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EXECUTIVE SUMMARY 

Localities within the Pasco Basin preserve evidence of 

Missoula floods. Deposits are 46% sand-sized, 36% gravel-sLzed, 

and 18% finer than sand-sized. Mean thickness is 39 meters. 

High water marks at Wallula Gap require a discharge or 

approximately 12.5 Mcms • At Sentinel Gap, the slope-arGa method 

shows that the high water marks require a discharg~ of 34.6 Mcms. 

Since this discharge greatly exceeds any estimated for MLssoula 

floods, there must have been backwater pending from Wallula Ga~. 

Projecting the slope ot the water surface at the upper end ot 

Wallula Gap to the downstream cross section at Gable Mountain 

leads to a discharge of 9.5 Mcms at Sentinel Gap. 

The HEC-6 steady state code and four sediment transport 

equations were applied, Assuming sand-sized partLcles, DuBoys 

function estimated 4 to 9 meters of scour. Yang's equatLon 

estimated 3 to 4 meters of scour. These are a minimum. 

A hydrograph synthesized for the boundaries of the Pasco 

Basin shows the maxima of the flood would occur atter 90 hours at 

Sentinel Gap, and at 114 hours at Wallula Gap. The 200 areas 

will remain inundated for four days and six hours. 

With a quasi-dynamic sediment transport computat~on, HEC-6 

scour estimates range tram 0.61 meters to 0.915 meters. Thls 1s a 

minimum amount and erosion is hiqhly variable suggest1ng 

reworking of sediment. 

The Meyer-Peter Meuller equations show less than l meter Ol 

net scour in the 200 areas. More extensive erosion was achLeved 

during particular time steps of this analysis suggestLng that 

sediment re-working would occur. 
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INTRODUCTION 

Nuclear wastes stored at the Hanford Nuclear Reservation 

near Richland, Washington are in surficial materials of 

relatively young age. Most of the sediments containing these 

wastes were deposited by major flood events during the last 

glaciation. At that time an enormous preglacial lake, Lake 

Missoula, drained rapidly, releasing over 500 cubic miles of 

water. These floodwaters entered the Pasco Basin through several 

~nlet points and finally drained through Wallula Gap (Baker, 

1973; see also: Figure 1.1). During the waning stages of such 

floods most of the sedimentary materials now ~n the Pasco Basin 

were deposited. These materials now act as 'host' for the 

nuclear wastes stored in various forms. 

In place stabilization and disposal is one method under 

consideration for the disposal of Hanford defense wastes. Before 

such a method can be accepted, its long-term implications must be 

assessed. One component of that assessment is the evaluation of 

possible floods in the future that could disrupt the site. 

Floods of the 'Missoula' type are included in that concern. This 

report addresses some aspects of such floods to determine the 

erosion and transportation of sed~ment l~kely, should such floods 

recur. Conclusions about sediment stability during such floods 

will form one component of the decision-making process about 

handling the wastes. 

Missoula floods were enormous events but were very short­

lived. Field evidence and theoretical arguments clearly show 

that many such floods occurred. The most recent episode of 

flooding came during the last glaciation, about 15,000 years ago. 
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FIGURE 1 . 1 . Physiography of the Pasco Basin and the routes 
occupied by Missoula flood waters. Flow d1rections 
adopted from Tallman and Fecht , 197o. 
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During that glaciation, anywhere from 2 (Bjornstad, 1980) to 80 

(Waitt, 1985) floods occurred. Such floods only occur during 

glaciations because the glaciers themselves set the requisite 

' boundary conditions' (Clarke, Mathews, and Pack, 1985). During 

the maximum of glaciation, lobes of ice from the Canadian 

Cordillera -- the Cordilleran ice sheet -- advance into northern 

Washington, Idaho and Montana. At Lake Pend Orielle, the ice 

blocks the Clark Fork River. A lake builds up, backing into 

Montana as far as che city of Missoula. Water rises unt~l it is 

deep enough to float the ice lobe and the ice-dam breaks. Water 

released from the lake, surges across the Columbia Plateau and 

converges upon the Pasco Basin on its way to the Pacific Ocean. 

Evidence for these floods is found within the basin of Lake 

Missoula. There, sediments deposited in the lake record a 

sequence of fillings and emptyings (Chambers, 1971). In the 

vicinity of the Pasco Basin, multiple sedimentary layers record 

several flood events (Bretz, 1969). Areas between the two 

locations, such as the San Poil Valley in the Okanogan Highlands 

of Washington, record most of the temporal sequence, times of 

floods and times between floods (Atwater, 1984). 

Theoret~cal arguments also suggest that many floods would 

occur during any glaciation as extreme as the last. Projections 

of change ~n global ice volume linked to estimates of average 

rate of advance of the Cordilleran ice sheet show that the ice 

would advance suffic~ently far into Idaho to create an ice-dam 

during almost every glacial period (past or future). The lake 

fills sufficiently fast to produce multiple floods. The 

theoretically estimated number of such floods during the last 

3 



glaciation matches closely the reconstructed field record (Craig, 

Singer, and Underberg, 1983). Using the same model, Craig (1983; 

Craig and Singer, 1984) estimate flooding will occur again by 

50,000 years in the future . Given the uncertainty in such 

forecasts, it is conceivable that the floods could come even 

sooner. 

PREVIOUS WORK 

The enormity of such floods dwarfs any in the historical 

record (Baker, 1978). Volumes of water released are more than 75 

times that of typical major floods of the Amazon River. 

Veloc1ties exceed that of any known or postulated storm- produced 

floods. Sediment transport during such periods of high discharge 

and high velocities 1s greater in volume and size than any other 

flood event known. Given the magnitude of the events 1nvolved, a 

modicum of field work has been done to establish the 

character1stics of these floods. 

The most extensive ana exhaustive examination of the flood 

evidence was by Bretz (1923, 1924, 1925, 1927, 1928, 1930, 1932, 

1959, 1969). In this work, Bretz documented the course followed 

by the floods, the velocities and discharges at many locations, 

the depths of flow involved, the fact that at least several 

floods were respons1ble for the evidence preserved, the extreme 

erosion in the 'Scablands' and the enormous depositional features 

created during the waning stages of the flood. 

Pardee (1942) presents evidence of a recurring glacial lake 

(Lake Missoula) east of the Bitter Root Mounta1ns dammed by the 

Purcell Trench lobe of the Cordilleran ice sheet. Pardee (1942, 

p.176) recorded evidence of a lake that obtained a maximum depth 
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of nearly 610 m (2000 ft), an 
3 

and a volume of 2084 km (500 

2 2 
areal extent of 7513 km (2900 mi ) 

3 
mi ). After this discovery, Lake 

Missoula was considered the source for the floods proposed by 

Bretz. 

Chambers (1971) studied the deposits formed in Lake Missoula 

during the many fillings of that lake. He recognized the 

variations in depositional character during infilling as the lake 

became deeper at a given spot. By this means, he was able to 

show that many individual fillings of the lake were represented 

at certain locations, such as Ninemile Creek. Chambers counted 

varves in the deposits of a single lake-filling event and thus 

estimated that it took at least 30 to 60 years to fill the lake. 

By counting the number of separate rhythmically-bedded layers, 

Chambers was able to show that at least 37 filling-and-emptying 

events occurred. 

Baker (1973) documented both erosional and depositional 

features left by the floods which allowed a reconstruction of 

their fluvial hydraulics. Evidence Baker considered included the 

high-water marks from scouring of loess hills at places where the 

flood waters crossed drainage divides. Using these divide 

crossings, Baker was able to estimate the gradient of the wacer 

surface at the flood maximum. From this, a computation of the 

water velocity and discharge at numerous localities was produced. 

Other features Baker considered included the maximum size of 

boulders transported by the flood and the amplitude and 

wavelength of ripples in sediments deposited by the flood. Each 

of these was used to reconstruct aspects of flood water dynamics. 

Baker's primary results are summarized in Figure 1.2. Additional 
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data were added by Baker and by Patton during later 

1nvestigations (Baker, 1978; Patton and Baker, 1978). 

Waitt has studied the sediments left by these floods in the 

backwater areas near the Pasco Basin (Waitt, 1980). From a 

detailed analysis of the sediments and the interflood deposits, 

including several ash layers from volcanic eruptions in the 

Cascades, Waitt concluded that many floods must have occurred 

during the latest glaciation (the Fraser Glaciation). Further 

studies by Waitt have bracketed the age of these floods between 

17,000 and 13,500 years ago (Waitt, 1983). Waitt has shown that 

as many as 80 such floods may have occurred in that time span. 

The average time between floods was probably 40-60 years (Waitt, 

1984). 

Atwater (1984) has studied deposits formed in other 

preglacial lakes at the southern margin of the Cordilleran ice 

sheet. Those lakes were in existence during at least part of the 

lifespan of Lake Missoula. A lake (Lake Columbia) created by the 

Okanogan lobe of the Cordilleran ice sheet occupied the region of 

present day Lake Roosevelt (Figure 1.3). Between Missoula 

floods, sedimentation in Lake Columbia consisted primarily of 

varved deposits. These are assumed to represent annual layers. 

Counts of these varves show that 35 to 55 years passed between 

floods. The times of the floods can also be recognized in these 

deposits. Incursions of sediment-laden floodwaters disrupted the 

varve deposition and a chaotic mass of turbidite-like deposits 

formed. After stable conditions were re-established in the lake, 

varve deposition began aga1n. Atwater shows that at least 70 

floods may have affected glacial Lake Columbia during the Fraser 
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Glacial stage. He also suggests that the character of the floods 

varied in a systematic way durlng this period. The greatest 

floods occurred in the middle of the sequence. Earlier and later 

floods had lesser discharge. A fairly regular progression of 

discharges characterized the sequence. This agrees with the 

theoretical evaluation of Craig (Craig, Singer and Underberg, 

1983; Craig and Singer, 1984) • 

REVIEW OF PROGRESS IN GFY '84 

This report represents the summary of a two-year 

lnvestigation of the dynamics of floods from Lake Missoula. An 

interim report was produced at the end of GFY '84. During that 

time, work focused upon: (1) collating evidence from published 

field studies that could shed light upon the problem, (2) 

establishing the conditions controlling the timing and nature of 

oreakup of the ice dam, (3) representing the control upon flood 

behavior exerted by the configuration of the ice sheet margin and 

ice sheet dynamics and, (4l determin~ng a method to represent the 

dynamics of the floods themselves. 

Evidence concerning the nature of individual floods includes 

the discharge and velocity data of Baker {1973; 1978) and Patton 

and Baker (1978). High water marks were also reported by Bretz 

(1969). These data are summarized in Table 2.1. Specific data 

relevant to the Pasco Basin are reported in section 2. Results 

of each of these inquiries are summarized below. 

The floods occurred when waters of Lake Missoula, impounded 

behind the ice dam, reached sufficient levels to float or 

otherwise disrupt the dam. At that time, rapid failure of the 

dam occurred, probably enhanced by thermal erosion of the ice by 
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the flood waters. Three mechanisms of ice dam failure are 

possible: floatation, overtopping and tunnelling. Controls on 

the operation of these mechanisms include the density of water, 

density of ice, brittleness and fracturing of the ice and the 

temperature of the water. Re-establishment of the ice dam 

depends upon the extent of the failure during the last flood and 

~he rate of advance of the ice sheet. Timing of the failure 

depends upon the rate of infilling of the lake and the amount of 

water left in the lake after the last flood. Volume of water 

released in a flood depends upon the dam failure mechanism, the 

relative rates of advance of the ice and filling of the lake, 

amount of sedimentation in the lake and the configuration and 

thickness of the ~ce margin at the northern edges of the lake. 

The hydraulic behavior in an individual flood depends upon 

the configuration of the southern margin of the Cordilleran ice 

sheet in Washington; the existence, extent and locations of 

preglacial lakes; the amount of water released during a flood; 

previous occurrence of floods of a similar nature; and the 

temperature of the floodwaters. 

The dynamic behavior of a flood can only be represented 

through the use of a complex set of physically based equations. 

The equations requ~red are a simplification of the three­

dimensional Reynold's equations. Because we are not especially 

~nterested in the vertical transport of water or of sediment, a 

full three-dimensional model is not required. A one-dimensional 

representation is not sufficient because the floodwaters 

bifurcate and rejoin at numerous locations. Even where flows do 

not anastomose, channel width variations and secondary currents 
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are significant parts of the flows. Thus, at least a two­

dimensional representation is required. For the mathematical 

model, a vertically integrated, two-dimensional model was 

selected. 

The terms representing turbulence in the Reynold's equations 

do not allow a closed-form solution. For the Missoula floods, 

turbulent behavior was an 1mportant component of the flow (Baker, 

1973). Representation of the turbulent forces is achieved by an 

approximation scheme based upon a weighted average of neighbor 

terms. 

Solutions of the relevant equations in the interim report 

were based upon an explicit numerical finite-difference 

representation. Conditional stability was maintained through the 

use of a diffusing-difference approximation and a varying time 

step. The length of the time step depended upon the maximum 

velocity observed in the previous time step. Friction was 

represented through use of the Chezy-Manning formula. Solutions 

focused upon the behav1or of the flood in the area of the 

Rathdrum Prairie, near the dam failure point. This was chosen to 

provide the most critical test of stability of the approximation 

procedure. By coupling the algor1thm to a grid representing the 

configuration of the lake and of the ice marg1n, lt was possible 

to follow the draining of the lake in the early stages of the 

flood. 

Although the explicit diffusing-difference scheme used does 

provide a reasonable solution of the flood dynamics, even during 

these critical events, a more stable solution scheme was desired. 

The conditional stability of the explicit scheme required an 
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extremely short time step (six seconds) for computational 

accuracy. This precluded the use of the model to study the 

entire sequence of a flood event, from the t~me of dam failure to 

the creation of hydraulic pending at Wallula Gap. An improved 

solution scheme has been investigated during the GFY '85 work. 

MAJOR STEPS IN THE WORK FOR GFY '85 

work in GFY '85 considered four points. First, a new 

solution scheme was defined, implemented as code and tested. 

Second, an estimate of the time-varying boundary conditions of a 

flood in the Pasco Basin was made. Third, the HEC-2 code of the 

u.s. Army Corps of Engineers was used to estimate flow behavior 

during a flood in the Pasco Basin. Finally, the HEC-6 code of 

the Corp of Engineers was appl1ed to estimate sediment transport 

near the 200 areas during such a flood. This forms a benchmark 

against which to compare future modelling efforts. 

The characteristics of different floods that could affect 

wastes stored in the Pasco Basin are constrained by different 

types of field evidence in the neigkborhood of the Pasco Basin. 

This evidence is reviewed in chapter 2. Representation of the 

flood required selection of a flood scenario which would 

represent a 'worst case' for disruption of the wastes. That 

scenario, and the rat1onale for its selection, are described in 

chapter 3. Characteristics of the hydraulics of that flood 

scenario can be obtained using the simplifying assumption of one­

dimensional steady state conditions. That description is 

provided in chapter 4. Those conditions are used to describe a 

one-dimensional steady-state scenario of eros1on during a flood 

in chapter 5. 
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A more realistic assumption is to recognize the time-varying 

nature of the floods. In the absence of a solution of flood 

dynamics in the upstream areas, a hydrograph must be synthesized 

for the inflow areas. A procedure was developed that uses field 

evidence to constrain the character of that hydrograph. The 

method and its results are presented in chapter 6. That 

hydrograph is used to describe a one-dimensional time-varying 

sequence of erosional events using the HEC-6 code in chapter 7. 

Because the floods have a demonstrable two-dimensional 

aspect, and because knowledge of its nature lS required to 

estimate the fate of wastes entrained from the Hanford area 

during a flood, a two-dimensional model of the floods has been 

implemented. The model provides a representatlon of the time­

varying nature of the floods. An implicit multi-operatlonal 

solution procedure provides a stable solution over the time span 

of interest. Development of the code is described in chapter 8. 

Results of the hydrograph analysis are applied in chapter 9 to 

the computation of tne amount of erosion which would be expected 

during such a flood. 

Results of the different approaches to the estimation of the 

erosion potential of a flood are summarlzed in chapter 10. Those 

lead to a set of recommendations concernlng the stability of the 

site. Also glven are recommendations on testing these 

conclusions and a summary of the limitations of the analysis. 

Limitations and uncertaintles involved in each step of the 

analysis are presented at the end of each chapter. 
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EVIDENCE OF THE MISSOULA FLOODS IN THE PASCO BASIN 

FLOOD PATHS TO AND FROM THE PASCO BASIN 

During a flood of the magnitude of the Missoula floods, 

erosLon is great enough to scour existing surficial materials to 

great depth. Much of the Columbia Plateau is covered by 30 m or 

more of the Palouse loess (Bretz, 1956). Where the flood waters 

passed, much of that loess was eroded, exposing the basalts of 

the Columbia Group below (Bretz, 1956). The contrast between 

these two allows easy recognLtion of many of the flood paths. 

Other portions of the floodways are recogn1zed by the extreme 

plucking of basalts which occurred. In some places, channels 

deepened into coulees by this erosion (Bretz, 1956). Still other 

pathways are recognized by the sediment that was deposited in 

the waning stages of the floods. combined, these different lines 

of evidence provide a clear indication of the channels occupled 

bY the floods (Flgure 2.1). 

At the dam fallure point and immediately downstream, flood 

waters surged through a deep narrow valley, which constrained the 

flow (Rathdrum Prairie). At the end of that valley, an expansion 

of the flooded area slowed flood velocities. The Spokane River 

valley provided a channel for much of the water. Water continued 

down that valley and joined the Columbia River. As long as the 

course of the Columbia River remained open, flood waters may have 

remained almost exclusively within its valley. Many side valleys 

would have been flooded but little serious diversion of the flood 

waters would have occurred. Both Bretz (1969) and Waitt (1979) 

discuss evidence that some of the floods have followed such a 

path. 
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FIGURE 2 . l. Landsat photo mosaic of the Channeled Scablands 
of eastern Washington. North is to the top . 
Photograph produced by Harlan Foote, PNL . 
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During most of the floods, the Okanogan lobe of the 

Cordilleran ice sheet was probably sufficiently advanced to block 

the path of the Columbia River (Atwater, 1984). At these times, 

Lake Columbia was probably in existence. With an ice lobe 

blocking the path of the flood waters, alternative pathways were 

created . In these cases, the waters spilled out of the valley of 

the Spokane River and spread across the Columbia Plateau. Some 

of the water advanced down the Columbia River Valley as far as 

the ice dam of the Okanogan lobe. There 1t surged down the Grand 

Coulee in the direction of the Drumheller Channels. In the 

Qu1ncy Basin, waters ponded until four outlets were occupied 

simultaneously. Other waters crossing the Scablands through 

numerous channels also converged upon the Quincy Basin. Major 

outflow occurred down the Drumheller Channels and spread around 

Frenchman Hills and the Saddle Mountains (refer to Figure 2.2). 

Other flows from the Spokane R1ver valley spread south and 

topped the div1de 1nto the drainage of the Palouse River. There 

1t took two courses. Some waters continued down the old course 

of the Palouse River and entered the Pasco Basin through 

Esquatzel Coulee. Other flows in the Palouse Basin topped the 

divide to the Snake River and surged up and down that valley. 

These also finally converged on the Pasco Basin . Flows 

bifurcating around the Frenchman Hills and the Saddle Mountains 

from the direction of the Quincy Basin would have either surged 

into the Columbia River and passed into the Pasco Basin through 

Sentinel Gap, or would have flowed 1nto Esquatzel Coulee, joining 

flows down the old Palouse channel and passed into the Pasco 

Basin. 
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FIGURE 2.2. Channelways and tlow d1rections of a Missoula ~load 
high-l1ghting paths into the Quincy and Pasco Basins. 
Modified tram; Baker (1978, Figure 5.2, ~.83). 



Thus, there are two major types of Missoula flood: (1) 

floods confined to the valley of the Columbia River and, (2) 

floods dispersed across the Scablands and converged on the Pasco 

Basin through at least three significant channels . The control 

on which type of flood occurred was exerted by the position of . , 
the margin of the Okanogan lobe. It is likely that the first 

type of flood was typical of the early and late stages of a flood 

sequence. The dispersed type of flood was more typical of the 

middle part of the sequence of floods, while the Okanogan lobe 

was advanced far enough to block the Columbia River. It can be 

expected that each of these flood types would have been 

characterized by differing flood dynamics within the Pasco Basin. 

That possibility is explored in chapter 3, and a bounding 

scenario 1s defined from that. 

FLOOD FEATURES IN THE PASCO BASIN 

J. Harlen Bretz (1923) was the first to investigate and 

propose a catastroph1c flood event of a magnitude that could 

1nundate the greater portion of eastern Washington at one time. 

The reconstruction of that event was based entirely on field 

evidence; ev1dence such as giant bar deposits, coulees, and high 

water marks. In this invest1gat1on we are ma1nly 1nterested 1n 

the high water marks that exist in the Pasco Basin. 
. ' 

Within the Pasco Basin high water mark ev1dence cons1sts of 

divide crossings, glacial silt lines from flood waters, 
• 

bergmounds (glacial material trapped in ice and stranded on 

mountain sides as lake levels dropped), and scouring and widening 

of Sentinel Gap, which served as a constriction for flows 

entering the Pasco Basin from the north. Table 2.1 summarizes 
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TABLE 2 .1. Summary of flood evidence in the Pasco Basin. 

Location 

Area Elev Map Sec T R Author Type 
( m) 

Near Sentinel Gap (Saddle Mountain) 

Johnson Cr. 300 Beverly 15' 18 16N 23E F&T 1978 B 
Middle Can. 300 Beverly 15' 18 16N 23E F&T 1978 B 
Frenchman H. 360 Smyrna 15' 28 17N 26E Ba 1973 B 
Saddle Mtns. 363 Mesa 15' 5 14N 29E Ba 1973 DC 
Saddle Mtns. 369 Mesa 15' 31 15N 29E Ba 1973 DNC 

Near Umtanum Ridge (Eastern Side) 

Umtanum R. 384 Priest R. 15' 13 13N 24E F&T 1978 DC,B 
Umtanum R. 300 Priest R. 15' 13 13N 24E F&T 1978 B 
(Cold Cr.) 
Gable Mtn. 340 Hanford 15' (not spec~fic, questionable) 

Br 1925 Sc 

Near Rattlesnake Hills 

Iowa Flats 259 
Iowa Flats 335 
Iowa Flats 260 
Iowa Flats 335 

Near Wallula Gap 

Wallula Gap 312 
Wallula Gap 366 
Wallula Gap 350 

AUTHOR 

Br - J. Harlen Bretz 
Ba - v. Baker 
F - K. Fecht 
T - A. Tallman 

Coral C.15' Br 1930 B 
or Rich- Br 1930 B,S 
land 15' F&T 1978 B 
Quads F&T 1978 B,De 

12.1 km from constriction Br 1930 
12.1 km from constriction Br 1969 

--- --- Ba 1973 

KEY TO TABLE 2.1. 

TYPE 

B - Bergmounds 
DC - Div~de Cross~ng 

DNC - Div~de Not Crossed 
Sc - Scour 

S - Silt 
De - Ice-rafted Debris 
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the field evidence w~thin the Pasco Basin. 

Aerial photographs and a topographic map of the Beverly 15' 

quadrangle, suggest an upper limit on flows entering the Pasco 

Basin through Sentinel Gap. At approximately the 366 m elevation 

in the Gap the topography changes from a very steep wall of 

basalt (Sentinel Bluff) to a more gentle slope. This may 

represent the upper l~mit of depth of the Missoula Floods in the 

Pasco Basin. This elevation also falls between the limits Baker 

(1973) has placed for flood flows entering the Pasco Bas~n at the 

eastern end of Saddle Mountain through a divide crossing (363 m 

to 369m). This break in slope within Sentinel Gap could 

alternatively represent a former terrace of the Columbia River as 

Saddle Mountain was uplifted. For this work the first 

~nterpretation is accepted. 

SEDIMENT DISTRIBUTION 

·rhe Rockwell borehole l~thologic logs (Fecht and Lillie, 

1982) received from Battelle Memor~al Institute, Pacific 

Northwest Laboratories (PNL) have been processed into a format 

usable for this project. The original format of the data is 

~llustrated in Table 2.2. Processing included synthesizing 

gra~n- size data from 1,850 wells located in the Pasco Bas~n; the 

majority of which were within the Hanford Reservation. Well-logs 

were matched with well locations (latitude and longitude 

coordinates) with a program supplied by PNL. Once this process 

was completed, wells that did not reach the top of the Ringold 

Fm. (boundary placed by PNL investigators) were stripped from the 

data set. A total of 807 wells were thus ava~lable to 

characterize the sed~ment distribution within the Pasco Basin 
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(Figure 2.3). Since well locations were in the form of Hanford 

Plant Coordinates, locations were transformed into latitude and 

longitude coordinates. This was done to facilitate graphical 

representation of the location of these wells on a familiar 

coordinate system. A computer program "CONVRT", provided by 

Battelle PNL (Appendix A), was used in the transformation. The 

next step was to simplify the informat~on recorded by each 

driller into meaningful information about the sediment 

distribution within the Pasco Basin. Since it is nearly 

~mpossible to synthesize the actual driller's descriptions of the 

sediments (inconsistent terminology; lack of meaningful 

terminology) sediment type (constituent) was catagorized over 

each depth interval using Battelle's GSMB description: G for 

gravel, s for sand, M for mud and B for solid basalt. The depth 

for each interval of sediment was divided by the number of . 

constituents assigned by PNL to a particular interval. An 

example of this procedure is described below. In Table 2.2, A, 

the first 7 feet of the Glaciofluvial Sediments (consisting of 

the Hanford Fm. or the Pasco Gravels) is comprised of three 

constituents, sand, mud, and gravel (SMG). This interval of 

sediments was divided into thirds and each constituent was given 

equal weight, 2.33 feet. The next interval consists entirely of 

gravel (G), 8 feet. Sand and gravel (SG) are assumed to be 2.5 

feet thick because the next interval is 5 feet thick. In the 

next interval sand (S) is 5 feet and then at a depth of 38 feet 

the Glaciofluvial Sediments end and Ringold Formation begins so 

sand and gravel (SG) each are assigned 6.5 feet of the 13 feet of 
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TABLE 2.2. Example computation of grain-size distribution from 
well- log data . 

A. Input -- Data Obtained From Rockwell Lithologic Borehole 

Data Base for the Hanford Reservation. 

11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 
11 33 13A 

B. Results 

Well # 11 
Latitude 

46 18' 24 . 75" 

33 13A 
Longitude 

119 17' 9.46" 

030848380.00120.00RODDA 

SMG 
G 
SG 
s 
SG 

SM 
SGM 
s 
SG 
MSG 
MSG 
MSG 
M 
MS 
SGM 
MS 
MS 
M 

0.0 GLACIAL FLUVIAL SEDIMENTS 

38.0 

7.0 SANDY LOAM; LARGE BOULDER AT 7' 
15.0 BOULDERS 
2 0 . 0 COARSE SAND AND GRAVEL 
25.0 COARSE SAND, GETTING FINER 
38 . 0 COARSE SAND AND FINE GRAVEL 

40.0 
47.0 
58.0 
58.0 
60 . 0 
80 . 0 
84 . 0 
100.0 
105.0 
108 . 0 
110.0 
115.0 
120.0 

RINGOLD FORMATION 
COARSE SAND AND YELLOW CLAY 
SAND , GRAVEL AND CLAY 
YELLOW SAND 
YELLOW SAND AND GRAVEL 
YELLOW CLAY, SAND AND GRAVEL 
YELLOW CLAY, CRS. SAND & GRAVEL 
YELLOW CLAY, SAND & GRAVEL 
YELLOW CLAY 
YELLOW CLAY W/ COARSE GRAY SAND 
WHT . SAND,WATER GRAVEL W/ BL CLAY 
SLATE AND SAND 
BLUE CLAY AND SAND 
BLUE CLAY AND SHALE 

Sediment to top of Ringold Formation. 

: Gravel (G) Sand (S) Mud (M) : Total 
---------------:----------------------------- :------------
·rhickness (ft) : 19.34 16.33 2.33 : 38 . 0 
Percent 50.9 43.0 6.1 100.0 
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FIGURE 2.3. Digital elevation data for the region of the Pasco 
Basin at 30-second spacing. Locations ot 807 wells 
used to characterize the sediment dist~ibution 
within the Pasco Basin are shown (dots). 
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sediment. For this analysis, sediments of the Ringold Format1on 

are not of interest so computations stop once the top of the 

Ringold was encountered. In summary, there is 19.34 feet or 

50.9% gravel, 16.33 feet or 43.0% sand, and 2.33 feet or 6.1% mud 

at this well location (Table 2.2, B). 

The well-log information includes two major geologic units; 

the Quaternary units consisting of alluvial fan mater1al, 

colluvium, alluvium, and loess deposits; and the Hanford 

Formation (Pleistocene), consisting of the Pasco Gravels 

(deposited by Lake Missoula flood-flows, Figure 2.4). The 

1nformation from each well-log has been summarized into total 

thicknesses of the gravel, sand, and mud components. These data 

were then converted into percentages of each sediment type 

(Appendix A). The mean thickness of the combined Hanford 

Format1on and Pasco Gravels is approximately 39 meters containing 

on average of 36% gravel, 46% sand and 18% mud. More detail on 

gra1n size variation has not been included due to the 

complexities involved in extracting that informat1on. 

EROSION 

Bretz (1969,p.537) refers to Sentinel Gap as an area of kolk 

act1v1ty or pronounced scour. Ev1dence in support of his 

statement can be found downstream of Sentinel Gap (Figure 2.5); 

with boulders up to 2.4 m (8 ft) in diameter are deposited 14.5 

km downstream of the gap. It is believed that the floods scoured 

these large boulders from Sentinel Gap and as the competency of 

the flows diminished, deposition occurred. Other evidence of 

scour in the Pasco Basin includes the channels cut into the 

basalts forming Ringold and Koontz Coulees at the eastern edge of 
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FIGURE 2.4. Typical grain sizes deposited by Missoula ilood­
flows in the Pasco Basin. Hammer is 32 em long. 
Photograph by J . P . Hanson . 
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FIGURE 2.5. Boulders deposited by Missoula flood waters 14.5 km downstream 

~ 

of Sentinel Gap. The largest boulder in the scene is about 2.4 m 
im median diameter. Photograph by R. G. Craig. 
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the Pasco Basin south of Saddle Mountains. Deep channels are 

also cut on both sides of Gable Mountain where the main channel 

from a Missoula-type flood would have flowed. 

LIMITATIONS AND UNCERTAINTIES 

Missoula floods were characterized by one of the most 

1ntensive releases of energy by a natural event on the surface of 

the earth. The event was both short and powerful. Its power led 

to preservation of a great deal of evidence. Its brevity results 

in a great deal of uncertainty about how to interpret that 

evidence. Within a confined area such as the Pasco Basin, only 

certain areas favor preservation of evidence. Thus, there is a 

reasonable supply of evidence at the margins of the basin which 

reflects the maximum level reached by the floodwaters. Within 

the basin, there are voluminous deposits of sediment, which 

probably represent sedimentation in the waning stages of a flood. 

At the water gaps and at some of the higher inundated sites such 

as Gable Mountain, there is evidence of the erosional power of 

the discharges at their height. 

Each of these lines of evidence records one aspect of the 

flood behavior at one time in the flood. High water marks only 

tell us about the water profile at the point of maximum discharge 

from Wallula Gap. At all other times water profiles are little 

constra1ned or are completely unknown from field evidence. 

Sedimentat1on occurred 1n the Pasco Basin sometime during the 

waning stages of a flood. During the early stages of a flood, 

sediment was being eroded in at least some locations. The fact 

that very little sediment of earlier floods is recognized within 

the Pasco Basin is strong evidence that it has been reworked and 
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possibly removed. That process may continue even beyond the time 

of maximum discharge in the flood. Transport capacity may be 

sufficient to carry all materials as suspended load or bedload 

until the very last stages of a flood. Thus, field evidence 

alone provides little constraint upon the erosive capacity of a 

flood. 

At the inflow po1nts, especially at Sentinel Gap, there is 

abundant material of large size indicating the transport and 

erosive capacity of the flood waters. Unfortunately, it 1s not 

possible to establish when during the flood such deposits were 

formed . If 1t could be established that such features formed at 

the time of maximum discharge through Sentinel Gap, then the 

details of the velocity d1stribution could be worked out . At 

least a maximum erosive capacity could be provided. Since such 

deposits may have formed at some time after the maximum discharge 

through Sentinel Gap, their characteristics only allow us to 

estimate the minimum erosive capacity through the Gap. 

Within an individual flood, passage of the flood wave was a 

short- lived peak. It may have required several days to a week to 

pass from the failure point through Wallula Gap . Maximum water 

stages occurred at different times at different po1nts. Even 

within the Pasco Basin the high water at Wallula Gap may have 

occurred as much as one day after the maximum at Sentinel Gap. 

Because of this , the water surface profile at any one time would 

not correspond to that recorded by the high water marks around 

the Basin. H1gh water marks in the southeast (near Wallula Gap) 

were created at a different time than the high water marks in the 
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northwest (near Sentinel Gap). Thus, water surface profiles 

reconstructed from high water marks are of little value in 

estimating the actual water surfaces during times of peak flood. 

There is no information available to reconstruct water surface 

gradients at other times in the flood . 

The highly unsteady nature of the flows also suggests that 

the times of maximum discharge through a given area would not 

necessarily correspond to the times of maximum velocity at the 

spot. This is due to variations in the cross sectional area and 

the geometry of the flows. It is further compounded by the 

existence of multiple inlets and outlets to the Pasco Basin . For 

a short while at maximum elevation, the waters may have been 

especially slow moving. Thus , maximum elevation may not 

correspond to either maximum discharge or to maximum velocity. 

Discharge and velocity are not even simply related to elevation 

at some locations such as the gaps. This is because hydraulic 

jumps between supercritical and subcritical flow must have 

occurred during the largest floods. 

Further difficulties arise because of the fact that many 

floods have occurred. As if the time- transgressive nature of 

peak discharge during a single flood weren't enough, each of the 

problems discussed above is amplified by the fact that the 

evidence about a flood in one place may not represent the same 

flood as that recorded at another location. Thus, we might 

estimate the minimum erosive capacity of one flood from sediments 

downstream from Sentinel Gap. Estimates of the high water marks 

from the Gap itself may have been produced during a different 

flood. In most cases we cannot know which evidence to attribute 
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to each flood. If we synthesize a picture of 'the flood' by 

combining evidence of extremes from many different floods, we may 

create a 'monster flood' which at no time did or will occur. It -- -- ---- --- -- ----
1s because of this that the impression of Missoula floods gleaned 

from the field evidence may help us little in understanding the . / 

characteristics of a single flood. 

More difficulties arise when we recognize that the Fraser-

age floods were not the only Missoula floods to occur (Tallman, 

Lillie and Fecht, 1981). Some deposits in the Pasco Basin remain 

from these earlier floods. There is no reason to suppose that 

all erosional and high water evidence in the Pasco Basin or 

elsewhere in the Scablands is of Fraser- age. Thus, a synthetic 

picture of a flood may include some components that reflect 

earlier floods when the hydrologic, topographic and structural 

controls were much different. 

Our estimate of the th1ckness of the Pasco Gravels is 

subject to uncertainty. Within the Hanford Reservation sediment 

thickness ranges from a minimum of .6 m (2 ft) to a maximum of 

109.4 m (359ft) (Table 2.3). The mean thickness of 39m (121.5 

ftl was calculated for the Pasco Gravels combined with the other 

Quaternary units. This value does not include areas outside of 

the Hanford Reservation since no well logs were available. 

Excluding this area may introduce error because the northern 

portion of the Pasco Basin contains a bar deposit 30m (100 ft) 

to 125 m (400 ft) above the Columbia River. This deposit is not 

1ncluded in our estimate. The southern part of the Pasco Basin 

also contains great thicknesses (250 m or more) of flood gravels 

30 



• 

(a) 
l personal communication from Randy Brown, 1984). We have not 

1ncluded these values in our estimate because the boundary 

between the Pasco Flood Gravels and the Ringold Formation has not 

been established. 

TABLE 2.3. Statistics of the sediment thickness in the Hanford 
Reservation based on well-log information . 

Min Max Mean Variance 
(feet) 

359 121 6926 

St. 
Dev. 

83.22 

St. 
Error 

2.93 

St. St . 
Skew- Kurt­
ness osis 

1.18 0.65 

It is difficult enough to characterize floods of the past. 

Estimation of the behavior of future floods is fraught with 

additional difficulties. For example, since we do not know how 

much each flood modified its path by erosion and deposition, we 

cannot be sure that the configuration (such as geometry and 

roughness) of the channels to be occupied by the next flood will 

reflect recent modifications. If the changes have been great, 

the floods can be expected to have different character. It is 

not unreasonable to assume that each flood modifies its path and 

that these modifications tend to be cumulative. Thus, there will 

be some systematic variat1on in flood characterist1cs. It is 

difficult to extrapolate these trends from the available record 

since dating of individual features is not ava1lable. 

It is difficult to estimate the magnitude of the uncertainty 

(a)Personal communication from Randy Brown, Geological 

Consultant, Pasco, Washington, June, 1984, personal conversation, 

phone (509)547-2067. 
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that results from each of these limitations in our knowledge. It 

is even more difficult to estimate the uncertainty that results 

from the combination of all of these problems land the ones we 

have not thought of). We assume that there may be an order of 

magnitude error in our reconstructions of erosive and transport 

capacity from the field evidence. Our estimates of the water 

surface slope may be in error by a similar amount, even if only 

considered to represent the water surface slope at the maximum 

water depth, as opposed to the water surface slope at the max1mum 

discharge or at the maximum velocity. We conclude that 

discrepancies between model results and field data of one order 

of magnitude would not be surprising. Errors exceeding two 

orders of magnitude would be cause for suspicion. In any case, 

the two procedures must be compared very carefully to avoid false 

conclusions about the correctness of one or the other. 
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ALTERNATIVE FLOOD DYNAMICS 

SCABLAND TRACTS AND THE OKANOGAN LOBE 

It ~s now widely accepted that there were multiple Scablands 

floods during the latest (Fraser) glaciation (Baker and Bunker, 

1985; Waitt, 1985). The flood sequence probably began about 

17,500 years bp and lasted until about 13,500 years bp (Waitt, 

1984). Each flood was very short-lived, perhaps lasting less 

than one month. The number of floods which occurred during the 

Fraser is not clearly established. It is quite certa~n that at 

least ten floods did occur. 

Each flood impacted the Scablands; creating or enlarging 

channelways by erosion and deflecting paths of future floods by 

deposition of major fluv~al features such as point bars, eddy 

bars and pendant bars. It is unlikely that each flood followed 

prec~sely the same course. Th~s is further ~mplied by the 

difference ~n volumes of water involved in each flood (Atwater, 

1984; Craig, Singer and Underberg, 1983). Bretz (1959, 1969) has 

identified each of these channelways and documented some of the 

evidence of floods in them (Figure 3.1). Baker (1973) used such 

evidence and basic equations of one-dimensional steady flow to 

estimate the maximum velocities and discharges of water that 

could be ~nvolved in the various channelways (Figure 3.2). 

Of ~nterest to the problem of flood dynamics at the 200 

areas is the convergence of the various channelways on the Pasco 

Basin. That basin forms a natural concentrat~on area for flood 

waters entering through the various paths (these pathways are 

~llustrated in Figure 3.1). All flood waters must converge on 

the Pasco Basin prior to passing through Wallula Gap. 

33 



QUI NCY 
BASIN 

AP _______ -

MILES 
0 30 
~-.&....---'--~ 

FIGURE 3 . 1. Reconstructed pathways of flood waters across the 
Scablands of Washington. Mod1fied from : Bretz 
(1969 , p.506). 

34 

. , 

' 



w 
lJl 

• ' • . ~ 

0 50 
l l I l I I 

MILE S 

1 ----, 
t 

OUTFLOW = 320 x 106 cis " 
FIGURE 3 . 2 . estimated storage and discharges of flood waters in various channels 
- --- -- of the Scablands of Washington. Originally published by GSA, in 

Specidl Paper 144, p . 21, . Figure 12, by V.R. Baker . 



-- Major flood waters coursing across the Scablands 

following several paths would have converged and passed down 

Esquatzel Coulee crossing the region of the city of Pasco and 

entering the Columbia River there. 

-- Certain flood waters going across the Scablands took a 

more southerly route, some of them crossing a drainage divide and 

entering the Snake River Bas1n. These flood waters backed up the 

Snake River, creating a large bar deposit (Tammany Bar) in that 

region (Waitt, 1985) and also flowed down the Snake River to 

converge upon the Pasco Basin downstream from Pasco. 

-- A third route by which flood waters could have converged 

upon the Pasco Bas1n is by flow from the Quincy Basin by several 

routes to the Columbia River on the west side of the Columbia 

Plateau. Flood waters entering the Columbia River would have 

flowed down that river through Sentinel Gap and entered the Pasco 

Basin on ~he northwest side. 

To illustrate how one flood would modify the topography of 

later floods, cons1der the case of the Palouse River. Presently 

that river flows into the Snake River in a southerly route over 

Palouse Falls. Prior to some of the floods, it drained more 

westerly, down the Lind Coulee, jo1ning the Snake River much 

farther to the west. Erosion by flood waters topping the 

drainage divide between the Palouse River and the Snake River cut 

a new course for the Snake, which it now follows. Floods 

subsequent to this diversion would have followed the more 

southerly route and probably continued the erosion and 

enlargement of that route. Less water would have passed down the 

Lind Coulee and the time of arrival of that surge -- relative to 
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other surges -- would have been changed. 

Flood scenarios which include the passage of water across 

the Scablands probably did not include flow down the Columbia 

River in its more northerly portions. The Okanogan lobe of the 

Cordilleran ice sheet would have blocked the Columbia River at 

its northwestern bend at that time. Flows would have been 

diverted down Grand Coulee, Moses Coulee and in other places 

across the Scablands themselves. Thus, with the Okanogan Lobe 

olocking the Columbia River, flood waters could not' enter the 

Columbia River until they reached a more southerly portion of 

that river's path (refer to Figure 2.2). On the other hand, if 

the Okanogan lobe were not blocking the Columbia River, flood 

waters were probably confined almost exclusively to the river 

valley of the Columbia. 

An important point to consider in this scenario is th~t a 

great amount of flood water would have entered the Pasco Basin 

southeast of the location of the 200 areas. During the same time 

flood waters probably entered the Pasco Basin through Sentinel 

Gap. Thus, it may be that the 200 areas and the surrounding 

region of the Pasco Basin would have been an area of convergence 

of flows. Some waters coming down the Columbia, some passing up 

the Columbia. This may have led to very complex flow relations 

in that area. The fact that waters entered the Pasco Basin south 

of their entry point in Sentinel Gap would suggest that hydraulic 

pending could have begun prior to entry of waters through 

Sentinel Gap. Thus, waters entering through Sentinel Gap may 

have had altered discharge character1stics because they would in 
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effect be in a backwater situation (Figure 3.3). 

Once the flood waters had entered the Pasco Basin there are 

a number of paths which those flood waters could take . There is 

clear evidence some flood water coursed up the Yakima River 

Valley creating- fine grained slackwater deposits at numerous 

localities in that valley (Waitt, 1983). Other flood waters must 

have flowed up the valley of the Walla Walla River, again 

depositing fine - grained slackwater sediments in that locality 

(Baker, 1978). Both of these rivers drain into the Pasco Bas~n. 

Any waters which coursed up those r~ver valleys must have 

eventually finally drained from them again. Up to the level the 

flood waters reached, the only exit trom the Pasco Basin is 

through Wallula Gap. It appears likely that flood waters would 

have converged from so many routes onto the Pasco Basin and/or 

converged at such a high discharge, that the Wallula Gap would 

not be able to pass those flood waters without significant 

~ncrease ~n water depths within the Pasco Bas~n. This phenomenon 

is called hydraulic pending and the backwater curve that would 

result has been illustrated in Figure 3.3 . 

FLOODS CONFINED TO THE COLUMBIA RIVER 

A second flood scenario occurred during the last glaciation 

(Bretz, 1969) and would probably occur in any sequence of floods 

during a glaciation . In this scenar~o, the Okanogan lobe has 

either not yet advanced to block the Columbia River or , it is 

oeg~nning its retreat at the last stages of a glac~ation. At 

this time, the Columbia River is open as a conduit for flood 

waters to pass through -- all the way from the Spokane River to 

Wallula Gap. In that case, the Columb~a River would form the 
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principal or perhaps sole path of flood waters draining from Lake 

Missoul a. During such a flood, all flood waters might pass 

through Sentinel Gap and enter the Pasco Basin by that inlet. 

The other conduits for flood waters across the Scablands, 

Esquatzel Coulee , and the Snake River, would carry minimal or no 

flood waters. In this case , flood waters passing down the 

Columbia River would have larger peak discharge values where they 

enter the Pasco Basin through Sentinel Gap. In addition, 

discharge at the 200 areas would not be affected by ~nflow of 

waters downstream from that point. Thus, backwater conditions 

would not apply until significant pending had occurred due to the 

~nflux of water from Sentinel Gap. This scenario is illustrated 

in Figure 3.4 . 

SELECTION OF A BOUNDING SCENARIO 

We assume that these two configurations (Scablands floods 

and Columbia River floods) represent the end members of a 

sequence of possible floods . A large number of floods of both 

types may have occurred. Each flood would have varied somewhat 

from the others. For example, an important control on flood 

characteristics would be the total volume of flood waters 

released from Lake Missoula (Craig, Singer and Underberg, 1983 ) . 

Other controls could include the existence of proglac~al lakes in 

the path of the flood (Atwater, 1984), the exact configuration of 

the southern margin of the Cordilleran ice sheet (Waitt, 1983), 

and the occurrence of previous floods modifying the pathways . 

At present, it is not possible to define clearly the exact 

details of the worst case flood scenario for each of these two 

distinct configurations . Because of the possible time-
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FIGURE 3.4 . Flood scenar1o for a M1ssoula flood 1~ wn1ch n~ar~y 
all flow was confined to the valley OL ch~ Co~uJd0la 
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transgressive nature of the evidence of maximum flood levels and 

velocities at various points within the Scablands, we do not 

attempt to construct a worst case scenario by synthesis of the 

maximum discharges of the contributing pathways. Instead, we 

focus our attention upon the Pasco Basin itself and the evidence 

which exists there. This evidence has been reviewed in section 

two. The most critical piece of evidence is the reported high 

water mark at Wallula Gap. 

To synthesize a worst case scenar1o for each of these two 

configurat1ons, we assume for each that the maximum water levels 

at Wallula Gap were reached during that flood. Thus, on the one 

hand we consider the characteristics of the flood that would 

cross the Scablands and produce a 350 m (1150 ft) high water mark 

at Wallula Gap. On the other hand, we investigate the dynamics 

of a flood that would be required to produce that same high water 

mark at Wallula Gap if all of the waters came down the Columbia 

River. 

We have used the HEC-2 model to synthesize a rating curve at 

Wallula Gap which relates discharge and elevation at the Gap. 

