.18 0.47 0.53 0.258 0.000690 3 497 0

Rio Grande River - 15.60 80.77 0.38 0.51 0293 0.000860 17 544 0

Rio Grande River - 15.72 39.62 0.49 0.80 0391 0.001290 5 1.560 0

Rio Grande River - 15.74 78.03 0.29 0.70 0.272 0.001290 15 1.640 0

Rio Grande River - 15.80 108.20 0.26 0.56 0341 0.001100 •> 1.730 0

Rio Grande River - 15.80 38.10 0.43 0.96 0380 0001290 4 1.740 0

Rio Grande River - 15.91 46.63 0.46 0.74 0.395 0.001500 17 529 0

Rio Grande River - 15.94 53.65 0.44 0.68 0.453 0.001500 23 1.080 0

Rio Grande River - 15.97 79.86 0.33 0.61 0.197 0000860 22 1.520 0

Rio Grande River - 16.14 68.28 0.40 0.59 0374 0.001100 10 1.420 0

Rio Grande River - 16.17 47.85 0.40 0.85 0.294 0.001500 6 1.670 0

Rio Grande River - 16.23 52.12 0.52 0.60 0364 0.000860 19 7.240 0

Rio Grande River - 16.45 5435 0.43 0.71 0377 0.001500 9 1.420 0

Rio Grande River - 16.48 45.42 0.53 0.68 0.327 0.001100 9 1.060 0

Rio Grande River - 16.51 42.67 0.48 0.81 0.419 0.001290 3 1.850 0

Rio Grande River - 16.96 45.72 0.54 0.69 0390 0 001500 19 2.430 0

Rio Grande River - 17.05 51.51 0.56 0.59 0.319 0 001100 9 1.210 0

Rio Grande River - 17.05 39.01 0.56 0.78 0332 0.000860 7 1.270 0

Rio Grande River - 17.13 64.92 039 0.91 0215 0 001500 4 2.260 0

Rio Grande River - 17.13 50.60 0.42 0.80 0.344 0.001100 6 1.650 0

Rio Grande River - 17.27 79.86 036 0.60 0276 0 000S6O 11 1.100 0

Rio Grande River - 1733 89.61 0.34 0.58 0344 0.000860 26 2.370 0

Rio Grande River - 17.41 35.05 0.54 0.92 0354 0.001500 4 1.780 0

Rio Grande River - 17 64 81.08 037 0.58 0.368 0 000860 1" 1.310 0

Rio Grande River - 17.98 103.63 034 032 0.322 0 001100 17 572 0

Rio Grande River - 18.43 63.09 038 0.77 0318 0000690 24 1350 0

Rio Grande River - 18.49 77.72 0.40 0.59 0.329 0 000860 IS 3310 0

Rio Grande River - 18.89 60.05 0.44 0.71 0298 0.001500 24 876 0

Rio Grande River - 18.89 62.18 033 0.58 0.363 0 001290 IS 314 0

Rio Grande River - 18.97 101.50 0.34 0.56 0.303 0 001100 8 1.060 0

Rio Grande River - 19.08 8534 033 0.67 1 056 0 001280 24 304 0

Rio Grande River - 19.14 56.69 0.43 0.79 0403 0 001100 7 2.460 0

Rio Grande River . 1925 4938 0.54 0.73 0.454 0.001970 24 729 0

Rio Grande River - 19.37 33.22 0.77 0.76 0.531 0.000920 26 445 0

Rio Grande River - 20.08 91.44 0.37 039 1.466 0.00(290 14 273 0

Rio Grande River - 20.13 80.47 0.37 0.67 0333 0.001290 23 1.210 0

Rio Grande River - 20.42 11034 032 0.58 0328 0 001100 17 851 0

Rio Grande River - 20.98 85.34 039 0.63 0.325 0 000860 IS 1330 0

Rio Grande River - 21.38 67.97 0.46 0.68 0.397 0.001500 20 553 0

Rio Grande River - 21.49 7234 0.44 0.68 0.372 0 000860 8 2.570 0

Rio Grande River - 21.58 64.62 0.49 0.68 0.402 0.001500 18 667 0

Rio Grande River . 22.20 89.92 038 0.65 0261 0.001290 25 499 0

Rio Grande River - 22.28 79.86 0.42 0.67 0.344 0 001500 27 1.120 0

Rio Grande River - 22.40 99.67 0.44 0.51 0.427 0 001100 23 2.920 0

Rio Grande River - 24.41 39.01 0.66 0.95 0.452 0.001500 29 3350 0

Rio Grande River - 24.44 78.64 039 0.80 0.495 0.001500 8 2.110 0

Rio Grande River - 24.95 91.44 0.41 0.67 0.331 0.001290 19 469 0

Rio Grande River - 25.00 82.60 037 0.81 0408 0 001290 24 1.410 0

Rio Grande River - 25 14 61.57 0.52 0.78 0.40! 0.001500 21 1.320 0

Rio Grande River - 25.26 65.53 0.45 0.87 0.379 0.001500 11 1330 0

Rio Grande River - 25.54 121.92 037 0.57 0296 0.001100 17 831 0

Rio Grande River . 25.71 29.57 1.01 0.86 0.569 0.000720 24 551 0

Rio Grande River - 26.02 73.46 0.44 0.80 0.325 0.001290 1 I 5.000 0

Rio Grande River - 26.02 81.08 0.48 0.67 0.363 0.001500 ■>2 596 0

Rio Grande River - 26.05 83.52 0.43 0.72 0314 0000860 16 2.880 0

Rio Grande River - 2631 6533 0.46 0.88 0.332 0.001500 10 1.750 0

Rio Grande River - 26.56 78.94 0.48 0.69 0 486 0 001290 6 5.990 0

Rio Grande River - 26.70 71.02 0.40 0.94 0386 0.001290 19 1.730 0

Rio Grande River - 27.30 91.44 0.44 0 . 6 8 0.462 0.001290 8 4.470 0
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Rio Grande Riser - 27 92 80 16 0.39 0.89 0 279 0  000860 19 1310

Rio Grande Riser - 27 95 67 97 0.47 0 . 8 8 0 369 OOOOSOO 2 2 2.730
Rio Grande Riser - 28 32 81 08 0.46 0.76 0 246 0.000860 2 1 1.810
Rio Grande River - 28 32 80 16 0.52 0 . 6 8 0.705 0 001 ISO 24 556