This rating curve will be reported in the next section. For the 

case of the Scablands flood scenario, little else can be said but 

that it is possible co have the entire volume of waters from Lake 

Missoula pass through Wallula Gap and produce a hydrograph 

sufficient to explain the high water mark. This rating curve 

does not produce any evidence in conflict with the available 

field data. We are able to estimate the maximum amount of water 

that would pass through Sent1nel Gap under that scenario. This 

also allows an estimate of the minimum amount of water that must 
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be supplied by flows across the Scablands. These calculations 

are described in section four. 

A more difficult situat~on arises for floods confined to the 

Columbia River. We have found that flows confined to the 

Columbia River (if not influenced by flow conditions downstream), 

upon passing through Sentinel Gap, would produce a high water 

mark there matching the field data only if discharges greatly 

exceed the greatest estimated discharge from Lake Missoula at the 

outlet point itself. This is an unlikely situation. In a fully 

dynamic wave, there is no reason to believe that the flood crest 

would become more concentrated as ~t passes down the system . 

Rather, it is almost certain that the flood wave would attenuate. 

Maximum discharge would be lower in magnitude and the discharge 

would take place over a longer time span. 

We assume that the high water marks at Sentinel Gap dq not 

correspond to maximum discharge down the Columbia. Rather, they 

must have been created at a time when additional waters were 

contributed by flows across the Scablands or after backwater 

conditions developed during flows down the Columbia. In the 

first case, flows across the Scablands would have created pending 

in the lower part of the Pasco Bas~n. Flows enter~ng through 

Sentinel Gap would have been slowed as they entered the lower 

Pasco Bas~n. The result is to create a backwater curve to 

Sentinel Gap. In that case, higher water levels would be 

expected at Sentinel Gap (for a given discharge) since flows 

would have been slower. 

In the second case, flows down the Columbia River would not 
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encounter waters in the Pasco Basin until later in the flood. At 

any rate, it ~s probable that pending would be delayed beyond the 

timing of the first scenario. Maximum discharges, and probably 

maximum velocities and transport capacities, would be greater in 

the second scenario. 

This suggests that the most extreme flood events which 

involved the passage of water across the Scablands would not 

represent the most extreme flood potential at the 200 areas. 

Water entering Sentinel Gap at peak water levels (required to 

~nundate the 200 areas) would enter during a backwater situation, 

with lower flood velocities. Instead, we assume that the most 

erosion potential would arise when floodwaters came ~nto Sentinel 

Gap without a contribution of water across the Scablands. In 

that case, no backwater curve would be produced in the early 

stages of flooding. Flood waters would have entered at very high 

velocity, limited only by the maximum discharge possible through 

Sentinel Gap. Under these conditions high velocities would ensue 

within the 200 areas and the greatest erosion potential would 

occur. It is quite likely that in the later stages of even these 

floods a backwater curve of the Ml type would arise and 

discharges and flood velocities would decrease accordingly. We 

conclude from this analysis that the critical scenario to be 

~nvestigated for understanding the stab~lity of materials in the 

region of the 200 areas on the Hanford Reservation is one which 

~nvolves floodwaters exclusively derived from the Columbia River 

pathway. This report focuses upon that second scenario and the 

resulting erosion potential. 
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LIMITATIONS AND UNCERTAINTIES 

·rhere are a number of important limitations and 

uncertainties that arise in this analysis concerning the exact 

route of the Scablands Floods. An alternative that was not 

considered is a surge of flood waters across the Scablands 

eventually passing though the Drumheller channels area and 

westward down the Crab Creek drainageway (Figure 3.5, refer also 

to Figure 3.1) on the north side of Saddle Mountains. This surge 

would then enter the Columbia drainage system and flow down that 

system into the Pasco Basin through Sentinel Gap. If such a path 

were occupied it would produce floods down the Columbia River 

similar to those confined exclusively to the Columbia River. 

Such floods would be of a smaller magnitude than those which 

are confined strictly to the Columbia River. Some of the flood 

flow that would cross the Scablands would still pass down the 

Columbia River and also flow over Pasco. The total volume would 

not pass through the Crab Creek drainageway. Thus, it is assumed 

that this is a less severe scenario to consider than flows 

entirely confined to the Columbia River drainage. 

Another possibility that can be considered is that during a 

Scablands flood there may be surges up the Columbia River. This 

can occur in two ways. Floods crossing through the Crab Creek 

drainageway surging into the Columbia River may surge both 

upstream and downstream. Surges upstream would eventually recede 

and lead to a secondary surge down the Columbia River. Another 

probable surge mechanism comes from flows coming into the Pasco 

Basin through Esquatzel Coulee. As these flows enter the Pasco 

Basin, surges would probably occur both up and down the Columbia 
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River again. In this case surges may or may not pass beyond the 

limits of the Pasco Basin through Sentinel Gap. This case is 

especially important because it could involve transport of 

sediment ~ the Columbia River prior to or intermingled with 

flows down the Columbia River. A similar situation would occur 

with flows entering the Pasco Basin by way of the Snake River. 

We have been assuming that the flows down the Columbia River 

can be described by the high water marks that are preserved 

within the Pasco Bas1n. This would imply that flows down the 

Columbia River would be of sufficient magnitude to lead to 

hydraulic pending to approximately 366m (1200 feet). It is 

entirely conceivable that the high water marks that are preserved 

within the Pasco Basin were not created by floods which passed 

strictly down the Columbia River. Instead, they may represent 

floods which crossed the Scablands. The floods which coursed 

down the Columbia River may have been considerably smaller in 

magnitude, insufficient to produce these high water marks. It is 

assumed, that if this is the case, the flood scenario that is 

actually being considered is more extreme than the correct worst 

case. Thus, in this sense the analysis is conservative. 

There is a similar difficulty with the interpretation of 

maximum velocities that are recorded by sedimentation and erosion 

evidence within the Pasco Basin. Again, this evidence may be a 

result of floods which were strictly across the Scablands. Just 

as in the case of high water marks, if the high velocity evidence 

was in fact derived from a flood which crossed the Scablands, it 

1s assumed that this would indicate a less serious flood for the 

stability of the 200 areas. This is because the water will be 
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dispersed upon entering the Pasco Basin and some of ~t will 

actually flow up the Pasco Basin being further dispersed. Thus, 

~t is assumed that the velocities and sediment transport would 

not be as great as floods confined entirely to the Columbia 

River. 

Regardless of the source of the flood waters, there are 

multiple pathways that these waters could take once they had 

crossed the location of the 200 areas. As mentioned, flood 

waters may actually pass up the Pasco Basin at different times 

during a flood, depending upon the exact pathways followed by 

that flood in reaching the Pasco Basin. 

Even flows down the Columbia River have multiple dispersive 

pathways. For example, flood waters undoubtedly have passed into 

the Yakima River Basin during different floods. There is 

considerable evidence that this has occurred in many, if nqt 

most, of the floods (Waitt, 1985). Similar evidence ex~sts which 

suggest that flood waters have passed into the Walla Walla Basin 

(Baker, 1978) depositing significant amounts of sediment in that 

basin. Of course, flood waters could flow strictly down the 

Columbia River through Wallula Gap and beyond. In addition, 

there is a possibil ity that flood waters could actually pass up 

the Snake River during a flood, especially one which had passed 

down the Columbia River. In addition to these possible exits 

from the Pasco Basin, there is a great deal of dispersion of 

sediment that undoubtedly did occur within the Pasco Basin. 

Thus, the exact dispersion of the sediment that would be 

entra~ned during a flood is not at all certain. There are a 
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number of possibilities and this introduces great uncertainty in 

~he estimates that are made. 

Another assumption which is fundamental to the solution of 

flood characteristics within the Basin is whether flows were 

subcritical or supercritical in nature. Since flows can exist in 

either mode for any given discharge, it is almost impossible from 

the field evidence to decipher the nature of a flow during one of 

these floods. It is quite likely that supercritical flow did 

occur in a~ least some areas at some times during each flood. At 

any of the areas where flows were supercritical at some times, 

they were undoubtedly also subcritical at other times during the 

same flood, both before and following the supercritical events. 

Thus the evidence of supercritical flow may be removed in many 

locations. 

Whether the flow was subcritical or supercritical determines 

the water velocities and the transport capacity of the flood. 

The dependence of transport capacity upon the flow velocity (and 

therefore depth) is not well-established. The assumed relation 

varies from one theory of sediment transport to another. This 

again introduces great uncertainty in the solutions that have 

oeen obtained. Such uncertainty may be of an order of magnitude. 

Since full three-dimensional computation of flow velocities has 

not been obtained, we have not made exact computations of those 

velocities in the beginning. Even with three-dimensional 

computations available, uncertainties in factors such as the 

friction coefficient would mean that the values suffer great 

inexactness. 
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STEADY STATE HYDRAULICS OF THE BOUNDING SCENARIO 

The first method used in determining the flood 

characteristics of a Missoula flood event is a steady state 

computer model. The model, HEC-2, was developed by the United 

States Army Corps of Engineers (HEC-2 Hydrologic Engineering 

Center, 1982). The program calculates water surface profiles 

under the following assumptions: (1) Flow is steady, (2) Flow is 

gradually-varied, (3) Flow is one-dimensional, (4) the channel 

nas small slope (<1 / 10). 

Concerning the first two of these assumptions (steady and 

gradually-varied flow or no change in depth with time and very 

little or a gradual change in depth over the length of the 

channel), in present-day non-flood-stage rivers, stream discharge 

and depth of flow do not fluctuate greatly from day-to-day or 

point-to-point along a channel reach. Therefore, the assumption 

of steady, gradually-varied flow is useful in determining 

nydraulic cnaracteristics of normal flow in a r~ver system. With 

Missoula-type flows, the stage of the flow actually changes as a 

function of time as the flood wave passes a certain point within 

the Pasco Basin. Flow is actually "unsteady" and the true nature 

of the flow is best represented as a flood-wave or surge. Also, 

since breached ant~cl~nal structures are present in this region, 

flow is constricted producing great increases in velocities. As 

flows enter and exit these constrictions, hydraulic "drops" and 

"jumps'' may occur, which would indicate that the stage of the 

flow is changing "rap~dly" over a relatively short distance, 

suggesting that flow is actually rapidly varied at certain points 

w~thin the constrictions. 
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Assumption three, flows are one-dimensional, implies that 

che velocity components in the downstream or upstream directions 

are the only components of significant magnitude to influence the 

flow characteristics of the channel. In a Missoula-type flood, 

or any flood, lateral and vertical velocity components will 

affect the overall flow characteristics of the river. Lateral 

and vertical velocity components will affect the characteristics 

of a normal river also. Assumption four, the channel has a small 

slope, is necessary so that corrections do not have to be made in 

che pressure head term. Slopes can be as great as 6 degrees (or 

slope of 1 in 10) before the pressure head cerm would be affected 

by 1% (Chow, 1959,p.33): the present day channel slope for the 

Pasco Basin is .02 degrees (.0004 m/m). 

Under normal flow conditions, the Corps of Engineers has 

expressed satisfact1on in the results of HEC-2 analyses using 

steady, gradually-varied flow and the mean velocity in the 

downstream direction as an approximation of the velocity 

components of a river system (HEC Hydrologic Engineering Center, 

1976). Even though Missoula flood-flows were unsteady, rapidly 

varied in some locations, and multi-dimensional, important 

characteristics of the hydraulics of these flood-flows can be 

estimated using these simplifying assumptions. 

The methodology for implementation of the HEC-2 code 

involves combining the code with topographic cross-sections, a 

constant discharge, and certain starting conditions which include 

starting computations with: known water surface elevation, 

estimated energy slope, or critical depth. Each of the above 



starting conditions were used at some point in this study. Other 

input parameters include a value of .040 as an estimate of 

Manning's "n" for the channel roughness and specification of 

subcritical or supercritical flow conditions. 

The HEC- 2 code was used to construct rating curves for both 

Wallula Gap and Sentinel Gap based upon field evidence of maximum 

discharges (high water marks) in the Pasco Basin . Determination 

of the flow characteristics at Wallula Gap is of interest because 

flows from all poss~ble channelways converged at the Pasco Basin 

and exited through that constriction. Sentinel Gap is of 

~nterest because determination of the flow characteristics 

through this constriction Land through the Pasco Basin] will 

allow us to better describe the hydraulics of the Missoula flows 

at the 200 areas. 

WALLULA GAP 

Based upon Baker's (1973) estimate of the maximum water 

surface elevation at Wallula Gap, Underberg (1983a and b) laid 

the foundation for construction of a rating curve for discharges 

through Wallula Gap. We have used his cross-section data in 

these analyses. Starting conditions for backwater computations 

at Wallula Gap were based on the assumption that flow was 

critical in the constriction. This is a reasonable assumption 

since flow transition occurs from a wide channel (lake) 

configuration to a narrow, constricted configuration with an 
(a) 

~ncreased bed gradient ( personal communication from Barkau, 

~a) Personal communication from Bob Barkau, U.S Army Corps of 

Engineers, Hydrologic Engineering Center, Davis, California 

95616, September, 1985, phone conversation (916)756-1104. 
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1985). At these large discharge values, flows reached the 

transition from subcritical to critical flow between cross­

sections G and H (Figure 4.1), the narrowest section of the 

constriction; Underberg (1983a and O) obtained similar results. 

Figures 4.1 and 4.2 show the location and cross-section profiles 

used in the development of the Wallula Gap rating curve. 

In this study a second iterat1on of Underberg's (1983a and b) 

methodology was completed with similar results for the channel 

hydraulics of the Wallula Gap constriction. Underberg (1983a and 

b) estimated a discharge between 12.5 and 13 million ems as the 

maximum flow produced by a Missoula flood at Wallula Gap. We 

have found that the discharge needed to obtain Baker's evidence 

of high water marks was 12.5 million ems. This is 37% greater 

than Baker's (1973) estimate of 9.1 million ems and more than 6 

times the estimate of Bretz (1926, p.258, 38.9 cubic miles/day 

of 1.9 million ems. Our estimate of 12.5 million ems closely 

agrees with Clarke's estimate (Clarke, Mathews and Pack, 1984) of 

the upper-limit released at dam failure at the Rathdrum Prairie. 

Clarke (Clarke, Mathews and Pack, 1984) computed a maximum 

discharge of 13.7 million ems (Figure 4.3). Table 4.1 and Figure 

4.4 reports the Wallula Gap rating curve. 

SENTINEL GAP 

Three techniques were used for construction of a rating 

curve for flows entering the Pasco Basin through Sentinel Gap, 

where flow was constricted before entering the basin. The first 

technique implemented the slope/area method (HEC-2, 1982) as 

starting conditions for calculating water surface profiles from 

downstream of Gable Mountain to the constriction at Sentinel Gap. 
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TABLE 4.1. Wallula Gap rating curve based upon HEC-2 runs 
1nvoking critical depth as starting conditions for 
backwater computations. 

------------------------
WALLULA GAP 

------------------------
Water 

Discharge Surface 
Elev. 

Mcfs Mcms ( m) 
------------------------

35.31 1.0 154.9 
70.62 2.0 186.9 

105.93 3.0 210.7 
141.24 4.0 232.6 
176.55 5.0 250.9 
211.86 6.0 267.7 
247.17 7.0 282.3 
282.48 8.0 296.3 
317.79 9.0 308.8 
321. 3 2 9.1 310.1 
335.45 9.5 315.0 
353.10 10.0 321.0 
388.41 11.0 332.9 
427.72 12.0 344.5 
441.38 12.5 350.3 
459.03 13.0 356.4 
500.00 14.2 369.5 
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The slope of the energy gradient was assumed to equal the bed 

surface slope. For the Pasco Basin, the bed slope is 

approximately .0004 m/m. Using this method, a discharge of 34.6 

million ems was not sufficient to yield the observed high water 

marks (366m). This is greater than any estimate of Missoula 

Flood discharges. At the greatest discharges reasonable (Figure 

4.3, 13.7 million ems; Clarke, Mathews and Pack, 1984), when 

flows are restricted to the present Columbia River channel, 

critical velocities occur in the gap produc~ng a water surface of 

only 306 m. Using this method, such extreme discharges fail to 

predict inundation of Gable Mountain and bergmounds or a divide 

crossing at the eastern end of Umtanum Ridge (Table 2.1). 

The second method used to construct the Sentinel Gap rating 

curve utilizes a fixed elevation downstream from Gable Mountain 

of 350m, a level within the Pasco Basin at which Baker (1973, 

p.15, par. 1) believes water to have ponded behind Wallula Gap. 

This elevation was used to initiate backwater computations 

through the Pasco Basin and Sentinel Gap. For this run, an M1 

profile exists and a discharge of 7.5 million ems yields, 

upstream of the gap, a water surface at 366 m. This agrees with 

evidence of pond~ng around Frenchman Hills (Baker, 1973, p.lS, 

diagram) and ev~dence of scour at Sentinel Bluff. Velocities at 

this discharge in Sentinel Gap reach 16 m/sec. 

·rhe third technique used to develop the Sentinel Gap rating 

curve, a method [probably a better estimate) producing a more 

accurate rating curve for Sentinel Gap, involves the projection 

of the water surface from the furthest upstream cross-section of 

the Wallula Gap data set (Figure 4.1) to the furthest downstream 
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cross-section of the Sentinel Gap data set (Figure 4.5, 4.6). 

The projection was over a distance of 64.4 km using water surface 

elevations and water surface gradients from the results of HEC-2 

runs for the Wallula Gap analyses. 

Water surface gradients were obtained by calculating the 

change in water surface elevation from the two most upstream 

cross-sections (A and B, Figure 4.1) of the Wallula Gap data set 

and dividing by the distance between the cross-sections, 1402 m 

(Table 4.2). Cross-sections A and B were used because the 

gradient of the water surface decreases farther north in the 

Pasco Basin. The proJection of the water surface from Wallula 

Gap will give a better estimate of the water surface near Gable 

Mountain than will projecting a horizontal water surface from 

Wallula Gap to Gable Mountain. 

This technique was necessary for the construction of a 

rating curve at Sentinel Gap. Use of a water surface elevation 

at a specified discharge to start backwater computations seemed 

to be appropriate, more reliable, and more informative than the 

slope / area method used earlier because it allows development of a 

rating curve for the Sentinel Gap constriction. Table 4.2 

contains the proJected water surface elevation from Wallula Gap 

for each discharge there. 

At th1s time, a point of caution should be mentioned in 

using the projected water surface elevation method. HEC-2 

iterates through water surface elevations and converges on an 

elevation for each cross-section based on a tolerance value of 

plus or minus 1.5 m (5 ft) for the velocity head term. From the 

60 

... 

.. 



.. 

.. . . 

FIGURE 4 . 5. Positions of the Pasco Bas1n cross- sect1ons 
displayed on dig1tal elevat1on data at 30- st.:cunu 
spacing . 
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TABLE 4.2. Projection of the water surface elevation from 
Wallula Gap to obtain starting water surface 
elevations for HEC-2 runs at Sentinel Gap. 

Discharge 

Mcfs Mcms 

35.31 
70. 62 

105.93 
141.24 
176.55 
211.66 
247.17 
282.48 
317.79 
321.32 
345.45 
353.10 
388.41 
427.72 
441.38 
459.03 
500.00 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 
9.1 
9.5 

10.0 
11.0 
12.0 
12.5 
13.0 
14.2 

: Water : 
:surface: 
: Elev. 1 

( m) : 

154.9 
186.9 
210.7 
232.6 
250.9 
267.7 
282.3 
296.3 
308.8 
310.1 
315.0 
321.0 
332.9 
344.5 
350.3 
356.4 
369.5 

ws 
Change 
(A-B) 

( m) 

.18 

.12 

.11 

.10 

.11 

.11 

.12 

.13 

.13 

.14 

.14 

.14 

.15 

.15 

.15 

.15 

.15 

WS I 
I 

lGradienti 
: x 10 -51 

(m/m) l 

12.80 
8.69 
7.83 
7.39 
7.83 
8.04 
8.69 
8.91 
9.57 
9.78 
9.78 

10.00 
10.40 
10.60 
10.60 
10.40 
10.40 

Rise 

( m) 

8.2 
5.6 
5.0 
4.8 
5.0 
5.2 
5.6 
5.7 
6.2 
6.3 
6.3 
6.5 
6.7 
6.8 
6.8 
6.7 
6.7 

:Projected 
: Water 
: Surface 
I ( m) 

163.1 
192.5 
215.7 
237.4 
255.9 
272.9 
287.9 
302.0 
315.0 
316.4 
321.3 
327.5 
339.6 
351.3 
357.1 
363.1 
376.2 

table presented above, 1t is evident that the change in elevation 

from cross-section A to B is a fraction of this tolerance value. 

Since our projection is based on the amount of change in 

elevation from these two cross-sections, it is conceivable that 

the gradient may be off by as much as 1.5 m (5 ft). 

Using the projected water surface elevations as starting 

conditions for the HEC-2 model allows computation of water 

surface elevations at the upstream cross-section at Sentinel Gap, 

thus developing a rating curve of discharge versus elevation. 

Table 4.3 and Figure 4.7 present the rating curve for Sentinel 

Gap. 
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TABLE 4.3. Sentinel Gap rating curve based upon HEC - 2 runs us1ng 
the projected water surface elevation from Wallula Gap. 

SENTINEL GAP 

Discharge 

Mcfs Mcms 

35.31 
70.62 

105.93 
141.24 
176.55 
211.86 
247 .17 
282.48 
317.79 
321.32 
335.45 
353.10 
388.41 
427.72 
441.38 
459.03 
soo.oo 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7 . 0 
8.0 
9 . 0 
9 . 1 
9.5 

10.0 
11.0 
12.0 
12.5 
13.0 
14 . 2 

Water 
Surface 

Elev. 

64 

( m) 

208.9 
236 . 8 
260 . 5 
281.0 
299.2 
315.3 
330.7 
345.4 
359.4 
360.7 
366.0 
372.5 
385.2 
397.4 
403.4 
409.4 
422.8 
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Projection of the water surface elevation from Wallula Gap 

suggests a larger discharge is needed to produce the high water 

marks at Sentinel Gap than was estimated from HEC - 2 analyses 

considering convergent flow at the Pasco Basin. Use of Baker's 

(1973) water surface elevation allowed 7.5 million ems to flow 

through Sentinel Gap, whereas projection of the Wallula Gap water 

surface elevation allows 9 . 5 million ems to flow through the gap 

and produce the high water marks. This third method is strictly 

for flows down the Columbia River, without other contr~but~ons to 

flow by channels into the Pasco Basin (Esquatzel Coulee, flows 

from the north east, and Snake River). 

From the analyses presented above, we may state that the 

floods that coursed down the Columbia River reached a maximum 

discharge at Sentinel Gap of 9.5 million ems. Floods entering 

the Pasco Basin by flow across the Scablands converging on the 

Pasco Basin could have produced maximum discharges at Sentinel 

Gap of 7.5 million ems and at Wallula Gap of 12.5 million ems 

ponding behind Wallula Gap at an elevation of 350 m. This 

suggests that the high water marks around the Pasco Basin were 

not produced by discharges confined to the Columbia River but by 

convergent flow through multiple channels emptying into the Pasco 

Basin. This also allows us to postulate that at least 5 million 

ems converged on the Pasco Basin through channels other than 

Sentinel Gap when flood flows coursed over the Scablands. 

LIMITATIONS AND UNCERTAINTIES 

The primary sources of uncertainty in these analyses are the 

assumptions of steady, gradually- varied , one-dimensional flow to 

be used in the analysis of an unsteady event. Even if unsteady 
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techniques were utilized, a major question in the validity of 

this analysis would be whether the techniques and assumptions may 

be extrapolated to flood flows of this magnitude. 

Based upon the methodology used in this study, other sources 

of uncertainty that may affect results of this analysis include: 

1. Relative areas for main and overbank channels may be 

1.naccurate. 

2. Distances between cross-sections may be too large to 

allow the assumption of gradually varied flow. 

3. Improper expansion and contraction coefficients may have 

been applied. 

Concerning the last point, examination of Figure 4.8, at 

cross-section 12, shows that flow has expanded from the cross­

section immediately upstream from it. For these analyses, the 

decrease in energy from the upstream cross-section (12) to cross­

section 11 may be accounted for by simulating expansion of the 

channel by using a coefficient. Starting with a coefficient of 

1.0, we increment it to 1.1 at cross-section 1; 1.3 at cross­

section 3; and then to account for the abrupt change in channel 

geometry, a coefficient of 1.8 is used at cross-section 11. To 

determine the appropriate coefficients, a trial and error 

procedure was used until transition to critical flow at these 

expansion points did not occur. Addition of the 

expansion/contraction coefficients represents energy dissipation 

by factors other than friction and provides more reasonable 

results than analyses using no expansion/contraction coefficient. 

The Army Corps of Engineers have devised a method to 
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FIGURE 4.8. Location ot cross- sections 
in the upper Pasco Basin . 
is indicated. Location of 
indicated (dots) . 

68 

used for ilood analys~s 
Region of expanding rlow 
the 200 areas are 

... 



; . 

• 

. ' . 

val1date the results obtained from HEC-2 analyses. Members of 

the Corps believe that the equations used to describe the 

hydraulics of the flow (Bernoulli energy equation with Manning's 

equation to account for energy loss due to friction) are valid if 

the energy slope from cross-section to cross-section does not 

vary by more than 50%. In this analysis, differences in energy 

slope between cross-sections greater than 50% occur where flow 

expands rapidly (the regions discussed above) and where flows are 

constricted (cross-sections 34 to 33) in Sentinel Gap. In either 

case, since a backwater procedure is used, the estimates 

determining the channel hydraulics for the reg1on of the Hanford 

Reservation should not be affected. Since fluctuation in the 

energy slope does occur at the northernmost cross-section (entry 

to Sentinel Gap), the rat1ng curve for the Sentinel Gap region is 

also given for the tightest part of the constriction within the 

gap, cross-section 31 (Table 4.4 and Figure 4.9). This reduces 

the boundary effect error. 
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TABLE 4.4 . Sent1nel Gap rating curve based upon HEC- 2 runs using 
the projected water surface elevation from Wallula Gap . 
Includes water surface elevation to cross - section 31 
(narrowest section in the constriction) . 

SENTINEL GAP 

Discharge 

Mcfs Mcms 

35.31 
70.62 

105.93 
141.24 
176.55 
211.86 
247 . 17 
282.48 
317.79 
321.32 
353.10 
388.41 
427.72 
441.38 
459.03 

1.0 
2.0 
3.0 
4.0 
5.0 
6.0 
7 . 0 
8.0 
9.0 
9 . 1 

10 . 0 
11.0 
12.0 
12.5 
13.0 

Water 
Surface 

Elev . 
lm) 
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198.6 
219.7 
238.6 
255.0 
269.4 
280.4 
292.0 
304.2 
315.6 
317 . 0 
327 . 0 
338 . 3 
349.2 
354 . 6 
361.9 
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EROSION POTENTIAL UNDER STEADY STATE CONDITIONS 

THE HEC-6 PROGRAM 

The HEC-6 code 1s used here to predict erosion and 

deposition based on the Pasco Basin channel configuration in a 

Missoula-type flood. The results of these analyses may aid us in 

determining areas within the Pasco Basin of greater stability 

(sediment deposition) and potentially hazardous areas 

(entrainment of sedimentary materials). 

The methodology for implementation of the HEC-6 code 

1nvolves combining the code with topographic cross-sections, 

sediment size distribution at each cross-section, and a water 

discharge versus inflowing sediment load rating table for flows 

entering the Pasco Basin. Only two discharges for water and 

sediment load need be 1nput as long as maximum and minimum values 

are represented. For any value of water discharge the program 

will interpolate on a log Q (water discharge) versus log Qs 

(sediment discharge) scale. Therefore, a river's hydrograph or 

flood hydrograph can be represented with limited sediment data 

available to the user as in this application. 

The HEC-6 sediment model is based upon the same equations of 

flow as is HEC-2 except that the HEC-6 model determines scouring 

and deposition by modelling the interaction between the fluid 

medium, channel bedload and hydraulics of the flow. The HEC-6 

program utilizes the equations of: conservation of energy; 

continuity of water volume; continuity of sediment volume; and a 

transport function (HEC-6 Hydrologic Eng1neering Center, 1977). 

ALTERNATIVE TRANSPORT EQUATIONS 

The HEC-6 program allows the use of several transport 
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equations. At present there are five options available. These 

are: 

1.) User's transport function 

2.) Toffaleti's Method 

3.) Madden's Modification of Laursen's relationship. 

4.) Yang's Strearnpower Method 

5.) Dubay's Method 

The user transport function allows the user to develop an 

equation describing sediment transport based on field data. The 

user transport function will not be discussed since it would be 

~mpossible to determine the coefficients needed for the transport 

equation. Actual measurements of the sediment load of a 

Missoula-type flood and conversion of the measurements into an 

equation. 

Toffaleti's Method 

Toffaleti (1969) devised a method to estimate sediment 

transport based upon measurements of seven rivers and results of 

flume studies taken from the literature. Data was collected from 

the Mississlppi River at St. Louis and rivers within the lower 

Mississippi River basin. Other rivers included are the Rio 

Grande at Bernalillo, the Middle Loup, and the Niobrara R1ver. 

Since Toffaleti's Method is a measure of the total bed load, 

the sediment concentration over the depth of flow is divided into 

an upper, middle, lower, and bed zone. The bed zone is defined 

as two grain diameters in thickness. This method includes a 

variation in temperature for the calculation of fall velocities 

of the particles. The equations used in this method described by 
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Shen (19821' 

The velocity distribution is given by: 

u /V = n 
y 1 

where: 

n 
I y/DI 2 

u = point flow velocity at a distance y above the bed 
y 

D = flow depth 

v = average flow velocity 

and n and n are related by, 
1 2 

n = 1 + n 
1 2 

where n is a function of the water temperature and equal to the 
2 

constants: 
n = 0.1198 + 0.00048T 

2 

T = water temperature 1n degrees Fahrenheit 

The sediment concentrations of the upper (C ), middle (C ), and 
U1 ffil 

lower (C J zones are defined by the following equations fdr the 
li 

lth cross-section: 

-1. sz 
c = c (y;DI l 

l ui 
-z 

c = c (y/D) i 
l mi 

-.7562 
c = c ly/DI l 

l li 

where the exponent z is defined by the following: 
l 

Z = w V/C DS 
l l z 

where: 

1 = particular sediment size 

w = d sediment size fall velocity at temperature T 
l l 

d = sediment size 
l 
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s = slope of the stream 

c = 260.67 - 0.667T, empirically derived 
z 

D = depth of flow 

To assure that the concentration (C l of sediment decreases as 
u 

the ratio of the distance from the bed to d·epth of flow increases 

(y/D) Toffaleti equates the value of l.Sn to the exponent1al 
2 

variable z when less than n . 
l 

Laursen's Formula 
2 

Laursen's formula for total load is based upon empirical 

data which link the hydraulics of a river and the sediment 

transport parameters together. Laursen believed that the ratio 

of shear velocity to particle fall velocity is a good estimate of 

mixing due to turbulence and that this parameter should be used 

in the description of suspended sediment. Fall velocities were 

taken from flume studies and then used in the formulation qf his 

equation. 

Laursen's formula, was compared against three small streams. 

For one of the streams, results were very reasonable; for the 

other two streams results were only fair. For this analysis, a 

modification (Madden's) of Laursen's formula is used. Neither 

Laursen's formula or Madden's modification are presented in this 

report. 

Yang's Regression Curve 

Yang (1973) believed that the unit stream power (a product 

of average flow velocity and energy slope) is a dominant 

parameter in describing sediment transport rates. Through 

regression analyses, he expressed the average concentration of 
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oed material as a function of the follow~ng: 

c ~ f(wd;v,u*/w,vs;w-V /wJ 
rn c 

where: 

c = average sediment concentration 
rn 
v = kinematic viscosity of water 

u* = shear velocity 

v incipient flow velocity 
cr 

w = fall velocity of mean sediment diameter 

d ~ mean sediment diameter 
50 
v ~ average flow velocity 

s = energy slope 

The actual formula proposed by Yang is: 

Log c ~ 3.435 - 0.286 Log wd /v - 0.457 Log u/w + 
m 50 

11.799 - 0.409 Log wd /vi 0.314 Log u*/wl 
50 

Where: 

Log(VS/W - V S/w) 
cr 

V !W ~ 2.5/Log(u*d /V) - 0.06, for 1.2 < u*d /v < 70 
50 cr 50 

V /W ~ 2.05, 
cr 

for u*d /v > 70 
so 

All coefficients in the formula were based on 1093 sets of flume 

data and 65 sets of field data. 

Du Boy 1 s Method 

Instead of a total-load sediment transport equation, Garde 

(1978) presents Du Boy's 1879 equation as a simple bed-load 

relationship. His method assumes a linear velocity relationship 
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between the top and bottom of the movable bed surface; the 

movable bed being separated (divided) into parallel layers of 

pre-defined thicknesses: the bottom or lowermost layer having a 

velocity of zero. From these assumptions, a bed-load transport 

equation can be developed: 

where: 

qb = bed load 

y = spec1fic 
s 

dh = thickness 

N = number of 

qb = Y dhiN - 1) dV/2 
s 

weight of sediment 

of each bed layer 

bed layers 

dV = velocity of the bed layer 

Since the velocity at the lower layer is equal to zero, the 

friction or resisting force must be equal to the tractive terce: 

to = (Ys - Ywl dh tano 

where: 

t = shear stress 
0 

y specific weight of water 
w 
0 = critical slope 

N can be determined assuming that a single layer is movlng under 

critical conditions: 

t = (Y - Y l dh tano 
oc s w 

where: 

t = critical shear stress 
oc 

or 

N = t It 
0 oc 
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Therefore, 
2 

qb = y dh dV t It - t )/ 2t 
s 0 0 oc oc 

or Du Boy's equation, 

qb = A(t - t It 
0 oc 0 

where 
2 • 

a = Y dh dV/2t 
s oc 

Shen (1982) states that further modification to Du Boy's 

function may be preferable for calculation of sediment movement 

at high transport rates and that transport functions dlscussed 

earlier are applicable to mediwn to low transport rates. At high 

transport rates, the whole sediment bed layer may be moved. 

Toffaleti's relationshiP consists of a bed layer of only two 

grain diameters of thickness. Since Du Boy's method consists of 

multi-layers in the bed zone, more than a couple of layers of 

grains can be moved ln one event. Shen (1982) goes on to say 

that a modification to the simple linear relationship between beet 

velocities will have to be developed before realistic results can 

ne obtained using Du Boy's method. 

EROSION AT THE 200 AREAS (STEADY STATE) 

To obtain reasonable estimates of sediment transport it is 

necessary to have some estimate of the quantltY of sediment 

entering the system. HEC-6 requlres a sediment inflow ratlng 

table; the inflow hydrographs for both water and sediments are 

necessary. Since it is imposslble to measure the discharge of a 

Mlssoula flood we have made some assumptions in order that we 

might obtain a reasonable estimate of sediment inflow into the 

Pasco Basin. 

The first assumption was that the volwne of sediment 
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currently in the Pasco Basin (Pasco Gravels) was deposited by one 

flood event. In the event of another flood it is assumed that 

all the materials associated with this unit would be scoured and 

transported out of the system through Wallula Gap. We have 

devised a concept of equilibrium transport for the Missoula 

sediments: the amount entering the Pasco Basin through one flood 

event is the same for each Missoula flood event • 

To estimate the volume of sediment within the Pasco Basin we 

used the average sediment thicknesses (Pasco Gravels and 

Quaternary units) calculated from the sediment data from the 

Rockwell well-logs (37m). This value was then multiplied by an 

area representing the extent of Lake Lewis in the Pasco Basin. 

This area was planimetered us~ng a computer program. Different 

areas were used based upon the elevation we believed to represent 

the base level of Lake Lewis. Table 5.1 ~s a breakdown of the 

volume of sediment estimated to be within the Pasco Basin in each 

elevation increment. The sediment load in tons/day must be input 

to HEC-6. It is based on an assumed flow duration of 2 weeks 

proposed by Bretz t1969, p. 511, par. 1) and then used by Baker 

\1973) in his effort to characterize the flood flows; it was 

assumed that a constant discharge occurred for this duration to 

develop the estimate of sediment transport rate . 

Using the above methodology, an estimate of the maximum 

inflowing sediment load. The HEC-6 program requires at least two 

points to place on the sediment/water discharge rating curve for 

the program to be able to interpolate a sediment discharge. 

Therefore, estimates from modern day (large) r~vers were used. 
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estimates from modern day (large) rivers. As a minimum water 

discharge and sediment load, the modern day values recorded for 

the Mississippi River were used. As the intermediate discharges, 

data from the Amazon River were used (Shen, 1970'). Values of 

water discharges and sediment loads for these two rivers are 

located in Table 5.2. 

TABLE 5.1. Estimate of sediment load for a Missoula flood 
cased on volume of sediment in the Pasco Basin. 

Elevation 
Planimetered 

1.n the 
Pasco Basin 

lml 

350 
229 
213 
198 
183 
168 
152 

I ft I 

1150 
750 
700 
650 
600 
550 
soo 

Volume 
of Sediment 

3 
1ft I 

9 
X 10 

103.6 
43.1 
41.4 
30.6 
29.2 
21.2 
19.3 

Rate of Inflow 

tons/day 
7 

X 10 

61.0 
25.0 
24.0 
18.0 
17.0 
13.0 
11.0 

TABLE 5.2. Modern sediment loads from two rivers. 

River 

Mississ1.ppi 
Amazon 

Water Q 
cfs 

3 
X 10 

630 
6400 

Sed Q 
tons/day 

3 
X 10 

942 
1090 

The HEC-6 code requires a sediment Slze input along each 

cross-section for each analysis. Since this would requ1.re 

Knowledge of the sediment load for each grain-size we have 

decided it is only practical to use one grain-size. Estimates of 
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sediment load for each grain-size could have been utilized but 1t 

was believed that this method was not warranted due to the large 

uncertainty in the data. From analysis of the well-log 

lnformation, the modal grain-size of the Pasco Basin consists of 

the sand class (Chapter 2). We will therefore assume that a 

single grain-size describes the sediment distribution. Since 

gravel and sand are both common in the Pasco Basin the results 

using both grain-size classes will be reported. 

Baker (1973) est1mated the maximum durat1on of a Missoula 

flood event to be 14 days. For a first cut at using HEC-6, this 

value (14 days) 1s the duration for flood flows used. It was 

also assumed that discharge was constant throughout the duration 

of the flood event (14 days). Therefore, flow was treated as if 

it met the requirements of steady-state cond1tions. 

The maJor assumptions involved in these runs are. 

l.J Greatest amount of sediment. This is inherent to the 

development of our Q-Qs rating table. 

2.) The sediment distribution of the entire Pasco Basin may 

be characterized by one grain-size (utilizing both 

gravel (64 mm) and sand (2 mml grain sizes in separate 

analyses). 

3.) Flow is steady and gradually-varied . 

THE STEADY-STATE METHODOLOGY 

Gravel Size Particles 

A grain size of 64 mm was used to describe the sediment 

distribution in the Pasco Basin to determine how HEC-6 would 

handle the large grains. The inflowing sediment load was 
I 

arbitrarily set to 9.9 X 10 tons/day at a maximum water 
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discharge of 10 million ems. The minimum sediment load was set 

to the value corresponding to the water and sediment discharges 

of the Mississippi River {Table 5.2). For these analyses using 

the HEC-6 code, the inflowing sediment load would be interpolated 

based upon a specified water discharge and the minimum and 

maximum sediment load values. For these analyses, using gravel 

as the bed's sediment size, water discharges of 7.5 million ems 

and 2.2 million ems were chosen. A discharge of 7.5 m~llion ems 

was chosen because this was the water discharge at which maximum 

flow through sentinel Gap occurred when flow through multiple 

channels converged on the Pasco Basin; 2.2 million ems was chosen 

oecause flow would be more channelized and possibly produce scour 

to a greater depth. Results implementing each of the four 

transport equations with the above initial conditions and 

allowing the computer code to scour up to 30 m can be found ~n 

Tables 5.3 and 5.4. A discussion of the results for each 

transport function follows. For cross-section locations refer to 

Figure 4.5. 

Du Boy's Method 

At the upstream cross-sections near and with~n the Sentinel 

Gap constriction (cross-sections 34-27), the allowable depth of 

erosion occurred at a discharge of 7.5 million ems-- scour of 30 

m (100ft). Deposition of 140m {459 ft) at cross-section 26 

occurred, 11m (36 ftl occurred at cross-section 23 and 

relat~vely little of the bed material moved downstream over the 

site. Analyses us~ng a discharge of 2.2 million ems produced 

similar results but with more bed movement occurring downstream 
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(Tables 5.3 and 5.4). 

Toffaleti's Method 

At this large water discharge and inflowing sediment load 

(7.5 million ems), Toffaleti's method showed deposition of 744 m 

(2440 ft) at cross-section 34, the bottleneck of the 

constriction. Relatively little disruption of the sediment 

occurred downstream of this section over the site. Lowering the 

discharge to 2.2 million ems decreased the amount of deposition 

at cross-section 34 to 143m (468ft). 

Yang's Relationship 

Yang's relationship produced s1milar results to Du Boy's at 

7.5 million ems with 30m of erosion at the upstream cross­

sections and deposition occurring at cross-section 10. Here 32 m 

(105 ft) of sediment was deposited. Greater depths of scour 

occurs at the downstream cross-sections by lowering the disc~arge 

to 2.2 m1llion ems. Still little disruption of the sediment 

occurs over the repository. 

Madden's Modification of Laursen's Relationship 

Madden's method produced similar results to Toffaleti's 

relat~onship at a discharge of 7.5 million ems. Deposltion of 

308 rn (1011 ft), occur at cross-section 32, JUSt upstream the 

narrowest cross-section within the constriction of Sentinel Gap. 

The 200 areas were undisturbed. Little change occurs by lowering 

the discharge to 2.2 million ems. 

Sand Size Particles 

Using the methodology above, little if any disruption of 

material occurred over the 200 areas. When one variable was 

changed, gra1n-size, the results changed drastically. For the 
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TABLE 5.3. Aggradation {+) and degradation (-) values for 
each cross-section in the Sentinel Gap analyses at 
a water discharge of 7.5 million ems using gravel-
size (64 mm) particles. 

Cross-section 

Q = 7.5 million ems 

upstream 

downstream 

J4 
33 
32 
31 
JO 
29 
28 
27 
26 
25 
24 
23 
22 
21 
20 
19 
18 
17 
16 
15 
14 
13 
12 
11 
10 

9 
8 
7 
6 
s 
4 
3 
2 
1 

Aggradation/Degradation 
(feet) 

Du Boy Toffaleti Yang Madden 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 

458.98 
-46.45 
180.47 

36.28 
-0.01 

0.00 
8.95 
0.01 
2.63 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.33 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

2440.28 
1. 25 
0.38 

-0.15 

84 

-0.43 
0.09 
0.15 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-90.19 
-47.97 
-15.31 
-10.20 
-0.01 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

105.63 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 
0.00 
0.00 
0.00 

-100.00 
-100.00 
1011.47 
-100.00 

115.48 
245.80 

32.32 
6.02 
3.06 
1. 28 
0.19 
0.22 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
IJ.OO 
0.00 
0.00 
0.00 



Table 5.4. Aggradation (+) and degradation (-) values for 
each cross-section in the Sentinel Gap analyses at 
a water discharge of 2.2 million ems using gravel­
size (64 mm) particles. 

Cross-section 

Q = 2.2 million ems 

upstream 

downstream 

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

9 
8 
7 
6 , 
4 
3 
2 
1 

Aggradation/Degradation 
(feet I 

Du Boy Toffaleti Yang Madden 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 

15.85 
295.09 
-44.15 

]4.91 
7. 48 

-48.08 
-20.20 

9.84 
-17.93 

-1.04 
-21.18 
-18.98 
-4.95 

-36.14 
44.00 
20.56 

-11.05 
20.08 

7.13 
-3.79 

4.86 
3. 39 
0.00 
0.00 

-0.04 
0.00 
0.05 
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468.19 
0.60 
0.15 

-0.05 
-0.12 

0.06 
0.03 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
o.oo 
0.00 
0.00 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 

-95.57 
-83.07 
-85.56 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 
-100.00 

-0.02 
0.00 

-78.96 
4.21 

187.16 
0.00 
0.00 

-0.04 
0.00 

48.35 

-100.00 
-100.00 
-100.00 
-100.00 
-100.00 

188.78 
96.22 
27.62 

4.58 
1. 69 
1. 97 
0.44 

-1.83 
-7.10 

3.79 
1. 41 

-5.31 
-3.25 
-3. 2 2 
-3.93 

4.33 
6.15 

-0.80 
1. 4 7 
2.92 
0.00 

-1.12 
0.93 
0.00 
0.00 
0.00 
0.00 
o.oo 
0.00 



next set of runs using each transport function, sand-size (2 mml 

particles are used to describe the sediment distribution of the 

Pasco Basin. From the results mentioned earlier, sand-size 

grains are the most abundant of the three studied so it is 

appropriate to use this grain-size in the characterization of 

the sediment in the Pasco Basin. These runs were computed from a. 

discharge of 2.5 million ems since greater depths of erosion 

occurred at a lower discharge in the previous analyses. Results 

from this analysis are located in Table 5.5. 

Du Boy I s Method 

After the 14 day duration of the flood, erosion was ev1dent 

at many cross-sections throughout the Pasco Basin area. The 

maximum scour allowed (30 mJ occurred from cross-section 34 to 

cross-section 13. Deposition occurred as flows widened into the 

Pasco Bas1n. Over the site, 4 m (12 ftl to 9 m (31 ftl of scour 

occurred. 

Toffaleti's Method 

'roffaleti 1 s method showed a little more interaction between 

the water and sediment as a function of the grain-size 

distribution in the Pasco Basin. Toffaleti's method is supposed 

to work well with sand-size particles (HEC Hydrologic Engineerinq 

Center, 1976). The results obtained still seem unrealistic with 

depos1tion of 101m (331ft) of sediment at cross-section 34. 

Erosion using this transport function was negligible. 

Yang 1 s Method 

Results were similar to Du Boy's method but scour was not a~;; 

extensive upstream of the site. Over the site, 3m (11 ftl to 4 

m (14 ftl of scour occurred. 
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TABLE 5.5. Aggradation {+) and degradation (-) values for 
each cross-section in the Sentinel Gap analyses at 
a water discharge of 2.5 million ems using gravel­
size (2 mm) particles. 

Cross-section Aggradation/Degradation 
(feet) 

Q = 2. 5 million ems Du Boy Toffaleti Yang Madden 

upstream 34 -100.00 331.16 -100.00 -100.00 
33 -100.00 -4.89 -100.00 -100.00 
32 -100.00 -2.96 -100.00 -100.00 
31 -100.00 0.68 -100.00 -100.00 
30 -100.00 0.98 -100.00 -100.00 
29 -100.00 -0.41 -100.00 -100.00 
28 -100.00 -0.32 -100.00 -100.00 
27 -100.00 0.30 -100.00 -100.00 
26 -100.00 1.17 -100.00 153.85 
25 -100.00 -0.53 -100.00 -12.70 
24 -100.00 0.33 -100.00 55.00 
23 -100.00 0.14 -83.26 ll. 65 
22 -100.00 -0.34 -100.00 -45.82 
21 -100.00 -0.01 -100.00 -83.08 
20 -100.00 0.07 -74.64 28.73 
19 -100.00 -0.08 -17.27 5.39 
18 -100.00 0.04 -78.28 -65.63 
17 -100.00 -0.11 -98.91 -91.94 
16 -100.00 0.03 -100.00 -100.00 
15 -100.00 0.03 -88.49 -91.74 
14 -100.00 -0.13 -34.59 -13.50 
13 -100.00 0.05 178.30 172.24 
12 -52.70 0.04 6.45 l. 27 
11 -100.00 -0.08 16.21 18.27 
10 271.96 0.00 152.74 57.21 

9 180.71 0.06 30.00 3.86 
8 -46.13 0.03 -45.66 -11.47 
7 S6.51 -0.03 44.36 10.38 
6 73.28 0.14 20.92 l. 31 
0 -1.51 0.00 -0.79 -0.01 
4 -31.24 -0.08 -14.17 -0.50 
3 -12.09 -0.01 -10.99 -0.99 
2 15.50 0.01 11.18 0.85 

downstream 1 31.70 0.08 15.83 0.42 
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Madden's Modification of Laursen's Relationship 

Changing the particle-size distribution affected the results 

of this method; up to 30m (100ft) of erosion occurred in the 

cross-sections upstream of the 200 areas. The results are 

similar to those obtained with Yang's method with the gravel 

size. Scour of .33 m (1 ft) occurred over the site. 

LIMITATIONS AND UNCERTAINTIES 

These initial analyses were completed under a static steady-

state assumption; flow occurs for a 14 day per1od without the 

hydraulic conditions changing. This assumption is far from 

realistic since scour of over 30m (100ft) occurs using Yang's 

and Du Boy's transport functions. This change would drastically 

alter the channel hydraulics. Also, an arbitrary maximum 
7 

inflowing load of 9.9 X 10 tons/day at a discharge of 10 million 

ems was utilized for all transport functions. For these reasons 

it was decided to use a quasi-dynamic methodology. This involves 

the development of a flood hydrograph for which discharge is 

maintained for a certain time period (steady state) and then 

increased or decreased to represent the change in discharge 

through time. It also involves the development of a methodology 

ny which estimates of inflowing sediment load for each transport 

equation may be defined. These methods will be discussed in 

Chapters 6 and 7. 
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THE HYDROGRAPH OF A MAJOR FLOOD 

ASSUMPTIONS EMPLOYED 

Because of the difficulties of the steady flow assumption 

for calculation of erosion and transport capacity of a Missoula 

flood, it is desirable to employ a more correct assumption. In 

this case, the correct assumption is that the water discharge is 

a time-varying, unsteady flow. Exact determination of the 

characteristics of such a flood would require solution of an 

unsteady flow code starting at Lake Missoula itself. Solutions 

for any shorter portion of the flow path requires specification 

of the boundary conditions. In this case the boundary conditions 

that must be specified include the time-varying inflow hydrograph 

at Sentinel Gap. If other inflow points were allowed, inflow 

hydrographs would have to be specified there also. No such 

1nflow hydrographs have yet been published. 

Baker (1973) has made a flrst step in this direction by 

calculating the duration of a flood within the Pasco Basin using 

h1s estimate of the maximum discharge at Wallula Gap. That 

calculation ignored the time-varying nature of the discharge at 

Wallula Gap and did not provide an estimate of such time-varying 

discharge. This again is the equivalent of the steady flow 

assumption used earlier. Thus, it is not sufficient for our 

purposes. The alternatives before us are: (1) to attempt the 

synthesis of such a hydrograph de novo or, (2) to attempt 

lntegration of the relevant unsteady flow equations beginning at 

the area of dam failure. The second alternative is preferred, 

but we have experienced problems of numerical instability in such 

solutions to date. Making one simplifying assumption about the 
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flood behavior and confining our attention to the scenario of 

floods limited to the Columbia River valley, we are able to 

synthesize a reasonable hydrograph for the Pasco Basin. The 

procedure is described below. 

The discharge hydrograph of jokulhlaups observed 

historically follows a nearly symmetric distribution. The peak 

of the flows occurs about halfway through the discharge sequence 

and discharges decline regularly after that. They are 

characterized by a single peak in flow. Flows last on the order 

of days to perhaps a week. 

lllustrated in Figure 6.1. 

An example of such a hydrograph is 

Hydrologic theory also tells us that 

flood hydrographs tend to decrease in amplitude downstream. This 

phenomena is known as attenuatlon of the wave and has been 

described by Ponce (1982). We will attempt to synthesize a 

nydrograph that displays such characteristics. 

We assume that the discharge hydrograph at each location is 

nearly symmetric and can be described by a single parameter 

function, the Poisson function. The parameter of the function 

varies with location. Thls allows representation of the 

attenuation of the flood wave. 

Use of this approach to synthesize a hydrograph at Sentlnel 

Gap requires knowledge of the maximum discharge at Sentinel Gap. 

solution of the hydrograph at Wallula Gap requires knowledge of 

the volume of water held in the Pasco Basin at the maximum level 

of the floodwaters. Both of these values can be estimated from 

lndependent lines of evidence. Baker (1973) has estimated the 

volume of water held in Lake Lewis at its maximum elevation {260 
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cubic miles) and Craig (Craig, Singer and Underberg, 1983, their 

Table 8) has provided a table showing that volume for any 

elevation of the lake from its minimum to maximum elevations at 

10 m increments. 

FORMULATION OF THE MODEL . -- ---
Given the maximum discharge at Sentinel Gap, the length of 

time to be studied, and the length of each time step to be 

considered, a discharge hydrograph is constructed using the 

following formula: 

Where: 

-m t 
Q(t) = Qtot x e m / t! 

t =time step, t=O,l,2, ... 

Q(t) =discharge at time t 

Qtot = total discharge during one flood 

e = base of the natural logs 

m = time of maximum discharge 

Th1s is based on the well-known Poisson function from statistics. 

It is used to describe the probability of occurrence of rare 

events. It is employed here because it is a s1mple function 

requiring specification of only one parameter, yet 1t 1s capable 

of generating distributions reminiscent of those suggested for 

flood events such as jokulhlaups. As will be seen, this funct1on 

appears to generate hydrographs fitting quite closely t he 

constraints of the field data. 

A second hydrograph can be generated for the discharge at 

Wallula Gap using the same approach. Since the flood wave has a 

finite velocity and tends to lose energy due to friction and 

turbulence, it is expected that the peak d1scharge at Wallula Gap 

will occur later than, and be of less magnitude than, the 
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discharge at Sentinel Gap. Indeed, it is known from field 

evidence that a significant volume of water accumulated in the 

Pasco Basin during at least some of these floods. Such 

accumulation can only occur when the discharge at Wallula Gap is 

less than the inflow into the Basin. Since we are only 

interested in flows which are confined to the Columbia River, all 

1nflow to the Pasco Basin will be through Sentinel Gap. We must 

investigate the magnitude and timing of hydraulic pending in that 

scenario. 

Field evidence suggests that the maximum level of hydraulic 

pending in the Pasco Basin produced water levels to 350m (1150 

ft) or possibly 366m (1200 ft). It is entirely possible that 

these levels were never reached by floods which were confined to 

the Columbia River. Floods down the Columbia that did not 

produce such pending must be of lower discharge. Thus, we · take 

as a worst case scenario that there were (and can be in the 

future) floods, entirely confined to the Columbia River, which 

are of sufficient discharge to produce pending to 350 m (1150 ft) 

or 366m (1200 ft). 

We can use that information to compute the maximum discharge 

at Wallula Gap and the delay in that maximum beyond the time of 

the maximum at Sentinel Gap. For this we assume that the 

discharge hydrograph of Wallula Gap also follows a Poisson 

function. That function will tell us the discharge at Wallula 

Gap at each time step, just as was computed for Sentinel Gap. 

Whenever the discharge at Wallula Gap is less than the discharge 

at Sentinel Gap, we assume that water is accumulating in the 
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Pasco Basin. If we sum, time step by time step, the volume of 

water that accumulates, we will have an estimate of the maximum 

volume of Lake Lewis during a flood. 

That estima te can be directly compared to previously 

computed estimates of the maximum volume of Lake Lewis. Baker 

(1973) planimetered 15' topographic maps of the Pasco Basin to 

estimate the volume held below the 350m (1150 ft) level. He 

computed that to be 175 cubic miles . Craig (Craig, Singer and 

Underberg, 1983) used a computer algorithm and a digital 

elevation model to estimate the volume of water that could be 

held in the Basin at 10 m increments of water depth from 0 m to 

above the maximum recorded lake level (Figure 6 . 2). At 

approximately 350m (1150 ft), the Bas1n can hold 666 cubic 

kilometers (or about 160 cubic miles) of water. Since the 

parameter of the Poisson changes the shape of the hydrograph, 1t 

affects the estimate of the total volume of water that will 

accumulate. Thus, the parameter (of the Wallula Gap function) 

can be varied until it produces an estimate of lake volume that 

agrees with the maximum estimated from the field ev1dence. 

Matching the functional forms in this way affects the 

estimated maximum discharge of Wallula Gap. It also determines 

the time lag between the maximum at Sentinel Gap and the maximum 

at Wallula Gap . Furthermore , it fixes the rate at which the 

Pasco Basin will empty of water and therefore the total duration 

of the flood in the Pasco Basin. This latter figure has already 

been estimated by Baker (1973) to be 7 to 14 days . Thus, the 

results of such parameter fitting can be tested with an 

independent set of data. This procedure was used to estimate the 
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discharge hydrographs for Sentinel Gap and for Wallula Gap. 

ITERATIVE SOLUTION OF THE HYDROGRAPH 

·rwo sets of iterations are required to apply this approach . 

First, we must find the parameter of the function for Sentinel 

Gap that yields a maximum discharge agreeing with the previously 

computed estimate. This can be done by assuming that the total 

discharge through Sentinel Gap, Qtot, equals the volume held by 

Lake Missoula. We use for this Pardee ' s (1942) estimate of 500 

cubic miles. This value is only a crude approx~mation. Pardee 

himself gave a more precise estimate of 520 cubic miles and Craig 

(Craig and Singer , 1984) provided a table relating the height of 

Lake Missoula to the volume it would hold. Their data suggest 

that Pardee erred on the low side . 

Numerous inaccuracies exist in this approach. Some of the 

water in the lake would not remain in the flood, as it would fill 

in closed depressions or be left behind in saturated sediments. 

Thus, we accept Pardee's crude estimate as a starting point. 

Some investigation of the effects of the assumption are 

warranted. 

The HEC- 2 analysis reported earlier provides an estimate of 

the maximum discharge through Sentinel Gap . We accept the figure 

of 353 . 1 million cfs (Table 4 . 4) as our best estimate. For the 

HEC- 6 analyses reported above, we estimated (using HEC-2) that it 

would take as much as 5 . 23 hours for a parcel of water to 

completely traverse the distance from Sent~nel Gap to Gable 

Mountain. To ensure that material would move through on one time 

step we choose six hours as a reasonable value of t in the 

analyses. 
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Six hours is also the time step chosen for the hydrograph 

analyses since the data are to be applied to further HEC-6 runs. 

We multiply the maximum discharge for Sentinel Gap computed using 

HEC-2 (353.1 million cfs) by six hours (6x60x60 = 14400 seconds) 

to compute the volume of water that would pass through Sentinel 

Gap in one time step (5,084,640 million cf). We further compute 

that would amount to approximately 7% of the total discharge (500 
3 

mi = 73,599,000 million cf) in a flood. With that figure, we 

1terate on the parameter value until the Poisson function yields 

that value for discharge during the time step corresponding to 

peak flow (Figure 6.3). Once that value is determined, the 

entire hydrograph is fixed. Only integer values were considered 

(Table 6.1) since we will use only integer time steps in the HEC-

6 analysis. An exact fit could be obtained with non-integer 

values. The value chosen (15 time steps, or 3.75 days) 

represents that time at which maximum discharge would be observed 

once flooding began. Continuing solution of the function for 

later times shows that the entire flood will have passed through 

Sentinel Gap (discharge less than 0.005 above normal) after nine 

days. Sign1ficant flooding still is occurring downstream. 

Once the hydrograph at Sentinel Gap is established it can be 

used to fix the hydrograph at Wallula Gap. That is done by 

1terating on the Wallula Gap parameter until the resulting 

function gives a cumulative volume of Lake Lewis matching that 

estimated from the field evidence (Figure 6.4). Again, only 

integer values were considered. The best match was achieved with 

m=19 time steps (Table 6.2). This implies that the maximum 
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TABLE 6.1. Results of iterative solution of the flood hydrograph 
for Sentinel Gap during a Scabland flood. 

M (Sentinel) 

10 
11 
12 
13 
14 
15* 
16 
17 
18 
19 
20 

* Final value chosen 

99 

Q 
(Mcfs) 

426.29 
406.76 
389.69 
374.60 
361.14 
349.04 
338.07 
328.08 
318.92 
310.49 
302.69 
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TABLE 6.2. Results of iterative solution of the flood hydrograph 
for Wallula Gap during a Scabland flood. Solution is 
made using the final hydrograph for Sentinel Gap as 
illustrated in Figure 6.3. 

M (Wallula) 

16 
17 
18 
19* 
20 
21 
22 
23 
24 

* Final value chosen 
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Cumulative 
Pending 

50.67 
98.32 

144.54 
186.04 
225.92 
260.95 
293.49 
322.35 
347.48 



discharge at Wallula Gap occurred four (six hour) time steps, or 

one day, after the maximum at Sentinel Gap. Again, ~his appears 

to be a reasonable number since the computed velocities would 

require about 20 hours for a parcel of water to pass through the 

Basin and friction and turbulence would further slow down the 

propagation of the wave form. Each value of m produces a 

different estimate of the volume of water that would be ponded in 

the Pasco Basin . 

The final estimate for the volume of water that would be 

ponded is 178 cubic miles . The fit to the published values is 

not exact. This is for two reasons: (1) non- integer values of 

time step were not considered and (2) there is not complete 

agreement in the correct value to apply . Use of non- integer 

values would allow an exact fit. These were not used because it 

was felt that the uncertainty in the field data and ~he 

representation of the problem did not warrant such accuracy. 

Maximum discharge at Wallula Gap occurs one day after the 

maximum at Sentinel Gap. During that time water continues to 

accumulate 1n the Pasco Basin. Following the time of maximum 

discharge at Wallula Gap, discharge only slowly declines. These 

discharges will be controlled by the elevat1on of Lake Lewis 

wh1ch in turn is fixed by the volume of water in that lake . 

Since water is still enter1ng the Pasco Basin through Sentinel 

Gap, the lake drains only slowly. Rate of decrease of the lake 

level is controlled by the relative rates of inflow and outflow. 

Inflow at Sentinel Gap continues for another eight days before 

complete discharge of the Lake Missoula waters. The rate of 

discharge at Wallula Gap continues to decrease as the water level 
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1n the Pasco Basin declines. Thus, complete drainage of Lake 

Lewis occurs very slowly. It is 10 days after the maximum at 

Wallula Gap before discharges there return to their pre-flood 

levels. The entire flood lasts 11 days in the Pasco Basin. 

The level of the lake in the Pasco Basin exerts a strong 

control upon the rate of emptying of that lake. The level of 

that lake also fixes the time during which the 200 Areas remain 

1nundated and subject to erosion. Thus, it is of some interest 

to calculate the changing elevation of the lake during a flood. 

That calculation is possible since the relation between volume of 

water held in Lake Lewis and the elevation of the lake has 

previously been obtained (Craig, Singer and Underberg, 1983, 

Table 8, p. 93) and is illustrated in Figure 6.2. The relation 

has been added to the hydrograph synthesis program (Appendix B) 

and results for the canonical flood are reported in Figure -6.5. 

These values are assumed to represent the elevation of the lake 

in its cen~er, approximately the location of Gable Mountain and 

the 200 Areas. This is correct if one assumes that the water 

surface elevation varies linearly with distance between the two 

gaps and that the shape of the basin is regular with respect ~o 

the center. Deviations from ~hose assumptions are probably not 

sufficient to create significant errors of interpretation. More 

exact calcula~ions are possible at minor expense in computations . 

Examination of Figure 6.5 shows that, under this scenario, 

the lake will remain at depths sufficient to inundate the 200 

Areas for approximately 4.25 days. During this time, water 

depths above the 200 Areas will vary from 0 m to 150 m. 
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DYNAMICS AT THE INLET AND OUTLET 

The discharges computed allow estimates of the velocities of 

the water using the rating curve developed with the HEC-2 

analyses. The rating curve developed for Sentinel Gap (Figure 

4.9) has been added to the hydrograph computer code. Once the 

discharge at the gap has been computed, that value is used to 

1nterpolate the appropriate velocity at the gap. The 

1nterpolation routine is based on the assumption that the 

velocity varies linearly between the points at which it has 

actually been solved. Table 6.3 reports the final computed 

values of depth and velocity at both gaps for each time step 

during the flood. 

The resulting velocity values can be applied in several 

ways. On the one hand, it can be used to estimate the erosion 

regime at the gap. Alternatively, the velocity can be used to 

establish boundary conditions for an unsteady flow model. Once 

that value has been established, it is possible to solve the 

dynamics of flows within the Pasco Basin using a relatively 

sophisticated model. 

LIMITATIONS AND UNCERTAINTIES 

Construction of a discharge hydrograph is possible if one 

assumes knowledge of the functional form of the discharge 

hydrograph so that only the parameters of that function need be 

estimated. The functional form employed is a very simple one 

chosen only because it is capable of producing desired 

distribution form over a reasonable domain of integer values and 

requires specification of only one parameter. There is no other 

justification for its use. Thus, it can be expected that more 
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powerful functions could be specified. 

Use of the Poisson function requires an independent estimate 

of the maximum discharge at Sentinel Gap. That value is only 

Known in a gross approximation. It has been computed under the 

assumption that flows are completely confined to the Columbia 

River and that these floods were responsible for the high water 

marks that are observed at the Frenchman Hills. Since there is 

little data constraining the nature of such floods, the estimates 

of maximum discharge are crude at best. 

Use of this procedure also requires independent 

specification of the total discharge through Sentinel Gap. We 

have used Pardee's estimate of the volume of Lake Missoula as the 

volume that would pass through Sentinel Gap and the Pasco Basin. 

This value is only approximately known. It is also far from 

clear that a flood confined entirely to the Columb~a River valley 

would have this volume. The uncertainty in this number must be 

at least 25%. The value specified impacts the entire 

calculation. The value of total discharge affects the estimate 

of the hydrographs at both gaps. Thus, it is an important 

parameter. 

As indicated, only integer values of the parameter of the 

Poisson function were considered. This sets a limit on the 

accuracy of the calculations. This accuracy could be improved 

through the use of shorter time steps in the calculations. For 

this analysis the time step length was set at six hours. This 

was chosen so that the resulting calculations would be directly 

applicable to the needs of the HEC-6 runs to be reported below. 

It would be of interest to consider the use of shorter time steps. 
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EROSION POTENTIAL FOR A MAJOR FLOOD 

EQUILIBRIUM SEDIMENT TRANSPORT 

Introduced earlier (Chapter 5) was the idea of equilibrium 

sediment transport. We will now alter this concept for these 

analyses. The new idea behind this concept is that the amount 

entering the Pasco Basin through Sentinel Gap equals the amount 

leaving the system. We are treating this as if it were a ''black 

box" and input to the "black box" equals the output, no matter 

what has taken place within the environment of the "black box". 

With the HEC-6 model, we are able to monitor the inflowing 

load to the Pasco Basin and compare that value to the amount 

exiting the system during a flood event. For these analyses, the 

hydrograph computed for Wallula Gap in chapter 6 is used. 

Requiring the inflow to equal the outflow we adjust the maximum 

value for sediment load of the inflowing sediment load rating 

table to arrive at the equilibrium conditions. We iterate 

through inflowing sediment loads to converge upon equil1brium 

conditions. This procedure is be repeated for each sediment 

transport function used for the entire flood hydrograph. Results 

of iterations for all transport functions are presented below 

1 Table 7. 1 l • 

SELECTION OF THE TRANSPORT EQUATION 

Three of the four transport equations available to us 

through the HEC-6 program are based on the total sediment load of 

a river. As mentioned earlier, Shen (1982) believes that the 

total sediment load equations are not applicable to high 

transport rates because these rates may produce extensive scour 

of the bed material; the equations will not be able to represent 
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TABLE 7.1. Convergence procedure used to obtain inflowing 
sediment load for each transport function in the HEC-6 
analyses. 

Inflow Sediment 
Load 

tons/day 
7 

X 10 

Toffaleti 

3.59 
0.12 

Du Boy' s Method 

18.2 
1820.0 
6820.0 
3820.0 
4820.0 
4600.0 
4680.0 
4640.0 

Comment 

HIGH 
HIGH 

LOW 
LOW 

HIGH 
LOW 

HIGH 
LOW 

HIGH 
EQUAL 

Sediment Volwne 
In out 

acre-feet 

X 10 

51.5 
* 4.2 

2160.0 
158000.0 
555000.0 
319000.0 
399000.0 
381000.0 
388000.0 
384000.0 

3 

1.8 
1.8 

38400.0 
38400.0 
38400.0 
38400.0 
38400.0 
38400.0 
38400.0 
38400.0 

Madden's Modificat1on of Laursen's Relationship 

4640.0 HIGH 38400.0 51.5 
40.0 HIGH 442.0 51.5 

4.0 HIGH 56.6 51.5 
3. 5 LOW 50.5 51.5 
3.6 HIGH 51.7 51.5 
3.55 LOW 51.1 51.5 
3.575 LOW 51.4 51.5 
3.585 EQUAL 51.5 51.5 

Yang's Streampower Method 

1820.0 HIGH 15800.0 216.0 
18.2 EQUAL 216.0 216.0 

* could not use a lower sediment load to converge on 
on equilibriwn condition. A lower value would have 
been less than the sediment load in the Amazon used 
as the intermediate estimate in the Q vs. Qs rating 
curve for inflowing sediment. 
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such scour due to the assumptions inherent to their formulation. 

For example, results from implementing Toffaleti's method show 

that relatively little scour or deposition occurs within the 

Pasco Basin. Table 7.1, is constructed of iteratlons for the 

sediment inflowing rating curve. To obtain equilibrium 

conditions, the amount of sediment transported into the basin 

would be less than the amount of sediment currently transported 

within the Amazon River. Since the velocities within the 

constriction at Sentinel Gap reach 25 m/sec and presumably would 

move large volumes of material, we believe that this method is 

not useful in determining the sediment transport capabilities of 

this flood. 

Inherent to Toffaleti's method is a maximum thickness of the 

channel bed. The bed material is assumed to consist of a single 

layer only two grain-sizes in thickness. This assumption 

produces the minute amounts of erosion and the large quantity of 

deposition at the entrance to the Pasco Basin at sentinel Gap. 

Shen (1982) suggests the use of Du Boy's method for high 

transport rates since this method utilizes a simple linear 

function relating velocities to bed layer to move multiple 

multiple of material. He also states that to obtain reasonable 

results Wlth this method, the linear relationship should be 

modified. Using this function for the Missoula flood discharges, 

results were unrealistic. Through the beginning stages of the 

flood, massive erosion was evident. As the flood stage and 

discharge increased, a mound of sediment was deposited in the 

upstream portion of the channel. As flooding progressed to 

larger discharges, this mound grew and moved in the downstream 
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direction, eventually rising to over 2133 m (7000 ft) above the 

water surface elevation. It could be described as a wave 

(mountain) of sediment moving through the system. A possible 

explanation for this occurrence is that as scouring took place 

within the upstream portion of the channel, (scour to 37 m or 121 

ft), the channel hydraulics were changing drastically. 

Velocities that were 25m/sec (80 ft/sec) drop to between 4.8 and 

6.1 m/sec (16 and 20 ft/sec). 

The hydrograph developed for the Missoula flood was based on 

the assumption that for every steady state discharge, enough time 

had elapsed to allow the water to move through the system. The 

time factor used in the HEC-6 analysis was based upon velocities 

from HEC-2 analyses, which include, of course, a non-movable bed. 

Since the velocities have decreased by such great amounts, the 

flow for each d~scharge does not make it entirely through the 

system. The sediment is evidently dumped where it is when time 

nas elapsed. As discharges are increased, the velocities in the 

channel increase, moving the "waveu of sediment further 

downstream, constantly being eroded and redeposited until it has 

exited the system. 

Two other total load sed~ment transport equat~ons; Madden's 

Modification of Laursen's Relationship and Yang's Streampower 

Method produce consistent results. The rate at which sediment 

enters the Pasco Basin (using the iterative procedure in Yang's 

analysis, Table 7.1) corresponds to a range of values estimated 

determining a rate of inflow to the Pasco Basin based on 

equilibrium flow conditions (14 day period) and sediment volume 
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(Table 6.1). These values for inflowing sediment load are 

presented in Table 7.2 for both methodologies. Therefore, Yang's 

transport equation may be the most reasonable procedure to 

determine the sediment transport of a Missoula-type flow but 

results using either transport equation (Madden's and Yang's) 

seem reasonable for the region of the Pasco Basin. 

Since the results using Toffaleti's and Du Boy's methods are 

considered unrealistic, the results using Madden's and Yang's 

relationship are emphasized. Madden's method allows up to 0.061 

m of erosion over the the site; Yang's allows for 0.915 m of 

erosion. In both cases the amount of erosion is minimal directly 

over the site. Further upstream (cross-sections 34 - 25) erosion 

is much more extensive; up to the full 37 m allowed for erosion 

ln this analysis occurred (refer to Figure 4.7). 
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TABLE 7.2. Estimated sediment transport rates for various assumed 
sediment volumes for a fixed discharge in the Pasco 
Basin (a) and equilibrium sediment transport rates (b) 
computed with four sediment transport functions (Table 
7.1) and the hydrograph of chapter 6. 

Ia) Constant Discharge Method -- 14 day duration (see 
Elevation 

Planimetered Volume Rate of Inflow 
'n the of Sediment 

Pasco Basin 
3 

lml 1ft) 1ft I tons/day 
9 7 

X 10 X 10 

350 1150 103.6 61.0 
229 750 43.1 25.0 
213 700 41.4 24.0 
198 650 30.6 • 18.0 
183 600 29.2 17.0 
168 550 21.2 13.0 
152 500 19.3 11.0 

(b) Hydrograph Method -- 10 day duration (this chapt.) 

• 

• 

·Transport 
Function 

Toffaleti 
Du Boy 
Madden 
Yang 

Most similar computed values . 
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Rate of Inflow 
tons/day 

7 
X 10 

< .12 
4640.0 

3.585 
18.2 
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TABLE 7. 3. Maxlmum erosion at each cross-section for the 
Sentinel Gap data set using the computed Wallula 
Gap hydrograph from Table 6.3. 

Maximum Erosion for 
Each Cross-section 

(feet) 

Time Time ' 
Cross-section Yang Step Madden Step 

Upstream 34 -121.00 11 -121.00 13 
33 -121.00 11 -121.00 11 • 

32 -121.00 12 -121.00 11 
31 -121.00 12 -121.00 12 
30 -121.00 13 -121.00 12 
29 -121.00 14 -121.00 12 
28 -121.00 15 -121.00 13 
27 -121.00 16 -121.00 13 
26 -121.00 17 -121.00 21 
25 -121.00 18 -121.00 21 
24 -121.00 21 -121.00 18 
23 -58.03 32 deposition 
22 -8.29 13 -2.38 14 
21 -9.90 13 -4.86 14 
20 -0.21 15 deposition 
19 deposition deposition 
18 -4.32 13 -3.13 14 
17 -37.83 22 -14.13 24 
16 -47.43 22 -28.03 27 
15 -65.67 27 -11.78 32 
14 -27.77 32 -0.68 17 
13 deposition deposition 
12 -4.92 33 -2.89 25 
11 -0.07 9 -0.01 8 
10 -0.03 8 -0.01 9 

9 -0.20 10 -0.05 10 
8 -13.79 27 -2.20 31 
7 -0.29 8 -0.11 8 
6 deposition deposition , depOSltlOD deposition 
4 -2.44 30 -0.10 30 
3 -3.00 33 -0.20 33 • 
2 -0.46 10 -0.24 32 

Downstream 1 -1.23 9 -1.70 34 

• 

• 
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REPRESENTING THE DYNAMICS OF A MAJOR FLOOD 

THE GOVERNING EQUATIONS 

The previous chapters have described the solutions of the 

flood characteristics that can be obtained under the assumption 
' 

that flow is one-dimensional and either steady or nearly so. We 

nave thus obtained first order estimates of sediment transport 

during such floods. Unfortunately, neither of these assumptions, 

(one-dimensional flow or steady flow) are very reasonable in the 

case of the Scablands floods. Some of the difficulties with 

these assumptions are discussed in section three. A more 

reasonable assumption is that the flows are two-dimensional and 

that they are unsteady. Unlike the case of one-dimensional, 

steady flows, a standard computer code for the solutions of 

unsteady, two-dimensional flow problems is not available. Such a 

computer code has been developed ~n this proJect and ~s described 

next. We begin with a review of the appropriate equations and 

show how they appear when phrased in two-dimensional, unsteady 

form. From this, the solution procedure is derived and the 

coding philosophy is given. The computer code itself is given in 

Appendix C. 

There are two fundamental equations that must be considered. 

The first describes the conservation of mass, the second the 

conservation of momentum. For the purposes of this study, it is 

assumed that the process is isothermal. Thus, we do not consider 

problems related to the equation of state (the laws of 

thermodynamics). The conservation of momentum must be expressed 

for each of three dimensions; thus, three equations are required. 

First we show how the three-dimensional form of the cont~nuity 
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equation can be simplified to two-dimenslonal form. Following 

this, we show how the three equations of conservation of momentum 

can be reduced to two equations and simplified to two-dimensional 

form. 

VERTICAL INTEGRATION OF THE CONTINUITY EQUATION 

The continuity equation given below represents the 

conservation of mass in three dimensions when there is constant 

density \an incompressible fluid). Even the very high velocities 

of the Missoula floods are not sufficient to produce significant 

density changes in water. Thus, the assumption of 

incompressibility appears to be satisfactory. The equation is 

then: 
ou 6v 6w 
-- + -- + = 0 I 1 I 
6x By Bz 

Because we are interested only in the hor1zontal components 

of flow during these floods we will simplify the equations to 

avoid consideration of motions parallel to the vertical axis. 

Equation Ill is integrated from the bottom of the flow (z=-d) to 

the free surface (z=n). It is assumed that u and v are functions 

of x, y and t only. This yields: 

n 
I 6u 6v 6w 

1-- + + --) dz = 0 
J 6x oy 6z 

-d 

Considering each term separately, we have 

n 
I 6u 

J 6x 
-d 

dz = ln+dl 
6u 

6x 
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n 
r /lv ov 

dz = ln+dl I 4 I 
J /ly oy 

-d 

n n 
f llw 

dz = w I 5 I 
J llz 
-d -d 

Substituting I 3 I , I 4 I and I 5 I into I 2 I yields: 

n 
ou llv 

ln+dl + ln+dl + w ' = 0 ' I 6 I 
ox oy 

-d 

Solving the last term we get 

n 

w = wlnl - wl -d I I 7 I 
' ' -d 

and 

dn on on on 
w(nl = = + u + v I 8 I 

dt ot ox oy 

dl-dl 61-dl 61-dl ol-dl 
w(-d) ~ ----- = ----- + u ----- + v ----- I 91 

dt 6t ox 6y 

It is assumed that the channel bottom remains fixed through time 

• and so is a function of x and y only. Therefore, 

ol-d) 
----- = 0 
6t 

and 
51-dl 61-dl 

w(-dJ = u ----- + v ----- I 10 I 
ox oy 
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substituting ( 10) and ( 8 ) into ( 6 ) gives: 

6u 6v 6n on on 
ln+dl + ln+d) -- + ( + u + v I 11) 

ox oy ot ox oy 

o(-d) ol-d) 
u ----- - v -----] ; 0 

ox oy 
' 

Gathering similar terms yields: 

6u 6v on 6 
ln+d) + ln+dl + -- + u (n+d) + I 12 l 

6x 6y ot ox 

0 
v ln+d) ; 0 

oy 

We can use the relationships: 

6U 6 0 
ln+d) + u ln+d) ; (u(n+d) l I 13) 

ox ox ox 

and 

OV 0 0 
ln+d) + v ln+d) ; [vln+d) l I 14 l 

oy 6y oy 

Substituting I 13) and I 14 l into I 12 l yields: 

on 6 0 
+ -- [u(n+dJ l + (vi n+d) I ; 0 I 15) 

ot 6x oy 

Letting n + d ; h ; depth of flow 

6(d) 
; 0 

ot 
• 

therefore. 

6h 6 6 • -- + lhu) + lhv) ; 0 I 16 l 
6t 6x 6y 
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VERTICAL INTEGRATION OF THE THREE-DIMENSIONAL MOMENTUM EQUATION 

WITH FRICTION 

In the same way we will simplify the momentum equations to 

avoid the necessity of considering flow momentum parallel to the 

vertical axis. We begin with the three-dimensional momentum 

equation in the u (or XI axis with a term, f' to represent 

friction: 

ou 6u ou 6u -6p* 
p( + u + v +w I = - f ! 1) 

ot ox oy oz ox 

Based on the properties of differentials, we can write: 

u 

2 
ou 1 o I u I 

= - -----
6x 2 6x 

ou 6(uv) 
v -- = ----- - u 

6y oy 

ou 6(uw) 
w = ----- - u 

oz oz 

ov 

6y 

ow 

6z 

Substituting (2), (3) and (4) into (ll yields: 

By 

pu 

6u 1 
p ( -- + -

6t 2 

2 
O(U I 
-----
ox 

assuming the fluid 

6u ov 6w 
(-- + -- + --I = p 
6x oy 6z 

+ 
6(uv) 6v 6(UW) 
----- - u + ----- -

6y 6y 6z 

6w 6p* 
u --) =- ----- f 

6z 6x 

to be incompressible, we 

2 
1 olu I ov 6w 

I - ----- + u + u --I 
2 ox 6y oz 

I 2 I 

I 3 I 

I 4) 

( 5) 

can write: 

= 0 I 6 I 

Adding (6) to (5) does not change the equality and g1ves: 
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2 
6u 6(u ) 6(uv) 6(uw) -6p* 

p + ----- + ----- + -----) = ---- - f I 7 I 
6t 6x 6y 6z ox 

It is assumed that pressure along the z-axis is hydrostatic; 

therefore, 

. ' 
p• = pgh I 8 I 

where his the depth of flow. substituting (8) into (7) gives: 

2 
6u 6(u I 6(uv) ti(uw) 6h 

p (-- + ----- + ----- + -----1 = -pg - f I 91 
at ox 6y 6z ox 

Dividing by p gives: 

2 
6u 6(U I 6(UV) 6(uwl 6h f 

+ ----- + ----- + ----- = -g I 10 I 
6t 6x 6y oz ox p 

Now we integrate both sides of the equation from the base of the 

flow, z=O, to the top of the flow, z=h: 

n 2 
r 6u 6(U I 6(UV) 6(UW) 

( -- + ----- + ----- + -----1 dz = I 111 
J 6t 6x 6y oz 
u 

n n 
r 6h r f 

= ' ' -g dz - - dz 
J 6x I p 

0 0 

It is assumed that u and v are functions of x, y, and t only. 

Therefore, " 
n 2 
r au 6(u I 6(UV) 6(UW) • 

(-- + ----- + ----- + -----1 dz = I 121 
J 6t 6x 6y 6z 

0 
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n 2 h h h 
6u: 6(u I : 6( uv) : 

z 
__ , 

+ z _____ I + z -----1 + t uw) : = 
' ' ' 6t; 6x 6y ' ' \) 0 0 0 

2 h 
6u 6(u I 6(UV) 

n + h ----- + h ----- + (UW): 
' 6t 6x 6y 

0 

Evaluating the last term, we have 

n n 

( uw) : = u . w: = u . ( w (h) - w ( 0 ) I 13 I 

0 0 

By the definition of velocity, and implementation of the chain 

rule, 

dh 6h 6h 6h 
w(hl = = + u + v I 14 I 

dt 6t ox 6y 

d( 0 I 
w(OI = = 0 I 15 I 

dt 

Hence, the integral in ( 12 I is equal to 

2 
6u 6(u I 6(uvl 6h 2 oh 6h 

h + h ----- + h ----- + u + u + uv 116 I 
6t ox 6y 6t ox 6y 

Now Oh/5t can be replaced by the two-dimensional [vertically 

lntegrated) continultY equatlon: 

6h 6(uhJ 6(vh) 
'"' = - ----- - -----

6t 6x 6y 

6h 6u 6h 6v 
;; -u - h - v - h 117 I 

6x 6x 6y 6y 
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Substituting I 17 I into I 16 I gives: 

ou 6u 6{UV) 2 6h 6u 
n + 2hu + h ----- - u - uh 

6t ox oy ox ox 

6h ov 2 oh 6h 
- uv - hu + u + uv I 181 

oy 6y 6x oy • 
which can be simplifi~d to 

6u 6u oluvl 6v 
h + hu + h ----- - hu I 191 

6t ox oy 6y 

from I 3 I we have 

6(uv) 6v 6u 
----- - u = v I 20 I 

oy oy 6y 

Substitutlng I 20 I into I 191 gives: 

6u ou 6u 
h + hu + hv I 211 

ot ox oy 

Evaluating the integrals on the right-hand side of (11): 

h n 
I 6h r f 6h n f . (-g dzl - ' dz = -gh - ---• ' 

I 221 
J 6x J p 6x p 

0 0 

Equating i22J and (21) gives the vertically integrated two-

dimensional momentum equation for the x-direction: 

6u ou 6u 6h h f 
h + hu + hv -- = -gh - --- I 231 

6t 6x oy 6x p 

Dividing by h, we obtain: 
• 

ou ou 6u 6h f 
+ u + v = -g 1241 

6t 6x oy ox p 
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Likewise, for the y-direction: 

6v 6v 6v 6h 
+ u + v = -g 

6t 6x 6y 6y 

2 2 1/2 2 
p v(u + v I m g 

If f = -------------------- • 
4/3 

R 

6v 6v 6v 6h 
+ u + v = -g 

6t 6x 6y 6y 

where: 

f 

p 

then 

2 2 1!2 2 
v(u + v J m g 

4/3 
R 

m = Manning 1 s Roughness coefficient 

R = hydraulic radius 

and, similarly: 
2 2 1/2 2 

6u 6u 6u 6h g U(U + v I m 
+ u + v = - g ------------------

6t 6x 6y 6x 4!3 
R 

THE DEPTH-AVERAGED EQUATIONS 

l25 I 

l 26 I 

l27 I 

Rather than assume that the flow in the X-Y tor horizontal) 

dimension is constant at all levels of the z (or vertical) axis, 

we prefer to avoid that assumption and consider the mean behavior 

of flows in the X-Y plane. The form of the appropriate equations 

is very similar to those derived above; however, it now includes 

terms describing the effective shear stresses introduced by 

differential X-Y motions in the various Z planes. 

Conservation of mass: 

6h 6(hul 6(hvl l1 I 
+ ----- + ----- = 0 

6t 6x 6y 
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Conservation of momentum: 

x-momentum: 

du + 6U oil 6n 1 T 
+ u + v + g + bx 

6t 6x 6y 6x ph 

1 6 (hT 
XX 

ph ox 

y-momentum: 

6v 

6t 

6v 
+ u--

6x 

ov 
+ v--

6y 

1 6 lhT 
xy 

ph 6x 

1 6 I hT 
xy = 0 

ph oy 

1 T on 
+ g-­

oy 
+ -- by 

ph 

1 6 (hT 
yy ; 0 

ph oy 

where: 

u, v = depth-averaged velocities 

L = time 

x,y = coordinate directlons 

g = gravitational acceleration 

n ; water elevation (n=hTZ I 
b 

z ; bottom elevation 
0 

p ; fluid density 

T T ; bottom shear stress 
ox by 

T ,T ,T = effective shear stresses 
XX XY YY 

Effective Shear Stresses 

I 2 I 

I 3 I 

In this development, the effective shear stresses are not 

lnclucted explicitly in the equation set. Instead, they will be 

lntroduced ln a velocity-averaging routlne whlch simulates the 
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contribution of the effective stresses. The averaging procedure 

1s written: 

V* 

= u I 1-a I 
j, k 

+ a{ u + 
j-l,k 

=v 11-al+ a(v + 
j, k j, k j -1, k 

where, 

u* = spatially averaged 
j,k 

v* = spatially averaged 
j, k 

u + 
j, k-1 

v + 
j ,k-1 

u 
j,k 

v 
j, k 

a= weighting factor, O<=a<=l 

j,k =spatial indices 

and 
n 

1 I u 2 

u + u I I 4 
j ,k+l j+1,k 

v + v 1 I 4 
j,k+l j+l,k 

2 
T = ' [ 

' 
2pv - p u' - p lu-u) J dz 

XX 

T 
xy 

T 
yy 

h J 
z 

b 

= T = 
yx 

n 
1 r 

; - I 

' J 
z 
b 

X 

1 rn 
- ' [pv 

' h J 
z 

0 

[2pv - pV' 

u v 
(-- + --) -

2 

y X 

2 
- plv-vl 1 

where: u' ,v' = random fluctuation 

pu'v' - plu-ul 1v-v1 J 

dz 

I 4 I 

I 5 I 

dz 

These equations are not actually solved directly, instead, we 

simulate the contribution of the effective stresses with an 

averag1ng procedure applied after each new set of dependent 

variables has been generated. The formula used are: 
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• a 
u ; u I 1-a I + -I u + 
j,k j, k 4 j-l,k 

• a 
v ; v I 1-a I + - ( v + 

j,k J.k 4 j-l,k 

Bottom Shear Stresses 

Here, the Chezy expression 

T ; 

ox 

T ; 

by 

f ; 

where, 

pf 

pf 

g 

2 
c 

u 

v 

2 2 1/2 
<il + v I 

2 2 1/2 
<il + v I 

u + u 
j 'k-1 j ,k+l 

v + v 
j, k-1 j ,k+l 

is used: 

f = the dimensionless friction factor 

c = the Chezy coefficient 

+ u I 
]+l,k 

+ v I 
j+l,k 

I 7 I 

I 8 I 

This is the form of the Navier-Stokes equations that has 

oeen applied ~n solutions of two-dimensional, unsteady flow in 

this analys~s. These equations have been re-expressed in an 

1mplicit, finite difference form to allow solutlons. The method 

of solution is called the Alternating Direction Implic1t 

procedure. Solutions are first ache1ved in the x-direction using 

an implicit method to solve for the x-momentum and the water 

surface elevation. Then the y-veloc1ty is solved in that 

direction usLng an explicit procedure. Following this, solutions 

are obtained in the y-direction of the grid. In this case, 

solut~ons of the y-momentum and water surface elevation are 
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obtained with an implicit method and the x-momentum is obtained 

with an explicit procedure. 

Grid System 

To solve the six equations that result, a finite difference 

scheme is developed. To simplify the solution procedure, a 

separate grid system is defined for each of the variables u,v,n, 

and z (for convenience, the overbarred notation is dropped). The 

four grid systems are staggered by one-half steps of EX and EY in 

space as shown below (Figure 8.1). In these systems, ex~ Ey, 

because the representation of the effective shear stress used in 

the model depends on this assumption. It is also important to 

note that the solutions from the continuity equation produce the 

water surface elevation, rather than the water depth. This leads 

to some inconvenience in solutions for floods in areas of 

irregular topography such as the Pasco Basin. 

Finite Difference APProximations 

A centered difference approximation is used for the spatlal 

derivatives because it provides a higher order accuracy (second 

order) than either the forward or backward difference schemes. A 

forward difference approximation is used for the temporal 

derivatives because the more accurate centered dlfference scheme 

would result in two time levels of unknowns. The nonlinear terms 

in the governing equations are formulated in an approximate, 

linear representatlon by ''judicious" specification of known and 

unknown values in the difference equations. 
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z 
k+1 

f 
k+l 

z ' v 

v 
k+1 

n 
k+l 

k k 

f ' 
k 

z 
k-1 

n , u 
k k 

v 
i<-1 

f n 
k-1 k-1 

u 
k+l 

u 
k-1 

0 n and f 

= u 

• = v 

X = z 
b 

f 

n 

v 

f f 
j-1 j j+l 

z n z n 
J-1 j-1 J j j+1 

u v u v 
J-1 J-1 J j J+l 
e----x-----e-----x-----e----
' 
' 

z 

u 

X 

o----=-----o-----=-----0-----= 

j+l 

)+1 

e----x-----e-----x-----e----x ey 

' 
' 0----=-----0-----=-----0-----= 
' ' ' 
' ' ' e----x-----e-----x-----e-----x 

o----=-----o-----=-----0-----= 
:----ex-----: 

Figure 8.1. The staggered grid representation of variables used 
in the alternating direction implicit method of solution of the 
Navier-Stokes equations. 

·rhe grid can be thought of as four separate grids, superimposed 
and staggard in space. In the formulations which follow, each 
variable (n, f, u, v, and z ) is subscripted with respect to its 

D 

own gr~d coordinates, not the grid coordinates of the reference 
point for the difference formulae. 
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A multioperational solution procedure is used. The method 

is based on a modification of the alternating-direction implicit 

(ADIJ procedure. This modified ADI method was presented by 

Leendertse (1967) and later described by Ponce and Yabusaki 

tl981). In this procedure, each time step, et, is divided into two 
' 

half-time steps. In the first half-time step, the x-momentum 

equation and the continuity equation are solved implicitly for u 

and n, and the y-momentum equation is solved explicitly for v. 

The two implicit equations, taken together, form a tridiagonal 

coefficient matrix for each row of the difference grid. Thus, 

solution proceeds one row at a time. At the end of the second 

half-time step, the y-momentum equation and the continuity 

equation are solved implicitly for v and n, and the x-momentum 

equation is solved explicitly for u. In this stage, the two 

implicit equations, taken together, form a tridiagonal 

coefficient matrix for each column of the difference grid. Thus, 

solution proceeds one column at a time. 

The AD! procedure offers the following advantages: 

1. Rows and columns are evaluated separately, thus 

greatly reducing the amount of computer core storage 

required. 

2. By alternating the implicit and explicit procedures 
• 

within a time step, errors created during one half-time 

are compensated for by errors incurred during the second 

half-time step. 