Rio Grande Riser - 28 8 8 55.17 0 . 6 6 0.79 0.536 0  0 0 1 0 0 0 27 1330

Rio Grande River - 29 45 74 98 0 41 0.97 0.242 0  0 0 1 1 0 0 24 2.900

Rio Grande Riser - 29 45 85.34 0.46 0.74 0.69S 0 001290 16 2320

Rio Grande Riser - 30 8 6 29 87 1 . 1 0 0.94 0.655 0.000810 23 2 . 0 0 0

Rio Grande River - 32.28 46.33 0.62 1.13 0.374 0.001500 23 4.580

Rio Grande River - 32 56 85.04 0.45 0 . 8 6 0.360 0 001290 2 2 2.600

Rio Grande River - 33 13 68.58 0.62 0.78 0.516 0.001500 18 879

Rio Grande River - 33 13 91.44 0.53 0.69 0.610 0.001290 17 1.030

Rio Grande River - 3341 78.64 0.48 0.89 0.250 0.000690 26 1.500

Rio Grande River - 33 41 43.59 0.85 0.90 0405 0  001500 14 1.530

Rjo Grande River - 35 11 40.54 1.05 0.83 0310 0 000830 18 1380

Rio Grande River - 35 39 85 65 0.50 0.83 0356 0.001290 15 1.930

Rio Grande River - 35 39 80.16 0.45 0.99 0.303 0.001500 14 2 . 0 0 0

Rio Grande River - 36 81 106.68 0.53 0.65 0348 0  0 0 1 1 0 0 19 1.040

Rio Grande River - 37 94 81.69 0.65 0.71 0330 0  000860 2 1 1300

Rio Grande River - 39 08 99.06 0.37 1.05 0350 0 0 0 1 1 0 0 24 3.080

Rjo Grande River - 40.21 101.19 0.48 0.83 0333 0  0 0 1 1 0 0 18 1.450

Rio Grande River . 40.21 101.50 0.50 0.80 0.337 0  0 0 1 1 0 0 19 1.060

Rio Grande River - 41 34 34.14 1.03 1.18 0.380 0 000980 15 2.620

Rio Grande River - 4361 82.30 0 . 6 6 0.81 0340 0.000860 14 1.470

Rio Grande River - 44.74 44.50 0.89 1.13 0.291 0 001500 2 1 3390

Rio Grande River - 44.74 83.82 0.47 1.14 0.348 0  000860 15 4.160

Rio Grande River - 45 02 86.56 0.58 0.90 0339 0 001290 19 1.400

Rio Grande River - 48.42 84.13 0.63 0.91 0.500 0 001500 23 2.090

R j o  Grande River - 57 48 81.69 0.89 0.79 0383 0  000820 23 894

Rio Grande River - 57 76 86.87 0 . 6 8 0.97 0.473 0001180 2 1 7.230

Rio Grande River - 58 33 82.30 0.82 0 . 8 6 0270 OOOOSOO 24 1360

Rio Grande River - 59 IS 82.30 0.76 0.95 0336 0 000830 17 1390

Rio Grande River - 59 18 86.87 0 . 6 6 1.03 0337 0 001340 I 1.630

Rio Grande River - 59 46 81.99 0.78 0.93 0328 0 000830 15 1.480

Rio Grande River - 60 8 8 82.30 0.78 0.95 0342 0  000860 ■>T 1.460

Rjo Grande River - 62.30 53.95 0.82 1.40 0 232 0  001150 14 1.540

Rio Grande River - 62.30 55 47 0.83 135 0.433 0 000910 24 1.620

Rio Grande River - 63.14 8138 0.80 0.96 0324 0 000830 14 1.640

Rio Grande River . 63.43 34 44 1.43 139 0.42! 0001630 19 2.690

Rio Grande River - 63 99 81.69 0.71 1 . 1 0 0318 0000850 17 934

Rio Grande River - 71.07 51.21 0.94 1.47 0338 0  001080 17 1.450

Rio Grande River - 71.36 99.67 0.60 1.19 0.300 0  0 0 1 1 0 0 24 5,820

Rio Grande River - 72.77 82.30 0.81 1.09 0.348 0 000930 IS 1.710

Rio Grande River - 74 19 85.65 0.73 1.19 0.424 0001370 15 3300

Rio Grande River - 77 30 82.91 0.75 1.24 0333 0 000890 14 3.130

Rjo Grande River . 77 87 35.05 1.45 1.53 0.384 0.001590 13 1.620

Rio Grande River . 78 15 81.99 0.84 1.13 0.323 0 000760 2 1 1.520

Rjo Grande River . 78.72 36.88 1.62 132 1.407 0.001440 1 1 1.300

Rio Grande River . 80.70 82.60 0.74 131 0.265 0  000860 18 2.810

Rio Grande River . 83 53 120.40 0.65 1.06 0.258 0000690 18 3.350

Rio Grande River . 85.23 43.89 1 . 2 1 1.60 0391 0  001500 16 2.410

Rio Grande River - 86.08 97.54 0.73 131 0.189 0  0 0 1 1 0 0 IS 3.730

R j o  Grande River . 8721 82.91 0.67 1.58 0.301 0  000860 16 5.050

Rio Grande River - 94 8 6 87.48 0.77 1.42 0361 0 001290 17 3.630

Rio Grande River - 95 (4 82 JO 0.95 1 . 2 2 0230 0 000830 19 2.040

Rio Grande River . 98.26 86.26 0.78 1.47 0.249 0 001290 1 2 2.920

Rio Grande River . 101 37 49.68 1 . 2 2 1.67 0.293 0.001260 17 2.740

Rio Grande River - 101 37 42.67 1.50 1.58 0.380 0.001500 14 2.710

Rjo Grande River 104.20 87.78 0 . 8 6 1.38 0444 0001370 14 1.820

Rio Grande River . 106.18 101.19 0.84 134 0381 0  0 0 1 1 0 0 >1 6.820

Rio Grande River . 107.32 118.87 0.78 1.16 0389 0.000690 16 4.890

Rio Grande River 113 26 81.38 0.90 1.54 0374 0000760 19 4390

Rio Grande River . 113.26 39.01 233 135 0.932 0.001330 14 1340

Rio Grande River . 114.11 97.54 0.92 1.27 0.298 0 . 0 0 1 1 0 0 17 7.550

Rio Grande River . 117.51 82.60 0.93 1.53 0.286 0.000860 14 5.830
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I 2  3 4 5 6 7 8 9 1 0