For the x-momentum equation, the reference node for the 

difference scheme is the node occupied by u The reference 
jk 

node for the difference scheme in the y-momentum equation is the 
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node occupied by v 
jk 

For the continuity equation, the reference 

node is at n 
]k 

The finite difference forms of the components of the three 

governing equations are: 

Stage 1: 

x-momentum (Implicit): 

n+ll2 
6u n+112 n 

= (u - u J I 112et 
ot ' J 'k J 'k ' u 

J.k 

n+1/2 
6u n+1/2 n n 

u-- = u u u 
ox j, k j+1,k j-1,k 

u 
J 'k 

n+ll2 
ou n n n 

v-- = [v + v + v 
6y j 1 k-1 j+l,k-1 J ,k 

u 
],k 

n n 
X [u - u 

j,k+l J ,k-1 

n+ll2 
on n+l/2 

g = g [ n 
ox j+l,k 

u 
J 'k 

2 2 1/2 n+ll2 
f U {U + V ) 

(n - z l 
b u 

J 'k 

I 2ey 

n+l/2 
n 
j, k 
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I 

I 

v 

I 9 I 

I 2ex I 10 I 

n 
I I 4 

j+1,k 

1111 

EX I 12 I 
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n+l/2 n 2 
=[(£ +£ 1/21 (u [lu 1+ 

],k j+l,k J,k j,k 

n n n n 2 1/2 
( ( v ... v + v + v I /4) I I I 

j, k-1 j+l,k-1 J 'k j+l,k 

n n 
[ ( ( n ... n I /2) - ( ( z ... z I 12 I I 114) 

j+l,k J 'k J 'k j ,k-1 

Continuity (Implicit): 

n+1/2 
6n 

= 
6t 

n 
J 'k 

6 
[(n-z lui 

6x 

n n 

n+l/2 
(n 

J 'k 

n+l/2 

n 
- n I 

j,k 
I (1/2Etl 

n n 
::; [ ( n + n 

j+l,k j,k 

115) 

n+1/2 
z -z JU ;e:x 
],k j,k-1 j,k· 

n 
j,k 2 2 

n+l/2 
- [ (n + n z +z JU j/e:x 116) 

j,k J-l,k j-l,k ]-l,k-1 J-l,k 

2 2 

n+l;2 
6 n n n 

L ( n-z )v J: = [ ( n + n Z + Z I V I EY 
6y 0 J,k+l j,k j,k j-l,k j,k 

n 
J 'k 2 2 

117) 

n n n 
- l (n + n z + z ! v /e:y 

],k ),k-1 ],k-1 j-l,K-1 ),k-1 

2 2 
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y-Momentum (Explicit) 

n+l;2 
ov n+l/2 n 

' = ' 
(v - v 1 /ll/2etl 

6t : 
v 

j,k 

n+l;2 
ov: 

u --: = 

X 

v 

g 

f 

= 

ox: 
v 

J 'k 

n 
[ ( v 

j+l,k 

n+l/2 
6vi 
--: = 
oy: 

v 
J 'k 

n+l/2 
on 

= 
oy ' ' v 

J 'k 

2 2 
v(u + v I 
---------

(n-z I 
0 

[ I f + f 

j,k j,k 

n+l/2 n+l/2 n+l/2 n+l/2 
((u +u +u +u J /4] 

j,k j,k+l ]-l,k+l ]-l,k 

n 
- v I] /2EX 

j -1 ,k 

n+l/2 n n 
v ( ( v - v I 2Ey] 

j,k j,k+l j 1 k-1 

n+ll2 n+l/2 
g [ ( n - n I I Ey] 

j ,k+l j,k 

112 n+l/2 

v 
j,k 

n+1/2 n 2 
I I 2 I (V I (V I + 

j,k j ,k+l j, k j, k 
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, 

n+l/2 n+l/2 n+l/2 
( (u + u + u + 

j,k j,k+l j-l,k 

n+l/2 
[ (In + 

j ,k+l 

n+ll2 
n I 
j, k 

I 2) -

Stage 2: 

y-momentum (Implicit): 

n+l 
6v: n+l n+l/2 

n+ll2 
u I 

2 112 
I 41 I 

j-l,k+l 

( I z 
j,k 

+ z I 
j-l,k 

I 2 I I 

__ I 

I =[v - v I I l/2<t 
6ti J,k j,k 

v 
j, k 

n+l 
n+l12 n+ll2 

I 

ov: 
u --: 

ox: 

n+ll2 
=[I u ~ u + u + 

n+l/2 
u I 

j -1 ,k 
I 4 I 

X 

ov: 
v 

__ I 

I 

6y: 

on: 
g --; 

oy: 

j, k j, k+l ]-l,k+l 
v 

J 'k 

n+ll2 n+l/2 
IV - v I I 2EX 

J+l ,k j-l,k 

n+l 
n+l n+l;2 n+ll2 

= v (V v I 
J 'k j,k+l j 1 k-1 

v 
J, k 

n+l 
n+l n+l 

= g [n n J 1 e:y 
) 1 k+l J 'k 

v 
] 1 k 
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I 23) 

I 24 I 
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f v 
2 

lu + 
2 1/2 n+1 

v I 

1n - z J 
b v 

J. k 

n+l n+l/2 2 
( ( f T f I 2) {v [I v I + 

),k ],k+l j,k j,k 

n+1/2 n+1/2 n+1/2 n+1/2 2 1!2 
I(U +U +U +u 1/41) )/ 

J,k J,k+l J-l,k j-l,k+l 

n+l/2 n+1/2 
l ( ( n + n I I 2 I - ( ( z + z !2) J 

j+l,k j,k J,k j,k+l 

Continuity (Implicit): 

n+1 
on: n+l n+l/2 
--' ' = [n - n J I 11/2Etl 
6ti j,k j,k 

n 
j ,k 

n+1 
6 : n+l/2 n+l/2 

--[ (n-z )uj: = [ In T n - z T z 
ox b j+l,k J. k j,k J. k-1 

n ------------ -------------

n+l/2 
- [In 

j,k 

j 1 k 

n+1/2 
+ n 

j-1,k 

2 

2 

z 
j-l,k 

+ z 
]-1,k-1 

2 

134 

2 

n+1/2 
u I 

j-1,k 

\ 27) 
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n+l/ 2 
}U j /EX 

J. k r 
I 29 I 

/EX 

\ J 0) 



' 

n+l 
6 n+l12 n+ll2 n+l 

--( (n-z)v]: 
6y 

= [ (n + n Z + Z ) V j /Ey 

j,k+l j,k J,k j-l,k ],k 
n 

j 'k 

n+l/2 n+112 
[In + n 

J 'k j ,k-1 

2 

x-momenturn (explicit) 

6u: 
--: 
6ti 

n+l 

u 
j ,k 

n+1 

n+1 
=[u 

j, k 

n+l/2 
- u 

j,k 

6ui n+l n+112 
u--: = u 

6x: j, k 
u 

J ,k 

n+l 

(u 
J+l,k 

2 

z + z ) 
j ,k-1 j-1,k-1 

2 

J I 112Et 

n+l/2 
u J I 2EX 
j-l,k 

n+l n+l n+l n+1 

2 

n+1 
v J 
j, k-1 

ou: 
v--: 
6yi 

= (v + v 
]+1,k-1 

+ v + v J I 4 
j,k-1 j, k j+l,k 

u 
J ,k 

n+l! 2 n+l/ 2 
X [ U - u ] I 2e:y 

J ,k+l j ,k-1 

n+1 
on: n+1 n+1 

g ' = g [n n J I EX ' ox: j+l,k j, k 
u 
j, k 
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I 31 I 

!<y 

I 32 I 

I 3 3 I 

\34) 

\ 35) 

1 3 6 I 



2 2 1/2 n+l 
f u(u + v ) 

In - z I 
u 
].k 

~ I If + f J /2] 
j, k ]+1,k 

n+l n+l 
( (v + v + 

j, k-1 j+l,k-1 

n+l n+l/2 
iII n + n 1 

j,k+l j,k 

1 37 I 

n+l n+l/2 2 
(u [I u J + 

j,k ],k 

1381 

n+l n+l 2 1/2 
v + v I 4 I I \ I 

j,k j+l,k 

!2 I - II z + z I 12 I I 
j, k j-l,k 

The difference equations for stage 1 can now be written as 

follows: 

x-momentum (Implicit) 

n n+l/2 n+l/2 
l ( u - u /ll/2Etl] + U 

j,k j , k j, k 

n n n n 
+ [I v T v T v T v 

j,k-1 j+l,k-1 J 'k J+l,k 

n+l/2 n+l/2 
+ g[ In - n I /EX] 

]+l,k j, k 

n+l/2 n 
+ u [ If T f I 21 I I 1 u 

j, k j , k ]+l,k j,k 

136 

n n 
i lu - u I /2Ex] 

j+l,k ]-l,k 

n n 
I /4] I I u - u I 

j ,k+l J 1 k-1 

2 
J T 

;2e;yj 

r 



.-

n n n 
[{v + v + v + 

j,k-1 j+l,k-1 j,k 

n 

n 
v I 

j+l,k 

2 1/2 
/4 ] } I 

z z 
[ ( (n + n J ;2}-((b +b I 

j+l,k j,k j,k j,k-1 
12) J = 0 139 I 

In order to simplify manipulation of the above equation, the 

following notation is introduced: 

=n n n n n 
11 = (v + v + V T V j 

J,k ],k-1 j+l,k-1 

=n 
F =(if +f 112] 

j,k j,k j+l,k 

),k j+l,k 

n 
(I u 

J 'k 

2 

I 4 

n n 
t ( v + v 

n n 
+ v + v ) 

2. 1;2 
I 41 I 

],k-1 j+l,k-1 J,k j+l,k 

n n z z 
l_((n +n 1/21-llb + b /21] 

]+l,k J ,k J ,k j ,k-1 
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substituting Equations (40) and (41) into Equation (39) gives the 

following more simplified version of the x-momentum difference 

for the 1st half-time step: 

n n+l/2 n n n+l/2 
IU - u / 

j, k 
/(l/2Et) + U [ (u - u I /2Ex] 

J 'k 

= n n 
+ v [(u - u J 

j,k J,k+l j,k-1 

n+l/2 =n 
+ u F = 0 

j,k j,k 

j, k 

/2EY] + g 

j+l,k j-l,k 

n+l/2 
[ ( n 

j+l,k 

n+l/2 
- n I 

j,k 
/EX] 

I 42 I 

we w~sh to rearrange the equation to put all of the knowns on the 

right-hand side of Equation (42) and all of the unknowns on the 

left-hand side. Multiplying by l/2e:t and separating the water-

level derivative: 

n+1/2 n n+l/2 n n 
u - u + l/2e:t u l u - u 1 I 2e:x 

J 'k j,k j,k 

=n n n 
+l/2e:t v [(u - u 

j ,k J ,k+l J ,k-1 

n+l/2 

J+1,k ]-l,k 

/2e:yJ + l/2e:t g 

n+1/2 =n 

n+l/2 
[In 

J+l ,k 

-l/2Et g [(n 1 /e:x] + l/2e:t u F = 0 
j,k j,k j,k 

Rearranging the terms in Equation (43) g~ves: 

n+l/2 n+l/2 n n n+l/ 2 

I 43 I 

/ /EX] 

u + l/2e:tu (u - u /2e:x + l/2e:tgn /e:x 
j,k J,k j+l,k J-1,k j+l,k 
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!1+1/2 
- 1/2otg n I €X + 1/2<t 

j ,k 

n =n n 
= u - 1/2 <T v [u - u 

j 1 k J 'k j 'k+1 

n+ll2 
Factoring out u 

j,k 

n+112 

gives: 

n n 

n+ll2 = n 
u F 

j ,k J 

n 
I I 2<y 

j.k-1 

= n 
u ( 1 + 112<t[ (u - u 1 I 2<X + F j} 
j, k j+l,k j-l,k j,k 

n+112 <t n+ll2 
+ (1;2 g) n - 11/2 g) n 

EX j+l,k EX j ,k 

n =n n n 
= u 1/2 Et v u - u J I 2Ey 

j,k j,k j,k+1 j,k-1 

I 44) 

I 45 l 

There lS one such equation for every u node in the domain. 

Let, 

B =(1+1/2 
J 'k 

€t 
A = -1/2 g 

j I k EX 

<t 
c = 1/2 g 

j , k e:x 

n n 
e:t[(u -u J 

J+1,k J-l,k 

lJ9 

j 1 k 

= n 
; 2e:x + F 

J.k 
14.Sa) 

\ 45b) 

(45c) 



n 
p = u 
j,k J,k 

=n 
l/2e:tv l 

J 'k 

n n 
u - u l I 2Ey 14Sdl 

j,k+l j,k-1 

Substituting Equations (43a-d) into Equation (45) gives: 

n+l/2 n+l/2 n+l/2 
A n 

],k j,k 
+ 8 u + c n = P i4Sel 

j,k j,k ],k j+l,k ],k 

Continuity (Implicit): 

n+l/2 n 
In - n J/(l/2Etl 

],k j,k 

n n z z n+l/2 
+l[lln + n 1 

j,k 
;21-lib + b J I 2 I l u 

j,k 
/ EX 

j+l,k 

n n 
-([lin + n J 12 I -

J ,k J-l,k 

n n 
+ I [ I In + n /2 I -

j, k+l j, k 

n n 
I I I In + n I /2) -

J, k J ,k-1 

= 

Let, 

n n n 
ID I = [ In + n I 2 ] 

l j, k j+l,k J 'k 

j,k 

z 
I I b + 

j-l,k 

z z 
I I b + 

j,k 

z 
I I b + 

j , k-1 

z 

J, k-1 

z 
b I 
]-l,k-1 

n+l/2 
i2J] u 

j-l,k 

n 
b 1 2 I l v } I EY 

j-l,k J 'k 

z n 
b /2) l v 

J-l,k-1 J 'k-l 

1461 

z 
- [ I b + b I I 2] t47al 

j,k J , k-1 
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n n n z z 
iD I = (In + n J I 2] - ( I b + b I /2] 147b) 

2 j, k j,k )-l,k ]-l,k j-1,k-1 

n n n z z 
\D I = ( In + n /2] - ( I b + b /2] (47c) 

3 j,k j ,k+l j, k j,k j-l,k 

n n n z z 
IDI =(In+ n I I 2] - (I b + b I I 2] (47d) 

4 j,k j,k J 'k-1 j 1 k-1 j-1,k-1 

substituting Equations (47 a-d) into Equation (46) produces: 

n+l/2 n 
In - n I /(1/2otl 

j, k j 

n 
+[IIDI 

1 ],k 

n+1/2 
u J /ox I -

j 'k 

n 

n n+l/2 
( I I D I u I /ox] 

2 j,k j-1,k 

n n n 
-t (liD 1 v I /<Y I - ( I I D I v 1 /oy I = o 

3 j 'k j,k 4 j, k j,k-1 

Multiplying by 1/2 e:t gives: 

·I 48 I 

n+l/2 n e:t n n+l/2 e:t n n +1/2 
n - n + 1/2 (0 ) u - 1/2 (D ) u 

j , k j , k e::x 1 j , k j , k e:x 2 j,k j-l,k 

e::t n n et n n 
-t1/2 IDI v -1/2 IDI v =O 1 49 I 

oy 3 j,k j,k oy 4 j,k j,k-1 

Putting the knowns on the right-hand side and the unknowns on the 

left-hand side gives: 

n+l/2 e::t n n+l /2 
n + 1/2 (D I u 

j 1 k EX l j,k j,k 

<t 
- 1/2 

<X 
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n 
ID I 

2 

n+l/2 
u 
j-l,k 



n Et n Et n 
= n - 1/2 (D I + 1/2 (D I v I SO I 

j, k EY 3 j ,k EY 4 j, k j,k-1 

There is one such equation for every n node in the domain. 
j, k 

Let, 

Et n 
X = -1/2 (D I iSOaJ 

j ,k EX 2 j ,k 

Et n 
y = 1/2 (D I !SOb) 

j 1 k EX 1 j, k 

n Et n n Et n 
Q = n - 1/2 (D I v + 1/2 Iii I v I SOc) 

j,k j,k EY 3 j, k j, k EY 4 J,k j,k-1 

Substituting Equations (50 a-d) into Equation I 50 I gives: 

n+l/2 n+1/2 n+l/2 
X u +l.n + y u = Q (50d) 

j,k j-l,k j, k j ,k j ,k j ,k 

y-Momentum (Explicit) 

n+l/2 n 
{V - V ) /(1/2e:t) 

J,k j,k 

n+l/2 n+l/2 n+l/2 n+l/2 n n 
-t-[(u +u +U +u 1 /4]((v -v i2Ex:] 

j ,.k. J ,k+l ]-1 ,k+l J-1 ,k ]+l,k J-l,k 

n+l/2 n n n+l/2 n+1/2 .. 
T V l ( v v I 2Ey] + g [ ( n n I I Ey] 

j 1 k j, k+l J ,k-1 j, k+l j,k 

n+1/2 n 2 
+ v { [ ( f T f I /2] [I v I 

j, k j, k j,k+l j, k 
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n+ll2 n+l/2 n+l/2 n+ll2 2 112 
' I (U + u + u + u 14 I I } I 

j,k j ,k+l ]-l,k j-l,k+l 

n+ll2 n+ll2 z z 
(In + n I 12 - I b + b I 121 = 0 

j ,k+l j, k J 'k j-l,k I 51 I 

let, 

=n+l12 n+ll2 n+ll2 n+ll2 n+ll2 
u = (u + u +u +u J/4 I 52 I 

j,k j,k j,k+l j-l,k ]-l,k+l 

:::n+l/2 n 2 
G =(if +f i/21 (I v I 

),k j,k j,k+l j, k 

n+ll2 n+l12 n+l/2 n+ll2 2 112 
+ ( ( u + u + u u I I 4 I l I 

J 'k j,k+l j-l,k j-l,k+l 

n+ll2 n+ll2 z z 
1: ( n + n I 12 - ( b + b 1121 I 5Jt 

j, k+l j,k j, k ]-l,k 

Substituting Equations (52) and (53) into Equation (51) gives! 

n+l/2 n =n+l/2 n n 
tv - v l/(l/2e:t) + u [(v - v J/2e:x] 

J.k i.k i.k ]-l,k ]-l,k 

n+l/2 n n 
+ v LV - v I 2oy (54) 

' j, k j, k+l J, k-1 

n+l/2 n+l12 n+ll2 =n+l/2 
+ g( ( n - n )loy] + (v G I = 0 

j,k+l j, k j,k j,k 
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Multiplying by 1/2 et gives 

n+1/2 n =n+1/2 n n 
v - v + 1/2 et u (I v - v J/2ex] 
j, k j, k j,k j+l,k j-llk 

n+1/2 n n n+l/2 n+l/2 
+ 1/2et v (I v - v 1/2ey] + 1/2etg (n - n JI<Yl 

j, k j 1 k+l j, k-1 j,k+l j ,k 

n+l/2 =n+l/2 
+ (1/2et v G ] = 0 1 55 I 

j, k j 1 k 

Rearranging Equation (55) so that all of the knowns are on the 

right-hand side and all of the unknowns are on the left-hand side 

gives: 

n+1/2 n+l/2 n n n+1/2=n+l/2 
v + 1/2 etv ( v - v ]/2ey + 1/2etv G 

J ,k J. k j ,k+l J ,k-1 j,k jlk 

n =n+l/2 n n 
= V - l/2EtU ( ( v 

J+l,k 
- v J/2ex] 

J. k 

- l/2£tg 
n+1/2 

[ ( n 
J lk+l 

n+l/2 

j-l,k 

n+1/2 
- n 1/e:y] 

J. k 

Factoring out v gives 
J • k 

n+l/2 n n 
v <1 + 1/2 et(llv - v J/2eyJ 
j, k J,k+l ]lk-1 

n n n 

= n+l/2 
+ G I} 

j,k 

=n+l/2 
= V - l/2Et U [(v - v I/2Ex] 

],k J,k J+llk j-llk 
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n+l/2 n+l/2 
- 1/2 otg[(n - n 1/Ey] I 57) 

j,k+l j,k 

n+1/2 
Hence, v can be solved for directly. 

J 'k 

The difference equations for stage #2 can now be written as 

follows: 

y-Momentum (Implicit): 

n+l n+l/2 
IV - V 1(1/2Etl + 

j,k j,k 

n+1/2 n+1/2 
[ ( v - V J/2EXI 

j+l ,k j-1,k 

n+1/2 n+1/2 n+1/2 
[(u + u + u + 

],k j,k+l j-l,k+l 

n+l 
+ v 

j,k 
[v 

n+l/2 

j ,k+l 

n+1/2 
- v l 

j ,k-1 

n+l/2 
u i/4 I 

]-1,k 

n+1 
+ g [ ( n 

n+1 n+l n+l/2 2 
- n I I EYI + 

j,k 
((f +f l/2)(v [(v 1 

j, k+l j,k j,k+l j,k ],k 

n+1/2 n+1/2 n+1/2 n+1/2 2 1/2 
+ ( ( u + u + u + u I /4 I I ) I 

J 'k J ,k+l j-l,k j-l,k+l 

n+l/2 n+l/2 z z 
. (n + n J /2 b + b I I 2] = 0 I, 58) 

j+l,k ],k j,k j ,k-1 

Let, 

=n+l/2 n+l/2 n+l/2 n+l/2 n+l/2 
u =[(u +u +u +u J/4] 159 I 

j,k j,k j,k+l j-l,k+l ]-l,k 

=n+1/2 n+l/2 2 
F =[(f +f J/2][(v I 

j,k j,k j,k+l j,k 
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n+1/2 n+l/2 n+1/2 
+ ( (u + u + u 

J,k j,k+1 j-1 'k 

n+1/2 

n+l/2 
+ u I 

j-1 ,k+l 

z z 

2 1;2 
I 4 I l 

n+1/2 
L ( n 

j+1,k 
-r n J/2 - I b b I /2 l 

j,k j ,k j ,k-1 

I 

I 60 I 

Substituting Equations (59) and (60) into Equation (58) gives: 

n+1 
IV 

J 'k 

n+l/2 
- v l/11/2<tl 

j, k 

=n+1/2 n+l/2 n-t-1/2 
+ U l {V - v l/2<xl 

j,k j+l,k j-1,k 

n+1/2 n+l n+1 
+ v 

n+l/2 n+l/2 
i (v - v i/2<y] + g ( In - n 1/ <Y J 

j ,k j ,k+1 J, k-1 j, k+ 1 j , k 

n+1 ::;n+l/2 
... v F = 0 I 61 I 

j, k j,k 

Multiplying by 1/2 Et and separating the difference formula for 

the water elevation gives: 

n+l n+l/2 ::;n+l/2 n+l/2 n+1/2 
V - V + l/2EtU 
j,k j,k J,k 

iv 
j+1,k 

- v J 
]-1,k 

n+l 
+ 1/2EtV 

J 'k 
(v 

n+1/2 

J, k+l 

n+l/2 
- v I 

j ,k-1 

Et n+l n+l 
- 1/2 gn + 1;2 e::tv 

e::y j,k j,k 

I 2oy + 1/2 

=n+1/2 
F = 0 

j,k 

I 2EX 

Et n+l 
gn 

e::y j,k+1 

162 I 

Rearranging terms to get all of the knowns on the right hand side 

and all of the unknowns on the left-hand side gives: 

n+1 n+1 n+1/2 n+1/2 n-t-1 =n+1/2 
v + l/2EtV l ( v - v I /2<y J + 1/2 <t v F 
j, k J 'k j, k+1 j, k-1 j, k j,k 
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~ 1/2 

n+l/2 
= v 

j 1 k 

e:t n+l et n+l 
gn - 1/2 gn 

cy j,k+l 

=n+l/2 
l/2e:t u 

J 'k 

n+l 

e:y j 'k 

n+l/2 n+l/2 
iv 

]+1/k 
v 1 I 2 e:x 

j-l,k 

Factoring out v gives: 

n+1 
v 

J 'k 

+ 

= 

( 1 + 

( 1/2 

j, k 

n+l/2 
1/2et[(v 

j ,k+l 

et n+1 
g) n -

ey J ,k+l 

n+l/2 =n+1/2 
v l/2e:tu 

j,k j,k 

n+l/2 =n+l/2 
- v I I 2e:y + F ]} 

j 1 k-1 j.k 

et n+1 
( 1/2 g) n 

Ey j,k 

n+1/2 n+1/2 
iv v I I 2ex 

j+l,k j-l,k 

Let, 

et 
A = (-1/2 g) 
j, k ey 

n+l/2 n+l/2 =n+l/2 
B = (1 + 1/2 e:t:[(v v J/2e:y + F 

J ,k J 'k+1 j,k-1 j,k 

et 
c = ( l/2 g) 

j,k ey 

n+l/2 =n+l/2 n+l/2 n+l;2 
p = v l/2e::tu iv - v ]/2e:x 

j,k j, k j,k j+1,k ]-1,k 
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Thus, Equation (64) becomes: 

n-t-1 nH n-t-1 
A n + B v + c n = P 168) 
j,k j,k j,k j,k j ,k j,k+1 j,k 

continuity (Implicit): 

n+1 n+1/2 
In - n I/11/2Etl 

j,k j,k 

n-t-1/2 n+1/2 z z n+l/2 
+ [ ( n + n 112 - I b -t- b I /2] u /e:x 

J+1,k J ,k j,k j 'k-1 J 'k 

n+1/2 z z n-t-1/2 
- [In + n 1/2 - I b + b I /2] 

n+1/2 
u 
j-1,k 

/ e:x 
j 1 k j-1,k j-11k j-1,k-1 

n+1/2 n-t-1/2 z z ~+1 

+ [In + n I 12 - ( b + b I /2] v I EY 
j lk+l j, k j,k ]-1,k j,k 

n+1/2 n+112 z z n+l 
- [In + n I 12 - I b + b I I 2 ] v I EY 

j, k j 'k-1 1 'k-1 ]-1,k-1 ) 1 k-1 

Let, 

n n+l/2 n+ 1 I 2 z z 
I D I = [In + n J/2 - ( b b I/ 2] I 70a I 

1 j,k j+llk j 1 k j 1 k 

n 
ID I 

2 j,k 

n+1/2 n+1/2 
=[In +n 112 

j ,k j-1,k 

z 
I b + 

J-l,k 

148 

J ,k-1 

z 
b I 12] 

]-1,k-1 

1691 

= ,] 

170b) 



n 
ID I 

3 j, k 

n 
<iS I 

4 j, k 

n+l/2 
= (In 

j 1 k+l 

n+l/2 
= (In 

j 1 k 

n+l/2 
.,.. n J /2 -

j, k 

n+l/2 
+ n )/2 -

j, k-1 

z z 
I b + b I /2] 

j, k j-l,k 

z z 
( b + b I /2] 

j 'k-1 j-l,k-1 

Substituting Equations (70a-d) into Equation (69) gives: 

n+l/2 n+l/2 

(70cl 

(70d) 

n+l/2 n+l 
In - n J/(l/2st) u )/e:x- u ) / e:x 

j,k j, k j, k j -1 ,k 

n n+l n+1 
+ I I D l v l I sy - v I /sy = 0 1711 

3 j,k j,k j,k-1 

:-1ultiplying by l/2e:t gives: 

n+l n+l/2 et n n+1/2 n n+l/2 
n -n Tl/2 ID 1 u - 1/2 (D ) u 
j,k J,k EX 1 j,k j,k EX 2 j,k j-1,k 

e:t n n+l e:t n n+1 
+ 112 IIi 1 v - 112 IIi ) v = 0 ( 72) 

EY 3 j,k j,k EY Y j 'k j 'k-1 

Puttlng all of the knowns on the right-hand s1de and all of the 

unknowns on the left-hand side gives: 

n+1 st n n+l e:t n n+l 
n + 1/2 ID 1 v - 1/2 I D I v 

j, k EX j j 1 k j 1 k e;y y j,k j,k-1 

n+l/2 e:t n n+l/2 e:t n n+l/2 
=n 1/2 IDI u +1/2 ID l u I 7 3) 

j,k e:y l j,k j,k EX 2 j-1,k 
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Let, 

n n 
:< = 1-112 ID 174al 
j, k EY 4 j, k 

<t n 
Y = 11/2 ID I 174bl 

J, k EY l j, k 

n+1/2 Et n n+l/2 Et n n+l/2 
Q = n - 1/2 I D I u + 1/2 (i) ) u 

j,k j,k 8X 1 j,k j,k 

Then, Equation (73) becomes: 

n+1 n+l n+1 
X v +n +Y v = Q 
j,k j,k J,k j,k j, k j ,k 

x-momentum (Explicit) 

n+1 
lu 

j, k 

n+1/2 
- U J/11/2Etl 

j, k 

n+l 
+ u 

j,k 

n+1/2 
[U 

j+1,k 

EX 2 j,k J-1,k 

n+1/2 
- u 

j-l,k 

I 75 I 

)/2EX 

n+l n+1 n+l n+l n+l/2 n+l/2 

!74c) 

+[(v +v +V + v J/4lllu - U J/2Ey] 
j,k-1 j+l,k-1 j,k j+1 ,k J ,k+l 

n+l n+l 
+ g [ n - n j I EX 

j+1,k j,k 

n+l n+1/2 2 
+ u iII f + f J/2lllu I + 

J,k j,k j+l,k j,k 

n+1 
I lv 

J, k-1 

n+l n+1 
+ v + v 

J+1,k-1 j,k 

n+l 2 1/2 
+v 1/41] }/ 

)+1 ,k 

150 

J, k-1 



n+l 
L In 

j ,k+l 

Let, 

=n+l 

n+l/2 
+ n 1/2 

j,k 

n+l n+ln 
v = (v ... v 

z z 
b + b 1/2] = 0 

) 1 k j-l,k 

n+l n+l 
+ v ... v 1/4 

j 1 k j 1 k-1 ]+llk-1 j, k j+l,k 

=n+l/2 n+l/2 2 
G ={(f +f 1/2 (u I 

j ,k j ,k j+l,k j,k 

n+l n+l n+l n+l 2 1/2 
+ ( (v + v +v +v )/4JJ} 

J,k-1 ]+l,k-1 ],k J+l,k 

n+l n+l/2 z z 
l ( n + n 1/2 - ( b + b I 121 

j,k+l ] 1 k j,k ]-llk 

I 761 

1771 

I 

(781 

Substitutlng Equations (77) and (78) into Equation (76) gives: 

n+l 
(U 

J lk 

n+l/2 
- U l/(l/2Etl + u 

j, k 

=n+l n+l/2 n+l/2 

n+l n+l/2 n+l/2 
[u - u J/2EX 

] 1 k J+l,k j-l,k 

n+l n+l 
T v L u - u J I 2 e:y + g [n -n J/8X 

],k ],k+l J,k-1 

n+l 
+ u 

j,k 

=n+l/2 
G = 0 

] 1 k 

j+l,k J,k 

Multiplying by l/2e:t gives: 

n+l n+l/2 n+l n+l/2 n+l/2 
u - u + 1/2 e:tu (u - u I/2EX 

j,k j,k ) 1 k j+l,k ]-l,k 
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=n+l 
+ l/2etv 

j,k 

n+1/2 n+1/2 
lu - u J/2Ey 

j,k+l J,k-1 

n+l =n+l/2 

n+l n+l 
+ 1/2 etg ( n - n ]/EX 

j+l,k j,k 

+1/2etu G =0 I 80 I 
J,k j,k 

Rearranging Equation (80) to get all the knowns of the right-hand 

side and all the unknowns on the left-hand side gives: 

n+l n+l n+1/2 n+112 n+l =n+l/2 
u + l/2etu LU u i/2ex + 1/2 etu G 
j,k j,k j+l,k j-l,k j,k j ,k 

n+l/2 n+1/2 
u 

=n+l 
l/2e:t v 

n+l/2 
[u 

j,k+l 
- u J I 2ey 

j, k j 1 k j,k-1 

n+l n+l 
- 1/2etg(n - n ]lex 

j+l,k j,k 

n+l 
Factoring out u gives: 

n+1 
u 

j,k 
{ 1 + 

j,k 

n+l/2 
1/2et( (u 

j+l,k 

n+l/2 =n+l 

n+l/2 
- u I I 2e:x + 

)-l,k 

n+l/2 

=n+l/2 
G I I 

j,k 

= u - 1/2 e:tv 
n+l/2 

(u - u J 1 2ey 
j,k ],k j ,k+l j ,k-1 

n+l n+l 
- 1/2 etg (n - n I I ex 

j+l,k j,k 

n+l 
Hence, u can be solved for directly. 

J,k 
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BASIC ALGORITHM 

A. Read in initial values of n 
j,k 

z 
b u v and f 

J 'k j ,k j,k 

all j,k where j denotes the column and denotes the row. 

B. For each time step, Et, do the following: 

for 
j, k 

l. Begin Stage 1. There is a tridiagonal coefficient matrix 

to be solved for each row, k. Therefore, do the following for 

each row. The subscript k can be dropped in the solution matrix 

coefficients. 

1.1. For each column, j, compute the following: 

: n n n n 
v = [v + v 

j+l,k-1 
+ v + v I I 4 

J J ,k-1 j,k j+l,k 

n 2 1/2 
F:([f +f 112 

j j,k j+l,k 
[ ( u I 

j, k 

; 2 
+ I v I 

j 
I J I 

n 
( (n 

j+l,k 

n 
+ n J/2 -

j, k 

n 

z z 
I b + b I 121 

j, k j ,k-1 

n 
B: 11 + 112 et[ 

J 
lu 

j+l,k 
- u ) /2e:x + F ll 

J 

n : 
P = u - l/2e:tv 

J ], k J 

n 

n 
[u 

J ,k+l 

n 
ID ) : 

l j 
[n 

j+l,k 
+ n ]12 

j,k 

n 

j-l,k 

n 
- u j 

j 1 k-1 

z z 
- [ b + 

J 'k 

z 
ID I : 

2 j 

n 
(n ~ n ]12 - [ b + 

j, k ]-l,k ]-l,k 
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ID I = 
3 j 

n 
[n 

j,k+l 

n 
1-n ]/2-

j ,k 

n 

z z 
[ b T b l/2 

j, k j-1,k 

z z 
ID I = 

4 j 

n 
[n -rn J/2- b + b i/2 

j, k j ,k-1 j, k-1 

Et 
X = -1/2 (D I 

J <X 2 j 

<t 
y = 1;2 (D I 

j <X 1 J 

n <t n <t 
Q = n - 1/2 (D I v + 1/2 

j j, k <Y 3jj,k e:y 

1.2 Calculate 

Et 
A = -1/2 g 

j EX 

<t 
c = 1/2 g 

J <X 

]-1,k-1 

I D I 
4 j 

v 
j, k-1 

1.3. Put coefficients and constant vector into proper arrays for 

~he matrix solver. 

1.4. Call subroutine TRIDIA. 

Begin next row. 

Stage 1: One matrix for every row, k: 
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n u n u n u n u 
l,k 1,k 2,k 2,k 3 ,k 3 'k 4 ,k 4,k 

]=1 1 y 0 0 0 0 0 0 
1 

j=1 A B c 0 0 0 0 0 
1 1 1 

j=2 0 X 1 y 0 0 0 0 
2 2 

j=2 0 0 A B c 0 0 0 
2 2 2 

i=3 0 0 0 X 1 y 0 0 
3 3 

j=3 0 0 0 0 A B c 0 
3 3 3 

j=4 0 0 0 0 0 X 1 y 
4 4 

j=4 0 0 0 0 0 0 A B 
4 4 

ln+l/2) 

n Q - X u 
1 'k 1 1 o,k 

u p 
1,k 1 

n Q 
2' k 2 

u p 

2 'k 2 
X = 

n Q 
J ,k 3 

u p 

J 'k J 

n Q 
4 'k 4 

u k p - c n 
4 4 4 5, k 
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2. Solve for all v explicitly 
l] 

2.1 Do k = 1 ' # of rows 

Do j = 1' # of columns 

= n+ll2 n+ll2 n+112 
u = lu + u + u + u 

A 

B 

c 

v 

j,k J ,k+1 J-l,k 

= n 2 
F = { [ f + f J I 2 [I v 

J 'k j ,k+l j, k 

n+l/2 z n+ll2 
I In 

J,k+l 
+ n l ;2 - I b + 

J 'k j,k 

n n 
= (1+112e:t[ lv - v I I 2ey + 

J, k+l j ,k-1 

= n n 
= -l/2etu [v - v I I 2e:x 

J j+l,k ]-1,k 

n+ll2 n+112 
= -l/2Etg [n - n I I e:y 

) 1 k+l J 'k 

n+l/2 n 
= IV • B + C) I A 

j 1 k J 'k 

+ 

z 

n+112 
I I 4 

j-1,k+1 

= 2 112 
IU) I I I 

b I I 2 I 
]-l,k 

= 
F li 

3. Begin Stage 2: there is a tridiagonal coefficient matrix to 

oe solved for each column, j. Therefore, do the following tor 

each column. The subscript j can be dropped from the entries in 

the coefficient matrix and constant vector. 
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3 .1. For each row, k, compute the following: 

= n+l/2 n+ll2 n+l/2 n+ll2 
u = [u + u + u + u I 4 

k j, k j,k+l ]-l,k j-l,k+l 

= n+112 2 = 2 112 
F = {If + f 112 [ I v I + (U I l J I 
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n+ll2 n+112 z z 
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(D) 
1 k 
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= [ n 
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K ey 
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+ n J/2 -

j -1, k 

n+l/2 
+ n J I 2 -

J 'k 

n+l;2 
+ n j I 2 -
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' k 

"l = 112 (D I 
K ey 3 k 

j -1, k 

z z 
b + b I 12 
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z z 
[ b + b Ji2 

]-l,k j-1,k-1 

z z 
b + b j /2 
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z z 
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n+l/2 €t n+l/2 et n+1!2 
Q , n - 1/2 (D I u + 1/2 (D I u 

k j, k ex 1 k j, k ex 2 k j-1,k 

3. 2 Calculate 

€t 
A , - 1/2 g 

k ey 

et 
c , 1/2 g 

k ey 

3.3 Put entries of the coefficient matrix and the constant 

vector into the proper arrays for the matrix solver. 

3. 4 Call subroutine TRIDIA. 

Begin next column. 

Stage 2: One matrix for every column, j : 

n v n v n v n v 
j , 1 j,l j,2 j,2 j,3 j , 3 j , 4 j , 4 

k•1 1 y 0 0 0 0 0 0 
1 

k=l A B c 0 0 0 0 0 
1 1 l 

k=2 0 X l 'i 0 0 0 0 
2 " " 

k=2 0 0 A B c 0 0 0 
2 2 2 

K=3 0 0 0 X 1 y 0 0 
3 3 

k=3 0 0 0 0 A B c 0 
3 3 3 

k=4 0 0 0 0 0 X 1 y ' ' 4 4i 

K=4 0 0 0 0 0 0 A B ' ' 4 4' ' 
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4. 

A = 

(n+1) 

n Q - X v 
j , i l 1 . ' J ,0 I 

v p 
j , 1 l 

n Q 
j , 2 2 

v p 

J ' 2 2 
= 

n Q 
j , 3 3 

v p 
j , 3 3 

n Q 
j , 4 4 

v p - c n 
J, r 4 4 j, 5: 

Solve for all u explicity: 
l,j 

4.1 Do k = 1' ! of rows. 

Do j = 1' • of columns. 

= n+l 
v = (v + 

J, k-1 

F = { [ f + f 
J 'k 
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l(n + n 

j ,k+l 
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{1+1/2 Et[ (u 

j+l,k 
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j+l,k 
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+ ( v) ] 
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b I I 21 
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= n+l/2 n+l/2 
B = -1/2Etv (u - u I I 2Ey 

j, k+l J 'k-1 

n+l/2 n+l 
c = -112Etg (n - n I I EX 

j+l,k J 'k 

n+l n+l/2 
u = lu + B + C) I A 
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ESTIMATING THE EROSION DYNAMICS 

MEYER-PETER AND MEULLER'S EQUATION 

Due to the questionable results using HEC-6, a decision was 

made to utilize a more flexible approach to computing sediment 

transport. The method used is sometimes referred to as the 

"Swiss Formula" or the Meyer-Peter and Meuller formula (Meyer-

Peter and Meuller, 1948). This formula is usually used for 

rivers that move coarse grain sizes because it was developed from 

experiments utilizing a coarse grain fraction. The following are 

the range of conditions under which the equation was developed 

(Yalin, 1976), 

1 em < h < 120 em 

0.0004 < s < 0.020 

0 0 4 mm < D < 30 mm 

0.25 < y < 3. 2 
s 

h = depth of flow 

s = water surface slope 

D = grain size diameter 

Y : specific weight of sediment 
s 

except for "h", the values of these variables used fall within 

these ranges. The value of 11 h" differs by several orders of 

magnitude. Gessler (1970) restated Meyer-Peter and Meuller's 

equation: 

where, 

Gs = 
C2 = 

g = 

3/2 
Gs = C2 (tau - tau ) 

bed sediment 
1/2 

8*(g/Y I 
w 

accelerat~on 

c 

load (kg/m/sec) 

2 
of gravity (m/sec ) 
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Y = specific weight of water 
w 

tau = shear stress 

tau = critical shear stress 
c 

A computer program (Appendix DJ was developed to calculate 

~he amount of degradation/aggradation using this formula for the 

area of interest (location of the storage tanks directly east of 

the 200 E region). The methodology is taken from Chapter 8 of 

the course notes on River Mechanics by Gessler, 1970. 

FORMULATION AS A COMPUTER ALGORITHM 

Much of the input data needed for calculation of 

aggradation/degradation can be taken from the HEC-2 analyses over 

the range of discharges developed for the Pasco Basin. Water 

surface gradient, depth of flow and top width of the channel are 

utilized. 

since backwater curves were developed in the analyses ·using 

HEC-2, reasonable estimates of the depths of flows in the Pasco 

Basin over a range of discharge values were obtained. Shear 

stress is a function of the hydraulic radius of the channel. In 

order that reasonable estimates of shear stress are computed, use 

of depth of flow and channel width as variables in our estimate 

of hydraulic radius are used. The equation that relates these 

two variables to hydraulic radius is as follows: 

nr = D * W I (W + 2D) 

hr = hydraulic radius 

D = depth of flow 

w = channel width 

If the channel width is more than 20 times that of the 
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channel depth, the channel depth is a reasonable estimate of the 
(a) 

nydraulic radius ( personal communication from J. Gessler, 

1985). This assumption is appropriate for Missoula-type flows 

for the wide cross-sections in the region of the 200 areas. To 

minimize error in the computations of sediment transport, 

calculation of ~he hydraulic radius is based on the equation 

presented above. If depth of flow were used directly as an 

estimate of hydraulic radius, only 2% error would be introduced 

into computations of shear stress. 

The next step in the program is the calculation of the shear 

stress at each cross-section. Bed shear stress was calculated 

using the following equation: 

where, 

tau = bed shear stress 

tau Y rS 
w 

2 3 
Y = specific weight of water (kg-sec /m ) 

w 
r = hydraulic radius 

s = slope of the water surface 

Critical shear stress for a particular grain-size is computed by: 

-cau = 0.047(Y 
c s 

where, 

y JD 
w 

0.047 = dimensionless constant 

y = specific weight of sediment 
s 

y = specific weight of water 
w 
D = diameter of the particle 

With this information, the bed-load (G J may be computed: 
s3/2 

G = C2(tau - tau ) 
s c 
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Once the bed-load for each cross-section has been computed, we 

must apply the continuity equation for sediment load to obtain 

values of aggradation or degradation: 

dGs/dx = -C3 dz/dt 
where, 

G = sediment bed-load 
s 
x = distance along the channel 

z = bed elevation 

t = duration of flow 

-C3 = constant 

The equation is then solved for the value of dz and transformed 

lnto finite difference form: 

dz = 2( (G (k-ll - G (k))/dx)*t*coefficient 
s s 

where the coefficient converts weight into a volume (units of 

lnverse density). A value of aggradation(+) or degradation(-) 

is computed for each cross-section. 

QUASI-DYNAMIC APPLICATION 

In the estimates presented earlier in this report, 

aggradation and degradation values were based upon the steady-

state assumption. For this application, (use of Meyer-Peter and 

Meuller's equation) we've attempted to simulate an unsteady 

scenario. For all practical purposes, the methodology used to 

model sediment transport is, at best, quasi-dynamic. 

The methodology used to create this quasi-dynamic approach 

lnvolves the use of the dual hydrographs for both Sentinel Gap 

and Wallula Gap (Figure 6.6) in the Pasco Basin. To simulate the 

flood wave passing through the basin, the discharges and 

corresponding water surface elevations from the HEC-2 analyses 
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for both hydrographs were used as initial input to the model. At 

roughly the half-way point in the Pasco Basin, near Gable 

Mountain, the stage of the flow was changed to represent the 

changing dynamics of the system. This method is a rather crude 

differencing scheme using Gable Mountain, central Pasco Basin, as 

a focal point or hinge point as the central node. To simulate 

the dynamics of the system, the projected water surface 

elevations used for the Wallula Gap hydrograph were input as the 

starting conditions for flow coming through Sentinel Gap. The 

results from runs of the HEC-2 program such as water surface 

elevation, depth of flow, and width of the channel for each 

discharge value, served as input to the computer code using the 

Meyer-Peter and Meuller equation. Therefore, this method allowed 

simulation of sediment transport over an entire flood hydrograph 

(consist~ng of ind~vidual steady-state events) with modified 

input parameters creating the quasi-dynamic dimension of the 

Missoula flood flows. 

RESULTS 

Appendix E contains the results of aggradation and 

degradation values estimated using the methodology ment~oned 

above for the entire flood hydrograph. Estimates have been made 

for cross-sections 1 through 9 in Figure 4.5. The total amount 

of sediment moved in meters is summarized below in Table 9.1 for 

each cross-section. From Table 9.1 it is evident that cross­

sections 1 and 2 have been affected by the boundary condition 

that no erosion occurs at cross-section one. The code is set up 

similarly to the HEC programs in that it works from downstream to 
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TABLE 9.1. Summation of aggradation (+) or degradation (-) for 
the region of the 200 areas using the Meyer-Peter and 
Meuller equation. 

Cross-Section 

1 
2 
3 
4 , 
6 
7 
8 
9 

Amount 
of 

Aggradation/Degradation 
(m) 

0.000 
-51.038 

2.031 
-19.088 

-3.474 
-3.392 
0.549 
0.594 

13.829 

downstream 

upstream 

upstream. Based on the differences in sediment load from cross-

section to cross-section and the gradient of the water surface a 

value of aggradatlon or degradation is computed. It appears as 

though the code compensates for this boundary condition by 

scouring the cross-section upstream from it, cross-section two. 

Since it is reasonable to assume that the value reported for 

cross-section two is due to the boundary effect it is reasonable 

to use cross-section three as the first cross-section that would 

give reasonable results. 

over the entire duration of the flood (10 days) large 

quantities of sediment are transported through the system Wlth 

large amounts of degradation occurring over the 200 areas (Tank 

Farms containing nuclear waste). The values reported above are 

the summation of aggradation/degradation values over the floods 

duration. Looking more closely at each time step (Appendix E), a 

majority of the degradation at cross-section four occurs before 

the repository site is inundated (almost 12m). This still 
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leaves over 6 meters that were eroded while the repository was 

~nundated by flood waters. This is a significant amount since it 

would only require about 3 meters of erosion before the Tank 

Farms (200 Areas) would be exposed at the surface. Since large 

fluctuations occur in the results using the Meyer-Peter and 

I"'euller equation we believe that the mean value computed for 

cross-sections 3 through 7 (excluding 1 and 2, 8 and 9 because of 

the boundary affect) is a more reasonable estimate of the amount 

of degradation; mean = -4.675, standard deviation = 8.413, 

variance= 70.771. 

LIMITATIONS AND UNCERTAINTIES 

As with the HEC-6 results of aggradation/degradat~on, 

sources of uncertainty in the methodology are very similar. The 

major source of uncertainty would have to be in the sediment 

transport function. Based upon the amount of error between 

methods of sediment transport in a natural setting (typical non-

flood stage rivers), a minimum error of a factor of 2 or 3 can be 
(a) 

assessed to these results ( personal communication from 

Gessler, 1985). This error does not include the error due to 

extrapolation to floods of this magnitude. It should also be 

stressed that the methods developed by Gessler were developed for 

lllustration of a concept in degradation in modern day canals. 

According to Gessler, the algorithm simulated experimental 

results within 2 or 3 orders of magnitude; which he believed to 

be adequate. For evaluation, these estimates do not take into 

I a I 
personal communication from J. Gessler, Colorado State 

University, October, 1985, phone conversation (303)491-1101. 
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account the amount of error that may be introduced due to 

extrapolation of these equations and concepts to a flood of the 

magnltude of a Missoula-type flood. Also, error is introduced by 

not utilizing more than one graln-slze in these analyses and 

treating the flood event as a one-dimensional steady-state 

process has not been considered. 
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CONCLUSIONS 

It is now generally agreed that there have been many floods 

of the Missoula type w1thin the Scablands of Washington during 

the last glaciation (the Fraser). Moreover, their have been more 

than one flood sequence. Other floods have occurred in 

glaciations older than the Fraser. Evidence preserved within the 

Pasco Basin itself shows that at least one of these floods 

reached an elevation of 1050 feet. Each of the many floods which 

occurred was probably different from the other floods in at least 

some of its characteristics. For example, there were probably 

variations in: volume of water released, ice margin position, 

obstacles in the path of the flood, and chance events leading to 

cumulative variations in flood behavior. The evidence of 

flooding within the Pasco Basin, and within the Scablands in 

general, is time transgresive within a flood and between floods. 

It is not certain to which flood to assign evidence preserved at 

specific localities. Thus, it is dangerous to reconstruct the 

detailed characteristics of a single flood from the combined 

field evidence. Some reconstruction of flood behavior has been 

achieved. This includes especially the contribution of Bretz, 

Baker, and Patton. Complete understanding of the characteristics 

of these floods has not been achieved. To do so would requ1re 

the creation of a three-dimensional unsteady flow dynamic model 

of the pluvial dynamics. Such a model is not available. In this 

work we have achieved one-dimensional steady and quasi-steady 

modelling and have begun creation the of two-dimensional unsteady 

code sufficient to describe certain characterist1cs of the 

dynam1cs of these floods. 
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At least 15 localities within the Pasco Basin and its 

environs preserve evidence of variations in water level during 

such Missoula floods (Table 2.1). Analysis of well-logged data 

obtained by Rockwell Hanford Operations on the Hanford site show 

that approximately 46% of the deposits within the Pasco Basin 

consist of sand-sized particles, 36% are gravel-sized and 18% are 

finer than sand-sized. The mean thickness of sediments within 

the Hanford Reservation is approximately 39 meters and the 

standard deviation is more than 83 meters. 

A one-dimensional steady-state analysis of flood dynamics in 

the upper Pasco Basin was achieved using the HEC-2 code. This 

work began with a development of a rating curve for Wallula Gap. 

At Wallula Gap, it was assumed that the flow was critical at the 

downstream section. To achieve the high water marks at Wallula 

Gap requires a discharge of approximately 12.5 Mcms. 

With these data available a rating curve was developed 

Sentinel Gap using three different methods. The first was a 

slope-area method in which it was assumed that the slope of the 

water surface equals the bed slope, approximately 0.004. With 

this method it was found that to achieve the high water marks at 

Sentinel Gap would require a discharge of 34.6 Mcms. Th~s 

discharge greatly exceeds any estimated discharge for Missoula 

floods at any point in the flood system. It is unlikely that 

such a discharge occurred at Sentinel Gap. Rather, we conclude 

that high water marks at Sentinel Gap were achieved in a 

backwater relation set up by pending in Wallula Gap. It did not 

arise from high discharges of water passing unimpeded through 
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Sentinel Gap. 

To convey the effects of such a backwater situation, a 

second method was used to estimate discharge characteristics in 

the upper Pasco Basin. The elevation of the water surface at the 

downstream end of the cross-sections used at Sentinel Gap is 

fixed. The water surface was fixed at an elevation of 350 meters 

which corresponds to Baker's estimate of the high water marks at 

Wallula Gap. This is equivalent to projecting a horizontal water 

surface from the upper end of the Wallula Gap area to Gable 

Mountain. The resulting Ml curve showed that a discharge of 7.5 

Mcms was required in order to produce the high water marks of 366 

meters at Sentinel Gap. This lead to a discharge of 16 m/sec at 

the Gap. 

A more realistic method of estimating discharge in Sentinel 

Gap during backwater pending was also used. In this case we 

projected the slope of the water surface at the upper end of 

Wallula Gap back to the downstream cross section at Gable 

Mountain. This was used as a start1ng condition for computation 

of water surface gradient up to sent1nel Gap itself. This lead 

to an estimate of a discharge of 9.5 Mcms required to produce 

the h1gh water marks of 366 m at Sent1nel Gap. We believe that 

this is the most realistic estimate available. We conclude from 

this that the maximum floods that would occur strictly down the 

Columbia River would be a discharge of less than 9.5 Mcms. 

We use the HEC-6 steady state code to compute sediment 

transport characteristics in the upper Pasco Basin. Four 

separate transport equations were applied. The inflow sediment 

curve used in this computation was based on the assumption that 
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all sediments currently in the Pasco Basin were deposited by a 

single Missoula flood. This is equivalent to assuming that the 

amount depos~ted in each flood is a constant. We used a fixed 

discharge, Baker's estimate of the maximum at Wallula Gap, for a 

14 day period in order to estimate the sediment transport 

characteristics during a flood. A single grain size was used in 

the analyses. Two separate analyses were done. One with a grain 

size of 64 mm and the second with a grain size of sand. The four 

sediment transport equations that were used were those of DuBoys, 

Toffaletti, Yang, and Madden's modification of Laursen's method. 

In general, with the larger grain size (gravel) very little 

activity was observed at the 200 Areas. Indeed, Yang's equation 

estimated that deposition up to 10 meters would occur at that 

site. Using a grain size of sand, which is the more common grain 

sized observed in the Pasco Basin, all of the sediment transport 

equations computed some amount of scour in the 200 Areas. The 

DuBoys function estimated as scour in the range four to nine 

meters. Yang's equation estimated three to four meters of scour, 

Toffaletti's method estimated very little scour, an amount hardly 

observable, and Madden's modification of Laursen's method 

estimated scour ~n the range of one-third of a meter. We assume 

that the analyses using sand size are more real~stic. These 

still represent a minimum amount of scour that would occur within 

the area. Computations that were done were not the most 

realistic available, further modifications are discussed below. 

In order to achieve a more reasonable estimate of the fluid 

dynamics during such a flood, a hydrograph was synthesized using 
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an assumption that the water discharge follows the form of a 

Poisson function over the duration of the flood. Using this 

procedure we found that the maxima of the flood would occur after 

90 hours within the flood at Sentinel Gap. It would occur at 114 

hours at Wallula Gap. Thus, there is approximately a one day lag 

in the system between the maxima at the two gaps. During this 

time water continues to accumulate within the Pasco Basin. 

Approximately 186 cubic kilometers of water finally accumulate 

within the Pasco Basin. During this time velocities at the 200 

Areas are probably fairly low. The 200 areas will remain 

lnnundated for approximately four days and six hours. This 

represents the period of time during which erosion and transport 

of sediment would occur at the 200 Areas. 

Using this information a quasi-dynamic sediment transport 

computation was achieved using the same HEC-6 code. In th~s 

case, in order to estimate the sediment transport inflow, an 

assumption that the amount of sediment entering the Pasco Basin 

equals the amount of sediment leaving the Pasco Basin over the 

cumulative period was made. We modified the inflow sediment 

nydrograph in order to achieve this assumption. The computation 

showed that the methods of Toffaletti and DuBoys are not reliable 

at these high discharges. In the case of Toffaletti, the sediment 

transport amounts were too little to be considered realistic. In 

~he case of DuBoys, the sediment transport amount was much too 

great to be considered realistic. It is known from the 

literature that the ouBoys equation must be modified in order to 

apply it to high sediment and water transport rates. 

The results of use of Madden's modification of the Laursen 
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method and of us1ng Yang's transport equation agreed fairly 

closely. The former estimated an eros1onal amount of 

approximately 0.61 meters. The latter estimated the erosion 

would be on the order of 0.915 meters. These agree as closely 

would be considered reasonable. We still consider this to be a 

minimum amount of erosion within the area. We note that the 

amount of erosion is highly variable between cross sections in 

the sequence that were analyzed. These results approximately 

agree with the earlier methods using the steady state assumption. 

A high degree of variability between cross sections suggests to 

us that the amount of erosion at any one site would be variable 

through time and it would probably be more safe to use the 

maximum erosion that was observed at any one cross section as the 

best estimate of the amount of erosion that could occur at the 

200 Areas. This suggests that total scouring to the base of the 

Hanford Formation could occur during a flood. This will involve 

a great deal of reworking of sediment and redeposition of that 

sediment within the Pasco Basin. 

In order to achieve a more realistic estimate of flood 

characteristics, a two-dimensional unsteady flow model has been 

defined and a multi-operational method invoked in order to 

achieve solutions. Preliminary analyses have been done and they 

suggest that useful solutions of flood dynamic characteristics 

within the Pasco Basin can be achieved through the use of a 

combined hydrograph as synthesized for Sentinel Gap and Wallula 

Gap. We believe that this work should continue in order to 

estimate transport characteristics within the Pasco Basin. 
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A final analysis that was done was to incorporate another 

set of transport equations, the Meyer-Peter and Meuller equations 

into a new set of computer code. Solution of the Meyer-Peter 

Meuller equations was achieved through the use of the discharge 

characteristics computed with the HEC-2 code. we found that the 

results of this analysis was very comparable to the quasi-dynamic 

analysis using HEC-6. Slightly less than 1 meter of net scour 

was observed within the 200 areas. More extensive erosion was 

achieved during particular time steps of this analysis suggesting 

again that a great deal of re-working of sediment would occur 

within the Pasco Basin during a Missoula flood. 

We conclude from these analyses that instability of at least 

the top meter of surface material would occur during a Missoula 

flood. We consider quite likely that greater depths of sediment 

would be involved in transport during such a flood and cnere lS 

some probability that all of the material in the Pasco Basin 

would be re-worked at least a small degree during each Missoula 

flood that would occur. We believe that more sophisticated 

sediment transport models coupled to a dynamic model of two­

dimensional flood behaviour would be required in order to achieve 

more useable results. 
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DISCUSSION 

Net erosion at the 200 areas during a Scablands flood may be 

as little as 1 m or as great as 40 m. There could be as much as 

several orders of magnitude error in the computations of sediment 

transport, even for simple flood problems. This range of 

estimates illustrates the uncertainty of calculations for 

Missoula-scale floods. That uncertainty will have an important 

effect on conclusions concerning the stability of the site. 

Three separate approaches to the computations of sediment 

transport have been done. The results have been reasonably 

consistent. 

There ~s some difficulty resolving the small amount of 

erosion at the lower end of our estimates with our understanding 

of the sedimentological evidence in the Pasco Basin. There is 

very little evldence of multiple flood deposits withln tne 200 

areas. It appears as if these sediments are the deposits of only 

a single flood. This must be resolved with evidence that there 

were many Scablands floods which passed through the Pasco Basin. 

The simplest explanation lS that each flood entrains all of the 

material which is already there, removes it or reworks it, and 

then deposits a new layer to replace it. 

If there was only one flood which reached the elevations of 

the 200 areas, deposition by that flood of all existing sediment 

would be reasonable explanation of the lack of multlple flood 

layers. It is possible that there were multiple floods but only 

one which reached the elevation of the 200 areas. However, there 

is no evidence of the kind of terracing or stratlfication that 

would be expected in the Pasco Basin if the various floods were 
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of markedly different discharges. On the basis of the analyses 

of the discharges from Lake Missoula (Craig, Singer and 

Underberg, 1983), there is no reason to believe that there would 

only be one flood with such a large magnitude. It is much more 

likely that there would be many floods large enough to reach that 

level. 

These analyses suggest that the total volume of sediment in 

the Pasco Basin is probably a fairly close approximation -- as 

much as 50% -- of the material entrained within a single flood 

and passing through Wallula Gap. If that is the case, there may 

be a lot of reworking of sediment within the Pasco Basin. Once a 

flood deposits the material, the next flood moves the material 

around within the Pasco Basin but does not necessarily transport 

lt out of the Basin. It just reworks it and leaves it fairly 

close to its original place. This is the favored scenario·based 

on these analyses. Probably only a small fraction of the 

sediment would leave the Pasco Basin and a much smaller part 

would get down as far as Portland, Oregon. Perhaps, a negligibly 

small part. 

Signif1cant net deposition in each flood is not a 

iikel1hood. The ev1dence suggests multiple floods through the 

Bas1n. If there had been a tendency for deposition in that area, 

one might expect differentiable strata in the 200 area. Such 

multiple flood layers (of different ages) are not recognized. If 

there is reworking, there might also be net deposition, with 

sediment thickness slowly increasing over time. We don't have 

enough evidence to suggest that is probable. The amount of 
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material that could be expected to accumulate during one flood 

can be estimated (present thickness/number of floods = 39m/40 < 

lm). It would undoubtedly be added near the end of a flood, 

after some erosion had occurred. 

If there is significant net deposition at the 200 areas, it 

1s not deposition in the sense of a layer deposited on top of 

what is already present. It would be net deposition in the sense 

of additional sediments mixed with, and thoroughly reworked with, 

the materials which are already there. On average, only a little 

more sediment would end up there in each flood. There would 

still be a net transport of the actual material which was at the 

200 area. 

The depth of scouring is greater than the erosion estimate 

given earlier (1m to 10m). Probably all of the unconsolidated 

materials down to, but not including, the Ringold Fm. would be 

entrained to a sufficient extent to rework the material and 

probably destroy any existing sedimentary structures in it. New 

structures would be formed and it would look like a new deposit, 

but the amount of entrainment and how far that sediment was 

transported may not be very great. 

Total reworking is a more likely case based on the 

uncertalnties in the calculation and the known flood record and 

probable scenarios. Deep scouring seems likely despite the fact 

that the calculations suggest a most probable net scouring of 2 

to 4 meters. Because of this reworking, a great portion of the 

sediment undergoes some net movement. It no longer remains 

within the 200 area. We must assume that the entire mass will 

move. It 1s just a question of the extent -- it may be a very 
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small amount of motion. The material may not move out of the 200 

area; it may only move a meter or two. But it is likely that it 

will move. 

The concept of reworking has some basis in standard theory 

of stream transport. Current notions suggest that stream 

transport occurs intermittently. Sediment may be transported 

primarily in large events, then stored a short distance 

downstream until the next large event (Schumm, 1977). The total 

amount of motion involved is probably not that great. The 

majority of the sediment does move, but is quickly redeposited, 

so it lS not an effective scouring. 

Great amounts of eroslon do occur at some locations within 

the Pasco Basin. This is a function of the different hydraulics 

(super-critical flow and cavitation) that occur at constrictions 

like Wallula Gap. In the very broad areas of the Pasco Basin, 

extreme erosion is quite unlikely. It appears fairly certaln that 

during the greatest discharges waters in the 200 area were 

probably relatively placid. The greatest amount of work goes on 

ln the very early stages of the flood at any given site. Later 

in the flood, the whole cross- section that includes the 200 

areas and Gable Mountaln would probably have little actlVe 

transport compared to what occurs at the gaps themselves. The 

initial surge down the Columbia River will almost surely reach 

the level of the 200 areas. It probably would not inundate the 

site to a great depth; it would still involve quite high 

velocities. The high velocities are apparently short lived, so 

the net transport is not that great, at least with the formulas 
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we have been using. 

Some sediment will be entrained and transported for a great 

distance. This is especially true of the upper meter or two 

because it is scoured in the early stages. The water then 

quickly backs up from Wallula Gap, creating a lake. Velocities 

d~op off quickly enough so that reworking of the sediment becomes 

the dominant process. The sediment lower in the section, below 

the top few meters, may be transported for a relatively small 

distance. 

Although the total amount of material transported during a 

flood is perhaps no more than twice the volume of material in the 

Pasco Basin, a flood could conceivably remove all of the sediment 

ln the Pasco Basin. The sediments now there may be totally new 

material deposited by the last flood. It is not possible to 

state how the reworking goes on without a fully coup~ea-model of 

sediment and water. At present we have the water hydrograph and 

a separate analysis of sediment transport. The sediment could 

all go; but, in the most likely case, most of the sediment now ln 

the Pasco Basin would not leave the Pasco Basin. It would still 

be there, but it may be in a very different locatlon in the Pasco 

Basin. 

These results differ from earlier estimates of total 

sediment transport during a flood because they make use of a more 

dynamic model of the flood behavior. We have not had such a 

model before. The variations in hydraulics during a flood are 

quite important. Normal hydrologic analyses -- such as the HEC-6 

model -- are actually equilibrium models. They provide an idea 

of what the erosion would be like if flows continue at a 
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discharge for an indefinite period. We have tried to represent 

the fact that it does not continue at that very high magnitude. 

Analyses with less exact approaches have given the impression of 

enormous amounts of transport involved in one of these floods. 

One of the limitations of this analysis is that we must 

assume a single sediment size. The mean sediment size within the 

area was used. For a worst case scenario, a much smaller 

sediment size might be used. The well logs from Rockwell were 

used to characterize the Hanford Formation. The HEC-6 code is 

not capable of handling anything more sophisticated than a single 

grain size. It has been run several times using different sizes. 

But even that is not the best answer, because the mixture of 

sizes is important in the behavior of the flood. Obviously, use 

of the mean size, cannot represent what could happen if material 

were covered with a rip-rap of a larger median diameter. 

The results suggest that a storage system might be 

engineered that could be expected to survive. Because of 

uncertainties in the analysis, this is not a firm conclusion. If 

the tanks have not disintegrated, there could be concentration of 

flow and the exact design would be of ~mportance. We have done 

the analysis on the assumptions that the canisters corroded and 

the material had the characteristics of the typical surrounding 

sediments. 
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APPENDIX A 

SEDIMENT SIZE DISTRIBUTION FOR THE HANFORD RESERVATION 
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FILE: CONV!\1 FORTRAN Al (USR19l) 12/16/85 12:2.1:03 

C~ 11AAA11 11AA~ IIIiA" liAAA>I IIIiA~" 11 CONVRT .fLX "IIAA,.»IiAAAAIIAAA II IiiiA iillliA"" ii><l<<lrit* 

c • • 
C ~THIS PROGRAH CONVERTS PLANT, HANFORD AND RICHLAND~ 
C * COORDINATES TO LAMBERT COORDINATES. * 
C * SUBROUTINE LONLAT IS USED TO CONVERT THE * 
C ~ LAHBERT COORDINATES TO GEOGRAPHIC LONGITUDE * 
C * AND LATITUDE COORDINATES. * 
c * ,\-
c * OR IT CAN ALSO CONVERT LAHBERT COORDINATES TO * 
C " PLANT COORDINATES. * 
c • • 
G 
c 
G 
c 

c 

* BATTELLE NORTHWEST LABORATORIES 
* WATER AND LAND RESOURCES DEPT. 
n RICHLAND, WASHINGTON 99352 
• 
• 
• 
" • 
• 
• 

All111DR(S): D.W. DAMS CHEN 
R.S. ARGO 

INITIAL VERSION: 20 JUL 1977 
CURRENT VERSION: 28 AUG 1964 

BYTE WELL(12),FILI(30),FlL0(30),AA,BB 
BYTE A,B,D,N,S,E,W,P,R,H,L 

• 
• 
• 
• 

REAL LONDEG,LONHIN,LONSEC,LATDEG,LATMIN,LATSEC,LN,LE 
c 

c 

c 

COHMON RPRIHE(Jl),LONDEG,LONHIN,LONSEC, 
l LATDEG,LATMIN,LATSEC 

DATA N,S,E,W,P,R,H,L/'N'. 's', 'E', 'w', 'p', 'R', 'H', 'L'/ 

OPEN(UNIT-l,NAHE•'RPRIME.DAT' ,TYPE•'OLD' ,READONLY) 
READ(l,lOO) (RPRIME(I),I•l,Jl) 

100 FORHAT(F15.0) 
CLOSE(UNIT=l) 

c 
WRIT£(5,500) 

500 FORMAT('$ENTER NAME OF INPUT FILE (30Al) > 'l 
READ(S,SOl) FILl 

SOl FORMAT(JOAl) 
NN = ICHR(FILI) 
OPEN (UN1T=1 ,NAHE:FILI, TYPE=' OLD' , READONLY) 

c 
WRIT£(5,502) 

502 FORMAT('$ENTER NAME OF OUTPUT FILE (JOAl) > ') 
READ(S,SOl) FILO 

c 
c 

NN = ICHR(FILO) 
OPEN(UNIT=2,NA11E=FILO,TYPE='NEW') 

Xl ~ 0.0025674589 
Yl = 0.9999967040 
z 0. 77979344 
v 0.62603690 
u = 0.99989620 
T 0.01440816 
Q 2295325.01 
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BUR00010 
BUR00020 
BUR00030 
BUR00040 
BUROOOSO 
BUR00060 
BUR00070 
BUR00080 
BUR00090 
BUR00100 
BUR00110 
BUR00120 
BUR00130 
BUR00140 
BUR00150 
BUR00160 
BUR00170 
BUR00180 
BUR00190 
BUR00200 
BUR00210 
BUR00220 
BUR00230 
BUR00240 
BUR00250 
BUR00260 
BUR00270 
BUR00280 
BUR00290 
BUR00300 
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BUR00320 
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BUR00~40 

BUROO~SO 

BL'R00360 
BUR00370 
BUR00380 
BUR00390 
BUR00400 
BUR00410 
BUR00420 
BUR00430 
3UR00440 
BUR00450 
BUR00460 
BUR00470 
BUR00480 ) BUR00490 
BUROOSOO 
BUR00510 
BUR00520 
BUR00530 
BUR00540 
BUROOSSO 
BUR00560 
BUR00570 
BUR00580 
BUR00590 



FILE: CONVRT FORTRAN Al (USR191) 12/16/85 12:21:03 

0 = 405302.04 
G = ::94636.42 
GG= 325733.14 
WRITE (5,5) 

5 FORMAT (' SELECT : '/' (0) LAMBERT TO PLANT COORDINATES'/ 
+ ' (1) PLANT, ETC. COORDINATES TO LONGITUDE·LATITUDE'/) 

READ (5,*) IOPT 
c 

IF((O).NE. (IOPT)) GO TO 32757 
c 

WRITE (2,6) 
6 FORMAT (/9X'WELL LAMBERT COORDINATES'l1X'PLANT COORDINATES'/ 

+ 9X'--·-'4X,20('-'),9X,l9('·'ll 
READ (1,8,EN0=99) WELL,Y,B,X,A 

8 FOR~!AT( lX, 12Al,lX ,FlO. 0, A1,1X, FlO. 0 ,Al, 5X ,FlO 0, A1, 1X, FlO. 0 ,Al) 
IF (B.EQ.S) Y = -Y 
IF (A.EQ.W) X = -X 
Cl = X • Q 
C2=Y·O 
YY = ·X1 * Cl + Yl * C2 
XX = Yl * Cl + Xl * C2 
BB = N 
IF(.NOT. (YY.LT.O)) GO TO 32756 
BB = S 
yy = .yy 

32756 AA = E 
IF(.NOT.(XX.LT.O)) GO TO 32755 
AJ.. = w 
X.X = ·XX 

32755 WRITE (2,8) WELL,Y,B,X,A,YY,BB,XX,AA 
GO TO 7 

99 CONTINUE 
c 

GO TO 32758 
32757 IF((l).NE.(IOPT)) GO TO 32754 
c 
C **PLANT, HANFORD,OR RICHLAND TO LAMBERT TO LONG-LAT 
c 

OPEN (UNIT=4 ,NAME::' LONLAT .OAT' ,TYPE='NEW') 

c 
WRITE (2,200) 

200 FORHAT (1Hl,2X, 'WELL NAHE' ,6X, 'PLANT COORDINATES' ,7X, 'LAMBERT', 
1 lX, 'COORDINATES' ,lOX, 'WNGITUDE' ,9X, 'LATITUDE'/ 
2 100(1H-)) 

c 
WRITE (4,210) 

210 FOR~L~T (lH1,16X/3X,'WELL NA!1E',SX,'ELEV.',7X, 

c 

c 
c 
c 
c 
c 
c 
c 

c 

1 9X, 'LATITUDE'/1X,54(1H·)) 

LINES ::: 2 

**'<****'**"'"""""AA"""********"'***"**~"'*** 

• • 
* BLANK READ TO BYPASS HEADER ON INPUT FILE * 
• • 

READ(l,l01) 
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BU!l00600 
BUR00610 
BUR00620 
BUR00630 
BUR00640 
BUR00650 
BUR00660 
BUR006 70 
BUR00680 
BUR00690 
BUR00700 
BUR00710 
BUR00720 
BUR00730 
BUR00740 
BUR00750 
BUR00760 
BUR00770 
BUR00780 
BUR00790 
BVR00800 
BUR00810 
BUR00820 
BUR00830 
BUR00840 
BUR00850 
BUR00860 
BUR00870 
BUROOSSO 
BUR00890 
BUR00900 
BUR00910 
BUR00920 
BUR00930 
BUR00940 
BUR00950 
BUR00960 
BUR00970 
BUR00980 
BUR00990 
BUR01000 
BUR01010 
BUR01020 
BUR01030 
BUR01040 
BUR01050 
BUR01060 
BUR01070 
BUR01080 
BUR01090 
BUROltOO 
BUROlllO 
BUROU20 
BUR0ll30 
BUR01140 
BUR01150 
BUR01160 
BUR01170 
BUR01180 



FILE: 

c 
9 

c 
c 
c 
c 
c 
c 
c 
10 

c 
c 
c 
c 
c 
c 
c 

" 
c 
30 

c 
40 

c 
c 
c 
c 
c 
c 
c 
so 

c 
60 

c 
c 

CO~T FORTRAN A1 (USR191) 12/16/85 12:21:03 

READ(1,101,EN0=999) WELL,A,B,C,D,F,CASE 
FORr!AT(lX, 12Al , lX. ·" . Al, F7. 0, IX ,Al ,F7. 0 ,FS. 0) 

IF (C.EQ.O.) GO TO 75 
IF (A.EQ.P.AND.B.EQ.!L\~D f\ E~ \o.'l GO TO 10 
IF (A.EQ.P.AND.B.EQ.S.AND.D.EQ.E) GO TO 20 
IF (A.EQ.P.AND.B.EQ.S.AND.D.EQ.W) GO TO 30 
IF (A.EQ.P.AND.B.EQ.N.AND.D.EQ.E) GO TO 40 
IF (A.EQ.H) GO TO 50 
IF (A.EQ.R) GO TO 70 
GO TO 90 

F FP 
C CP 

**h""''"""""""""""****-****"'*"'"" 

'' CONVERT FROM PLANT TO LAMBERT * ,, 
********************************* 

LN = O~F*Xl+C*Yl 
LE = Q~F*Yl·C*Xl 
GO TO 80 

***************************"""""""""""""*" 
• 

* CONVERT PLANT TO LAMBERT FOR NEGATIVES * 
• 

***-lrlrlrlrln• """"" '*""""""""""",;,A,"''*"""""""* 

LN ~ O·C*Yl+F*Xl 
LE = Q+F*Yl+C*Xl 
GO TO 80 

LN = O·F*X1·C*Y1 
LE = Q·F*Yl+C*X1 
GO TO 80 

LN = O+F*Xl+C*Yl 
LE = Q+F*Yl·C•'Xl 
GO TO 80 

**************************** 
• 

* CONVERT HANFORD TO PLANT * 
• 

******""""h""" '"'">lh\AA>hl>o""" 

IF (B.EQ.S) GO TO 60 
FP = 12953.65-F*Z·C*V 
CP = 52836.82-F*V+C*Z 
GO TO 9 

FP = 12953.6S+F*Z+C*V 
CP = 52836.82+F*V·C*Z 
GO TO 9 

************-****-***** 
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BUR01190 
BUR01200 
BUR01210 
BUR01220 
BUR01230 
BUR01240 
BUR01250 
BUR01260 
BUR01270 
BUR01280 
BUR01290 
BUR01300 
BUR01310 
BUR01320 
BUR01330 
BUROll40 
BUR01350 
BUR01360 
BUR01370 
BUR01380 
BUR01390 
8UR01400 
BUR01410 
BUR01420 
BUR01430 
BUR01440 
SUR01450 
BUR01460 
BUR01470 
BUR01480 
BUR01490 
BUR01500 
BUR01510 
BUR01520 
BUR01530 
Bt:R01540 
BUROlSSO 
BUR01560 
BUR01570 
BUR01580 
BUR01590 
BUR01600 
!lUR01610 
BUR01620 
BUR01630 
BUR01640 
BUR01650 
BUR01660 
BUR01670 
BUR01680 
BUR01690 
BUR01700 
BUR01710 
HUR01720 
BUR01730 
BUR01740 
BUR01750 
BUR01760 
BUR01770 
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FILE: 

c 
c 
c 
c 
c 
10 

c 
75 

c 
c 
c 
c 
c 
c 
c 
so 
c 
85 

401 

201 

c 

c 

c 

c 

c 

"' 601 

c 

CONVRT FORTRAN Al (USR191) 12/16/85 12:21:03 

* CONVERT RICHLAND TO LAMBERT * 
• • 

LN • GG+F*T+CT<U 
I.E : G+F*U·C*T 
GO TO 80 

LN"" 0. 
I.E = 0. 
LOr-:DEG 0. 
LONHIN 0. 
LONSEC = 0. 
LATDEG 0. 
LATIJIN 0. 
LATSEC 0. 
GO TO 85 

*1rlrl<*'****"'*"" n >o n n" A</rlrlrlt'irlrirlf1r1r".'rlrf<<<"lrlriw n" n I< h n o<" A lrln': 

* CALCULATE GEOGRAPHIC COORDINATES USING LONLAT * 

*****"<***-**""""I<>I>O><AA><.>**-*"A"n/<1<>1""******** 

CALL LONLAT(LN,LE} 

WRITE ( 4, 401) WELL ,CASE, LONDEG, LONMIN, LON SEC, LATDEG, LATI!IN, 
1 LATSEC 

FORMAT (lX,12Al,F10.2,4X,2(2F4.0,2X,F5.2,2X)) 
WRITE(2,201) WELL,A,B,C,D,F,L,N,LN,E,Lt,LONDEG,LONMIN, 

1 LONSEC,LATDEG,LATMIN,LATSEC 
FORHAT(lX, l2Al, 4X, 2Al,F7. 0 ,lX ,Al, F7. 0, 4X, 2Al ,FlO. 2, lX ,Al, 

l Fll.2,4X,2(2F4.0,2X,F5.2,2X)) 

LINES • LINES+l 
IF (LINES .LT 60) GOTO 1 

WRITE (2,200) 

LINES : 2 

GO TO 

WRITE(5,601) WELL 
FORMAT(//IX, 'READ ERROR OR OTHER MISINTERPRETATION OF DATA 

1 'ONWELL',l2Al) 
WRIT£(5,101) ~'ELL,A,B,C,D,F 
GO TO I 

32754 CONTINUE 
c 
32758 CONTINUE 
999 CLOSE(UNIT=l) 

c 

CLOSE(UNIT=2) 
STOP 
ENO 
SUBROUTINE LONLAT(LN,LE) 
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BUROl790 
BUR01800 
BUR01810 
BUR01820 
BUR01830 
BUR01840 
BUR01850 
BUR01860 
BUR0!870 
Bl'R01880 
BUR01890 
BUR01900 
BUR01910 
BUR01920 
BUR01930 
BUR01940 
BUR01950 
BUR01960 
BUR01970 
BUR01980 
BUR01990 
BUR02000 
BUR02010 
BUR02020 
BUR02030 
BUR02040 
BUR02050 
BUR02060 
BUR02070 
BUR02080 
BUR02090 
BUR02100 
BUR02110 
BUR02120 
BUR02130 
BUR02140 
BUR02150 
BUR02160 
BUR02170 
BUR02180 
BUR02190 
BUR02200 
BUR02210 
BUR02220 
BUR02230 
BUR02240 
BUR02250 
Bt:R02260 
BUR02270 
BUR02260 
BUR02290 
BUR02300 
BUR02310 
BUR02320 
BUR02330 
BUR02340 
BUR02J50 
BUR02360 



FILE: 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

c 

c 

c 
10 
c 

c 
20 

c 

" c 

c 
so 

c 
00 
c 
70 
c 
80 

CONVRT FORTRAN Al (USR191) 12/16/85 12:21:03 

'lrlrlrl<1<*************************'''**********"'*""'* 
• 
* THIS SUBROUTINE CALCULATES THE GEOGRAPHIC * 
* LONGITUDE AND LATITUDE COORDINATES FROM • 

LACIBERT COORDINATES FOR THE HANFORD SITE * 

* AUTHOR(S): A.E. REISENAUER 
* D. \rl. DANSCHE~ 

• 
* INITIAL VERSION: 19 FEB 1971 
* CURRENT VERSION: 20 JUL 1977 

REAL LONDEG,LONMIN,LONSEC,LN,LE 
REAL LATDEG,LATiliN,LATSEC 

C0:-1!'!0!-1 RPRIHE (31), LONDEG ,LONMIN, LON SEC, 
1 LATDEG,LATI!IN,LATSEC 

RB = 20269119.6 
X = 0.01745329 
y = 0.7263957947 
XP = LE-2.0E06 
T = XP/(RB-LN) 
THE = ATAN(T) 
R = (RB-LN)/COS(THE) 
TH = THE/(X/3600.) 
DL = TH/Y 
LONDEG = AINT(OL/3600.) 
LONMIN = AihT{(DL-3600.*LONDEG)/60.) 
LONSEC = DL-3600.*LDNDEG-60.*LONMIN 

IF (LONSEC) 40,40,10 

LONSEC = 60.-LONSEC 

IF (29.·LONMIN) 20,30,30 

LONMIN • 89.-LONMIN 
LONDEG = 119.·LONDEG 
GO TO 100 

LONMIN = 29.-LONMIN 
GO TO 70 

LONSEC -LONSEC 

IF (30.-LDNMIN) 50,60,60 

LONMIN: 90.-LONHIN 
LONDEG = llq.-LONDEG 
GO TO 100 

LONMIN = 30.-LONMIN 

IF (60.·LONMIN) 90,90,80 

LONDEG = 120.-LONDEG 
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Ct:R02480 
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BUR02500 
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BUR02600 
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BUR02670 
BUR02680 
BUR02690 
BUR02700 
BUR02710 
BUR02720 
BUR02730 
BUR02740 
BUR02750 
BUR02760 
BUR02770 
BUR02780 
BUR02790 
BUR02800 
BUR02810 
8UR02820 
Bl'R02830 
BUR02840 
Bl'R02850 
BUR02860 
BVR02870 
BUR02B80 
BUR02890 
BUR02900 
~U!l02910 

BUR02920 
BUR02930 
BUR02940 
BUR029SO 

• 



• 

FILE: 

c 
90 

c 
100 

3:!757 
no 
32758 
c 

'" DO 

c 

CONVRT FORTRAN Al (USR191) lZ/16/85 12:21:03 

GO TO 100 

LONMIN ,. LON~!IN·60. 
LONDEG " 121.-LONDEG 

CO!\'TINUE 
DO 32758 1=1,31 
IF (R.LT.RPRIME(I)) GO TO 110 
IF (R.EQ.RPRIME(l)) GO TO 120 
IF(.NOT.(!.N£.1)) GO TO 32757 
ADIF : RPRIME(I·l)-R 
BDIF"' RPRHl£(1-l)-RPRJNE(I) 
LATSEC = ADIF*60.(BDIF 
GO TO 130 
CONTINUE 
CONTINUE 
CONTINUE 

LATSEC = 0. 
LATIIIN = lS+I-2 
LATDEG "' 46. 

RETURN 
END 
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APPENDIX 8 

• COMPUTER CODE FOR FLOOD HYDROGRAPH 

• 

' 



• 

• 

" " 30 
RE-STORE 'POJSR:H8,2,13"! • 

" " .;o 

PROGRAM TO CALCULATE THE DISCHARGE H'!DROGI''APH HI THE PASCO EASHI * 
• 
• 

DURING A MISSOULA FLOOD PASS!f!G DOL-Jt1 THE COLUME:JA ?J'~ER. + 
ASSUMES DISCHARGES FOLLOW A POISSOfl FUfiCTION, * 

• REQUIRES AN ESTIMATE OF: ;'(I 

80 
90 

• 
• 

TOTAL MISSOULA DISCHARGE ~ 

MAXIMUM DISCHRRGE AT SENT!tiEL GAP * 

'" "' 
• 
• 
• 
• 

VOLUME IMPOUHDED IN THE PRSCO BRS!N AT * 
MAXIMUM WATER LEVEL. + 

'" '" Hll 

PROVIDES AN ESTIMATE OF: 
TOTAL HYDROGRAPH AT SENTINEL GAP 
TOTAL H'IDRO•:ORAPH AT WALLULA GAP 
MAX!r-tU/1 DISCHHPGE AT I'ALLULR GAP 

• 

150 
1 b~l 
170 
180 

• 
• 

LAG TO MAXIHUft D!SCHAR,~E AT WALLULA GAP * 
TOTAL NU~IBER OF DAYS FOR FLOOD TO PASS 
TIME OF MAX, DISCHARGE AT SENTINEL GAP * 

'" ZI:IIJ 
• 
• 
• 
• 
• 

TIME OF MAX. DISCHARGE AT WALLULA GAP * 
VO~UME OF PONDING IN THE PASCO BASIN 

m 
m 
231) 
:240 
250 
26<! 
<;7€l 
.280 

AT EACH TIME STEP, * 
ELEVATION OF THE ~AKE SURFACE IN THE ~ 

PASCO BASIN AT EACH TIME STEP. * 

• 
• 
• 

PROGRAM WRITTEN 1985 Bi' RICHARD G. CRAIG 

PROGRAM STORED ON MISSOULA 1985 STUDIES DISK • 

• 
• 
• 
• 

l~Q ****************************~*******~•*~******+***~*~***********~****** 
300 
3!0 OPTION BASE 1 
320 DEG 
330 DIM 1;1 SotrHine\(40l,Q w&11u1&(40) 
J~IZI DIM Cl-s,..ntinel crs<4il,Q wall"'!& crs<40l 
J5!ZI DIM vr\oci\y<4i>,Wst1 uri~<40l -
350 COM El,..v_p•sco(JSl,VoTum,.._pasco(JS>,T,..mporary<JSl 
37'0 COM HH_q_sotnt inotl ( 11), H,..c_v_sotnt 1notl (II), HH_wse\_sotnt ( 11) 
386 
3913 
41313 
4113 D!SP "!N!T!ALIZING DATA" 
421} 
430 1 ELEVATIONS OF PONDED WATER IN THE PASCO BASHI (roi 
m 
45() DATA 160 
4bLl DATA 190, 190, 1913, 1 \H), 190, 190, 196, 1913, 210,,;: 10, 210,2113, 21 e, 2 Hl, 226, 220, 2213 
4 :-o DAHl 23•J, 2313, .2313, 240,240, 250, Z5e, 251!, 2bO, .::co, .;:ro, 2913, 290, c:oe, 320, 330, 3413 
480 DATA 360 0 390,410 
490 READ El~v p~s•o<+> 
~00 CAL~ !nt~;pol~tot<Elotv pas~o,+l) 

'" ~20 ! VOLUME OF PONDED WATER IN THE PASCO BASHI '"'-' ~m> 
~31) 

540 
~50 
~60 
~ C'Li 
580 
590 

DATA B 
DATA HI <a, 1013,1613 1 lilB, 10<1, 10e, tee, !Be, 133, 133,1 '33, 133, 133, 13:<, 167,167, 167 
DATA .21<11), 200, .21<10, 233, .233, .26.;, 266, 300, 333, 366, 401), 466, '51)0, C·€6, 666, 733, 866 
OATfl !C<66, !33:2, 1698 
READ Volum~ p~sco(*l 

r~AL~ lt1to<rp;:;l.>.to<CVol"'nlo< p.o.,;;co(•'l 
6[1[> rlflT Vvlum<'_l)a:;co=VL'Ium.e_l)a:>co. <1.6!A3) ' COtiVERT TO CUBIC 11lLE3 
6 11) 
620 
630 

B-1 



648 DATA 1,37. 1,49.2,56.2,61.5,66.0,71.4,75.~,77.~,80.5,82.4 
650 READ HoH v s.-n~!nE-1(") 
6o;o DI'ITR 480:-6~2, 720, 783,837, 884, 920, 958, ~~s, 1036, 1073 
670 READ HoH OJ:U 1 :unt ( +) 

680 FOR 1=1 To 11-
691! IF 1•1 THEH 
700 Sv<trdrups•,001416 
71Cl ELSE 

Sv.-r•drups•l-1 
END IF 7313 

"' "' 760 

HH q :SE-nti n<t 1 I I )•Sv<trdrups+l 0000130•< I/. 3048 )~3 
NEXT I -

77i) 
780 
79Cl 
80.:0 
81.:0 

DISP 
~h.x q mcf~"353.1 
INPUT-"SPEC1FY THE ~1A:><!I1UM 

ioX " me f:S 

' l·lo:f> AT '0Et1T!NEL o~AP, ·:.OJLVE:[o B'i 
DIS•:HAF'GE AT SEIH1NEL GAP, ltl l·l·:f:; 

8 ;::'0 - Max _.j 1 s•: hargoe-=Ma><_ q_ me f :S * 1 0000130 

83Cl ' 

"' "' 8613 Tot.a.l ,,~ m1•~e0 

JH 'liTH HE0:.2 
( 3'5 j. 1 '"' 11 

871<1 INPUT "SPECIFY TOTAL \IOLUME OF LAKE MISSOULI1, l!1 CUBIC MILES ·:SOO>",To~a 

1 '0 
s3o 
890 

'" 910 
920 

'" ;,; 
:<50 
·~.oe 

"' "' '>90 
1000 
1010 
Hi.20 

' Hi30 
1040 

•• 
Totiol do:och•r9<t=To~a1 cu_o, .. 52813A3 TOTAL DISCHAF·GE, IN CUBIC FEET 

T1m<t st<tp•l/4 FOR 15 
INPUT "SPECIFY TIME STEP, IN 
DE-ltio t~Tom<t St<tp*24*60*60 
' - -

SECONDS s 1/5760 
FRACTIONS OF A DAY •,I/4)",T1mE- sti'p 

LENGTH OF TIME STEPS HI SECOIJD::: 

MAXIMUM DISCHARGE IN ONE TIME STEP 
M&>< ovtr tot•l•M&x dia~h&ro;~t*Dtlt& t/TOt&l discharo;~• ,-- - --

Max st,.,ti,.,t1•15 
INPUT "SPECIFY THE 

Max wallul.&•l9 
INPUT "SPECIFY THE 

S.B. 21,61210 IF TIME STEPS fiRE I~ SECONDS LONG 
TIME STEP OF MAXIMUM DISCHI'IRr.E AT SENTIHEL GAP (1~)' 

S.B. 27,3b0 IF TIME STEPS fiRE 15 '3ECONDS L•Jflr. 
T !ME STEP OF ~lAX I f1UM D I SGHARGE AT HALLULA r.AP t 19)", 1·1 

ax_ wallula 
15 SECOIJDS L011G 1050 Numb t1m~ ~t~ps•40 

10b0 INPUT "NUMBER •:lF TH\E 
S.B. 57,600 IF TIME STEPS ARE 
STEPS? \40•",11uO>b_tH>lE- s~o<p:S 

10:'0 
1080 
1090 
1100 
1110 
11.<0 
11:30 
114\3 
115U 
1160 
1170 
1180 
1191) 
121)1) 
1.C10 
1~20 

1231) 
124[1 
1:!50 
12t>O 

Harll ._,. aph 1 c :.•0 
REPEAT 

INPUT "DO YOU WANT GRAPH! CS? (NO, I•YESJ", W.&nt -.raph 1 c :S 
UNTIL (1-l&nt ;r&phics•0> OR <Want_9r&ph1~t.•l) -
IF 14ant 'ill"tt.;ihiCS THEN 

D!SP "INITIALIZING PLOT" 
PLOTTER IS "GRAPHICS" 
LOCATE 20,90,20,90 
SCALE 0, Nu"'b t; mot l t O"ps, I), 41)1) 
A:><ES 5,50,0,0,2,2-

LORG 6 

B-2 

• 

• 

• 



• 

1278 
1.2:38 
1.290 
1300 
131<1 
1320 
1330 
13-1<1 
1350 
13.;0 
1370 
13:30 
1390 
1400 
141111 
14.21) 
1-130 
1448 
1450 
14b(l 
1-170 
1-180 
1490 
!500 
1510 
1528 
15J(l 
154(l 
1550 
1 s.;o 
1571) 
1580 
1590 
1 ,;I) I) 
!610 
1.;.21) 
1631) 
!641) 
1651) 
1,;:,;:o 
1.;70 
1.;8<• 
1e:S!O 
1 700 
1:'10 
17.20 
17 3ll 
17-10 
1758 

176U 
HHO 
!7'70 
,_Ev 
l ;'8[• 
ft ) 
1:'90 

FOR 1=0 TO N"mb t1m€ .ot~p~> STE? '5 
MOVE 1,-13 - -
LABEL USING "K"; I 

NEXT I 
i.ORG 5 
C'S !ZE 5 
MO~'E H"mb t1M1t st~ps/2,-4'3 
LABEL USING "K-;;-j "THIE STEP (J/4 DA'n' 

i.ORG 3 
CSIZE :3.3,9/15 
FOR I~ll TO 400 STEP '30 

t10YE -1, I 
l.AE:EL USING "K"; I 

NEXT l 
LORG 5 
CSI ZE '5 
LDIR 90 
MOVE -7,281) 
LABEL USING "K";"DISCHARGE CM~f,;,l" 

!.DI R 0 
MOVE 0,13 

END IF 
Want I ist1n;•l 
IN?UT "DO YOU WANT A L!STIIiG OF THE RESULTS? ('/ES,CP•NO)",W<ont_l \:Sting 
IF W<ont 11:St1nQ THEN 

Print-o..,t~16 
IHPUT-"WHERE SHOULD OUT?UT BE DIRECTED' oCPT,fl=THERriAL)",Pr1nt 0'Jt 

?RJIHER IS Print_o..,t 
END IF 

' INITIALIZE CONSTANTS fiND ',IARIHBLES 

s ... m p s~nt•n•1•0 
s..,m-q-s•nt i noe I .. a 
s ... ro-pOnd' n;•e 
' -
Exp sornt 1 nal zEXP<-Max :>oent i noi 1) 
Exp-~Nallul.a."EX?<-Ma.x Wil.llul.ll) 
' - -

IF W.a.nt l 1:>t1ng THEN 
PRIIIT I ·;ENTIIJEL GAP 

SENT. ' 
PRINT -•TIME TOTAL 

GAP " 
PRINT ""STE? 

·~EL. " 
PRINT "(6hr>l :o;Q 

'ft /$). 

,, 

IJALLIJLH 1~HP 

·:;uM 

POilDIIIG POIW!IIG IE 

, c u "', , ·-~ u '", • I •· 

PRINT -----------------------------------------------------------------

-----------" 
1800 '"' I' 
1810 
18~Cl 

183CI 
18~0 '" I =1 " H"mb tl"'€ ~t..-p:. 