Rio Grande Riser . 1 1 S 93 120 40 0 78 1 27 0.224 0.000690 24 2.820

Rio Grande Paser . 122 89 81 OS 0.81 1 8 6 0372 0.000760 17 3.610

Rio Grande Rjscr . 129 40 82.60 0.92 1.70 0.254 0.000860 2.460

Rjo Grande Rjscr . 134 7S 45.42 1.63 1.82 0.712 0 001500 23 3.030

Rio Grande Riser . 135 92 88.70 0.95 I 61 0.361 0 001290 19 4.740

Rio Grande Riser . 136 77 82.91 1.06 I 55 0.345 0.000790 2 2 2340

Rio Grande River . 141 30 90.53 1 . 1 1 1.4 I 0.603 0.001230 17 10.700

Rio Grande Riser . 141 58 38.10 2.19 I 70 0 474 0.002310 17 1.690

Rio Grande Riser . 141 8 6 57.00 1.36 1.83 1 . 0 0 0 0.001510 19 4.170

Rio Grande River . 143 00 99 06 141 1.03 0.327 0  0 0 1 1 0 0 24 8.470

Rio Grande River . 143 28 90.83 1.23 1.28 0.645 0.001130 17 11.400

Rio Grande River . 144 98 57.30 1.37 1.85 0.513 0.001510 19 7,880

Rio Grande River . 146 II 82.60 0 99 1.79 0.278 0.000860 18 4.140

Rio Grande River . 146 1! 45.72 1.70 1 . 8 8 0.371 0001500 18 2.620

Rio Grande River - 147 53 39.32 1.91 I 96 0.565 0 . 0 0 2 2 0 0 16 5.190

Rio Grande River - 151 21 84.13 0.98 1.83 0.254 0.000860 18 3.160

Rio Grande River . 155 74 98.76 1.23 1.28 0.362 O.OOUOO 19 4.990

Rio Grande Riser . 156.30 90.53 1 . 0 1 1.71 0.393 0001290 17 5.210

Rio Grande River - 164 23 82.30 1.05 1.91 0362 0.000740 18 3.950

Rio Grande River . 169 90 39.62 2.39 1.79 1.190 0 001960 15 3.060

Rio Grande River 171.03 83.21 1.04 1.98 0.379 0.000800 23 5.760

Rio Grande River . 173 8 6 82.91 1.16 1.82 0.300 0.000830 2 1 2.150

Rjo Grande River - 183 77 82.91 1 . 1 1 2 . 0 0 0.408 0.000840 17 4.330

Rio Grande River . 194.25 82 JO 1 . 1 2 2 . 1 0 0.329 0.000800 14 3.950

Rio Grande River . 207 27 40.23 2.47 2.08 0.314 0.002300 15 5310

Rio Grande River - 225 40 93.88 1 . 2 0 2 . 0 0 0.400 0 001290 13 4320

Rio Grande River . 231 06 82.91 1.32 2 . 1 1 0.311 0.000830 19 2.800

Rio Grande River . 235 59 82.60 136 2 . 1 0 0.303 0.000800 16 4.500

Rjo Grande River . 243 23 60.96 1.83 2.18 0.569 0.001680 19 2.310

Rjo Grande Riser - 243 23 41.15 2.73 2.16 1.909 0.002400 17 1.710

Rio Grande River . 245 78 82.30 1.25 2.38 0.394 0 000790 19 5.080

Rio Grande River - 245 " 8 89 92 1.48 1.85 0.608 0 001270 17 3.140

Rio Grande River . 252 01 99.97 1.25 2 . 0 2 0.442 0  0 0 1 2 0 0 14 4 160

Rio Grande River . 252 58 96.32 1.32 1.98 0.623 0 0 0 1 2 0 0 14 2.680

Rio Grande River . 258 81 64.0! 1.79 2.26 0.480 0.001800 IS 2 . 0 2 0

Rio Grande River . 264 47 39.62 3.12 2.14 0.429 0.002460 14 3.920

Rio Grande River . 268 72 44.20 2 . 8 6 2.13 0.527 0 002400 17 1.500

Rjo Grande River . 275 23 63.70 1 . 8 8 2.30 1.077 0.001930 19 2.460

Rio Grande River . 277 78 1 0 2 . 1 1 1.34 2.03 0.313 0.001270 16 2.480

Rio Grande River . 285 99 83.21 1.46 2.35 0.301 0  000800 23 2.940

Rio Grande River . 285 99 42.67 3.11 2.15 0374 0002350 16 2.700

Rio Magdalena & Canal del Dique - 29 00 27.00 2 . 2 1 0.49 0.185 0 . 0 0 0 0 2 0 30 8

Rio Magdalena & Canal del Dique - 38 0 0 77.00 2.49 0 . 2 0 0.125 0.000003 30 17

Rio Magdalena & Canal del Dique - 51 00 93.00 1.80 030 0 . 1 2 0 0 . 0 0 0 0 1 0 30 3

Rio Magdalena &. Canal del Dique - 55 00 39.00 3.08 0.46 0 . 1 0 0 0.000089 30 23

Rio Magdalena & Canal del Dique - 57 00 31.00 3.42 0.54 0 . 1 0 0 0 . 0 0 0 0 2 0 30 6

Rio Magdalena &. Canal del Dique - 6 8  0 0 74.00 2.16 0.43 0 . 1 2 0 0 0 0 0 0 2 0 30 9

Rio Magdalena & Canal del Dique - 80 0 0 30.00 2.57 1.04 0 185 0.000170 30 261

Rio Magdalena & Canal del Dique - 81 0 0 78.00 1.82 0.57 0.125 0.000035 30 89

Rjo Magdalena & Canal del Dique - 82 0 0 75.00 2.08 0.53 0.125 0.000024 30 148

Rio Magdalena & Canal del Dique - 83 00 108.00 2.47 031 0310 0.000026 30 II

Rio Magdalena & Canal del Dique - 89 00 32.00 2 . 6 8 1.04 0.185 0000170 30 205

Rio Magdalena & Canal del Dique - 95 00 75.00 1.87 0 . 6 8 0.125 0000046 30 1 19

Rio Magdalena &. Canal del Dique - 1 1 1  0 0 41.00 4.12 0 . 6 6 0 . 1 0 0 0 000091 30 163

Rio Magdalena & Canal del Dique - 1 2 0  0 0 76.00 3.54 0.45 0.150 0 . 0 0 0 0 2 0 30 1 0

Rio Magdalena & Canal del Dique - 126 0 0 34.00 2.62 1.41 0.185 0.000150 30 152

Rio Magdalena Canal del Dique - 128 0 0 35.00 2.96 1.24 0.125 0.000129 30 58

Rio Magdalena &. Canal del Dique - 142.00 36.00 3.92 1 .0 1 0 . 1 0 0 0.00006S 30 593

Rjo Magdalena & Canal del Dique - 150 00 45.00 2.62 1.27 0.125 0000142 30 216

Rio Magdalena & Canal del Dique - 153 00 41.00 2.63 1.42 0.125 0.000177 30 124

Rio Magdalena & Canal del Dique - 158.00 114.00 2.65 0.52 0 . 2 1 0 0.000036 30 1 2 1

Rio Magdalena & Canal del Dique - 169 00 95 00 2 . 2 1 0.80 0 . 1 2 0 0.000051 30 163

Rio Magdalena & Canal del Dique • 215 00 1 0 0 . 0 0 2.93 0.73 0 . 1 2 0 0.000047 30 2 2 2

Rio Magdalena & Canal del Dique - 225 00 8 6 . 0 0 2.93 0.89 0.125 0  000041 30 216

Rio Magdalena & Canal del Dique - 228.00 90.00 2.78 0.91 0 . 1 2 0 0  000041 30 169
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Rio Magdalena & Canal del Dique - 232.00 197 00 1 32 0.89 1 080 0.000350 30 99 0

Rio Magdalena &. Canal del Dique - 261.00 198.00 1 57 0 84 1.080 0000360 30 49 0

Rio Magdalena & Canal del Dique - 280.00 85.00 3 15 1.05 0 . 1 2 0 0.000077 30 193 0

Rio Magdalena & Canal del Dique - 284.00 270.00 1 39 0 76 0.265 0.000450 30 412 0

Rio Magdalena &. Canal del Dique - 322.00 69 00 3 78 1.23 0 . 1 2 0 0.000091 30 329 0

Rio Magdalena & Canal del Dique - 370.00 8 8  0 0 3 91 1 08 0 . 1 2 0 0.000089 30 141 0

Rio Magdalena & Canal del Dique - 421.00 135.00 3.82 0  82 0 . 2 1 0 0.000057 30 626 0

Rio Magdalena &. Canal del Dique - 440.00 85.00 4 47 1.16 0.150 0.000059 30 233 0

Rio Magdalena &. Canal del Dique - 475.00 195.00 2.18 I 12 1.080 0.000460 30 179 0

Rio Magdalena & Canal del Dique - 478.00 1 2 0 . 0 0 3.55 1 . 1 2 0 . 2 1 0 0  000062 50 267 0

Rio Magdalena &. Canal del Dique - 504.00 190 00 2.46 1.08 1.080 0.000410 30 198 0

Rio Magdalena Canal del Dique - 544.00 84.00 5 13 1.26 0.150 0.000089 30 156 0

Rio Magdalena &. Canal del Dique - 567.00 140.00 4.60 0 . 8 8 0 . 2 1 0 0.000071 30 591 0

Rio Magdalena <5L Canal del Dique - 604.00 284.00 2.08 1 . 0 2 0.500 0.000230 30 497 0

Rio Magdalena &. Canal del Dique - 611.00 290.00 2.17 0.97 0.265 0.000450 30 3.000 0

Rio Magdalena &. Canal del Dique - 793.00 290.00 2 79 0.98 0.500 0 . 0 0 0 2 2 0 30 492 0

Rio Magdalena &. Canal del Dique - 8 8 6 . 0 0 194.00 3 22 1.42 1.080 0.000570 30 423 0

Rio Magdalena &l Canal del Dique - 979 00 285.00 2.98 1.15 0.500 0.000170 30 464 0

Rio Magdalena & Canal del Dique - 1140.00 300 00 2.78 1.37 0.500 0 . 0 0 0 2 1 0 30 570 0

Rio Magdalena &. Canal del Dique - 1250.00 395.00 2.50 1.27 0.920 0.000380 30 304 0

Rio Magdalena &. Canal del Dique - 1260.00 845.00 I 53 0.97 0.405 0.000400 30 293 0

Rio Magdalena &. Canal del Dique - 1310.00 295.00 3 01 1.48 0.500 0.000230 30 710 0

Rio Magdalena & Canal del Dique - 1370.00 174.00 6.58 1 . 2 0 02575 0 . 0 0 0 1 0 0 30 2 . 0 0 0 0

Rio Magdalena & Canal del Dique - 1400.00 622.00 2.03 1 . 1 1 1.050 0.000490 30 517 0

Rio Magdalena & Canal del Dique - 1493.00 437 00 3.09 1 . 1 1 0-375 0.000130 30 147 0

Rjo Magdalena & Canal del Dique - 1529.00 415 00 4.06 0.91 0310 0.000290 30 149 0

Rio Magdalena & Canal del Dique - 1615.00 400.00 3.38 1.19 0.920 0.000170 30 381 0

Rio Magdalena & Canal del Dique - 1665.00 400.00 3.05 1.36 0.920 0.000170 30 4 '5 0

Rio Magdalena Canal del Dique - 1785 00 295.00 3 69 1.64 0.500 0.000240 30 591 0

Rio Magdalena & Canal del Dique - 1900 00 605.00 2.28 1.38 1.050 0.000360 30 622 0

Rio Magdalena &. Canal del Dique - 1940 00 785.00 2 . 0 0 1.24 0.405 0.000480 30 318 0

Rio Magdalena & Canal del Dique - 1954.00 451.00 3.53 1.23 0375 0.000150 30 329 0

Rio Magdalena & Canal del Dique - 1995.00 434.00 3.88 1.18 0.375 0.000150 30 152 0

Rio Magdalena &. Canal del Dique - 2270 00 620 0 0 3.42 I 07 1.050 0.000540 30 379 0

Rio Magdalena &. Canal del Dique - 2480.00 415 00 4.15 1.44 0.920 0.000170 30 386 0

Rio Magdalena Canal del Dique - 2630.00 785 00 2.80 1 . 2 0 0.405 0.000360 30 60! 0

Rio Magdalena &. Canal del Dique - 2680 0 0 450.00 4 44 1.34 0.375 0 . 0 0 0 2 0 0 30 723 0

Rio Magdalena & Canal del Dique - 2710 00 610.00 3 94 1.13 1.050 0.000480 30 389 0

Rio Magdalena &. Canal del Dique - 2720.00 400.00 4.62 1.47 0.920 0.000130 30 705 0

Rio Magdalena &. Canal del Dique - 2820 0 0 410 00 6.35 1.08 0.310 0.000160 30 231 0

Rio Magdalena &. Canal del Dique - 2858 00 410.00 6  57 1.06 0310 0.000160 30 190 0

Rio Magdalena &. Canal del Dique - 3050 00 460 00 4.78 1.39 0.320 0.000150 30 445 0

Rio Magdalena & Canal del Dique - 3080 00 446 00 4.66 1.48 0.375 0 . 0 0 0 2 0 0 30 499 0

Rio Magdalena & Canal del Dique - 3085.00 415 00 4.69 1.59 0.920 0 . 0 0 0 2 2 0 30 507 0

Rio Magdalena & Canal del Dique - 3090.00 798.00 2.64 1.47 0.405 0.000620 30 517 0

Rio Magdalena &. Canal del Dique - 3650 00 570.00 8  82 0.73 0 . 2 1 0 0.000026 30 16 0

Rio Magdalena &. Canal del Dique - 3720.00 6 2 0 . 0 0 5.19 1.16 1.050 0.000410 30 313 0

Rio Magdalena & Canal del Dique - 3850 00 405.00 6.94 1.37 0.310 0.000160 30 188 0

Rio Magdalena & Canal del Dique - 3940.00 410 00 7 62 1.26 0310 0.000190 30 308 0

Rio Magdalena &. Canal del Dique - 4800.00 565 00 9 29 0.91 0 . 2 1 0 0.000035 30 91 0