18'50 
18lifl CALL F~ctor(!,Roe:;ult) 

187"(1 
1880 ' SOLVE FLOWS " SENTINEL '" 
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189111 
1913121 
!91 121 
l"il20 
l':i'30 
tHO 
1951i• 
,,.,121 
191<1 
1913121 
I 'Ol'Oll3 
.WIJO 
2<11 0 
:Z<l20 
2030 
20-10 
21):51) 

2060 
2070 
2080 
209<1 
2100 
2110 
21212! 

P ~oint>ni'I.,Exp -'•ntln•I·Hh.x ~•ntine-1~1/Rois-.11 
S~rn p ~•nt i n•l ;'So..am p u·nt ',.,;, +P :>oint 1 rH I 
Q .i;n'tinlfl(ll•Totoi!J diHh.ll.t'l;!lf*P-sointlnoil VOLIJME HI CIJEIC FEET 
Q-:unt•n•l cf•(!l•GI-••nt•n•l<ll7Doilt., t 
s;:;m_q_u•rH 1 n•I•Sum_Q_••nt; n•l +Q_u·nt 1 ;:;., I< I) 

I SOLVE FLOWS AT WALLULA ~AP 

P o.,o&llo..al&zExp w-.11ul.ii*M.;..x <J.;o.llullll"l"Po?Hdt 
o-...... llo..al,.,ll•Tota.l dischar,.., .. p o.,oallul• 
o-.... 11u1'" cf5(D"o-.... a.llo..al~0)"D"lt.i. t 
P0nd>n~=GI-iointll;otl7!)-Q w~\lula.(!)­
Surn _P•)I"od \ ;:;g='3urn _pond 1 n •• + P•ond 1 ng 

CALL Lak or_s1 ZO' ( Su .. _pOt"n' 1 r>~, Lak .-_h,. 1 9ht > 

I PRINT OUT THE RESULTS 

VOLUME ltl CUBIC FEET 

VOLUME ltJ CUBIC FEET 
'IOliJME IN 1:UBIC FEET 

2130 IF W.i.nt I1:Hin9 THEN 
2140 PRINT-USIN~ "lt,00,3K,.SO";I,Q o.O'ntlnO'HL'/Tot"'l d1:.~hargoi 
21~0 PRINT USIH~ "It, 2X, D. 00, 2K, 4D. 'ZD, 2K, D. olD"; Sum_q_:-i".,nt 1 nO' I 'Total_d, sc:h.~rg 
oi,Gl ~•ntlni'l cf~(!)/10000<'10 1 Q <Ja.llula(!)/Total dl!.chargO' 
21 r::~ PRTtiT us lNG "3X, 40. 2D, 2x, 4D. 20, 2:-:, o~n:-2D, 2,:, olD, 2:-< ,2D. 2D"; Q_...,,. 11 u I ~-" fs' 
I·,.- 1 lil00<'1£l0, Pond! ng/5281il~3, S-.m f)O!ldl ng/5280A :i 0 La~ oO he-1 ght .-,3. 28t18, 'J~ I OL 1 1y( 1) 
2170 END IF - -
2180 
.2190 
2200 
.2210 
2.<2\'l 
20:3\'l 
20:4<'1 
;:;:~e 

z;:.;o 
227e 
2280 
22"11) 
23tli'J 
2310 
,;:.o;CI) 

<:330 
2340 
.2350 
13biJ 

.238\l 
23 ~0 
2-10(1 
.;:41(1 
2-120 
2-13<1 
2.040 
24~0 

246it 
Z-ITi! 
2480 
2-19111 
2500 ,, 

NEXT 
IF W&nt 91'&ph!Cl THEN 

IF W&;:;t ll•ting THEN 
DISP -:;-PRESS CONT FOR CRFiPHICS DISPLAY" 
PFiUSE 
D !SP 

END IF 

GRAPHICS 
LORG S 
MOV'E IJ, iil 

FOR !z! TO HUIIlb tiM~ <.t~ps 

DRAW I,GI_sO'ntTn~l 'Of,,]l/IO!iliil(ll)l) 
NEXT I 

MOVE <I, Iii 
FOR 1=1 TO NUIIlb tlno~ ,;,t~ps 

DRA!4 I,GI wa.ll~la cf~<I•dGOIJUOO 
NE~T I - -
MOVE Nun•b tlnl<t ~t,.ps,l)_w5t.llul"'_cts•l-1• 1000000+3"1 
LORG 8 
CSIZE 6 
LABEL USING "K';"''IALLUI.A GAP" 
PFiUSE 
O:IT ~RAPH!CS 

Want hardcopyz0 
BEEP-
JIJPUT "DO YOU WANT A HARDCOPY OF THE ·~PAPH!I:S'' 'IW, l"''!ESl",;la•H_hat''jco 

~IIJ IF Want hardcopy THEN OU11P GRAPHICS 
~.<0 END IF -
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' 

2~3111 

2:14111 
.::~:~e 

256111 
257111 
2'580 
.<:5'9(1 
2r500 
<:610 
2b20 
263111 
2641!1 
2t>:i<J 
2bbO 
267•] 
26$0 
269[1 
2;'01) 
2710 
2720 
2730 
2740 
2750 
2760 
27?0 

BEEP 
PRINTER IS 16 
Want data sav•dz0 
INPUT "DO-YOU WANT THE VELOCITIES SFt\IED"" lfiO,I='l'ES>",Wii.nt_d<Lt<•_sa•Jed 
IF Want data savord THEN 

OISP -;;-SAVING VELOCIT!ES ON DISk" 
BEEP 
ASSIGN IH TO 'SENT V:HS 1 2 1 1" 1 R1Hurn va.r>abl• 
IF R•turn vari&bli'~l THEN -

CREFtTE -;;-SENT V:HS,2,1",4 
END IF -
ASSIGtl 111 TO "SENT V:H8,2,1" 
MAT v~locity=\lelocTtyr<3.281118) 
MAT W•.el .... nt=Wsel ~entr•.3.28138• 

MAT PRINT 111jVelocTtv,IJ,;;rl sen~ 
RSSIGN ~ TO 111 -
DISP "ALL DONE" 
BEEP 

ENIJ IF 

W.a.nt >ntorrp•l 
BEEP 
INPUT "DO YOU WANT A PLOT OF THE INTERPOLATED VELOCITIES'> ('!ES,O:HO>",W<> 

nt interp 
2790 IF W<~.nt 1nterp THEN 

2780 

281il0 CALL lnti'rpo!ate_vei<Vorla,ityC•)) 
2811il EHD IF 
2820 END 
28.30 
2840 
0:8:10 
2660 
2670 
2660 
2890 
2:>0"' 
2910 
292"' 
29.31<> 
2941<> 
2950 
2%0 
2'0l?O 
2980 
~9'0l0 

• 
• 1:0MPUTES I FACTORIAL, RETURNS RESULT 

• 
R!lsult~l 

FOR K=l TO I 
R;rsult=R;rsult•K 

NEXT K 
SUBENO 

SUB La~e_s>:tll($um_ponding,Lake_h<~Jgh1) 

• 

• 

• 

• 

30\li) 
.3011) 
30420 
JOJ€1 
3()40 
305C. 
30r5Cl 
307Cl 

• DETERMINES THE HElt;HT OF THE LAKE PONDED IN THE PASCO BASIN FOR A * 
• (;IVEN VOLUME OF WATER THAT HAS ACCUMULATED. ~ 

• • 

OPTION BASE 1 3080 
30!10 CO~l EI,.·~_P"'-ScO( .. ),Voluo,;r_pascoC~',To<mporar:"' .. :•,H;;-c ~ ~ .. n11ne1<+l,Ho<c • s 
~nt>noriC•) 

31GG 
311 Cl 
312[1 

Last dJfforr;rncor~-1 31313 
3140 
315CI 
3lr50 

Pa"d= vo I um;r:Su~>_PO:O"d 1 ngr5280"3 

3170 
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3180 
"3190 
3:200 
3.;:10 
3.;:~o 

3:30 
)240 
32~1Zl 
3Z60 
32?0 
3281!' 
3290 
3300 
331€1 
3320 
3330 

FOR 1"'1 TO 38 
D> fferornce-.,\lo I ume pasco l I >-PL>nd 'JO 1 •Jmo-
IF <Difforr~n~~~~Ol-RND rL;ut_d,fforrornciHOl THEN !nde-O<=I 
Last d>fforr~nct•Diff~trorncor 

NEXT 1-

Lowtr •1•v•l013 
Loworr-volumor•li30 
Upptr-lf1orv•E1orv pasco<lndor~) 
Upp•r-volum••lloTum• pasco( Index> 
IF lnd~tx>l THEN -

Low•r •l•v•Eltv pa•co<Ind•x-1) 
Lowtr-volumt•VoTumt p&~co<lnd•x-1) 

END IF - -
3340 Lak~_h~i~ht•Low~r-~l~v+<Upptr_tltv-Lowtr_orltv)~(Pond_volumor-Lowtr_volumt 
)/(Upper volume-Lowtr volume) 
33~0 SUiEND -
3360 
33?0 

SUP ln~erpola~or<Tar9ort_vorctor(4)) 
3380 
03"30 
341i0 
3410 
34:20 
3430 
3440 
34'!!"0 
3460 
3470 

~ ...................................... ~ .. ~•*********************************•**~***~·~·· 
• • 
• INTERPOLATES THE \IRLUES IN THE ELEIIRTION RND VOLUME VECTORS 

• BY THE PRSIN VOLUME COMPUTATIONS REPORTED IN "RNALVSJS OF ICE-AGE 

• FLOODING FROM LAKE MISSOULA", CRRI>~, 1983. * 

3480 
34"30 

• 

OPTION PRSE 1 
COM E 1 ev_pasc o< * l, \lo 1 u"'"'-P"'"co("' l, Te mpo•-ary< .. ) , He-~_q_:. .. nt' no0l ( .. J, HoO~_'- s 

or>H >n•l (*) 

35(Hl 
3510 
3520 
3530 
35HI 
3550 
3560 
3570 
35$0 
35'90 
3600 
3610 
3620 
3630 
3641:• 
3650 
3660 
3678 
368.:< 
36'9.:< 
3700 
3710 
3?21<' 
3730 
3740 
3750 
3760 
3?7Ct 

M~T TempQr&ry•Tar91ft vector 
L&st_~a1~t•T&r9et_vorCt~r(1) 
Len9th•i 

FOR 1•2 TO 38 
Th 1 ~ va.l ui'=T argort vor' tor( I l 
IF L-:;:,H valuor=Tht'S valui' THEfl 

End s'tr>ng~l 
Len~th .. Lorngth+1 

ELSE 
IF Lorngth>t THEN 

CALL Linor;or(L,.ngth, !,Target c•,..:tot''"')' 
END IF 
Length" I 
End_:>tr l ngc I 

END IF 
Last valu••Th>:J v"'lu~ 

NEXT I 
MAT Targort vorctor•Tormporary 

SUPEND -

3;'8Ct SUP L 1 ni'at'( Lfngt h, End_:>tr' l "':l, T arg,.t _ vi'C tor ( .. ) ) 
379Ct ................... ****"'*** .. ., .... * .... ~ ...... ., .... ., .............................. ~ .................. ~ .. ~ ........ ~ ........ .. 
381)1) ., 
3810 
382.:< 

• ACTUALLY COMPUTES THE LINEAR ltiTERPOLAT!Otl OF THE VALUES 
IDENTIFIED BY THE ltHERPOLATE SUBROUTINE. 
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OPTION BASE I 

3830 
3840 
38~0 

3815() 
31370 COM E 1 "v _pat.~O("), llo lo..~mot_pa:.eo(W), Temporary<*), HEc_q_sent1 n"l (,.), H•c_v _:;. 
•nt;n.,l(W) 
3881) 
3890 
3900 
3910 FOR fz0 TO l"ngth 
3920 !ndexzEnd_str1ng-<Lotngth-!l 
3930 T otmf=oor sry ( I nd•'<) zT srget _ ve~ tor (End_<> 1 r 1 ng-Lengt h J +I -'loi'ngt h* (Target _·~e~ 
1 Ot' (End_ on ring l- Target_ vee tor ( End_s t r i ng-le~>c;~t h) ) 
3HO NEXT I 
395£1 :SUBEND 
396120 
39;'1) 
398£1 
3990 SUB Fi nd_ve 1 oc 1 ty( Q_sent; ne 1_c fs, \lot I o~ 1 ty, Nat er _e I .,v 1 
412000 ~ .... ~~~~*********"****~**~"**~*******~*~*~*~-~*"*~~**********~~**~·*~*·* 
4010 .. 
4020 
Hl30 
40413 
4()'5() 
406() 

• 

• 

INTERPOLATE THE \IELOCITIES AT SENTIIJEl GAP FROM THE RE'3ULTS OF 
THE '!ElOCIT\'-DISCHRRGE RELATIONSHIP US!rlG HEC-2 

4070 OPTION BASE I 

• 

4080 em\ E1otv pal.c.;>(*l,l'o1o..~me pasco<*l,Temporary<*',H"'c q >-er"ltlnotl<*l,H,.c_•,_s 
,.ntlnotH*l,Hotc .,;.,1 sotnt(*l - --
4090 ! - -
4100 
4110 
4120 
4130 
414£1 
41~0 

4u;e 
H7ill 
41 se 
4191Zt 

-~~"'" 
421121 
4220 
4231) 
4240 
4~'51) 

42b0 
4270 
-<280 
-<29.:. 
-<30.:. 
-<310 
-<32(1 
4330 
434(l 

FOR fzl TO II 
0\fl'-tr"nee•Hot~ q '"ntin.e!(I)-Q Jent!ne1 cf' 
IF <Difhren~f)e) FIND (La-.t dlffer.,nce<i> THEtl lndf'x•l 
L&!H d1 ff-tr"n~ ot•Di fff'rt"n~e 

NEXT 1-

Lowotr dlschargt"=5121~0e 

Upper-d; schargot"Hi'C q :>otnt 1 n.r \ (I nd"'x) 
L.;>.,,r-v.elocity=l --
L.;>.,otr- u:>ot 1 z4S(l 
Upper =""'I oc: 1 t \"•Hec_v_~.,nt 1 n"'l ( lndo·x) 
Upp~r w:;el=Hi'L w:>otl sent(lncJex) 
IF Inaex>l THE~ -

Lower di:>ch.;,rg,.=Hi'c q :;,.ntln.,J(Jndo;x-1) 
Lower-vi'lo~; ty•H .. c V $.,nt 1 no; I ( Indi'"-J) 
Lower-<O:>ot\ ~H.rc ,,:;.,! "$o;n1 'Jn,:jo;,,-1) 

EHD IF 
-<35(< ','o;loc•tY"'Lowotr v .. \oc,ty+(Upp,.r ,,.,J,; .. ,,,y-L·owo;r ~·o;\.:,.:11)1'*'') :;.,nt•nel cf:s.-
Lowi'r d 1 ,. .. ha.rgo )/ CUpp,..;: <:11 ,_.,hat ge-Lowoor d 1 ~ .. h ... r go - - -
43b0 w .• totr eli'v=Lo".rr t;sei+(Uppet· <o.;-;1-L.;,""'r ,,,:;.,JJ~,o >.-ntlno>\ cf"-<-Lower CII.<C 
h.;,r.,.,).-CL'pp.rr-d1:ochar.,.,-Lowoi't' <:11:scnargei - - - -
437() SU&END - -
-<380 SUE< Inteq:.olat,._votlCVotloclty0-)1 
-<390 
44(lU 
441<1 
442•J 
H30 
4440 

• INTERPOLATES THE VELOCITY DAHl TO SHORTEI< THIE STEF":; FOR USE IN 
THE UN•3TERD\' FLOW 1100El Ill THE PASCO BA'3111. 

• 
• 

• 
*~~~"*~**"****"~****~"***"*""****~**~~****~•***~~+**~~~~***+~*"""*****~ 
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44:50 
H:il 
HO<l 
4-17<1 
448<1 
4490 
4500 
4510 
45;;:10 

4530 
4541il 
4550 
..j'%1il 
..j5;"1) 
458<1 
4':59<1 
4601Zi 
4611Zi 
-16.20 
4630 
4640 
4650 
4t>o>O 
4670 
46813 
4690 
4 7130 
47U) 
4 7.20 
4 730 
474e 
4?5<1 
4760 
-1770 
4?80 
4790 
4800 
4$10 
4820 
4S3e 
484\J 
-1850 
4860 
-187\J 
-1880 
4890 

""""'"' 4911il 
4920 
4930 
t. 1 "'"*D' m 
4931 
4940 
49~0 

OPT!Otl BASE 1 
DEG 
~ axis 1•ngth•t00 
PLOTTER IS "(;RAPHICS" 
(;RAPHICS 
LOCATE 20,90,20,90 
~CFIL.E 0,~ &xl:l l•ngth,0,100 
AXES 10,570,0,5,5 
MOVE 0,0 

LORG 6 
FOR 1~0 TO 100 STEP 10 

MOVE 1,-1 
LABEL USING "t<"; 1 

NEXT ! 
LORG 5 
CS!2E 5 
MOVE .'<_axi s_l•ngth/2 1 -5 
LABEL USING "K";"TIME STEP (J/4 DAYJ'' 

L.ORG 8 
CSI2E 3.3,9/15 
FOR JzO TO 3<1 STEP 5 

MOVE -3, I 
L.ABEL USING "K";I 

NEXT 1 
LORG ":; 
CS!2E 5 
LDIR 9<1 
MOVE ·19, 15 
LAI!EL USING "K";"VELOC!T't <M•tllr,./Sec)" 
L.DIR 0 
MOVE 0,0 

Durat i on•1000 
Dim h•~2 v•~tor•40 
F"OR-Tiroi"-Sti"p•l TO Dvrat1on 

Elap,.,.d tlrni"~Tirne step/Duratlon 
!ndexziHT<Elap:Si"d=tlrn.,~Dirn_hec2_vectorl+l 
IF" lnd.,x)Dirn f·o0ic2 "'"ctor THEU Index=Dlrn h•c2 ""Ct.or 
Upp~r v<tlocJt'y"Veloe~ty<.l»d~~) - -
IF" Ind .. x>l THEN 
Lvw~r _v~tl oc 1 ty•V• I uc 1 ty( Index-!) 

ELSE 
L.owotr vllloc•ty•l 

END l F" -
li•l•jClty•Lowotr vlllOClty.,(Uppo?r vo?IO~>t< ·L·~,.,.,, u•·l·o·:>•~•;*FRRCTIElar;tEd 

h•c,;: v•c~or) - -
v.l:;c i ty•V•lo~ 1 ty/3, 281 
DR:AW Ela.psotd t•m• .. X ax1t. l•n<;~th,''•loc•t" 
PRINT El&p,,d t.lm<i"'X_~'"S:_le,gth,,'oil.:.clt'/ 

NEXT T1rni!" stllp 
BEEP -

..j9.;:l'J 

4971) 
498<1 
4990 

DISP 
SUBEHD 

"ALL DONE" 
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APPENDIX C 

• COMPUTER CODE FOR AD! METHOD 
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• 

3 F"'b 1985 1)9:49:55 

" " " " " O::Q 

" " <o 

'" '" 1.::0 
I 3~• 

'" 15<1 
10:.0 
170 
18<1 

'" :200 
210 
220 
230 
~-~ .. 
250 
260 

"' :0:80 

"' '" '" 3.20 
330 
340 
35Q 
36Q 
370 
381) 
3% 
4.:10 

"' 420 

"' "' '" "'"''" 4 7•:· 

'" 4 91:• 
500 
'51.:0 
5.2•:1 
~.3Q 

54<1 

'**~*************~·····~~·······~·*************~~~········~··~~**** 
'* RE-STORE "ADJ,RDl MOVEABLE BAS:C$80,7"' + 
1;. RE-STORE "AD! r\OV'ERBLE EAS7HP9895, '502, .0" 1 + 

'*~~·····~~····•******;******~*;******~************~~~····~~·****** ,. 
COMPUTES TWO-DIMENSIONAL H\'DROD'tNRMIC SOLUTIONS USHJG THE 
ALTERNATING DIRECTION IMPLICIT METHOD. 

• 

I+++++++++++++++++++++++++++++++++++++++++++++++++++++++********+++ 

~~~****************************************************···········~ 

PARALLEL BOUNDAR\' CODES FOR X-SEGMENTS, PRCODE < XHg;: 

FIXED WATER ELEVATION ALONI:O AN ><-SEGMEtJT. 
COt!STANT '(-VELOCITY ALONG •:ORID BOTTOM. 
CONSTANT '(-VELOCITY ALOHG •:;RID TOP, 
(Whoan PRCODE~I •:lr 2 noth1n•a ;,. Donoa 1n th,. 

Imp1 \~It P;ort For That S6'9mo&-nt> 

ROW LOCRTION CODES, RLOC(~So&-9): 

0 INTERNAL ROW. 
I TOP OF GRID. 

-1 BOTT0t1 OF GRID. 

END CODES FOR X-SEGMENTS, CODEI(XS~9)! 

' 
3 

' 5 

' 
' 

' ' • 

" • 

" " • 

" 

FIXED ETA ON BOTH ENDS. 
<S~~ond t~n, Implicit (Wilt~r S"'d'ilce El~v)) 

FIXED VELOCITY ON BOTH ENDS. 
(Fir,.t T<!",.t, IMplicit CVoil)) 

UNKNOWN ETA ON BOTH ENDS. 
UNKNOWN VELOCITY ON BOTH ENDS. 
FIXED ETR ON RIGHT, UNKNOWN ETA ON LEFT, 
(S.;~ond toi,.t, lmpl1~1t (W<Otcr Surl'a~• E\.;<,)) 

F"!:o<ED ETR Oil ~IGHT, UNKNOWrl VELOCITY OIJ LEFT. 
<Sc~ot1d t"o>t, lmp\l~lt OJ.at,.r Surfa~c El.;vJ) 

FIXED ETA ON RIGHT, FIXED VELOCITY ON LEFT. 
CF1rst Te:H, l10pl1c1t (V.;lJJ 
<Second test, lrnplic!t Ol.at.;r S"'rl'.a~o< El<i'•>!) 

FIXED ETA ON LEFT, UNKNOWN ETA ON RIGHT. 
~!XED ETA ON LE~T, UNKNOWN VELOCITY ON RIGHT, 
FIXED ETA ON LEFT, ~!XED VELOCITY ON RIGHT • 
UNKNOWN ETA ON RIGHT, UNKNOWN VELOCITY ON LEFT. 
LlfiKNOWN ETA ON RIGHT, FIXED VELOCITY ON LEFT. 
(F,-·:;~ T~s.t, Impl1~1t CVellJ 

UfiKfiOWN ETR IJll LEFT, IJNUIOIHI VELOC I T'o' OH F· I GHT. 

BOU!lDARY CODES FOR EXPLICIT Y-'·.IELOCIT'o' -30LUT!OH, 1/RO:>-o-gl: 
(F•r~t H"'lf-Tim.;-St.;pl 

0 ALL UNKNOWN VELOCITIES ALOtlG A ROW SEGMENT. 
1 ALL FIXED VELtJCITJES fiLIJliG A R•JW SEG11EHT, 

FIXED I>'ELOC l TY ON LEFT I:OUHDAR'I. 
3 FIXED VELOCITY ON RIGHT BOUHDRR'i. 
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560 , .......................................... .,., ........................................ ,. .................... ,. ...... ,. .... ,. ...... ., .. 
571) I 
580 PARALLEL BOUNDARY CODES FOR Y-SEGMEIHS, PCCODE'Yseg;; 

'" ,;eo 
e 10 
620 
t::3e 
640 
0::50 

I FIXED WATER ELEVATION ALONG A '1-SEGMEIH. 
2 CONSTANT X-VELOCITY ALONG LEFT GRID SIDE. 
3 • CONSTANT X-VELOCITY ALONG RIGHT GRID SIDE. 

<Whotn PCCODE=1 or 2 noth1ng 1:> Donor in thot 
I rnp 1 i c 1 ~ Part For That S~gao .. n1.) 

660 COLUMN LOCATION CODES, CLOC<Ysiigl: 

~S~ 0 INTERNAL COLUMN 
690 1 RIGHT SIDE OF GRID 
?00 -1 * LEFT SIDE OF GRID 

"' :';<0 END CODES FOR 't-SEGMEIHS, CODE2(Ys~<;t)l 

"' ?40 FIXED ETA ON BOTH ENDS. ' ?::;0 FIXED VELOCIT'o' ON BOTH ENDS. ' :'61) UNKNOWN ETA ON BOTH Et!OS. 3 
770 UNKNOWN VELOCITY ON BOTH ENDS. ' ?80 FIXED ETA OH TOP, UNKHOWt-1 EHI ON BOTTON. ' • 

6 79101 FIXED ETA 011 TOP, UNKNOWN ELOCITY ON BOTT0/1. 
7 800 FIXED ETA ON TOP, FIXED '~ELOCITY ON BOTTOM. 
8 810 FIXED ETA ON BOTTOM, UNKNOWN ETA ON TOP. , $21:1 FIXED ETA ON BOTTIJ~l, UNKNOWN VELOCITY iJN TOP, 

" :330 FIXED ETA ON BOTTO~!, FIXED VELOCIT'I ON TOP. 

" 1H<i UNKNOWN ETA ON TOP, UNKNOWN VELOCITY ON BOTTOM. 

" 851) UNKNOWtl ETI'I 011 TOP, FIXED VELOCITY ON BOTTOM. 

" 860 UNKNOION ETA OH BOTTOM, UNKt/OWH VELOCITY ON TOP. 

"' 881) BOUNDARY CODES FOR EXPLICIT X-VELOCITY SOLUTION, VC<Ysoe<;~l: 
891) (S~cond H~lt'-Tlmot-Stotp) 

901) I) ALL UNKNOWN VELOCITIES ALONG A COLUMN SEGMENT. 
9Hl 1 ALL FIXED VELOCITIES ALONG A COLUMN SEGHEHT. 
920 2 FIXED VELOCITY ON BOTTOM BOUNDARY. 
9313 3 FIXED VELOCITY ON TOP BOUNDARY. ,., 
·•~a ! **'""**"'* **"''"" **** * **"'* * **** **** **** ...... * ***** * **"* **** * ***'""** .. '""*** ...... 
'361) 
970 

'" 991) 
1000 
1010 
113;20 
1031) 
1040 
10:113 
1061) 
11)71) 
l 08>3 
!0"'1) 
1100 
111>3 
1120 
1130 
1140 
1151) 
1 1 eo 
1!:'1) 

1180 
1190 
1200 

OPT I ON B~SE I 

"" COM ;-Bl~" Ad1.,~( 173), Bdo ag( 173), Cdl;t.<;iC 173l, Xx< 173) ,Cc,~,votc ( 1?3! 
CO~! ~'B2~' INTEGER Rotnd< 48), lie (48), Mil><><, Mi nn 
COM ~'B3~' UoldC48,?3J,VoldC48,?3l,EtiooldC48,?3>,ZbC48,73J 
COM -'B41' UnotwC48,?3l,VnotwC48,?3J,Etl!.nltwC48,73l,Sitnt1notl vC40) 
COM ~'B:I~' Out:200(3,:241)0l,Stotp dl!.tii.<3,48,?3l -
•COM -'Plot~' !NTEC:ER FiC!I000<lJ:-G\o;t.dotd,IHs 

INTEGER Nx,Ny,Xs~<;~,PrcodotC73J,RowC73J,Rmi,Rp1,Rloc(73J 
l NTEGER N, Nd, Cn<io>'k 1, Cmot.rk-2, Eo1a1'k I, Eo,.;.rk ::, Cx1-, S1. "'"t, End, C, R 
l IITEGER Cm 1, Cp I 1 He"'" I, Nc ;,.n2, Nc anJ, llc an4, Cmm1, Cmp1, L I, ·~r<73J 
!tHEGER (ode! C73J, Cstar•t' 73>, C.;r.d<73J, '{Hg, PccL>deC48), C.L>l C48l 
!!HEGER C 1 "'' ( 48 l, Rmark I, Rroar·k 2, Cys, Cod.o.2 ( 48), R.P ar~ C48J 
ltHEGER lle ed_c ont 1 nu' t y, No ed_r,.oment ""', Fa I se, True, tlt s 

REAL NeoJd_cor.t1r. co1C48l,Need lloomer._coiC4$) 

REML N"'"'d cont1n row(73J,H~.od "'"'"'"" row(;'3) 
"'EHL Rp1 'V.oetorc'73>,Rml v.;ctor:c73> -
REML Cp 1-v.o<: tar C 48 l, Cro 1-v.oc tOr' ( 4$ l 
I<'EAL II'<, iiy, Dt, G, Ft•, T 1 mor:-Ht 1 ,,.,. , D1, D2, D3, D4 1 Vdb, Udb, Fdbd 
REHL Fdb,Gdbd,Gdb,Aa,Bb,Cc 
PEAL X,\',IJ,S.ontln.ol "'~.ol(-40) 

REAL Ad,Bd,Cd,P,n.,w-v.,lo~>ty,N"w ..,,.,.1 
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121 a 
1220 
1230 
12-.a 
12'50 

• 1260 
1.270 
1280 
12'70 
1300 
1310 
1320 
1338 
1348 
13'50 
1360 
1370 
1380 
1390 
1-.eo 
1-.10 
1 .. 20 
1 .. 30 
1440 
14'50 
1460 
1 .. 70 
1-180 
1490 
1'500 
1'510 
1 '520 
1530 
I '548 
1'550 
1'560 
1'570 
1 '580 
I 590 
161il0 
1610 
1620 
1630 
1640 
16'50 
1660 
1670 
1681il 
1b<l0 
171illil 
1710 
1720 
1730 
\7-10 
I 7'50 
1760 
1770 
171313 
1790 
1300 
IS 10 
1320 
11330 
1340 
1:3'50 
1860 

PRINTER IS CRT 
PRINT PAGE 
Fa! Joi•<l 
Tru .. "1 
A 1 ph~~o•lil. 2 
on .. _mlnu .. _alpha•l-Alph~~o 

, __ READ IN THE INITIAL DATA------------------------------------­
! 
GOSUB' Rorad dat.i. 

! CALL P 1 ot_ 4_wi ndow:~o( \Iori oc 1 ty1, Etanew( 3, '5), I' I' 1 oc 1 ty3, Hstep, Th1 s_ t i ffl'i J 

! 

H&l f dt•O. '5•Dt 
Two dx•2*Dx 
Two-dy•2,.Dy 
Half dt ov•r dx•0.'5•Dt/DX 
Half-dt-ovorr-dy•0.'5*Dt/Dy 
Half-dt9 ovr-dx•O.S*Dt*G/Dx 
Hal (::dtg:ovr =dy"'O, 5JiDt.OG/Dy 
Half dt ovr 2dx•Half dt/Two_dx 
Hal r:dt:ovr :2dy•Ha1 r:dvTwo_dy 
! 

FOR Xsorg•1 TO NX 
R=Row(Xs•g) 
Rp1 vorctor<Xs•gl•R+l 
Rm1-voictor<Xseg!=R-1 
IF Rloc(Xs .. g)~-1 THEN Rml v~ctor\Xsoigl=R 
IF Rlo~<xs .. g>=l THEN Rp1_V .. ctor<Xs .. gl=R 

NEXT Xseg 

FOR Ysorg=l TO Ny 
C•Co1 <Yseg> 
Cpl vorct<>I'(Ysorg>=C+1 
Cml-vorctor<Yseg>=C-1 

BOTTOM OF GRID 
TOP OF GRID 

IF Ctoc<Ysl'g)•-1 THEN Cm1 vorctor<Yseg>=C! LEFT SIDE OF GRID 
IF Cloc<Yseg>•l THEN Cpt_Vector(YsorQ)•C' RIGHT SIDE OF GRID 

NEXT Ys•g 
!-- BEGIIJ TIME LOOPS--------------------------------------

FOR Nst~p~1 TO Nts 
DISP Hs.t.rp 
C~LL lntorrpol~~ot.r(S•ntlnotl v(+>,Nst.rp,Nts,N•w veloc1ty> 
Uold<2,'5>•Horw v•locity - -
Uold<J,'5>•N•w-vtlocity 
C~LL lntor>'pol'itor(Sorntinorl ws•H•>,Nnorp,Nts,Horw WSI'l) 
Nrw wsori•MAX(Z0<2,5),Norw i:i'sorl) -
Et~;ld<2,'5>•Norw usorl -
Etaold<3,'5)•Norw-wsorl 
PR IIH "STEP "1 N'St ep 1 " NEW VELOCITYa "; N.rw_v.rl oc, ty;' WSEL""; Norw_wsoil 
Ht 1 me•T 1 moi+Dt +0. 5 
Tono.r•T•m.r+Dt 

'·9· .. ~··-~················ ........................................................................... . 
'• ,. 
" 

BEGIN FIRST HALF-TIME STEP: SOLVE THE X-MOMEUTUM tHID THE 
CONTINUITY EQUATION IJ'IPLICITLY FOR THE X 'VELOCITIES AND 
THE WATER ELEVATIONS. 

'* THEN SOLVE ~OR THE Y-VELOCITIES EXPLICITLY. 

• 
• 

, ....................................................................................................................... .. 

" " 
FOR Eo'ICH ROW SEGMENT, CREATE AND SOLVE THE TRID!o'IGONAL 

COEFFICIENT MATRIX, 
• 
• ,,. ................................................. ,. ........................................................... .. 

Tinoor1•TIMEDATE 
FOR X~oi9"1 TO Nx 

IF <Prc.:>d~<Xs.rg>•~) OR <Prc.:>dot(Xsegl=3) THEN 
R=RC>w(X~.r\1) 

C-3 



1870 
1880 
18'30 
I "100 
1'310 
1'3:20 
1";130 
1'3·410'1 
1"150 
1960 
1970 
1980 
1990 
.2000 
2010 
2920 
2030 
Z040 
2o~e 
21<160 
:2137(1 
209(1 
209(1 
.2100 
211<'1 
42120 
2130 
.2140 
2150 
2160 
2170 
2190 
219a 
:naa 
22te 
2:220 
2.230 
22-10 
22~>] 

2260 
.2.270 
2280 
.2:0:90 
2300 
2310 
23:20 
2330 
.2340 
:<3:;0 
.236(1 
2370 
23Se 
2.390 
2-101) 
2-110 
2-120 
2430 
2-140 
2450 
.2-lbO 
2-170 
2480 
2490 
2501) 
251 I) 

Rml=Rml v•,tor<Xseg) 
Rpi~Rpl ue,tor<X~•g) 

~~~~··~············••******************************•*************** 
!+ CALCULATE COEFFICIENTS BY THE COLUMN. • '. . '* "ND" KEEPS TRACK OF THE HUMBER AND POSITION OF THE ENTRIES IN + 
1* THE DIAGONAL AND CONSTANT VECTORS, "CMARK!" AND "OIARK2" ARE * 
'* THE COLUMNS AT WHICH COMPUTATION OF THE ENTRIES BEGINS AND + 
'* ENDS, RESPECTIVELY. "EMARKI" AND "EMARK2' ARE CODES WHICH + 
'* INDICATE WHICH EQUATIONS THE COEFFICIENT MATRIX BEGINS Aim * 
1+ ENDS WITH, RESF'ECTIVEL\': I =CONTINUITY, 2 • MOMENTUM, w 
.......................................................................................................................... * 

Nd•e 
Cmark 1•0 
Cmark 2•0 
Ema.-k 1•e 
Emark2•0 
Cx$•Codof 1 <XseQ) 
Start =C'stat·t (X;oi'g) 
End=C.,nd<x~ .. g) 

MAT H••d contln coi•<Tru•J 
"AT Heed-,.omen Col•<True) 

'****************************************************************** 
'* DETERMINE ORDER OF INF'UT OF ROWS INTO MATRIX. • 
······································••*************************** SEt..ECT Cx& 

CASE 1,4,6,9,9,11!1,11 ! 
N~ed 'ont1n col<Stit.rt)•False 

CASE 2:-7,12 - I 
N•ed contin col<Startl•Fal•• 
N~~d-mo~~n Col<St•rtl•F•lst 

END SE[ECT -

SELECT Cxs 
CASE 1,~,6,7 

N"'~d cont1n col<End)=Fals~ 
Need-momen Col<End)aFalse 

CASE 2:-3,8,ti,lt,12 

N••d mom•n ~cl<End)•Fals~ 
END SE[ECT -
MAT Adl~Q~<-H•lf_dtg_ovr_dx) 
MAT Bdlag=<l) 
MAT Cdlag=<Half_dtQ_our_dx> 

FOR C•Start TO End 
C~l•MA~<C-l,St•~t) 

FIXED ETA OR UNKNO~H YEL AT LEFT 
! DON'T DO CONTINUITY 

FIXED YELOCITY ON LEFT 
I DON'T DO CONTINUITY 
' DON'T DO MOMENTUM 

FIXED ETA ON RIGHT 
DON'T DO CONTINUITY 
DON'T DO MOMENTUM 
FIXED YEL OR UNKNOWN ETA ON RIGHT 

DON'T DO MOMENTUM 

Cpi•MIN(C+l,End> 
Dl•<Etaold<Cpl,R>+Et•old(C,Rl-ZbCC,R>-Zb<C,Rml>>~2.0 
IF D1<0 THEN Dl•l!l 
IF H~~d contin col<C> THEN 

···~*·~~*·~·~·~·······*************~******************************* 
'* CALCULATE THE COEFFICIENTS OF THE IMPLICIT CONTitiUITY EQUATION,+ 
'* AND ASSIGN THEN TO THE PROPER F'OSIT!ONS It! THE DIAGONAL + 
1 * VECTORS, 
'+********~******~*"'******************~****~~··***************+**** 

IF Cmark1.,0 TNEtl Cmarkl=C 
IF Em ark 1=0 THEtl Em.-rk 1"'1 
Cm.-rk2=C 
Emit.rk2=1 
Nd•Hd+l 
D2=<Et.-old<C,Rl+Etaold<Cmi,R)- b<Cmi,Rl-Zb<Cml,RmlJJ/2,0 
D3•<Et•old<C,Rpll+Etaold<C,Rl- b,C,R>-Zb(Cmi,R))/2.0 
D4•<Etit.o1 d(C, Rl+Et ~o 1 d<C, Rm I)- b<C, Rm 1) -Zb CCml, Rml)) /2. e 
IF D2<0 THEN D.2a0 
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25213 
2531) 
2541) 
2551) 
zs.;o 
;;::s7e 
258<1 
2591) 
2.:;oo 

, Rml)) 
2610 
~6~0 
~630 
2.040 
2650 
2660 
2670 
;;:.;:;., 
2690 
27<11) 
271<1 
272tl 
<C?3tl 
2740 
1750 
2760 

2780 
2?90 
2800 
2810 
.28~13 

28313 
2840 
:zs5e 
281513 
2:370 
28813 
28%l 

"' 29<1<1 
ml)) 

2910 
~n0 

2'>30 
2940 
2'!150 
:z·u;e 
2'!170 
2980 
2'!190 
30<llil 
3010 
30213 
3030 
3040 
31)50 
30150 
3<l7<l 
3080 

R>l, R)) 
3[191) 
310[1 
31Hl 
3121) 
3130 

IF D3<0 THEN 03=0 
IF 04<0 THEN 04•0 
~dia~<Ndl~-Ha1f dt ov~r dx+02 
I E!DIAG IS IHI'fiAi:IZED-TO !.0 Bdio.g(Hdl•l.0 
Cdia9(Ndl•Ha.lf dt ov~r dx+DI 

························*··*····*·································· ,. CONSTANT VECTOR ENTR'f FROM THE CONTINUITY EQUATION: ' 
!••·······~························································ 

Conv.;-~ <Hdl .,Eto.o 1 d(C, RJ-H.al f_dt_ov~r _dy+( D3+'·!o 1 d<C, Rl -D4*I'01 d rc 

EHD IF 
IF Heed ~om•n col(Cl THEN 

1 ..................... ; ...... ; ................................................................... . 

!+CALCULATE THE COEFFICIENTS OF THE IMPLICIT X-MOMENTUM EQUATIOtl,+ 
I+ AND ASSIGN THEM TO THE PROPER POSITIONS IH THE DIAGONAL + 
1 * VECTORS. * 
·····~··································••************************* 

IF Cmarkl•9 THEN Cmark1•C 
IF Emarkl~il THEN Emarkl•2 
Cmark 2•C 
EOI.i.t'k 2=2 
Nd,.Hd+l 
Vdb•( Vo 1 dCC, Rml )+Vol d<Cpl, Rml) +Vo 1 d <C, Rl+Vo 1 dl Cp 1, RJ )/4 

!*************************************~······· ........................... ***** 
I+ TO RRE'~EHT A DIVIDE BY ZEI"O ERROR WHEN DEPTH OF FLOW IS EQUAL 
1,. TO ZERO, SET FRICTION TERM EQUAL TO ZERO FOR THIS CASE. 

• 
• 

, ......... * ................................ ~ ...... ~ ...... ****~·· .. ···******************* 
Fdbd=Etao1dCCpi,R)+Etaold,C,R>-Zb<C,R>-ZbCC,Rml)/2 

Fdb=0 
IF D1 THEN Fdbd>0 THEN 
Fdb~Fr+SQRCUoldCC,R)+UoldCC,RJ+Vdb+Vdb)/DI Fdbd 

EHD IF 
Adlil.'iJ<Hd),.-Half dtg ovr dx 0.S+Dt+G,'Dx 

Bdiag(Nd>=l+H~lf_dt+<fdb+<UoldCCpi,R>-Uold<Cml,R))/(Two_dx)> 
Cdlag(Nd)=Half_dtg_ovr_dx 

······~·~~··~····************************************************** 
1 + CONSTANT VECTOR ENTRY FROM THE MOMEHTI.HJ EQUATION: • 
···~~ ................ ~·~··············~···········~···~··············~· 

Convec(Nd)•UoldCC,R)-Ho.lf_dt+Vdb+(Uold<C,Rpll-UoldiC,Rml))/(Two_ 

Convec<Nd)=UoldCC,Rl-Half_dt_ovr_Zdy+Vdb~\UoldCC,Rp1i-Uold<C,R 

EHD IF 
NEXT C 

! .......................................................................................................... .. 
!+ADJUST CONSTANT VECTORS FOR SOUNDARY CONDITIONS. • 
, ........................................................................................................... . 

Hca..,l•0 
He an2•0 
Nc.t.nJ•O 
llc .;on4•0 
SELECT Em.o.rk I 
CASE 1 

Nc .an2= 1 
CASE 2 

Nc.a.nl=\ 
END SELECT 
Cmm 1 =Cmark 1-1 
IF Cm•I<St ;,.rt THEN Cmmi=Cmark I 
•:onv .. c (I) =Convotc (I) -~di ag< 1) ~( Ncanl +Et ao I d <Cm•rk 1, R) +llc an2+Uo I d 'Cu. 

SELECT EmO&rk2 
CASE 1 

NcO&n4=1 
CASE 2 

Nc •nJ•I 
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3140 
3!5() 
316<1 

END SELECT 
Cmpl=MIN<Cm~k2+1,End) 

Convoi!C ( Nd) =Conv .. c ( Nd) -Cd 1 ag ( Nd l * < Nc an3*Et a.o 1 d ( Cmp 1 , R J Hie ;,.~,4 71Joo 1 cV c 
"'•rk2,R)) 

3170 ................................................................................................................................... .. 
'3180 !+ SOLVE THE TRIDIAGONAL, LINEAR SYSTEM OF EQUATIONS FOR THE * 
3198 !* X-VELOCITY <UJ AND THE WATER ELEVATION <ETA>. + 
:3;:()0 
3210 
no<0 
3230 
3240 
n~e 

3260 
3«70 
3280 
329£1 
3300 
3310 
33:20 
3330 
33-10 
3350 
336€1 
3370 
3380 

·~···~•******************************~•********************•* .......... .. 
CALL Trldia(Nd) 

! .. **** ~**** .. ************* ............ ************ **"'************** *** **"* 
PUT SOLUTION VECTOR ENTRIES INTO PROPER VARIABLE ARRAYS. • 

, .......................................................................................... *********** .............. .. 
L1•0 
FOR C•CM•rkl TO C•a.r~2 

IF NOT <<C•Cma.rkll AND <Erna.rki•2Jl THEN 
L I =L I +I 
Et .o.n•w<C, R>=Xx ( L I) 

END IF 
IF NOT ( <C=Cr•ar~ 2> AND < E .. ark 2= I> l THEN 

LI•LIH 
Unoi!wCC,RJ~Xx<Ll 

END IF 
NEXT C 

END IF 
NEi<T X~oi!g 
T•m.o2=T!MEDATE 

339€1 Elap$ed tirnoi!~Tim .. :2-T1mel 
3400 PRINT USING "D,5A,4D.3D,3A,3D.4D,2X,2A,3D.4D,6A,2D.2D"tl," WSEL"",Etan 

.. wC4,5)," U"",Un .. w<4,:5l,"V=",Vn .. w<4,5)," TIME•",E1.1Lpsed tiroor 
34 1 0 ! ................................................ ~ ........ ., .................... ~ ., ........ :; ........................ ~~ ......... .. 
340:0 
3430 
3440 
~-~~0 
3460 
347<) 
352€1 
3~31) 

3540 
3550 
3560 
3571J 
3:590 
3590 
3.;00 

36Ul 
36.20 
3630 
36-10 
3650 
3660 

THEN 
3670 
3.;s0 
3.;:90 
3700 
3710 

3730 
3740 

3750 
3760 
377r,1 

'**~****************************•********~"*************"*****"**** 
! .......... ~ ............ ., ............................................. ~., ......................... ~., ........................ ~ 
....... .,~ .................... ~ .......................... ., ...................... ., ...... ~ ......................... ~"'**"* .. 
!* SOLVE THE EXPLICIT Y-MOMENTUM EQUATION FOR THE Y•I'ELOCITY (\1) * 
'* AT EACH NODE. * 
,.,., ................. ~ ........................................................ ******* ...................................... .. 

FOR Xs~gzJ TO Hx 
lF NOT Cl'r\X$~gl=l) THEN ALL FIXED VELOCITIES ALONG A ROW SEGMEflT 

R"Row(XSoi!Q) 
Rpl"Rpl vector<X~•g) 
R~l=RmL-v•ctor<Xsoi!g> 
St~rt•CSt•rt<X~•gl 
End•C•nd(X~•g) 

FOR C•Sta.rt TO End 
IF l'r<X~•gl•2 AND C"St&rt THEN 

c;oTO N•xt , 3 
END IF 
!F llr<X>.org)zJ AND C=End THEN 

GOTO Noixt c3 
END IF 

FIXED VEL ALONe; A LEFT BOUNDAR'( 

Fl.':ED VEL ALONG A RIGHT BOUNDARY 

IF (NOT ( Vr ( X<- .. g) -.2 AND C"'St art)) AND (NOT ( Vr CXs.eg) =3 AtlD C"End) J 

Cpl,.MIN<C+t,Endl 
Cmi"MAX<C-L,St&rt) 
Udb,.(Un•w<C,R)+IJn•w<C,Rpll+Un•w<C~I,R>+Un•w<Cmi,Rpl))/4 

'********** ..................................................................................................... ~ ...... .. 
'* TO PREVENT A DIYIDE BY ZERO ERROR WHEN DEPTH OF FLOW IS EQUAL ,. 
'* TO ZERO, SET FRICTION TERM EQUAL TO ZERO IN THIS CASE. " 
'******************* .. ~**~**********•************~· .... ~ .......................... .. 