Rio Magdalena <fc Canal del Dique - 1 0 2 0 0  0 0 582.00 13.28 132 0310 0.000062 30 330 0

River Data of Leopold - 83.33 238.66 0.96 0.36 0.156 0.000090 1 2 517 0

River Data of Leopold - 109 16 92 05 1.60 0.74 0.140 0.000277 9 260 0

River Data of Leopold . 118.19 96.32 2 . 1 0 0.58 0.299 0.000113 13 11 0

River Data of Leopold - 118.93 104 55 1.50 0.76 0.273 0.000333 1 2 95 0

River Data of Leopold - 124.93 95.71 2.09 0.62 0.289 0.000107 13 52 0

River Data of Leopold - 134.78 104 24 1.65 0.79 0.143 0  000260 1 2 140 0

Rjver Data of Leopold - 137.87 88.70 2 . 0 1 0.77 0.236 0.000196 14 64 0

River Data of Leopold - 181 17 106.07 2.25 0.76 0.338 0.000177 2 2 269 0

River Data of Leopold - 187 59 106.07 2.27 0.78 0.364 0 000173 24 207 0

River Data of Leopold . 191 93 1 0 0  28 2.36 0.81 0.443 0.000140 11 130 0

River Data of Leopold 198.89 98.76 2.36 0.85 0.146 0.000277 9 192 0

River Data of Leopold - 208.92 102.41 2.65 0.77 0.318 0.000267 17 275 0

River Data of Leopold . 209.79 106.38 2.34 084 0.342 0.000227 2 2 151 0

River Data of Leopold - 210.27 99.97 2.15 0.98 0.155 0.000067 9 373 0
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River Data of Leopold 21690 141.73 2.08 0 73 0  2 2 0 0 0 0 0 1 0 0 1 2 98 0

River Data of Leopold 219.79 106.38 214 0 97 0 167 0000190 14 117 0

River Data of Leopold 219.93 106.38 2.35 0  8 8 0 163 0.000216 17 151 0

River Data of Leopold 220.30 103.33 305 0  70 0 156 0 000213 9 153 0

River Data of Leopold 223 61 106 99 2  61 0  80 0 352 0 000173 2 0 76 0

River Data of Leopold 239 10 135.33 2.51 0 70 0 203 0 000127 23 270 0

River Data of Leopold 240.06 106.99 2.32 0 97 0 370 0 000187 22 77 0

Rjver Data of Leopold 241.32 137.77 2 . 1 2 0 S3 0 204 0.000346 2 0 152 0

Rjver Data of Leopold 243.52 101.50 2.62 0.91 0 301 0000177 18 379 0

River Data of Leopold 245.75 100.58 2  52 0.97 0  288 0 . 0 0 0 1 1 0 18 115 0

River Data of Leopold 267.90 98.76 3.03 090 0 390 0000053 26 72 0

River Data of Leopold 269.94 106.99 2.82 0 89 0 167 0.000224 19 94 0

River Data of Leopold 272.77 103.02 2.82 094 0 814 0000103 15 168 0

River Data of Leopold 279.76 136.55 2.73 0.75 0 229 0000153 27 142 0

River Data of Leopold 279.76 106.99 2.87 091 0.391 0.000147 27 119 0

River Data of Leopold 288.82 136.55 2 . 6 8 0 79 0227 0.000066 24 147 0

River Data of Leopold 293.27 105.46 332 0 84 0.274 0.000193 13 470 0

River Data of Leopold 293.50 103.63 3 28 0  8 6 0 276 0000153 2 1 113 0

River Data of Leopold 294.43 152.40 2 87 067 0  2 1  1 0  0 0 0 1 0 0 2 0 8 6 0

River Data of Leopold 296.75 106.99 2.96 0 94 0.391 0.000233 26 50 0

River Data of Leopold 301.85 134.72 2.64 0 85 0 420 0.000147 2 2 214 0

River Data of Leopold 303.92 106.99 2.99 0 95 0.319 0.000207 15 245 0

River Data of Leopold 307.09 107.59 3.02 095 0.293 0.000216 26 159 0

River Data of Leopold 308.64 134.11 2.74 0 84 0 344 0 . 0 0 0 1 2 0 18 63 0

River Data of Leopold - 324.22 141.43 3.02 0 76 0  262 0.000166 17 233 0

River Data of Leopold - 330.70 141.12 3 28 0 71 0 224 0.000069 19 146 0

River Data of Leopold - 334.13 103.63 2.77 t 16 0 264 0.000283 19 114 0

River Data of Leopold - 335.83 140.82 2.97 0  so 0.294 0.000060 26 206 0

River Data of Leopold 343.64 152.10 2.93 0 77 0 195 0.000144 2 0 280 0

River Data of Leopold 344.61 139.29 2.71 091 0 345 0.000! 13 2 1 1 1 0 0

River Data of Leopold - 344.89 140 82 2  80 0 87 0.37! 0.000160 23 93 0

River Data of Leopold 348.29 151.49 4.1 1 0 56 0 177 0.000037 17 49 0

River Data of Leopold - 348.74 104.55 3.56 0 94 0  261 0.000196 23 1 1 0 0

River Data of Leopold - 358.76 102.72 3 61 0 97 0.249 0 . 0 0 0 2 2 0 18 244 0

River Data of Leopold - 362.44 111.25 2 98 1 09 0 356 0.000187 13 71 0

Rjver Data of Leopold - 362.98 109 73 3 31 1 0 0 0 389 0.000127 16 169 0

River Data of Leopold - 403.56 248.72 2.34 0 69 0  308 0.000140 19 48 0

River Data of Leopold - 408.37 106 6 8 3 04 1.26 0318 0 000290 18 277 0

Rjver Data of Leopold - 413.41 141.12 3.54 0 83 0.244 0 000177 17 90 0

River Data of Leopold - 454.30 153.62 3.47 0 85 0 172 0.000170 17 208 0

River Data of Leopold - 499.30 250.55 2.23 0 89 0321 0.000180 19 564 0

Saskatchewan & F.lbow River - 4.71 305 0.73 2  11 29.122 0.007450 18 247 0

Saskatchewan & Elbow River - 4.71 3.05 0 73 2  11 34 928 0.007450 18 384 0

Saskatchewan & Elbow River - 4.91 305 0.82 1 96 14 086 0.007450 13 126 0

Saskatchewan & Elbow River - 4.95 3.05 0 79 2 05 57 506 0.007450 18 35 0

Saskatchewan & Elbow River - 5.25 3.05 0.76 2  26 33.096 0.007450 18 132 0

Saskatchewan & Elbow River - 5.25 3.05 0 73 2 36 31 008 0.007450 13 760 0

Saskatchewan & Elbow River - 5.34 3.05 0 85 2.05 30 488 0.007450 18 253 0

Saskatchewan & Elbow River - 5.69 3.05 0.79 2.36 25 548 0.007450 13 514 0

Saskatchewan & Elbow River - 5.71 3.05 0  8 8 2  1 2 41.227 0.007450 18 87 0

Saskatchewan & Elbow River - 5.83 3.05 0 79 241 49.395 0.007450 13 2 2 2 0

Saskatchewan & Elbow River - 5.97 3.05 0.79 2.47 54.890 0.007450 13 488 0

Saskatchewan & Elbow River - 6 . 0 1 305 0  8 8 2.23 45.102 0.007450 18 644 0

Saskatchewan & Elbow River . 6.87 3.05 1 0 1 2.24 27.401 0.007450 18 214 0

Saskatchewan &. Elbow River - 6 . 8 8 3.05 0  82 2.74 38.057 0.007450 13 470 0

Saskatchewan & Elbow River - 6 . 8 8 3.05 0.82 2 74 41.335 0.007450 13 64 0

Saskatchewan & Elbow Rjver - 7.05 3.05 0 79 2.92 57.636 0.007450 13 26 0

Saskatchewan & Elbow River - 7.35 3.05 0 85 2 S3 44.176 0007450 13 315 0

Saskatchewan & Elbow River 9.99 305 1.16 2.83 76.113 0.007450 18 505 0

Saskatchewan & Elbow River - 10.49 3.05 1.19 2 90 50.916 0007450 13 524 0

Saskatchewan Elbow River - 10.80 3.05 1.07 3.32 50.916 0.007450 13 253 0

Saskatchewan & Elbow River - 11.62 305 1.37 2 78 31.164 0007450 13 546 0

Saskatchewan & Elbow River - 19.58 6 . 1 0 I 55 2.07 22.558 0.001580 13 25 0

Saskatchewan & Elbow River - 19.88 6 . 1 0 1.83 1 78 20.547 0.001580 18 49 0

Saskatchewan & Elbow River - 22.14 6 . 1 0 1.77 205 20.188 0001580 17 17 0
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Saskatchewan A Elbow Riser - 24.07 6 . 1 0 2 . 0 1 1 96 28 307 0001580 13 1 2 2

Saskatchewan A Elbow River - 24.10 6 . 1 0 1.71 2.32 31 980 0 001580 13 I61
Saskatchewan A Elbow River - 24.16 6 . 1 0 1.80 2 . 2 0 30 701 0  001580 17 25
Saskatchewan & Elbow River - 24 16 6 . 1 0 1.80 2  2 0 51 916 0  001580 17 2 0

Saskatchewan A Elbow River - 24.29 6 . 1 0 2.16 1 84 13 b06 0  001580 18 -
Saskatchewan A Eibow River - 25.16 6 . 1 0 2.04 2  0 2 40 296 0 001580 17 1 0

Saskatchewan A Elbow River - 26.03 6 . 1 0 1.83 2.3'> 2 2  0 0 1 0  001580 18 48
Saskatchewan A Elbow River - 26.03 6 . 1 0 I 83 2.33 24 101 0 001580 IS 47
Saskatchewan A Elbow River - 26 03 6 . 1 0 1.83 2.33 22 301 0  001580 18 6 6

Saskatchewan A Elbow River - 26.47 6 . 1 0 1.83 2.37 32 530 0 001580 17 41
Saskatchewan A Elbow River - 26.47 6 . 1 0 1.83 2.37 29 101 0  001580 17 53
Saskatchewan A Elbow River - 26.54 6 . 1 0 1.92 2.27 45 165 0  001580 17 4
Saskatchewan A Elbow River - 26.90 6 . 1 0 2.04 2.16 24 644 0 001580 13 32
Saskatchewan A Eibow River - 26.98 6 . 1 0 1.98 2.23 18 639 0  001580 17 26
Saskatchewan A Elbow River - 27 91 6 . 1 0 1.95 2.35 24 325 0  001580 18 27
Saskatchewan A Elbow River - 29.30 6 . 1 0 2 . 0 1 2 39 28 132 0  001580 17 14
Saskatchewan A Elbow River - 29.38 6 . 1 0 2 . 0 1 2 40 30 826 0  001580 18 19
Saskatchewan A Elbow River - 29.55 6 . 1 0 2.38 2 04 19 309 0  001580 18 23
Saskatchewan A Elbow River - 30.03 6 . 1 0 2-29 2.15 13 993 0  001580 18 19
Saskatchewan A Elbow River - 30.50 6 . 1 0 2.07 2 41 24 373 0 001580 18 46
Saskatchewan A Elbow River - 31.08 6 . 1 0 2.13 2.39 37 223 0 001580 17 26
Saskatchewan A Elbow River - 31.60 6 . 1 0 2.47 2  1 0 23 807 0.001580 18 15
Saskatchewan A Elbow River - 31.68 6 . 1 0 2.26 2 30 21 540 0.001580 17 2 2

Saskatchewan A Elbow River - 33.11 6 . 1 0 2.19 2.47 17 600 0  001580 18 82
Saskatchewan A Elbow River - 34.41 6 . 1 0 2.50 2  26 19 593 0  001580 18 7
Saskatchewan A Elbow River - 34.64 6 . 1 0 2-53 2.25 24 377 0.001580 18 1 2

Saskatchewan A Elbow River - 36.43 6 . 1 0 2.53 2.36 27 445 0.001580 18 25
Saskatchewan A Elbow River - 36.47 6 . 1 0 2.44 2 45 22 727 0.001580 18 2 1

Saskatchewan A Elbow River - 36.90 6 . 1 0 2.53 2.39 31515 0.001580 18 7
Saskatchewan A Elbow River - 39.14 6 . 1 0 2.74 2 34 29 186 0  001580 IS 13
Saskatchewan A Elbow River - 39.14 6 . 1 0 2.74 2.34 34 141 0  001580 18 13
Snake A Clearwater River - 971.24 137.16 4.21 1 6 8 0 420 0 000245 6 5
Snake A Clearwater River - 1149.63 138.68 4.45 1 8 6 0 470 0  000280 6 1 0

Snake A Clearwater River - 1353.50 140-21 4.69 2  06 0 480 0.000318 9 4
Snake A Clearwater River - 1353.50 140-21 4.69 2  06 0 480 0 000318 9 4
Snake A Clearwater River - 1543.22 141.73 4.02 2 71 0 590 0 000353 7 1 0

Snake A Clearwater River - 1551.72 141.73 4.94 2  2 2 0 950 0.000354 1 2 17
Snake A Clearwater River - 1574.37 142.04 5.00 2  2 2 0 590 0.000360 1 1 2 1

Snake A Clearwater River - 1619.67 142.04 5.06 2.25 0 580 0  000367 1 1 16
Snake A Clearwater River - 1812.22 142.95 5.21 2 43 0 400 0 000405 1 0 23
Snake A Clearwater River - 1832.04 176.78 4.36 2 38 0 520 0 000870 8 1 0