Gdbd•<Et anew CC, Rp 1) +Et an•w< C, Rl -Zb<C, R l-Zb<Cml, R)) /2! CHANGED 2 

Gdb"'0 
IF GdbdH'I THEN 

Gdb=Fr+SQR <Vo 1 dCC, R) +Yo 1 d<C, R>+Udb*Udbl/Gdbd 
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' 

ELSE 
Gdb•0,0 

END IF 

3780 
3790 
3800 
3810 
3820 
3830 

Aa:J+Half dt*(Gdb+<Vold<C,Rpl>-Vold<C,Rmi))/(T~o dy)) 
llb"-H.a.l f_dt _ovr _2dx•Udb*< Vo 1 d < Cp I , R) -vo 1 d ( Cml , R)) 

IF ((Et.a.norw<C,Rpi>-Etaold<C,Rpl>)<>O) OR <<Etanew<C,Rl-Etaold<C,R; 

I Cc•-0,5*Dt*G*<Etan~w<C,Rpi>-Etan•w<C,R))/Dy 
Cc •-H.a.l f_dtg_ovr _dy•<Et <>.n~tw( C, Rpl >-Et ;;,.new( c, R)) 

ELSE I **'""""** ****'""**** ..... '"'** *****,.*"" "'"*** **"*",.•**"****** 
Cc•a 

END IF 
Vn•w<C,R>•<Vold<C,Rl+Bb+Cc)/A& 

END l F 

NEXT C 
END IF 

NEXT Xsorg 
T i m"3•T IMEDATE 
E\apsild tim••Tim~t3-Tillllf2 

>< )0) THEN 
3840 
3SSe 
3800 
3870 
3880 
3890 
3900 
3910 
3'!l20 
3930 
3940 
3950 
3980 
399e 
4000 PRINT uSING "D 1 5A,4D.3D,3A,3D,4D 1 2X,2A,3D.4D,6A,2D.2D"l2," WSEL=",Et~~' 

lfw(4 
1 

5> 
1

" U•", Unorw<4, ~) 1 "V•" 1 Vnorw( 4 1 ~) 1 ' T !ME•", El ir.psed_t i mot 

4010 I ***************************************444*************"*********"' 
4020 !* VEL.OCITY FII/ERAGIHC REPRESENTS THE EFFECTIVE STRESSES. ;, 
4030 '* THE NEW 1/FIL.UES NOW BECOME THE OL.D 1/AL.UES FOR THE NEXT * 

4040 
40~0 
4060 
4090 
4100 
4110 
4120 
4130 
4140 
4150 
-1160 

THEN 

'* HAL.~ TIME STEP. • 
! ................................................................ *****************"******"""'""'"'*"** 
FOR X£otQ•I TO Nx 

IF HOT <Vr<Xtot9>•1) THEN ' AL.L. FIXED VEL.OCITIES AL.ONG A ROW SEGMENT 
R•Row(XStQ) 
Rpi•Rpl_vorctor<XstQ) 
R~t•Rml votctor<Xs•Q) 
Stir.rt•CStart<Xs•Q> 
End"C~tnd<Xs•g) 

FOR c~Start TO End 
IF <HOT <Vr<Xs.,g)"'2 AND C=St .. rt)) AND CNOT Cl'r<Xs,.g)=3 AND C~End)) 

4170 Cpt•MINCC+I,End) 
4180 Crni.,~\AXCC-I,Stir.rt) 

4190 Un.,OJCC,R)"'iJne JOinus a.lpha.*Un .. w<.C,R)+Alph.a.*(IJnew<Crni,Rl+Unew<C,Pm 
l)+Un~OJCC,Rpi)+Un"w<Cpi,R)) - -

-1200 VnilwCC,R>=On" m1nus alphir.*Vn~twCC,R>+Alpha*CVn .. w(Crni,R)+VnewCC,Rm 
t>+Vnew(C

1
Rpi>+Vn.,w<Cpi,R)) - -

4210 END IF 
4220 NEXT C 
4240 
4241 
42,0 
4260 
4270 
4280 
4290 
4300 
4310 
-1320 
-1331) 
-1340 
-1350 
436() 
4370 
438() 
4390 
U00 
4410 

END IF 
NEXT Xsotg 
Unorw<49,64)•Unotw<41 164) 
MAT Uold•Un•w 
HAT Et.o.old•Et.a.nilOJ 
~IAT Vold=Vn~w 

Velocityi•SQRCUn.,wC3,~)*Un~wC3 1 S)+Vnew<3,S>•Vnew(3,5>> 
'<~;~1 L>C i ty2zSQR (UnewC47, 64) *Unew( 47 1 64)+Vn.,wC4 7, 64 );,Vn~wc 47 1 64) l 
V~;~l oc 1 ty3•SQR CUn~wC 18, 29) *Un~;~w< 1 S 1 29)+Vnew( IS, 29 HVn~;~wC 113, 29)) 
CALL Plot_ 4_wi ndL>WS ( V~;~l uc 1 tyl 1 Et .o.n .. w( 3, 5) 1 V .. l L>C i ty3, Nst "P 1 Th1 ,._time-) 

,~ .......................... *,. .................... ,. .................. ,. ........................................ ~ .............. .. 
'* BEGIN SECOND HALF-TIME STEP, SOLVE THEY-MOMENTUM AND THE * 
'* CONTINUITY EQUATIONS IMPLICITL.Y FOR THEY-VELOCITIES AND THE 
'~ WATER EL.EVATIONS. THEN SOLVE FOR THE X-VELOCITIES EXPLICITL't, ~ 
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4421) 
4430 
4441) 
4451) 
446€1 
4470 
4·Hl0 
44"91) 
4~01) 

-1510 
4~20 

-1'530 
4'54€1 
4!5'59 
4~60 

4'570 
4581) 
4~90 

-1€00 
4611) 
4.:;.;:o 
4631) 
4€40 
-loS 5 I) 

'* FOR EACH COLUMN SEGMENT, CREATE AI1D SOLliE THE TRIDIAGOIIAL + 
'* COEFFICIENT MATRIX, + ........... ~ ............................................ ~ .... ~ ...................................................................... .. 

Tiii>~4.,TlMEDATE 
FOR Ys~g~t TO Ny 

PARALLEL BOUNDARY CODES FOR Y-SEGMENTS, PCCODE<Y~egJ: 

1 FIXED WATER ELEIIATION ALONG A Y-SEGMEI1T. 
2 CONSTANT X-VELOCITY ALONG LEFT GRID SIDE. 
3 • CONSTANT X-VELOCITY ALONG RIGHT GRID SIDE. 

<.Wh~n PCCODE•l or 2 n<:lth1n9 ,., D<:ln~ 1n the 
lmpli~\t P01rt For Th.;,.t Segm~nt) 

IF Pttodr<Ysrg)•l OR Pctodr<Ysrg)•2 THEN GOTO Nr~t ysrgl 
IF NOT <Pccodr<Ysrg)•ll AND NOT (Ptcodr<Ysrg>•2) THfN 

C"Col <Ysrgl 
CmtaCml v~ctor('tsrlll 

Cp 1 ~cp 1-v~c t o•· < Yseg J 
COLU~n! LOCATION CODES, CLOC<Ysrg): 

' -' 
INTERNAL COLUMN 
RIGHT SIDE OF GRID 
LEFT SIDE OF GRID 

4.:;60 , ..................................................................................................... * ........................ * ...... ~ ....... ... 
4.:i70 '* CALCULATE THE COEffiCIENTS BY THE ROW. * 
4680 ! .. 

4711) 

-1731) 
4740 
4751) 
4 ?ell 
-177111 
4?S£t 
4790 
4SO£t 
48 11) 
4$21) 
483€1 
484€1 
48!5€1 
48161) 
4871) 
48$13 
48':>1) 
49131) 
4911) 
4920 
4"'30 
-1941) 

-+9!50 
H.SO 
49:'8 
4980 
4990 
5001) 
5.:111) 
50<::1) 

"ND" KEEPS TRACK OF THE NUMBER AND 
THE DIAGONAL AND CONSTANT VECTORS, 

POSITION OF THE ENTRIES IN ~ 

"RMARK1" AI1D "RMRRIC2" * 

!* ARE THE ROWS RT WHICH COMPUTATION OF THE ENTIRES BEGINS AND 
1 + ENDS, RESPECTIVELY, "EMARKI" AND "EMARK2" ARE CODES WHICH 
'* INDICATE WHICH EQUATIONS THE COEFFICIENT MATRIX BEGII1S AND 
'~ ENDS WITH, RESPECTIVELY: I = CONTINUIT't, 2 =MOMENTUM, 

Nd .. e 
R01ark t~e 
Rm.o.rk 2•6 
Eool,;,.rk 1 =I) 
Emark2"'1) 

END CODES FOR Y-SEGMENTS, CODE.2<Yu·gJ: 

' ' ' ' 
' ' 
' ' " " 12 

" 

F l XED "' "' ItOTH ENDS, 
F"l XED VELOC !TY '" BOTH ENDS. 
UNKNOWN "' '" BOTH ENDS. 
UNKNOWN VELOCITY '" BOTH ENDS. 

• F !XED "' '" TOP, UNKNOWN "' '" BOTTOM. 
F !XED "' '" TOP, UNKNOWN ELOC l TY '" BOTTOM, 
F !XED ETH ''" TOP, F"IXED VELIJC IT\' '" BOTTOM. 
FIXED "' CIN BCITTOI1, UN KNOW< "' '" TOP. 
FIXED "' '" BOTTOM, UHIOIO~Jij VELOC I T'l '" TOP. 
FIXED "' " BOTTOM, F I.'< ED VELOCITY '" TOP. 
UNKliOWN "' '" TOP, UNKNOWN \IE LOCI TY " BOTTOM. 
UNKNOWN "' " TOP, FIXED 1/ELOCITY '" BOTTOM. 
UNKNOWN "' '" 

Cy~•Codr2 < Ys.oto; l 
St art=Rstart <Yseg> 
End=R<'nd ( Y S<' g) 

BOTTOM, 

PlAT N"'<'d ~<:lnl 1n row~CT''"'"' 
PlAT N.,.,d-mom<'n row~(T!"U<') 

UNKNOWN "·.'ELOC l TY ON TOP. 

• 
• 
• 
• 

..... ~~ .... ~~ .. ~~~~· .... ~~ ...... ~~ ....................................................... ~ ...... ~·+++++~+*** 
5l•30 , ... DETERMifiE ORDER OF lllPUT OF ROWS lfiTO THE COEFFIC!EtiT I·IRH:IX. * 
5040 ........... ~···******""""*****~**""***•***""•** ................... *****++••+••++•++++ 
'5050 SELECT Cys 

CASE 1,-1,6,8,9,10,11 1 NO CONTINUITY NEEDED 
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5070 
'5090 
%l90 
511Hl 
5!113 
5120 
5!30 
5!40 
5150 
5!60 

• 5170 
5!80 
5190 
5:211!1) 
5210 
52:20 
5231) 
5:241) 
5251) 
5:C60 
5270 
52813 
5290 
5320 
5330 
'5340 
5 341 
5342 
'5350 
5361) 
5370 
5380 
5390 
5400 
54Hl 
5420 
5430 
'5-140 
54510 
5460 
5470 
54$0 
5-190 
5500 
551121 
5520 
5531) 
~~-ID 

5551) 
5561) 
5570 
5'580 

ml, Rl) 

5590 
5 6 Cll) 
56 111! 
56.2() 
5631'1 
56-Ill 
5651) 
5661) 
5b71) 
5680 
5b91) 
571<10 
~?I I) 

I(;QTO N 315 
NII'O!d contin row(Sta.rtl=Fa.l~ll' 

CASE 27?, 12 - ' NO CONTitWIT't OR MOMENTUM 
' GOTO Nll'xt rl 

Nll'll'd contln row"'iSta.rt)•Fa.lse 
Nll'll'd-momO!n row<Sta.rt)~Fa.l$0! 

END SELECT -
SELECT Cy~ 
CASE 1,5,6,7 NO CONTINUITY 01< MOMENTUM 

! GOTO Next rl 
NeO!d contin row(End>•F•lsll' 
Need:moMen_row(End>•Fa.lse 

CASE 2,3,8,10, 11,12 NO MOMENTUM 
NO!O!d roomen row<Endl•False 

END SELECT -
'*****~***************************************************~******** 
'*CALCULATE THE COEFFICIENTS OF THE IMPLICIT CONTINUITY EQUATION,+ 
!* AND MSSIGH THEM TO THE PI<OPER POSITION'S IN THE DlFiGONAL + 
'" V'ECTOI<S. + 
! "'******"* ************************** **** **"'"''"'"~"*** ***"'*"' .. ~ ........... ** 

r·IAT Adia.o;•<-Ha.ll"_dtg_ovr_dy) 
MAT Bdia.9•0l 
~IAT Cdia.g•(Hall" dtg ovr dy) 
FOI< R=Start TO End - -

Rmi•MAX<R-l,Start) 
Rpi•MIN(R+I,End) 
D3" <Et a.o 1 d( C, Rpl )*Et ao \ d<C, R l-2b( C, RJ-Zb•' c~,l, R'>) ·;:.[I 
IF D3<0 THEN D3•0 
IF N~~d contln ro~<R> THEN 

IF R~irkl•0 THEN Rmarki•R 
IF E~a.rkl=~ THEN Emarkl=l 
Rm.ark2•R 
Emark2•1 
Nd•Nd+l 
D 1•< E~&o 1 d(Cpl, R>+Et a.o 1 d(C, R) -Zb<C, R)-Zb<C, Rm1) )/2,1) 
D2~(Et&Old<C,I<>•Eta.old<Cmi,R)-2b<Cmi,Rl-Zb<Cmi,Rml))/2,0 
D3•<Eta.old<C,Rp1>+Etao\d(C,Rl-2b(C,R>-Zb(Cmi,R))/2,0 
D4= ( Eta.o 1 d<C, Rl+Eta.o 1 d(C, Rm I) -Zb<C, RIA I )-Zb(Cm I, Rr10!)) /2, [I 
IF Dl(l) THEN Dl•0 
IF D2([1 THEN D2~~ 

IF D3<~ THEN D3•0 
IF D4<0 THEN D4=0 
Ad' ii.Q < Nd > •-Hal r_ dt _ ov•r _ dy+D4 
Ad•a.g(Nd):X 
Bdia.'i)(Nd)~l.0 INITIALIZED TO 1.0 
\'•Iii. ~+Dt +D3/Dy 
Cdl&'iJ(Hd)•Ha.ll"_dt_ovtr_dy*D3 

! ~· *********" .. **************"******* **** * **'"******* .. *"*********"** .. 
'* CONSTANT VECTOR ENTRY FRON THE CONTINUITY EQU~TION: • 
'"****"*****"***************************************"*"*"*******"** 

il•El aol d(C, R) -0. 5*Dt;, ( Dl+Uo \ d( C, R>-02l<Uo \ •0 (Cml, R ll cD~ 

N_315: 

Convll'c ( Nd >=Et >o.o 1 d( C, R) -Ha \ f_dt _ovo>r _dx*( D t;oUo 1 d( C, R) -D2;oUo 1 d(C 

END l F 

IF R•End THEN 
SELECT Cys 
CASE 2,3,$,113,11,12 

GOTO Next rl 
END SELECT -

END IF 
IF Hetd mOIAtn row(R) THEN 

! ** * ........................... ; ..... * *****'"***** **"**'"'********"**~****" .......... .. 
'*CALCULATE THE COEFFICIENTS OF THE IMPLICIT Y-MOMEUTUM EQUATIOfJ,-. 
'* AND MSSIGtl THEr\ TO THE PROPER POSITIONS IN THE DIHGOfiAL * 

• 
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5720 
5730 
5740 
5750 
57613 
':577121 
5780 
5790 
':581210 
5810 
':5820 
5830 
':5646 
':58':56 
':5860 
587Q 
5680 
ss9e 
59 eo 
59 l(l 
592<1 
5930 
':i94121 
':i95121 
5S't5t\ 
5971) 
59St\ 
':5991<i 
Ot\00 

'R)) 
06 to 
612120 
t$12130 
6046 
6050 
0060 
0070 
60S a 
60'la 
0100 
6110 
61.20 
613121 
61-ltl 
615<1 
,. tEe 
E11'0 
6180 
6190 
o:o•J 

Rmoll l l 
.02Hl 
.0220 
.0230 
.;:-to 
.0250 
6.260 
.::270 
.:::so 
t>.290 

! .......... * **************"****"***""""*" ""'** ........ .,., ...................................... ,.,. 
IF Rmar'ki=O TI-IEN Rrnarkl"R 
IF E~~rklzO THEN Ernarkl"2 
Rrn~rk2•R 

Ernark:2z2 
Nd:Nd+l 
Udb:(Uold<C,Rl+Uold<C,Rpll+Uold<Crni,Rpll+Uold<Crnl,Rll/4.8 

'**""*"*"**"'"****"*********************"'"'**•••**"'****"'*"*********** 
'* TO PREVENT A DIVIDE BY ZERO ERROR WHEN DEPTH OF FLOW IS ZERO, * 
'* SET FRICTION TERM EQUAL TO ZERO IN THIS CASE. * 
! *********************************" ............................. ******"********** 

Fdbd•Et&Old<C,Rpi)+Et&old(C,Rl-Zb<C,Rl-2b(C~I,Rl 

Fdb•0 
IF D3>0 THEN 'FDBD 
Fdb•F~•SQR<Vold<C,Rl•Vold<C 1 R>+Udb+Udbl*2.0/Fdbd 
Fdb•F~+SQR<Vold(C,Rl•Vold<C,Rl+Udb*Udbl/D3 

ELSE 
Fdb=0 

END IF 
Ad,.-0. 5• Dt •G/Dy 
Adiag<Ndl"'Ad 
Bdl&g(Nd)zl+Ha\f dt*<Fdb+(Vold<C,Rpll-Vold<C,Rrnll;/Two_dy' 
Bdia~<Nd>•Bd -
Cd 1 Oo~<Nd>z-Ad •CDz-fiD 

....................................................................................... ***************** 
'"' CONSTANT VECTOR ENTRY FOR THE MOMENTUM EQUATION. • 
! .......... .,,. .. ""******* ............. ,. ............ ,..,,. ......... ***""****"" *"*** "** *"****** ...... * 

P•Vold<C,Rl-0.':5*Dt*Udb*(Vold(Cp1,R>-Vold<Crnl,Rl>,C2*Dx) 
Convor<: (Ndl z\lo 1 d(C 1 R>-H& \ f d~_ov~ _2dx*IJdb*<. Vo I dC Cp I, R >-"/o \ d( Cm l 

Convotc(fldl•P 
END IF 

Norxt ~11 

- HEXT R 
1 .................................................................................. ****""****""************"** 
•• ADJUST CONSTAHT \lECTORS FOR BOUNDARY CONDITIONS . • 
'***"'*****************"***"*********"'**""***"'"'****"~**"*"""'"'***"'*** 

Nc,;,.ntzO 
Ncan2=<l 
Ncan3*tl 
N~ .il.n-lztl 
SELECT Ema~k1 
CASE I 

Ncil.n2zt 
C~SE 2 

Ncan1•1 
END SELECT 
Rmm 1•1h&rk 1-1 
IF Rmrn1<St&~t THEN Rmml•Rm&~~~ 
•:onvoic' 1 )"'Convoic ( 1 )-;,d i age I l •( He an 1*Et ao 1 d< C, Rrn&~k I )+Nc ;a.n2*VO \ d C C, 

SELECT Em•~l< 2 
CASE 1 

Ncan4=1 
CASE 2 

tic an3= I 
END SELECT 
Rmp I zl?m -.~k 2+ 1 
IF Rmp1 >End THEN Rmp1:Rma~k2 
C;;>nv~c 'Nd) zConv,.c CNd>-CdJ ag(Nd) '>( ljc an3*Etao1 d< C, Rmpl! +Nc <on4*'Yo 1 d' C 

,Rrn.il.rk2» 
.:::hhl ! ..... ,. .................. ,. .................. ,. ............................... "*****"*****'"****** ******* ** 
,;:3Hl 
,;:n<~ 

633<'l 
,;:3-lo 

" " 
SOl.VE THE TRIDIAGONAL, LlNEAR S'rSTnt OF EQUATIONS FOR 

Y-VEl.OCITY (1.">, AHD WATER ELEVATION CETA>. 
• 

, ................................................... *****"****"'***************************** 
CALL T~ldi&CNd> 
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' 

63~01 

63601 
0::370 
0::3813 
6390 
64th1 
64101 
6421) 
04301 
64413 
64~0 
6460 
6470 
.;4$0 
6491) 
;;~ee 

6~113 

IO~ZIJ 
,;~')IJ 

.;:5413 

.;ssiJ 

.;s61J 

'****~****************************************~·····~~·~···~~~~···~ 
1+ PUT SOLUTION VECTOR ENTRIES INTO PROPER VARIABLE ARRAYS. + 
·~~~****************~*******************~~···················~····· 

H 41)~: 

Ll ziJ 
FOR R:RMark I TO Rm•rk2 

IF HOT <RzRM•rkl AND E~•rk1z2) THEN ' GOTO N_40~ 
L 1•L 1 +I 

END IF 
IF HOT <R=Rm•rk2 AND Ema.rk2"'1) THEN ! GOTO Next r2 

l. I •L 1 +1 
Vn~w<C,Rl•Xx<L1> 

END IF 
Ht"><t_r21 

tiEXT R 
END IF 

HE:-<T Ys•'il 
T•m•~•TIMEDATE 

El•p~•d t1me•T1me~-T1me4 
PRltH •JSIHG "D, ~A, 4D. 3D, 3A, 3D. 4D, 2X, 2A, 3D. 4D, 6A, 2D. 2D''; 3," WSELz", Et "'n 

ew(4,5)," U=",Unew<4,5l,"\I•',Vnew(4,5) 1 " TIME=",E1•ps..-d timo-
6570 ! *** *""************** **** * **** ... ********"********"** ****"""" * **"**** "** 
<>580 !" SOLVE THE EXPLICIT X-MOMENTUM EQUATION FOR THE X-VELOCITY (U) " 
6590 ! + AT EACH NODE. " 
,;,;eo 
6611) 
6621) 
oS630 
6640 
oS6:5(l 
.;;;,;13 
<>670 
66801 
6690 

COLUMN 
67ee 
6710 
61'213 
673(l 
07'41) 
07~1) 

0::7<><1 
.;n.a 
.::781) 

' BOTTOM 
67<;10 

' "' <iS01il 
6SID 
,;s;z:.a 
6S30 
6840 
68~0 

68<i0 
<i970 
b$:30 
oSS">O 
6900 
.;->Hl 
69.20 
<>">30 
6940 
o>9~0 

6961) 

, .......................... ,. ........ ,..,. ... ,.,. ...... ., ............................................................................. ,. 
FOR Yseq•l TO Hy 

BOUNDARY CODES FOR EXPLICIT X-VELOCITY SOLUTION, VC<Y~e'ill: 
<Second H•1f-Time-Stepl 

13 ALL UNKNOWN VELOCITIES ALONG A COLUMN SEGMENT. 
l Al.L FIXED VELOCITIES ALONG A COLUMN SEGMENT, 
2 FIXED VELOCITY ON BOTTOM BOUNDARY • 
3 FIXED VELOCITY ON TOP BOUNDARY. 

C=Col<Y~•<;i> 
Cpi=Cpl_vector<Y••<;J> 
Cml ~Cr• 1_ vee tor< Ys•g > 

! GOTO Hext_ys~g2! ALL FIXED '~EL ALONG A 

IF C1oc<Yseg)z-t THEN Cmi•C! LEFT SIDE OF GRID 
IF C1od\'s•g)•l THEN Cp1=C 1 RIGHT SIDE OF GRID 
St ilrt =R~tilr't < y,.,.g) 
End=Rend ( Ys"'g) 
FOR R2Start TO End 

IF HOT <Vc(Yseq)c2 AND R•Sta.rtl THEN ! GOTO H~xt_r3!FIXED VEL A 

IF HOT <Vc<Yse-.,>•3 AND R•End) THEN !GOTO N,.xt r3 'FIXED VEL A 

Rml•MA~<R-l,St~rt) 

~pi•MIN<R+l,Endl 
IF R"'Stilrt THEN Rmi•R 
IF R•End THEN Rp1"R 

Vdb•<Vn•w<C,R~ll+Vn•w<Cpl,Rml)+Vnew<C,R>+Vn•w<Cpi,R))/4,0 

! **** ***********"****" * **"* *********** **""*"**** *****"'* .. ****"****" .. 
I+ TO PREVENT A DIVIDE BY ZERO ERROR WHEN DEPTH OF FLOW IS EQUAL+ 
'* TO ZERO, SET FRICTION TERM EQUAl. TO ZE~O FOR THIS CASE. "' 
!*********"************************************"***"*****"'********"' 

ELSE 

Gdbd•Et•new(Cpi,Rl+Et•n•w<C,R>-Zb<C,Rl-Zb(C,Rml> 
Gdb"e 
IF Gdbd>l1.1 THEN 

Gdb=Fr+< <Uo1 d<C, RHUo 1 d<C, RHVdb•Vdb) -'0, 5) +2. 0/Gdbd 

Gdb•OI.0 
END IF 
Aa.*I+Ha1 f _dt*(Gdb+ (IJo 1 dr Cp 1, R) -Uo 1 d<Crttl, R> l - (Two dx l) 
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Bb•-Half_dt_ovr_2dy•Vdb•(Uold(C,Rpll-Uold(C,Rmlll 0970 
.;9130 1 IF <<E~cn~w<Cpi,Rl-Etaold<Cpi,Rll<>Ol OR <<Etcn~w<C,Rl-Etaold(C, 

Rll<>Ol THEN 
.;'5190 Cc•-Hclf dtg ovr dx•<Etan•w<Cpi,Rl-Etcnew<C,RlJ 
70CH) 
7010 
71il21il 
713313 
7040 
70:50 
70£0 
7070 
7080 
7090 

ELSE - - -
c, ,0 

END IF 
Un•w<C,Rl•<Uold<C,Rl+Bb+Ccl/Aa 

END IF 
EHD IF 

NEXT R 
EHD IF 

NEXT 'l's•IOJ 
Tln•6•TIMEDFITE 
Elapsed tim••T1me6-Tlmor5 

N.-xt_r3: 

7100 
711 o 
7120 
:"130 PRINT USING "D, 5A, 4D. 3D 1 3A, 3D. 4D, 2X, 2A, 3D. 4D, 6A, 2D. 2D"; 3," 

1Jz",Un.;-w<4,5l,'"V•"",Vnorw\4 1 5l," TIME"",ElapsOid tim~ 
WSEL.•",Et-ior'l 

ew( 4, :51," 
7'140 PRINT"" -

!* THE NEW VALUES NOW BECOME THE OLD VALUES FOR THE NEXT 
'* HALF-TIME-STEP. 

• • 
71::10 
7100 
7'170 
7180 
7211 
7220 
7230 
7240 
7259 
72613 
72713 
7280 
72'5113 

'****************************************************************** 
FOR Xseg=l TO Nx 

IF tJOT <Vr(X,..rgl•ll THEN t ALL FIXED VELOCITIES ALONG A ROW SEGMENT 
R=Row<XSol->ll 
Rpl=Rpl_v.-ctor<Xsorgl 
Rml=Rml v.rctor<Xsegl 
StartzC;t&rt(Xse-..> 
End•C.rnd(Xsolgl 
FOR C=Stcrt TO End 

IF <NOT <Vr<Xsegl=2 AND C"St.,rtll AND <NOT (Vr<Xs.egl•3 AND C=End)l 
THEN 

7300 Cpi"MIN<C+1 1 Endl 
7310 C~I•MAX<C-l,Start) 
:"3:CO u.-.ew( C, Rl "On or m1 nu~ al pha+Unorw< C, Rl +A 1 pha4(Unew<Cm 1, Rl+Un.rw <C, Rm 

ll+Ur.•w<C,Rpll+Unew<Cp1,Rl> - -
7330 Vr..rw<C,RJ=One_monus_alph"+Vn.rw<C,RJ+Aipha+<Vn.rw<Cml,Rl+Vnew<C,Rm 

1) +Vnlfw <C, Rpl HVnew(Cp 1, R)) 
7340 END IF 
7350 NEXT C 
73713 END IF 
7371 NEXT XSifQ 
7380 Un•w(46,64l•Un•w(47,64l 
7~90 MAT Uald•Un•w 
7400 MAT E\•old•Et.,nlfw 
7410 MAT Vold•Vnlfw 
7420 
74313 
7'440 
74"50 
7400 
7470 
74:310 
7490J 
7500 
7510 
75:;:'0 
7~3e 
7541:! 
7~50 

7:560 
7570 
75:30 
7:5"30 

Velacit~1•SQR(Unew<3,:ll*Un•w<3,5l+Vn•w<3,~)+Vn•w<3,~>l 
V;o 1 oc 1 t ~2=SQR<Un•w<47, 64) .. unew<4 7, 64) +Vn.rw( 47, 64>•Yn<lW(47, 64)) 
Vorl oc 1 t y3=SQR(Un•w< 18 1 29) .. unorw< 16, 29) +Vn.rw( 18, 29l+Vn'lW lIS, 29)) 

CALL P 1 ot_ 4_wi ndows < v~ 1 oc 1 t~l, Et <ono;-w( 3, 5>, V•l oc 1 t~3, N::-t ep, Th 1 ~- t 1m~) 

IF O=<Nstorp MOD 20l THEN 
T1rn• ~t~p 10mln=INT<N$t~p/20l 

o ... t200<!,Tim.r st .. p 1llmln>=Unoiw(16,29l 
Out200<2,T1me-st'lp-lllminl=Vn•w<l8,2'51> 
o ... t2e.0<3, T i "'"::::"''"'P::::l Om1 n>=Et •n.rw< 18, 29) 

END IF 

IF O•<Nsttp MOD :;:'860> THEN 
FOR !•I TO 48 

FOR J"l TO 73 
Storp d.o.ta<1,I,J>=Un"w<I,Jl 
Step::::d«t•< 2, I, Jl=Vnew (I, J) 
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• 
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• 

• 

76ee 
7611i! 
7621il 
7631il 
7640 
76=;e 
7660 
7i7ll 
7681il 
769ll 
nell 
7'7Hl 
7720 
7731l 
7741!1 
77=;a 
77'60 
7778 
77>30 
7791l 
7808 
7810 
7820 
783e 

St .. p_data<3,!, J >•Etanew< I, J> 
NEXT J 

NEXT I 
Day=INT<Nsu•p/28813> ! S.B. 2880 
ASSIGN 118 TO "ADl/OUTPUT"a.\IAL$(Da.y)8.":CSSil, 7" 
PRINT IIS;St~p data.<•> 
ASSIGN 88 TO ;' 
ASSIGN 117 TO "ADI/OUTPUT 21)0;CS8E1,7" 
PRINT 117;0ut200(") - ! S.B. ON 
ASSIGN 117 TO " 

END IF 

NEXT NUep 
BEEP :1,2 

.......................................................................................... 
Read d.ata: 

ASS'fCN Ill TO "ADI/ADI DATA/PASCO SIJ'I REAL:CSSO, 7" 
ASSIGN 112 TO "ADI/TOP0/ADI PASC0-1:CS81l,7" 
ASS!Gtl 113 TO "ADI/SENT_II:CSS1i1,7"-

PRINTER IS CRT 

784EI tlx•73 73 
7S~Il Ny=4S 48 
78b0 
7870 
7881l 
7891l 
nee 
79lll 
79213 
nJe 
79413 
7950 
79b0 
7970 
7980 
7990 
8880 
8010 
81320 
se31l 
S(l40 
se:~e 
SI(!Oie 
Silll"0 
SIIJS(l 
Sll91il 
8teo 
8110 
8111 
3120 

MAT Cstart.,<V 
MAT RH3.rt<>(\) 
MAT Cend•<Ny> 
MAT Rendc(Nx> 

!PRINT "PRCODE 
FOR XseQ•I TO Nx 

RLOC CODE I VR" 

READ 111;Pr,ode(XseQ>,Rloc<XseQ),Codei<Xseg>,Vr<Xseg> 
' PRINT Prcode(Xseg>,R1oc<Xseg>,Codel<Xse9>,Vr<XseQ> 

R.ow(Xseg>=Xse9 
NEXT X~"IO 

1 PRINT "PCCODE CLOC CODE2 \IC" 

FOR Yi~tQ•I TO Ny 
READ 11tPco.ode<YseQ),Clo,(Yseg>,Code2<Y~eg>,Vc<Ysegl 

' PRINT Pccode(Y$~gl,C1oc<Yseg>,Code2(Ysegl,Vc<Yseg) 
Co 1 u,. .. ._ )"Yseg 

NEXT YSII'Q 

A~~OCATE INTECE~ Elev<4S,l"3) 
REFID ·~~Elev(•l 
MAT Zb•E lev 
DEFILLOCRTE Elev("l 
M~xxaMRX(2b<~ll 

'M1nn•MIN(2b<•>> 
Monn,.l50 

8130 READ 113;S .. n~•ne1 v(*>,S<'nt1nel wseh .. ) 
8141<1 
8150 
8151 
81b0 
81b 1 
8170 
8171 
s 11:10 

~li'IT 

'" "' "' 
'" '" 

Uold"\lil) 
un .. w:(liJ> 
V.ol<l"'(0) 
Vnew,.(IJ) 
Et~oldo:Ot>nn> 

Etanew•(Minn> 

S190 Dx•lbOO 
82ill'l Dy•lbOO 
8211<1 tlumber _of _sec,.. U:l424*60,.6121 
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8220 
8230 
SiNO 

Dt=313 S.B. 30 
Nts=28801) 2881)1) = 2/MIN ~ .SO MlN/HR ~ 24 HR/DAY * 10 DAYS 

NTS=NUMBER_OF_SECS/DT 
82'50 G='O!.S 
8260 Frz.04 
827<1 
8280 
8290 
8:000 
8310 
8320 
8331(1 
834<! 
83~0 

8360 
8370 
8380 
8390 
841313 
84Hl 
8420 
8430 
8440 
:::4~0 

8460 
8470 
8480 
$490 
8~00 

8'51<1 
8520 
8'530 
8'540 
8'5'50 
8'560 
13'570 
8'580 
S'590 
8601) 
8610 
8620 
S630 
S640 
86'50 
866<1 
8670 
86SO 
8690 
8701) 
8710 
s7:;:o 
8730 
8740 
S7~0 

8760 
8;"70 
8780 
879i'l 
8800 
8810 
8820 
8830 
88413 
8851) 
8860 
.3370 

Tlllli"=e. e 
Thl:S tlrn~·e.e 
Gl oadi!'d"0 

ASSIGN 11 TO ;o 

ASSIGN 112 TO ~ 

ASSIGN 113 TO ;o 

RETURN 

'***********************************"*""**********"***"************ 
SUB Trldi~(!NTEGER NJ '* 
'***~***~***~*********** 

Tr i d1 a: 
'************"***""****~******************************************* 

' 

THIS SUBROUTINE SOLVES THE TRIDIAGONAL COEFFICIEt!T MATRIX 
FOR THE UNKNOWNS. 

• 
• 
• 

!****"************************************************************* 
OPTION BASE I 

"' COM /BI/ A<+l 1 BC;oJ,CC;oJ 1XC•l 1 FC;o) 
REAL A1pha<200l,BetaC200l,YC2aOJ 

! ,..,.,==== """""'""'="'"'""";e;""'==z=== "==""'"'"""'""*"''"'"'"'""'"'""'"'"'""'"'"'"'"""'"'""""'" 
Alph.._CII,.B<.!) 
Beta( 1 )=CC 1 )/AI ph~( I) 

YC11•FCI)/~lph~CI) 

FOR 1"2 TO H 
Alph•<l>•B<t>-ACI>+B•t~CI-11 
Bet~<li•C\l)/Alph~(l) 

YC I I•<F< I )-A< IHYC I-1 l )/Al ph~( I l 
NEXT l 

'****************************************************************** 
BEGIN B~CKWRRD SUBSTITUTION FROM LAST ROW. • 

·~*****7*******~********~*************"**************************** 
:<nD=\'CN) 
N,.•t!-1 
FOR 1•1 TO N'" 

J"N-1 
XCJI•Y(Jl-B•t.._(J);oX(J+I) 

NEXT I 
SUBEND 

SUB l"lot 4 w1ndo-.sCY1ti0~1tyl,l'lt1ocoty2,11•1ocJty3 1 Ht1mlt,Th•s t•rn•l 

'********;.,.;.,. .......... *****************************************~***** 

OPTION B~SE 1 

"' COM /82/ INTEGER R1trtd(*) 1 1'cC*I,M~~x,Minn 
COM /93/ UoldC*l 1 Vold(+l 1 Et~old<•l,ZbC;o) 
COM /fl4/ Un~w(*),V'n~wC.,l,Etane<.J(*I,Sentlnel_v<+l 
COr! /Plot/ INTEGER RC;oi,Glo.._d•d,Nts 

'" IF Th1~ t1me THEN 
CSIZE-2.3 
GOSUB Plut_po1nt 
SUBEX IT 

ELSE 
This t1me=l 
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9880 
13990 
13900 
13910 
13920 
:39~0 

13940 
8950 
8960 
8970 
8981) 
8990 
9000 
901 e 
9020 
9030 
9040 
9050 
90150 
911l70 
·;~oee 

9e9e 
9100 
9 II e 
9120 
913D 
9!411l 
915<'! 
91613 
917<1 
918<1 
'ii190 
9213<'! 
92113 
92:C0 
9230 
92-t<l 
925<1 
92613 
9270 
nee 
92913 
930D 
93U 
932D 
933D 
9340 
935D 
9360 
93?0 
9380 
'33913 
H00 

• 9411il 
9-120 
9430 
9440 
9450 
3460 
9-17<1 
9-180 
9490 
9500 
951() 
952D 
So531) 

Gl NIT 
PLOTTER IS "GRAPHICS", 13 
GRAPHICS OH 

LORG .5,,5 
CS12E 2.3 

VIEWPORT 5 1 55,55,98 
WINDOW 0, 100,0,100 
FRAME 
MOVE 50 0 90 
L.ABEL "VELOCITY SENTINEL. GAP" 
WINDOW 0,10,0,25 
L.AXES 1 15,0,0,2,1! WAS -1 HOT 2 

VIEWPORT 5,55,5 1 48 
WINDOW 0, 100, 0, 100 
FRAME 
MOVE 50,90 
L.ABEL "WATER SURFACE SENTINEL GAP" 
WINDOW 0,10,0 1 400 
L.AXES 1,1130 0 0,0,2 1 1 

VIEWPORT 65 1 120,5,48 
WlfiDOw 0,1ee,e,1D9 
FRAME 
riOVE 50,90 
L.ABEL "VELOCITY 200 AREAS" 
WINDOW 0,10,0,25 
LAXES 1,5,0 1 0,2,1 

EHD IF 
SU:BEXIT 

!~***************************************************************** 
Plot ,:>oint I 1 
! uPPER LEFT------------------------------------------------

VIEWPORT 5,55 1 55,98 
WINDOW 0,Hts.,0 1 25 
MOVE Htim~,V~locit~l 

LABEL 

! - LOWER LEFT-------------------------------------------
VIEI~PORT 5,55,5,48 
WINDOW 0 1 Hts,0,400 
MOVE H\im~,V•locity2 

LABEL " " 

<--LOWER RIGHT----------------------------------------------
VIEWPORT 65,120,5 1 48 
WINDOW 0 1 Hts,0,25 
MOVE Htlm~,V~lo,,ty3 

LABEL " " 

•--UPPER RIGHT----------------------------------------------
VIEWPORT 65,!20,55 1 98 
WINDOW 0, 100 1 1il 1 166 
FRArlE 
RETURN 
I~ NOT G1c~d~d THEN 

GOSUB M&p 
ASSIGN t9 TO "ADI/TOP0?PASCO_GSTOREICS80, 7" 
GSTORE 11(4) 

PRINT 119;A(+) 
G I oadl'd"' I 

ELSE 
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9'540 
9550 
9'5b0 
9'5;'6 
9580 
9'590 
9b00 
9610 
%20 
9b30 
9b40 
%'50 
96b0 
9b70 
9b60 
9690 
97i:l<l 
9710 
9720 
'ii730 
9740 
97'50 
97013 
9770 
3780 
9790 
9800 
9810 
982121 
9830 
9840 
99'5121 
98613 
987('1 
98813 
9890 
9900 
9910 
99;10 
9930 
9940 
'il950 
9960 
9970 
9980 
9990 

10000 
IOO!<'l 
!0020 
10~n0 
1()1)41) 

10o~m 

1 01)61) 
10070 
I 0080 
1 0091) 
I 0 1\JO 
10110 
10120 
I il130 
10140 
10150 
I 0160 
10170 
10\80 
10190 

GOSUB M-.p 
END IF 
RETURN 

'~··~~·~·~~··~~···~~····~···~·············~~•••************~******* 
Map=! 

WINDOW -'5,78,-5,53 
F"OR Row•! TO 48 

FOR COl"'! TO 73 
Lumin•<Zb<Row,Coll+Minn)/(Maxx+M!nn) 
SELECT <Etanew(Row,Col)-Minnl>la 
SELECT SQR(Un~w(Row,Cotl~2+Vn~w<Row,Coll~2ll3 
CASE a !DISPLAYS TOPOGRAPHY (No Wii.t~rl 

SELECT Zb<Row,Coll 
CASE a TO 1'52 

Hu~·. 0'5 
S&tur•1 

CASE 1'53 TO 300 
Huor•. 1 '5 
Satur•l 

CASE 301 TO 6<'10 
Hu••· <HI 
S&tur•.S 

CASE >61211 
Hu~·a 
S&tur•e 

END SELECT 
MOVE Co1,48-Row 
AREA COLOR Hue,Satur,Lum•n 
RECTANGLE ,71,,71,FILL 

CASE ELSE ! DISPLAYS LOCATIONS WHERE WATER IS OVER 
PEN -I ! 10m DEEP 
AREA INTENSITY 0,0,1 
MOVE Col, 46-Row 
RECTANGLE .71,.71,FILL 
RECTANGLE 1, 1, EDGE 

END SELECT 
NEXT Co 1 

NEXT Row 
AREA INTENSITY 1,C,0 
MOVE 5,48-3 
RECTANGLE .71,.71,FILL 
riOVE 64,48-47 
RECTANGLE ,71,,71,FlLL 
~10\IE 29,48-18 
RECTAN(;LE .71,,71,FILL 
RETURt-1 

SUBEND 

SUB lnt~rpol&t~(\l~ctor\•l,t-l•t•p,INTEGER Hts,REAL R1tsultl 

!••······~·-··~~·······~~···~······································ ,. '* INTERPOLATES VELOCITY AND WATER SURFACE ELEVATION VECTORS 
,., TO FINER TitlE STEPS TO USE AS BOUNDARY CONDITIOHS, ,. 

OPT 1 ON BASE I 
Dio1 v .. ctur"SIZE<V.;ct<>r,1) 
ElaP~~d t•~esH~~~p/N~s 
lnd~~=!HT<Elaps.;d t1me•D1m v.;ctor)+1 
IF lnd.;><>D•Ill v.;ct;r THEI1 -

Ut>per _I ; "" t .. vote tor< D• "-v.;c ~url 
ELSE 

Upp.;r 1 '"''t*Vector<lndex) 
END IF 
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• 

• 

• 

!ll200 
Hl2HI 
10220 
1>21230 
112124<1 
102:50 

ctorl 

IF Index'"! THEN 
Lower li 1111 t =Vee tor (I) 

ELSE -
Lower l•m•t~Vector<lndex-J) 

END IF -
Re:Ju1 t •Lower _1 i mi t+(Upper _1 i Jo it -Lower _1 i m1 t )*FRACT(E1 apsed_t i me*Di m_ve 

10260 SUBEND 
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APPENDIX D 

COMPUTER CODE FOR SEDIMENT TRANSPORT 

• 

• 

• • 



• 

• 

],1 

-:<Ct 
!CtO 
! !I) 
! 20 
! 30 
: 40 
: ~J 
! O::J 

.CSL1 

.::~L\ 

300 
J I L\ 
3~1) 

331) 
3.:1) 

• 
STORE "M-PM H:H8,2,0' 

RE-STORE "M-PM:H:HS,2,0" 

• 
• 
• 
• 
• 

************4+++44w+4++++++++++++~~•~ww~~~~••~+~+++++w++•+~++w~+++++++.­

w.-~•••~*****~***~***~********~*************~****•*~**~***~************* 

• 
• 
• 
• 
• 

• 

AGGRA DATI QN/DEGRADAT I Oft CODE 
UTILIZES MEYER-PETE"' FII<D ~!EULLEP'S TPFit!SPOn E•JUFIT!Ot< 

WRITTEH IiY 
JAMES P. HANSON 

THIS CODE IS WRITTEtl Itt HP-BASIC TO BE USED Ott A HP'3845Ii 
DESKTOP COMPUTER 

• 
• 

• 
• 
• 
• 
• 

**~*******~++++w+ww++w+ww++•+++~++++~++•+ww+wwwwwwwwwwwwwwww~~*~******* 

+ +++ w9++ w 49 *"'*** *"**** *~ + "* + * + ++ + *'"'"""''* www .. ~'"** * .~~** * ** T *"'* +w *** + **** +.-
• 
• 

• 
• 
• 
• 

CALCULATED SHEAR STRESS VALUES FIRE BASED mJ THE COMPUTAT!Oi'IS OF 
HYDRMUL!C RADIUS. H'IDRAUL!O: RADIUS './ALUES APE OBTAII1ED USJIIG 
!NF'UT VALUES OF CHAN11EL WIDTH fltH• DEF'TH F~·Ort I:ACtri-IFITER 
COMPUTAlOH'; USING HEC-2. THROUGH USE OF A BACKWATER O:URVE WE 
A'v'O l D COf'I/>UT 1 rtG HVIIRAUL l C RAD lU'O· Flt<D :SHEAR SH:ES·; u·;, 11-lG tlORrtAL 
DEPTH OF FLO!.J. 