Snake A Clearwater River - 2059.92 190.50 5.27 2 05 0 560 0 001090 15 8

Snake A Clearwater River - 2293.60 145.39 5.67 2 78 0 760 0.000490 1 0 25
Snake A Clearwater River - 2811.78 188.98 5.21 2 85 0 540 0  001080 II 1 2

Snake A Clearwater River - 2944.86 192.02 5.33 2  8 8 0  880 0  0 0 1 1 0 0 15 II
Snake A Clearwater River - 3114.80 193.5S 5.49 2 93 0 560 0 001130 13 14
Snake A Clearwater River - 3143.08 I93.5S 5.55 2.93 0610 0 001140 13 13
Snake A Clearwater River - 3511.18 198.12 5.91 3 00 0 640 0 . 0 0 1 2 1 0 1 2 4
Susitna River 10/04/83 796 186 2.4 1 8 34 000 0 .0 0 1 4 2 189
Susitna River 07/26/82 2770 308 4 .4 2.1 35 000 0 0 0 2 4 9.5 1.462

Toutle River 03/23/85 101.45 61 0.77 1 7 0 595 0 .0 0 2 4 8.5 7.405
Toutle River 04/02/85 83.5 61 0.76 1 8 0 700 0 .0 0 2 4 10.5 3.865
Toutle River 02/16/86 171 6 6 1.2 2 2 0  800 0 .0 0 2 9 4 .5 4.634

Toutle River 04/11/85 93.35 6 3 0 .76 1 9 0 845 0 0 0 2 6 11 8.506

Toutle River 01/28/87 130 64 1.1 1 9 0 950 0 .0 0 1 9 7.5 5.194

Toutle River 11/21/86 190 6 6 1.2 2 3 1 500 0  0 027 9 5 8.269

Toutle River 11/22/86 253.5 6 7 1.5 2 7 3 000 0  0028 9.5 7.463
Toutle River 06/07/85 250 .5 69 1.5 2 5 4 0 00 0  0 055 12 23.007

Toutle River 02/11/86 43 .2 24 5 1 1 7 4 750 0 .002 4 1.721

Trinity River - 39.64 30.18 0.85 4 36 3 400 0.003000 8 243
Trinity River - 82.12 53.95 1 . 1 2 5 55 4 700 0.002600 7 250
Trinity River - 82.68 31.70 1 . 2 0 5 21 4.200 0002800 8 675
West Pakistan (Chop) Canal - 27.52 23.77 1 . 6 8 0 69 0  2 0 0 0.000086 29 286
West Pakistan (Chop) Canal - 109.58 57.91 2 . 6 8 0.71 0  1 1 0 0  000080 24 146
West Pakistan (Chop) Canal - 112.41 57.30 2.32 0.85 0  2 0 0 0 000134 24 595

II
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0

0
0
0
0
0
0
0
0

0

0

0
0
0

0
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West Pakistan (Chop) Canal - 114.96 57.91 2.35 0.85 0.300 0 000140 I 7 236 0

West Pakistan (Chop) Canal - 120.91 55.47 2.44 0.89 O.IOO 0  0 0 0 2 0 0 2 0 181 0

West Pakistan (Chop) Canal - 122.04 53.65 2.38 0.96 0 300 0 000185 11 302 0

West Pakistan (Chop) Canal - 138.47 66.14 2.29 0 92 0.300 0 000165 15 395 0

West Pakistan (Chop) Canal - 138.47 59.44 2 38 0.98 0 300 0 000179 II 150 0

West Pakistan (Chop) Canal - 139.03 57.91 2.44 098 0.311 0.000176 2 2 198 0

West Pakistan (Chop) Canal - 143.85 63.40 2.47 0 92 0.300 0.000238 23 197 0

West Pakistan (Chop) Canal - 146.11 55.78 2.62 1 .0 0 0.290 0.000182 ■>7 244 0

West Pakistan (Chop) Canal - 146.68 67.67 2 . 6 8 0.81 0 . 1 2 0 0 000232 24 473 0

West Pakistan (Chop) Canal - 153.47 58.52 2.7I 097 0.290 0.000165 24 261 0

West Pakistan (Chop) Canal . 166.75 67.67 2.56 0.96 0.190 0 000051 27 116 0

West Pakistan (Chop) Canal - 172.44 112.78 I 3 1 1.17 0.090 0 000194 I6 232 0

West Pakistan (Chop) Cana! - 209-26 71.63 3.32 0 . 8 8 0 . 2 1 0 0 000127 2 2 484 0

West Pakistan (Chop) Canal - 226.53 109.42 2.29 0.91 0.311 0 000185 19 388 0

West Pakistan (Chop) Canal - 233.61 118.26 2.47 0.80 0 . 1 1 0 0 000214 15 148 0

West Pakistan (Chop) Cana! - 255.41 112.17 2.56 0.89 0.290 0.000207 1 2 305 0

West Pakistan (Chop) Canal - 322.80 120.40 2 . 6 8 1 . 0 0 0 . 2 0 0 0 000196 n 526 0

West Pakistan (Chop) Cana! - 328.47 97.54 3.32 1 . 0 1 0 . 2 1 0 0.000188 19 432 0

West Pakistan (Chop) Cana! - 334.13 110.34 2.47 1 23 0 2 1 0 0.000159 2 0 428 0

West Pakistan (Chop) Canal . 342.62 116.74 3 .II 0.94 0 , 2 1 0 0.000254 2 2 620 0

West Pakistan (Chop) Canal - 351.12 112.17 2.13 1.47 0.130 0.000124 18 706 0

West Pakistan (Chop) Cana! - 359.61 I I 125 2 . 1 0 1.54 0 . 1 2 0 0.000116 23 531 0

West Pakistan (Chop) Canal - 362.44 99.06 3.08 1.19 0 . 1 2 0 0.000118 29 464 0

West Pakistan (Chop) Canal - 362.44 118.26 2.99 I 03 0 . 2 0 0 0.000161 18 663 0

West Pakistan (Chop) Canal - 376.60 115.82 2.35 1.39 0 . 2 1 0 0.000141 2 1 702 0

West Pakistan (Chop) Canal - 393.59 99.67 3.38 1 17 0 . 2 0 0 0.000181 17 299 0

West Pakistan (Chop) Canal - 399.26 112.78 3.41 1.04 0 311 0 000178 17 1-317 0

West Pakistan (Chop) Canal - 413.41 110.64 2.44 1 53 0 . 2 0 0 0.000115 18 1 -297 0

West Pakistan (Chop) Canal - 424.74 1 1 1 . 8 6 2.38 1 60 0 140 O.OOOI55 19 1.153 0

West Pakistan (Chop) Canal . 427.57 121.62 3 17 1 . 1 1 0  2 1 0 0  0 0 0 2 0 2 16 1217 0

W is c o n s in  R iv e r 05/08/78 195 299 1 2 0 5 0 400 0 00033 13 5 56 0

W is c o n s in  R iv e r 07/11/78 714 310 2 . 6 0 9 0 400 0 00037 2 2 49 0

W is c o n s in  R iv e r 06/06/78 368 306 1 6 0 . 8 0 425 0 00035 22 5 50 0

W is c o n s in  R iv e r 10/18/77 289 302 1.3 0 7 0 430 0 00031 1 0 83 0

W is c o n s in  R iv e r 04/17/78 456 309 2 0  8 0 430 0 00031 9 2 2 0

W is c o n s in  R iv e r 08/15/78 145 292 1 0 5 0 430 0 00029 26 75 0

W is c o n s in  R iv e r 03/24/77 149 283 0 . 8 8 0  6 0 440 0 00032 7 5 1 1 0 0

W is c o n s in  R iv e r 08/24/77 86.9 219 0.85 0 5 0 440 0  00028 2 2 29 0

W is c o n s in  R iv e r 05/16/77 118 278 0.82 0.5 0 490 0 00041 25 27 0

Y a m p a  R iv e r 06/10/83 425 91 3 5 1 3 0 450 0 00073 13 832 0

Y a m p a  R iv e r 05/23/83 244 92 2.4 1 1 0 460 0.0006 14 5 1.524 0

Y a m p a  R iv e r 05/26/83 430 92 3.6 1.3 0 460 0 00037 14.5 2.342 0

Y a m p a  R iv e r 06/08/83 408 92 3.4 1 3 0 460 0 00067 11.5 1.049 0

Y a m p a  R iv e r 04/22/83 108 90 1.5 0 . 8 0 510 0 00047 9 5 2.649 0

Y a m p a  R iv e r 06/21/83 447 9.1 3 7 1 3 0.570 0 00065 16.5 662 0

Y a m p a  R iv e r 05/27/83 447 92 3.9 1 3 0 590 00 0 0 7 8 14 2.080 0

Y a m p a  R iv e r 04/07/83 26.3 69 0.65 0 . 6 0  620 0 00072 5.5 599 0

Y a m p a  R iv e r 05/07/83 185 91 1 . 8 1 . 1 0  660 0 00071 5 1,465 0

Y a m p a  R iv e r 07/12/83 203 92 2 . 1 1 . 0 0  660 0 0004 2 0 602 0

Y a m p a  R iv e r 05/12/83 337 93 2.9 1 . 2 0 700 0.00085 9.5 2.933 0

Yangtze River 40 sets of data can be found in Hydrau-Tech. Inc.. 1998 
Yellow River 1112 sets of data can be found in Hydrau-Tech. Inc.. 1998
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APPENDIX B. DETAILS OF LABORATORY DATA
(14 pages)
/  httn Dale of Holer C '/tunnel /■'low I-low Mean bed H S H'ater frurtsported
Satin e measure­ discharge width Depth velocity diameter Slope temp Sediment

ment H h V d. -S'. ('oncent
m x m m m/% mm ni m ’( ppm

I •y 3 4 5 6 - S 9 10

LA BORA TOR Y DA TA
H artnn I  in - 0 126 I 2 /9 0 2JX 0 455 0  IX 0 o o o x x o 14 5 5 5 /

Htirlnn  /  in - 0  0X5 I 2 /9 0 I “I 0 40X 0  IX 0 0 0 0 X 6 0 25 5 i  —

H artnn  /  m - 0 099 1 2 /9 0  192 0 425 0  I S 0 0 0 0 X 6 6 20 4 4X0

Htirtnn I m - 0 /1 3 1 2 /9 0  2 /0 0 442 0  /X 0 o o o xx o / “ 9 544

H artnn I in - 0  156 i  2 /9 0  256 0 499 0 /X 0 o o o xx o 22 9 6 2 9

H arlan I m - OOXX I 2 /9 0  19X 0 565 0  IX 0 o o o x /o 21 5 235

Htirtnn f  m - 0 05“ 1 2 /9 0 155 0 299 0  /X o  ooo.sxo 19 0 256

H artnn 1 in - 0 042 I 2 /9 0 140 0 249 0  /X 0 OOOX“0 20 5 6 5

Htirtnn I.in - 0  056 I 219 0  2 0 / 0 226 0 /X 0 0 0 0 4 4 0 22 5 19

H artnn I in - 0  045 I 2 /9 0 165 0  2 /6 0 /X 0 0 0 0 4 5 0 22 4 2 “9

Htirlnn  /  m - 0  0 -6 I  2 /9 0  1 5 “ 0 4 5 “ 0 /X 0 0 0 /5 0 0 20 X 1 .2 2 /

Htirlnn  /  m - 0 054 I 2 /9 0  122 0 562 0  /X 0 0 0 /5 X 0 2 /  6 5 “3

H artnn I in - 0 05X I 2 /9 0 I /O 0 2X4 0  IX 0 0 0 / 6 / 0 19 5 5 0 4

lia rtn n  I in - 0 025 I 2 /9 0  0 9 / 0 229 0  t x 0 0 0 /6 0 0 22 9 1 /2

Htirlnn l.m - 0 059 I 2 /9 0  122 0 400 0  /X 0  0 0 /5 5 0 24 5 1 .006

Htirlnn 1 m • 0 O S I 2 /9 0  146 0 4 /9 0 /X 0 0 0 /1 6 0 25 4 904

Htirlnn I m - 0 IIX I 2 /9 0 225 0  455 0 /X o o o o x 20 26 0 559

Htirlnn I m - 0 204 I 2 /9 0 5 /4 0 555 0  / x 0 0 0 0 6 /0 26 5 560

Htirtnn  /  in . 0 25 / I 2 /9 0 4 2 / 0 4X9 0  /  V 0 0 0 0 6 5 0 25 4 555

H artnn 1 in . 0 210 1 2 /9 0  2 /0 0 S / “ 0  IX 0 0 0 /5 6 0 22 x I  9 3 9

Htirtnn 1 m • 0  255 I 2 /9 0  229 0 9 /5 0 IS 0 0 0 / 6 “0 2 /  s /.X 2 6

Htirlnn l.m . 0 190 ! 2 /9 0  1X6 0 S5~ 0 /X 0 0 0 /6 6 0 22 5 1 .922

Htirlnn I  tn • 0 25X I 2 /9 o  252 0 9 /2 o / x 0 0 0 /  “(H) 20 2 / .  “4 /

Htirlnn I.in 0 210 I 2 /9 o I  y \ 0 X6X 0 /X 0 0 0 1 X 5 0 26 2 l . “04

Htirtnn I in • 0 229 I 2 /9 o 25X 0 “9 / 0 /X 0 0 0 /2 4 0 24 6 I 6 0 6
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