• 

• 

• 

• 
• 

:,50 ~~•*******************•**********~************~****~*~~******+w~~***~** 
3b0 w+++W+4++4w+w4+Ww•+w++4++•******~•****•*********~*****~**************** 
370 
3 8 L• 
3'"0 
4UL• 
~!I) 

.:30 
~40 

.:~il 

.:,;J 
4~J 
4$~ 

490 
'30J 

"·!il 
5.2c1 
; JL• 
5 4l• 

• 
• 

• 
• 
• 
• 
• 
• 
• 

THIS PROGRAM READS THE FOt.LDWING TNF'IJT VARIABLES: 
I.) WATER SURFACE GRADIENT Wsgrad 
2, l DEPTH OF FLOW DoifHh 
3, l •:HAfiNEL WIDTH Topond 
o\. l D I STAt<•:E BETWEEN X-SECT • Dx 
5, l DISCHARGE Q 

.;, l PARTICLE DIAMETER D 

DATA IS INPUT IN EN~LISH UIHTS FIND TRANSFORMED TO riEHi!C, 

EQUATIONS AilE TAKEN FROM JOHANrlE GESSLER VOL 1, CHAPTER S, 
IN RJ','ER MECHANICS, EDS. H.W. ~HEll, !':<7•). 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

550 ~·~······~-~ .. ~ .................. ~~·~············ .. ·········~···,.·~····~-*~*•*• 
5~0 ...................... ,. ................... ~ ...... ~ ............................. ~ ..... . 
s-o 
581.1 
~.9(1 OPT I ON ItASE 
~OL1 D !rl Dorpth(36, 10), T•:opw!d(36, Ill), Yn<3.0:, 9) ,R.,(30::, 9) 1 Tau(36 1 9>, G:><36, 9) 1 Sl oc.d( 
3.;, 3>, To'-i.""' ( 3.; 1 9 >, lh9r.o.d< 36, Sol, S'-!l•>_t ran:> ("), 0\ d_su~•-t r i.ns.<- 9), (l < 36 l, Dx < 91 
e. tO DHI Ii(J.O:, !<ll,T<36",10l,Hr<86, !0l 
.;zo DEG 
.:.30 
.;40 ~*w*********•**•****~**•*********w+w++w+•w~***********•**************** 
ci50 ~ 

D-l 



660 
.;co 
68Li 
.;-;l(1 
:'00 
71ll 
? 20 
? 30 
:'40 
?50 
;o.;o 
7?0 
7'$0 
:'o;!O 
800 

lHt: i'OLLOWIHG ARE DISCHARGE VALUES ll·LCF·;:, FOR THE HYu..:ut.i-'nC'H I'll * 
SENTINEL GAP RND WERE DEVELOPED IJSHH:O H POISSON FREQ. DISTRIBUTION, * 

* DAHl IS STORED ON, FILE "DCHRGE". * 
~**********~~-~ ..... ~ .... ~~~~·~~ .... ~~~~·······*·~···**•***•*••************** 

ASSIGN U TO "DCHRGE:HS,2,0" 
RERD *1 ;a<~l 

• 
* THE FOLLOWING fiRE FLOW DEPTHS COMPUTED FROM HEC-2. 
* It-! FILE "DEPTH". 
• 

• 
THEY ARE STORED * 

• 
• 

810 **~******************************~•*•**•**•************•*****•*•••••••• 
$::!1) 

830 
840 ASSIGN 82 TO "DEPTH:HS,2,0" 
850 READ 12; Dofpth(.,) 
860 
3?0 
~so *********************************************************************** 
$-;!\) 

;oo 
9!0 
920 
-;l30 

'" -;l50 
%0 
':170 
;so 
'990 
1000 
1010 
10:20 
1030 
1040 
!050 
1060 
1070 
!080 
10-;1>3 
1100 
Ill 0 
l 120 
1130 
:t40 
~ 1 so 
'100 
11:'13 
11 so 
11 ':10 
1:201) 
1 210 
1.C:20 
1230 
1 ;.w 
1250 
1 :;:.;,, 
1 :::-o 
12SO 
1290 
1 3 O<• 
131\/ 
1320 

• 
• 
• 
• 

THE FOLLOWING ARE CHAiiNEL WIDTHS FOR FOR ABOVE DISCHARGES. 
ARE STORED IN FILE "TDPWID". 

THEY 

ASSIGN 13 TO "T0PWID:H8,2,6" 
READ 13;Topwid<+> 

• 
• 
• 
• 

THE FOLLOWING ARE WATER 
SURFACE ELEVATIONS FROM 

ASSIC:N .4 TO "WSGRHY:H8,2,0" 
REHD -4;Wsgr~d(~) 

SURFACE GRADIENTS 
HEC-2. SHlRED IN 

COMPUTED FROM WATER 
FILE "WSC:RHY". 

DAHl 
~IAT READ D1< 

1,12343, 11198,~9913,8333,12292,12?60, 101~6,9635,?135 
1 DI:STI1NCE IN FT SETWEEN CROSS-SECTIONS" 

• 
BEC:IN SHEAR STRESS COMPUTATIONS 

• 

G.>.mn>.i.:>=2. 5~? 
c: ... ,.,. ....... 980 
G,·cv•9. $ 
C~•8*<Gr.i.v/G.i.mmcw)A,5 

'KG-:SEC••2/M*•3 (SPECIFIC 
!KG-SEC,•2/M,•3 <SPECIFIC 
! M/SE•: H2 ( ACCELERAT I Oil 

WEIGHT OF SEDlt1EIH) 
WEIGHT OF l·IHTER) 
OF GRAVITY! 

n~.002 •DIAMETER OF PARTICLE IN METERS 

COMPUTE CRITICAL SHEAR STRESS 

D-2 

• 
• 
• 

• 
• 
• 
• 

• 
• 
• 

• 

• 

• 



• 

• 

1~30 Crit~u=.047•<Gammas-Ga~ma~)*D 

1:34~ 
1:350 
13bl) 
1370 
13Sll 
l:BO 
1400 
14 10 
1420 
1430 
1440 
1~':il) 

14b0 
1 ~ 71) 

PRINTER IS 16 
PRINT "CALCULATED VALUES OF AGGRADATION/DEGRADATION FOR" 
PRINT "~IISSOULA-TYPE FLOOD FLOWS FOR THE 2130 E REGIOIJ" 
PRINT "THE FOLLOWING VARIABLES ARE CONSHHlT" 
PRINT 
PRINT "CRITICAL SHEAR STRESS • ";Critau 
PRINT "C<JEFFICIENT OF SHEAR STRESS = "jC2 
PRINT "PARTICLE SIZE •";Dj"M" 
DJ.y••.2~ 
PRINT '";IMULATIOU PE,:noD •"jDJ.y:Jj"DA'>'S" 
PRJ NT 
PR l NT 

14$0 PRINT 
!H8 
1500 
! 510 
! 5.21! 
'530 
I ~.;(l 
1 ~!W 
15b0 
1 ~71) 
!5$1) 
!590 
1601) 
1610 
Jb20 
\b30 
1t:i40 
10::56 
1bti8 
1ti71io 

• 
* BEGIN t·IAJOR LOOP IN AGGRADATIOH..-DEGRfiDATION COr-1PUTAT!OIIS 

• 

FOR 1•1 TO 30 
FOR J•l TO 9 

HYDRAULIC RADIUS 
GIVEN )(-SECTION 
HYDRAULIC RADIUS 

(Rn) IS TO BE USED TO DETERMINE SHEAR STRESS AT A 

IS COMPUTED USING THE WATER 
FRO~I THE HEC-2 ANALYSES. LISING THIS I·IETHOD, 
ELHI!NATES C011PUTAT!ONS OF NORMAL DEPTH. 

SURFACE ELEIJATIOtiS 
A BACt~•tATER CIJR'~E, 

• 

lb8[1 
1b'>O 
1 70(l 
1? I Iii 
1:'20 
!?30 
1740 
1750 

~num•D~pth(I,Jl•Top~id<I,Jl 
~nu•OC!,J)+TCI,J> 

Rd~n~Topw1d(l,J)+2•D~pth<l,J) 

~n<I,Jl•Rnum/Rd~n 
Dipth<I,Jl~O~pthCI,J)..-3.291 

Rn{I,Jl~Rn(l, J>..-3.Z91 
'COHYERT DEPTH OF FL1J~J !H FT. 
'Hi'DRAIJLIC RADIUS IH rtETERS 

TO METERS 

17b0 
1 77(l 
17130 
1 7'90 
1<100 

-: s 1 I) 
!810 
1830 
113413 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
! 920 

1 9~0 
1950 
1 9o>t• 
19?0 
!'ilSO 
l'il'il0 

S~EAR STRESS <T~~) 

A•RnCI,Jl 
!•W•<;Jr&d< I, J) 

T&u<l,Jl•C&mm&w•A•! 

COMPUTE SEDIMENT LOAD <G~ • KG/M/SEC> 

IF L>.u(l,Jl<Cr>tau THE/1 
Go~\I,J)•<I 

EUE 
c:;o~( l, J)•C2HT&u(!, Jl-Cri tit.U)A1.'5 

Et-ID IF 

COMPUTE THE AMOUNT OF BED TRAI-ISPORT (Trb.n,;l I!ASED Otl SHEAR STRESS 

IF J•1 THEH 
Trano~(I,J)=li! 

END IF 
IF J)! THEH 

D-3 



Z.:i<l<i 
2!)1\) 

2U20 
2030 
~040 

.205\l 
2000 
2070 
2080 
21!90 
2l(l() 

2! I(> 
.i:l20 
213\J 
2140 
2150 
21 0(• 
2170 
ZISU 
.219\J 
2208 
"z H1 
222\J 
Z23[> 
-----" 

lnv..-r,. d .. n,.ty=3. '1'7 ' H"'"3•KG 
Dt•21ti'00 'TlNE IN SECONDS 
Slo~dCI,Jl•G•CI,J-1)-Gs<I,J> 
Tr,;.ns (I 1 J) •-2*S1 oad (! 1 J) /Dx(J)-.Dt *lnvl!rS dotn10ty 

END IF -

NEXT J 
PRINTER IS 16 

*~***************************•********~"'**"*****"'**"'~"'"'"'"'"'**"'********** 

• • 
• 
• 
• 
• 

THIS SECTION OF THE CODE FORMATS THE VAR!AB~ES INTO A TAB~E 

IMAGE "DISCHARGE •",DDDDDDDDD.DDD," CMS" 
PRINT USING 219UjQ(I)/35,31 

PRINT ,L!HCI) 
PRINT 

• 
• 
• 

PRINT ""-----------------------------------------------------------------

224U PRINT •• I XSEC 
HHGE I " 

DEPTH SED LORD I BED CH "' WSGRRD SHEAR STRESS 

I .. 
PRINT "I " '' 
PRINT "-----------------------------------------------------------------

-----" 
2270 
22'80 
229() 
DO.ODDD 
2300 

PRINT 
FOR K•l 

IMAGE 
TO 0 

2X 1 DD 1 4X,DOD.D,3X 1 DDD,D,IX 1 D.DDDDDD,6X,D.DDDD,6X,D.DDDDD,5X,DD 

PRINT USING 2290j K, Di!pth< I ,K> ,Rn( I 1K) 1 ~sgrad( I, Kl, Ta'-'( 1 1 Kl, G.>< l, K), Tr.o. 
":i <I' Kl 
2310 
2320 

END 1 F 
NEXT K 

2330 PRINT ,LlNC3) 
2340 NEXT I 
2350 
23DU 
:::no FOR J•l TO 9 

Old svm tr•ns(Jl•0 
s~rn-tr•nscJ>•Iil 

FOR !•! TO :36 
01~ sum trans(J)•S"rn transCJ) 
s .... m-trans(J)•Tr&nsCI7J>+01~ S'-'M trans(J) 

NEXT T - -
NEXT J 

23130 
239Q 
NOO 
2410 
2420 
2430 
2440 
2450 
2400 
24;'0 
24SJ 
24 ._, .. , 

"25(•0 
2~11) 

:;::520 
2~30 

2~4\J 

Z55~1 

z~.;o 

2570 
2"580 
2590 
zooo 

.... ~ .......... ~ ............. ~ .. ··*•**** ............... ,. .. ,.~~·~*•"'"'•**•"'*"'•*·~·~"'********* 
• * HOW PRINT OUT THE TOTAL AGG~RDRTION OR DEGRADATION FOR EACH 

X-SECTION F'l:lR THE DURAT!Oii OF THE FLOOD HYORO•;RAPH, 

• 

PRINT SUMMATION OF AGGRADATION (+) OR DEGRADATION (-)" 
PRINT 
PRINT 
PRINT 
FOR J"'i TO 9 

I MAGE 19)(, "CROSS-SECT ION C", D, ") • ", DDD, DDD 1 lX, "METERS" 

D-4 

• 
• 
• 

• 

• 



• 

• 

2610 
202e 
26:30 

PR!lH US!tiG 2600;J,Swll_tr'ans<J) 
NEXT J 

0::5~(1 

:5:5Cr STOP 
.::,;,;e END 

0-5 



• 

• 



• 

• 

• 
, . 

APPCNOIX E 

RESULTS USING MEYER-PETER AND MEULLER 1 S 

EQUATION FOR SEDIMENT TRANSPORT 



D!SCHAR~E 283, 20b UIS 

• 
I 

KSEC I DEPTH 
I " I 

WSGRI'iD 
I 

SHEHR STRESS 
I 

SED LOH£1 I BEl• ~HAHGEI 

' 
, , H"l'\*"2 KG-SECd\ 

----------------------------------------------------------------------
1.5 "' .!:10050S • (1007 ,00>337 0.130013 

• 2 '-' '·' • 00\00!(l\ .0003 .OIZl0£1.:; -. 00411l 
::: '·' -?-. 7 .006033 . oeo 1 IL 00000 -. 000'9 

' 3 . .;t 3. e. .00148! .130'55 .13>)~97 .2712 

' 1. 5 "' • (•130460 .OOI1l7 • 0002•0 -. 18'>2 

' . . , . - ), .2 .000297 .0009 • •)00'55 .•joJH 
• LJ L3 .0(11.219 .0(116 • 001 37 .010'5 
:: 2. I '·' .00<136;;: • 01<107 .00<135 -.<1164 

' J. ' "' .eo<~esS< • OC<<i3 • ~·6003 -.a.a:=;3 

SU11MI'iTIOH OF RGGRADRT!OH (-i-) OR DEGRRDATIO!l l-1 

CROSS-SECTION '" e,eae METERS 
CROSS-SECT!Ofl '2) -51.038 11ETERS 
CROSS-SECT!OH "' 2.1331 tiETERS 
CROSS-SECT I 011 "' -19.088 r!ETERS 
CROSS-SECT!OH "' -3.474 METERS 
CROSS-SECTION (b) -3.392 11ETERS 
CRQSS-SECT!Ofl (7) • .~49 METERS 
CROSS-SECTION '" .:S94 METERS 
CROSS-SECTION "' 13. 829 METERS 

E·l 



CHLC-ULHTED 'IM~'J~·~ Ur HI~I~Rt'tDHTlOri·DEI~RHDHI!~•II F1JR 
rHSSOULH-TVPE F!.OOD F!.OWS FOR THE 2i!JoJ E REGION 
TtiE FO!.LOWIHG VARIABLES ARE COtlSTANT 

CRITICAl. SHEAR STRESS • ,000151999 
COEFFICIENT OF SHEAR STRESS = 25.298221281!13 
F·ART I CLE S I =E " , l:ll).2 11 
'OII•IULAT!Ot1 PERIOD = .2:5 DAYS 

!IISCHARGE • 

I XSEC ! DEF'TM I 
' I M , 

"' " '' ) 

' -1. i' 

' -1,:3 
5 ,;: • 0 

' '· 1 

' ), 1 
) 2. 4 , 

"' 

DISCHARGE • 

'·' " ''' J 8'' 

' 8. ~ 

' '' 1 

' ' ,, ' "' J 4,2 

' .;, 9 

:566.412 CMS 

H' 
' 
1 '8 
... 2 

"' '' s 1.9 

'· 0 
), 1 
2. -1 
3. 8 

I 
WSGRAD I SHEAR STRESS I 

; N/M.,<-:2 

• 0000::56 .00!2 
,(uJ0!21 .oeos 
.0000-1:2 .0002 
,>:001290 .000::0 
• .:O•Jiil552 , OiJ I 1 
.O.:Oiil281 • OiJ 11 
.UO!Iil9:3 .iJti2:2 
.000498 ,0012 
.000217 . [1008 

3398,471 CMS 

"' ' 

), ' 
? • ,; 

'·' "' ''' ' 'J 

'' 2 • ' 1 
.;, s 

I 
WSGRAD I SHEAR STRESS I 

tv~r .. •2 

,tl0UH4 .0038 
,"l0<l.203 .eo1s 
.000075 .ouu.;; 
.00063.2 .O<lS3 
.OOOOiS:< ,IQIQ34 
.000:::43 .01!117 
,QO<l637 • 11833 
.\)01)920 ,(1037 
• 000377 • 0025 

E-2 

• 

SED LOAD I BED Cloll'lt<GE I 
KG-SEC/M 11 

• >JOiil,3'2 0.0000 
.0001? -. oo:::.:; 
.00001 -.0023 
. 01140 .309? 
, iJiJ06S -. 21)94 
. 000?4 • 0008 
.Oi!i0:-11 . 0213 
• ll0083 -.02'53 
.00043 -. i)iJt8 

SED LOAD I BED CHAI<GE I 
KG-SEC/M M 

.00560 e.0ee0 

.[1012o:i -. <lS72 

.0002'5 -.I) 148 
,I)IQ92.2 • ;:;Hoa 
.00-li'i' -.13870 
.1i01,:9 -. 042:2 
.IJ043, ,(13~7 

.013~43 '(11 <;"7 
• oe2s? -. ,)434 



• 

DJSCHMPGE J67il9, 1-18 CMS 

I i'<SEC I DEPTH 
I "' I 

IJSGRAD 
I 

SHEAR STRESS I '" I.OAD II<ED CHHHGEI 

' ' IVM**2 Kt::-SECdl ' ----------------------------------------------------------------------
12. 8 12.:; .0130371 .130-46 ,0Ll739 •3. Ll£i00 

' 14. 2 13. 9 .<!100:216 .130::Se .00375 -. 0481 
1: 14 . ., 14.? .000107 ,13015 ,1)0131 -,1)356 

' 15, I 1:;.a .000480 • 13071 • 01451 .359e 

' UL3 10.0 .000698 • 0069 . 0 13':11 -. 0118 
.:: 12. 9 12.? • 0(Hl2e7 .002.:; .00303 -. 1441 

Hi.,; 113.5 ,0013:284 .00:29 • 00371 . 0087 

' .s. ~ 8.' . oe0n1 .0070: . 0!636 , :2B29 

' 1\.2 11.0 ,000691 . il074 .01567 -. 0116 

DISCHARGE " 62305,:296 CMS 

I 
XSEC 

I 
DEPTH 

I "' I 
WSGRAD I SHEAR STRESS 

I '" LOAD I BED ~HHIIGE I 

' ' f!/~1 ...... :2 KG-SEC/11 
----------------------------------------------------------------------

14. 3 14. 0 '001 :i93 ,0219 
2 20.3 19, 9 ,0004:i0 ,1)088 
3 21.9 21. 5 .000237 ,()0~0 

' 22.3 22, I ,00ilil97 . 0021 

' 16 • ..) \6. 3 ,ili30673 . 1111:18 

' \9. 0 18. s ,00027'2 .1:10513 

' 1?. 0 16.8 • 001127-1 .0045 
8 14, 8 14. 6 • 000991 . 0142 , I 7, 7 17.3 ,001il33 .ill75 

DISCHARGE • 186915.898 CMS 

I XSEC I DE~TH I 
19.13 

' 29.9 

' 3!. 9 

' 32.5 

' z,;.7 

' 27,5 

' 25.4 
s 23.b 

' 25. 2 

HR 

' 
19. 4 
29.3 
31. 4 
32.~ 
2b.5 
27.3 
25.2 
23.5 
2~. ;' 

I WSGRAD I SHEAR STRESS I 
N/~l.,;o:2 

.002697 .0512 

.0005?.0 ,0165 

.OO<o31.2 • \OCJ9b 

.0001113 . 0037 

.13<1<1231 , DC6t:J 

. 0il024:-i '01365 

.0CG399 ,0099 

.0005\B • 0119 

.001595 .038.:; 

E-3 

,08102 o. 0eee 
.02033 -. 801)8 
• 0085-1 -. 1714 
• 00218 -. I 729 
• 02767 . -1982 
.00857 -. 2531 
.01)727 -. 0166 
,IH213 . 5591 
, 05?'1il .2156.; 

SED LOAD I BED •:HFiNGE I 
Kt;-5EC/M M ! 

. 29155 0.0000 

. 05J 10 -3. 1463 

.02331 -.4333 
'<o<J536 -. 488 I 
.<111:>:2 . 1165 
• 131294 . 0214 
.IZ!2418 ' 143:1 
. 03:237 .1313 
. 1 9il78 2 . .;777 



DISCHARGE ·Hi7JU6.514 CtlS 

------------------------------~---------------------------------------

I 
XSEC 

I 
DEPTH 

I 
HR 

I 
I~SGRAD 

I 
SHEAR STRESS 

I 
SED LOAD IE:ED ~HAIIGE I 

' M N.tM,. .. 2 KG-SEC.tM 
------------------------------------------------------------------

29.13 28.4 .1303128 • 0871 
0 413.7 39.9 .Ct!Cllii88Ct .0344 

-13.7 43. I . 001)4 71 .1)199 

' 44.,; 44. I . I)Ctl) 134 .1;)1;)58 
5 38.8 38., .000133 .0051) 

' 39.3 39 .• :; .!)01)190 . Ct073 

' 37.0 36.8 .eoen9 • 0119 

' 3,.0 34. s .061!939 . 03:20 , 37.8 37.2 .Ct0123~ .<:;450 

DISCHARGE : 1000849.618 CMS 

I XSEC' I DE~TH I 

40. 6 

' 52.9 

' 56.7 

' 57.9 . 
·' 52.2 

' 52.8 

' 50.'5 
s -16.3 

' -1$.4 

HR 

' 
413.3 
52. l 
55.9 
'7. 1 
51.7 
52.-1 
50. l 
48.0 
48.0 

I WSGRAD I SHEAR STRESS I 
H.tM .... 2 

.1)05403 .2133 
• Elti II e7 .es6s 
.Ct01ii633 .0347 
. 1)01) I 76 • OIJ9So 
.0130143 . 0073 
.OIJ0199 .01132 
.080284 • 0139 
.Ct00031 .eets 
.001)990 . .:l4i5 

DISCHARGE • 1876239.02~ CMS 

57.0 

' .0:5.3 
3 .O.S.? 

• ?0. I 

' 64.8 

' .05. ~ 
7 63. 2 
8 .;c.'> , .Ol.U 

"' M 

~6.4 
~-1.13 

.OB.Q 
69.3 
,;.;.Iii 
.;4,9 
62.7 
eo. 4 
,;o.s 

I 
WSGRAD I SHEAR STRESS I 

tvM .. ,.z , 

• 00:22;26 • 1227 
. Oi:'Je994 • 13631 
.01)0765 .<!~09 

.01)02132 . Ul91 

.0001:12 . .a 121 

.OIJOI:l3 • 0123 

.0013238 .01-\.S 

.0!)0060 .uo:;,; 

.800439 .020:0 

E-4 

.64807 iii. iillii00 
• I 6014 -.::.4382 
. 07(10 1 -1.3109 
• 61Ct77 -1.<>1139 
. (10:3'!:t:: -. 043 I 
. 015~0 . •3880 
.83201 .2146 
• 14399 I. 7958 
.241!55 I. 6322 

SED l.OAD I BED CHAIIGE I 
KG-SEVM ~I I 

2.491326 i).lii001ii 
.3383.:; -28.3940 
. 16217 -2.5626 
.02426 -3.7495 
• I) 1515 -. 1781 
.IJ2554 • 1377 
. 134139:< .1%5 
.130120 -. 6372 
.25278 4. 2525 

SED LOAD I I< ED CHFitJ(;E I 
KG-SEC.tM M 

1.08507 o . .aoeo 
• 399134 -9.6414 
• 2$958 -1.0:0% 
.1)~~19 -0:.0:'3:1 
. Ct32E;4 -. 651 e 
.1)3373 • Ct 11 e 
. 04414 . 13<!8 
'005.:l3 -. 6271 
. I 13519 I. 6:930 

• 



I 
!'<SEC' 

I 
DEPTH 

I " I 
WSGRFID 

I 
SHEAR STRESS 

I 
SED LOAD I BED ~HFIHGE I 

" " tVtH·*2 KG-SECdl 

----------------------------------------------------------------------

' 77.4 ?;;,a ,000656 ,IH95 .27765 iJ,aae<~ 

' 79.9 79.3 ,IJ00391 • 03()4 • !331)7 -!.9878 

' e 1. 2 60,3 .11!00755 . 0594 .36465 3.368~ 

' sz . .;: 81.7 .001.1364 • Cl291 . 12458 -6.5274 

' 77. 4 76.? .eo<Jn3 • £1265 , C7363 -,9958 

' 713.~ n.:~ ,000!282 , IH54 • IJ4767 -.3439 

' 76.2 75.6 .000198 • 1:'11 47 • 04419 -.<l444 

' 73.01 7::1.1 .eeee'56 .ee4o .0<1608 -. 0:::112 

' 7:3. 9 7:3. 2 .000371 .026o$ . I 0885 I, 7372 

DJSCHRRGE • 4690739.167 CMS 

I XSEC 

I 
DEPTH 

I "' I 
WSGRAD I SHE FIR STRESS 

I 
SED LORD I BED CHA!lGE I 

' " " ' 
H/M,.,.2 KG-SEC·'M " ----------------------------------------------------------------------

!00.;; 99.7 .<100177 • 0173 

" 101. 2 108,3 .800088 ,121086 
3 10!. ~ 100. ~ ,1300397 .0391 

' 102. 3 10 I. 2 .00>3294 .0.:'91 

' 96.9 96.0 ,000~44 .132313 

' 97.:3 97.2 .0130125 • ll!19 

' 9':i.3 94,0:: • 131313112 ,13104 

' '92.;; 91,9 8. •lOOI3130 0,00130 
; n.;; 9!.8 ,OQ01"93 .0173 

DISCHARGE a 6396488,247 CMS 

! XSEC I DEPTH I 
I " I 

126. 5 
' 126. 8 

' 120. 9 

' 1.27. 3 

' 1 21. 7 

' 122' 3 

' ! 1'>' 5 
8 116. 5 

' 116.:; 

"' " 
125, 1 
12~. 4 
125' 8 
126' 2 
120' 7 
121. 5 
118. 6 
115' 6 
115, 4 

I WS~RRD I SHEAR STRESS I 
, N/M••2 , 

.0000179 .010197 
• ~·130043 .0053 
.000212 .1)261 
.I)UOISS .\:!229 
• 0[113163 .0!'93 
.1)01)053 .0063 
.1380037 , Ull43 

0.000000 0.00013 
.000046 .01352 

E-5 

,1;)5695 13.13012113 
.01966 -,4nl3 
• 19460 2. 5443 
• 124n -1. <3946 
.139716 -. 7380 
• 1032413 -. 7255 
• 0262S -. 0?82 

13.1300130 -. 4214 
.13569€ .9628 

SED LOAD I !:ED CHRNGE I 
KG-S[C/M 1 M , 

.02372 IJ, OIOIJO 
• 00'920: -. 1908 
• 1 0'597 1. 4066 
. es·c~G -.527: 
.06677 -. 3872 
.1312'33 -. 7213 
.1)0688 -. 0696 

0, <lthl<lO -. !Hl3 
.llO'i<l37 '1533 



DJSCHMRGE 

I 

XSEC 

I 

DEPTH 

I "' I 
WSGRAD 

I 
SHEAR STRESS 

I 
SED LOAD lt:ED C:HAt~GEI 

" ' HI'M**2 KG-SECI'I•I '' ----------------------------------------------------------------------
151. 5 149, 3 .U00ti52 ,1307.; 

' 1 51. 7 149' 9 .01301347 • 013713 
:< !51. s 1!:0. -1 .000113-1 .0153 

' 152. 0 150.6 .OOU097 . e 143 

' 14b. 2 145. 0 .U00096 • Ui36 

' 146' 5 145.4 .0013022 • 0031 

' 14J • .; 142, 4 ,>)00013 .0018 

' 140'.; 139.3 13.000000 13.11i000 

' 140.' 139. 2 .oeeo1:< .0tli8 

DISCHARGE • 9225998.301 CMS 

I XSEC I DE~TH I 

173.7 
2 173.9 
3 174. 1 

' 174.2 
5 16S. 2 

' 1 ,;s. 5 

' 165. 5 

' 1 ,;z. 4 
~ I t>2. 4 

"' " 
171.3 
172. 0 
172.3 
172.4 
1 ,;,;, 8 
1 b7. 0 
164. I) 
1,;1). 9 
1b0. S 

I 
WSGRAD I SHEAR STRESS I 

I·I/MH·2 

.eeaa49 • 0083 

.131:)0042 .1:)071 

.13001)57 .11!1)96 

.eoaoo,;6 • 0112 

.000060 • 0098 

.0001311 ,I) I) 18 
, OIZ113005 .eeos 

0.01?.10000 0,0000 
0, OOOOI)i) 0. 0000 

DISCHARGE • 98851Ji8.408 CMS 

I ><SEC I DEPTH I 
1 : ~~ , 

HR ~ WSGRAD I SHEAR STRESS I 
~~ : 1 tUt·l',...2 I 

'01.;21 13.00013 
• 131419 -. oil267 
.046">0:: • 4?.;6 
.U4278 -. 1137 
'133962 -.13617 
.1Hl411 -. 470'5 
. eo 107 -, entt 

0.00000 -.U20:::3 
• 001€8 . 1?.1284 

SED LOAD IBED CHAHGEI 
KG-SEC,·M M 

,01859 0.0000 
• 01457 -.0530 
• 02318 . 1:252 
'02919 . 1.035 
• 02413 -. 09139 
.00169 -.:2974 
.00041 -.0!63 

0.00000 -. ~qJ6b 
l),l100UO 0. 0U00 

SED LOAD I BED CHANGE I 
KI~-SEC,..M rt 

----------------------------------------------------------------------
1 '30. 8 188. 5 ,1)(11)048 .oess • l:l2iJ46 0,001)0 

' l '31. 0 189.0 • 'J0~•08ll .005-5 .u 1l\24 ' 1 84'> 

' I 91. ' !89. ' .000088 .00?1 • i) 14 ?il • IJ651'i 

• I 9!. ' 189.J .000049 • 0091 . 02150 I 84'> 

' I 85. 2 183. ~ , L•U0041 ,i)il?5 . Ol'!i81 ' 1113 
0 I 85, 3 183. 7 .OO<nJU'5 .0610 , tiUOb 1 -. 21014 

' 182. 3 1 so. 5 • •:•00002 ,1)003 .00007 -.eo;;; 

' 1 7o;>. 3 177.4 1!1.000000 e, <n:!Giil 0.000il0 -.1)0 11 

' 179, 2 177,3 o.eoeooo u.uueo O.UOiloili) 0. i)(!i)l'i 

[,6 

• 



DISCHARGE '5>885~18.408 CMS 

• I 
:-;SEC 

I 
DEPTH 

I "' I 
WSGRAD 

I 
SHEAR STRESS 

I "' l.OAD II=ED ~HAHGEI 
' ' H/M.,*2 KI:-SEC/M 

----------------------------------------------------------------------
2132. 7 2013.:! • 000036 . 0071) .01435 0.0001) 

2 202. 8 2(10,7 ,1)00021 .0042 , OCI€55 -. 111!2'1 
3 20:2. 9 200. s .000029 ,G056 • 01013 • 05:20 

' 2012. 9 2130. 9 .01ZJ0036 .!Zitl?'l . 0146.2 . 1:21" 

' 196. 9 195.13 • >)1)0030 .0058 • 1)10€1 -. 0784 

' 197,13 195. :0: .0130004 ,0007 .00037 -, 13'56 
7 I '>4, 0 192. 0 e.eeoOG0 0.0000 0.00000 -.0047 

' I '1'11. 0 ISS, 9 0.(1131)000 o.e0eo e.eooeo G.eoeo 

' 190. 9 198. 9 IJ,Oii'lOOOO (I,Qii)li'l0 G.GI3ooe e.eiH'Ie 

DJSCHRR(;E " 9267063. !!55 CHS 

I 
~SEC I DEPTH 

I 
,, 

I 
WS(;RFID 

I 
SHEAR STRESS 

I "' LOAD I BED CHAfiGE I 
' " " fV~I•.-2 K(;-SEC/t·l " ----------------------------------------------------------------------
208.8 206.6 ,1300027 .01354 ,00965 e. oaoo 

2 21)8. 9 206.7 .00001!5 .0031 .130400 -.1)746 

' 20S,9 2o.;.s .001)020 • 0041 .00618 .0317 

' 209.0 206.9 .01)13028 ,1)056 . 01 a t6 ' 1 1)82 

' 202.9 2130. 9 .000023 .0045 • 00722 -. 0!575 

' ~03.13 201. I) ' 0001J02 ,f2l01J5 .001<!14 -' 0938 
7 200. 0 197."' 0.00011!00 0.13000 0.00000 -. 0(118 
8 196., 1'94. $ ll.l)l)l)f2l00 e.oooo <l.IJ0001Zi 11!. 01)00 

' !'96,9 I '94. 7 0.0>31Zi<!OO 0.6000 O.ilC01JO 0. 6CIC!O 

DISCHARGE • 9176720.476 CMS 

I 
l<:SEC 

I 
DEPTH 

I " I 
WSGRRD 

I 
SHEAR STRESS 

I 
SED LORD I BED CHRHGEI 

' ' H/H,..,;2 KG-SEC/~\ '' ----------------------------------------------------------------------
• ' zoe. e 206,6 .000020 .0041 '013628 0.00011! 

' 20$, 9 21)6, 7 ,1)00013 .002:1 .00294 -. li)4411! 

' 209.9 21)6, 7 .000017 .eo:N .00464 .1324$ 

' :NS.9 :ze.;.s ,0011!020 . <l041 . 1)()~3.; • \l-166 

' 21:12.9 .::oC1.9 .000019 • 0035 . 0049~ -.027~ 

' :Z03.1) 201.1) .001)002 .011!05 ,1)11!014 -. 0636 
7 199.9 197.$ 0.000011!() 0.01;'100 e. IZI0011lo -. 001 s 

' 196. 9 194. 7 1), OC<0000 0.1)()00 e. 01300>~ "'· 0000 

' 19,;;. 8 194.,;; 13. oooo~•0 0.1)11!00 0. 000()0 L', 60130 
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D l SCHARGE t:813933, 730 CI·IS 

----------------------------------------------------------------------
I 

)(SEC 
I 

DEPTH 
I "' I 

WSGRAD 
I 

SHEI'IR STRESS 
I '" LOAD I :SED CHFIIlGEI 

' " I'VM*'"2 KG-SEC/I'\ " • ----------------------------------------------------------------------
20.3.0 200.$ . 000017 .0033 .130457 0.00'30 

2 203, I 201.0 .00\3010 • 0'319 .00190 -. 0352 
:;: 203. 1 201.0 .01313013 .ee2t: .00312 . 13177 

' 2133. I 201. I .000017 .0tl33 • 00449 • 0372 

' I ·>7, I 19~. 2 .1300\)1~ .0023 ,!)034~ -.6204 

' l"l7. 1 19~. 2 ,0\)0002 .0M3 . 0000~ -. 1:.4~·1 

' 194. 1 192.1 e.e00000 0.0000 0.00000 -.eoeoe 

' 191. 0 !89.0 o.oo0eoe 0.000.0 0.00000 0.0000 

' 191.1il 1:38,9 0.0000!)0 e.MCIO 0,001)06 0.6006 

DISCHARGE ~ 5379495,894 CNS 

I XSEC I DEPTH I 
I ' I WSGRAD I SHEAR STRESS I 

i H/MH·2 
SED LORD I :SED CHANGE I 
KG-SEC/~1 M 

192. 3 190, I .000014 .0(!26 .0(!300 0. 01HH3 
2 192.4 19(!. 4 ,0000.09 .0017 .00149 -. 0 I 99 

' 192.4 190. 4 ,000010 .0019 .eotso . 0045 

' 19:2.4 190. 5 .601)014 . ~h327 .00323 . 1:1389 

' 196. 4 184. 7 .000011 ,B021 . 00211 -. 0219 

' 186. 4 184. 7 ,000002 .0003 ,l)l)>!l\)4 -.027~ 

' 183. 4 181. 6 .000001 .0002 .uoooo -' .100'5 
8 i%1,3 I 78, 5 0.013000{1 e,0000 0.00.000 -.0000 

' 180. 3 17:3. 4 0,Cl00000 0.0000 e.ueueo 0. 0000 

VISCH~RGE • 4034~~1.119 CMS 

' XSEC 
I 

DEPTH I "' I 
WSGRAD 

I 
SHEAR STRESS 

I 
SED LOAD I BED ~HANGEI I " ' N/M•,.2 KG-SEC/N 

' ----------------------------------------------------------------------
17?. 4 174.9 ,0000<19 ,001~ . 0012~ 0. OOOfil 

" 1??' 4 175. 5 .OOllOU$ . 0014 ,lHi109 -, O>!l2€ 

' I 7'7. 4 1 7'5. 7 .000()08 • 00.14 , oe 111 . oe 11 

' 177.5 175. 7 .000014 .0£125 • 00284 . fl45€ 
5 17\. 4 16'> • ., • (1130009 . 0015 .001~4 -. 0313 

' 17\. 4 1 71). 0 .000002 ,0003 .000.()3 -. €116Ei 

' liiil3. 4 166. 8 .0.00001 .€1{102 ,0eooe -. 0004 

' 165. 3 163. :3 e.O>il0000 0.0000 0.0000111 -. oaoe 

' 1 ,;:~. 3 103.7 0.0001)131) 0,1:)000 0.00000. 0.06013 
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• 

• 

DISCHARGE 28819~3.144 CMS 

----------------------------------------------------------------------
I 

XSEC 
I 

DEPTH 
I " I 

WSGR~D 

I 
SHE~R STRESS 

I "' LORD I BED ~HFHIGE I 
' ' tj/MiHi2 KG-SEC< M 

----------------------------------------------------------------------
l:iS.S 1:56,7 .eeee0o . 0009 

2 1:;8.8 t:;?,B .001:1013:5 .1!008 
3 !58. 8 !57. 3 .0(11)010 . O<i 15 

' 1:;8,9 1 :;? • $ .000010 • 001:; 

' I~:;:, S 1:51. ~ .000010 • 011!14 

' 1:52.8 I:; 1..; .0e0002 ,01303 

' 149,8 146, ~ .000001 .0001 

' 146. 7 14:5. 4 0.oeeeoe ill.l3eee , 146. 7 14:5, 3 e.eeeeee 0,0001! 

DISCHARGE z !964882,470 CMS 

I :\SEC I DE~TH I 

138.7 
2 138. 7 

-- !38.7 

' 138. 7 , 132. 7 

' 132. 7 
7 I :29. 7 
8 12o:i. 6 

' 1 :;:~.,.; 

" ' 
137.0 
137, I 
137. 4 
137. 5 
131..; 
131. 8 
128. 7 
12~ • .; 
126. 5 

I 
WSGRAD I SHEAR STRESS I 

Hn1•.,2 

.ee000!i • 0007 

.000003 .0004 

.1!01!012 • eo 1.; 
• 000011.'1 • eo 1 S" 
,001!010 .0013 
.01)80<12 .0003 
,oii00002 .1)002 

e.8o0ooe 0.ee00 
.0001Z'OI .oeet 

D!SCHAR~E • 1291:5136,6:5:5 CMS 

.01!049 o.e0130 

.0ti044 -.eo e.:; 
-~1!1::01 . 0127 
. 00122 -.0024 
, <iO 118 -. 001!8 
.0601:17 -. ~ 147 

0.eoeee -. 0oe·~ 
e.eoeee e.eeeo 
e.0eoee e. 0000 

SED LOAD IBED CHAHGEI 
KG-SEC"M M 

,1)0028 e.00ee 
.00eos -. 0027 
.eel36 .8186 
. 000% -. 0104 
.00093 -.1!009 
.o0e8:5 -. 0 II 7 
.ooeo::: -.1)683 

0.001)1:10 -. 08<14 
0.01)000 I). O'.iOO 

·~--------------------------------------------------------------------I ><SEC 
! 

DEPTH 
I 

H' ! WS~RFID 
I 

SHEAR STRESS I SED LOAD !BED CHFIHCOEI , ' N.1M"*2 KC-SEC-'1·1 ' 11 1 
' ----------------------------------------------------------------------

118. 6 II 7. 3 .0ooe.as .(Hl06 . 00•).21 (), 0>300 
2 118.,.; 117. 4 . U00l'J(•2 ,1)002 . UI)O<il -. eoa26 

' 118.,.; II 7. ~ , 00C<013 . 0015 .00130 . 0!88 

' 118.,.; II 7, 6 . 0000 II . 0LH2 , L)009! -. 0 I 06 , 112. 5 Ill.<" .OOOOIQ ,('IQ!l . 00oii70 -. >3041 

' 11:;:. t: 111. 9 . 000004 .1)004 . 80fll2 -. 0077 
1 il9. 5 108. 8 , OG01)03 ,OU03 .0001)'!; -. 00138 

8 I Oo:i. 5 105. 7 13.<300000 0. 0000 0.0ooe0 -. 00<38 

' I Qo:i. S 1 0'5. 6 . 1)00004 .00(;15 . ~·01) 13 . 0022 
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D I SCHARI~E =' 8iHl90b. 259 Ct·IS 

----------------------------------------------------------------------
I >iSEC I DEPTH I "' I WSGRAD I SHEI'IR STRESS I "' LOAD I BED CHANGE I 

" " H?M-..•2 KG-SE<>M " ----------------------------------------------------------------------
' 913. ! 9?.3 • 0013006 .0005 .1Hl6!9 0.0000 
2 913.2 97.3 , 000fHi4 .0'1003 .0000'1? -.001? 
3 913.2 97, I ,001:11313 .8013 • 013095 .010::8 
• 98.2 H. I .000010 .8009 • 00053 -. 0! 13 

' 9.C. ! 91.3 .0001308 .860? . 0003'5 -.oo;,:; 

' ~2.2 9 I, :i . J)00005 .00'105 , 0001b -.002'5 

' 89. I ee.:; .e00e0:; .0004 . 0€11CH2 -.0eoe 
8 96. I S5,.J .e0oee1 .0130'11 e.oeeoo -.00!9 
9 $1:; ' 1 13~.3 .000009 • 0007 .0003'5 .oe,:;e 

DISCHARGE 481i160<l,396 CMS 

I XSEC I DEPTH I "' I 
WSGRRD I SHEAR STRESS I '3ED LOAD I BED ~HANGEI 

" ' H?M;o;;2 KG-SEC?M 
----------------------------------------------------------------------

79,9 79.3 ,000012 ,001)9 
2 79.9 79.3 ,000009 ,0007 
3 ?9.9 79.0 . 000e1 e . fltl14 

• 80.0 79.1 ,01301310 .1210'107 

' 7'~.9 73. I .013001)7 ,01365 

' 7'3."> i'S. 3 .000007 .01305 

' :"0."> ?0.3 ,IZ00\:1007 .oo0s 
3 07.9 07.3 .8138002 .0001 

' 0:7,9 ., , .... - ,OOOOI:i ,8010 

D!SCHARo:;E "' 2772:iS,567 CMS 

! xse:c 1 DE~n~ 1 

62.8 62.3 

' ,;:;:,9 62.3 

' 03.11' ., , ....... 
• 63.0 62.2 

' 57.0 56.-J 

' 57' <• 56.~ 

7 ~.-.o 53 • .;; 

' 5!.8 ~"'·"' 9 ~1.0 ~0.5 

I \4SGRFID I SHEAR STRESS I 
! 1·1/Mio•0:2 , 

,000029 • 0018 
,Q8tl030 . 0819 
.00002? . OOIC: 
. OIZOQO 10 .Oiii.:IO: 
, (•~•UOO? . 0084 
.000009 .OI)<iS 
.01)0014 .0807 
,0001)02 . 01010 I 
.000048 . 01):<4 

E-10 

.ee0:;o e.0000 

.0121032 -,0U32 

. eo 114 .0\20 
• 00036 -. 0212 
. oeete -. 00'36 
. 1301317 -. 0002 
• ~0>211 ~ -.%1ii3 

e.oou0o -.0024 
• OIZOOb4 , 01 U? 

SED LOAD I BED CHANGE I 
K'-SEC-'M 1•1 

.Q8ibb 0.01300 

.80178 .01015 

. 00144 -.uosl3 

.80023 -.13329 

.00010 -. (:0025 

.801318 ,01)10 

.00035 .13021 
13.1)001!!0 - .80~0: 

,1)0267 .8451 

• 



DISCHARGE = 15-t0b4.005 CMS 

----------------------------------------------------------------------
• I XSEC I DEPTH I "' I ldSGRAD I SHEAR STRESS 

I SED LOAD I BED ~HHfiGE I 
' ' N/Mi'*2 KG-SEC;M 

----------------------------------------------------------------------
50.9 50. 3 .01:10025 .0012 .00090 0.0000 

' ~1.0 51). 1 .0001333 ,0016 .00143 .0e.;;s-
' ,, ~I. 1 50.3 .0001325 ,0012 .000913 -.0076 

' 5 I. 2 '!!10.5 .1300007 .0004 .0131307 -.0225 

' 45. I 44.7 .ll00131l7 ,IJ003 .01iliJ04 -. IJ007 

' 45, I 44.? ,0001l12 ,IJ005 .00018 ,0018 
7 o!2. 1 4 t. a .eo0tl17 . eee7 .00031 .€1017 

' 39. 1 38.8 0.1)00000 0.001)1) 0.00001) -.M'31) 

' 39. 1 38.5 .!2il3011 5 .0)04~ , oe686 • 1\':;9 

DISCHARGE " 82412.914 CMS 

I XSEC 
I 

DEPTH 
I "' I 

WSGRI'ID 
I 

SHEAR STRESS 
I '" LOAD I BED ~I-lANGEI 

' ' N/t'\* .. 2 KG-SEC/M 
----------------------------------------------------------------------

I 40,2 39.7 .000033 .0013 .13009? e.e0oe 
2 4e.4 39.5 .eeee29 , IZI011 ,l)l)(l79 -. 0025 

' 40,5 39,8 .11100020 .0008 .00040 -. 0056 

' 40.5 40.0 ,000006 .0602 .00iil02 -. 6103 

' 34.4 34.2 .000<109 .1)003 .60ii105 .oee:s 

' 34.4 34. 1 JHi00 12 ,1)6[14 • 000[19 ,ee07 

' 31.4 3!. 2 ,[100[128 .00[18 . 6013415 . 6047 
8 28.5 28.~ .000<110 .00iil3 . 00004 -. 0"'67 

' 28.5 28.<1 .1300178 .0049 ,\30828 • 1393 

DISCHARGE • 42764.08!1 Ct1S 

I 
XSEC I DEPTH I "' I 

>ISCRI'ID 
I 

SHEAR STRESS 
I 

SED l.OAD I BED ~HAfjGEI 
' I ' H;Mw .. 2 KG-SEC;t·t 

----------------------------------------------------------------------
• 31. I 30,5 .1300033 ,<}0\0 .oea62 e. eB00'1 

' 31. 2 30,,; . 00(h027 .00[18 .00042 -.<1026 

' 31.3 30.9 ,•)600\8 . e006 .00021 -,0031 

' 3!.3 3L0 .00<1008 • 00iil3 • 00003 -. 0049 
5 25.3 25. l .000020 .oeo::; , CIIJ\315 .0\324 

' 25.3 2:5. 1 ,000024 .1)006 . •lOil22 .eete 
7 22. 4 2.2. 1 ,000636 .0<!08 .00041 ,0024 

' 19. 4 19. 3 .00QI22 .IZ!023 ,IZ!Q2:5S .lil344 

' 19. s 19. 4 .oaan:s • 00b2 , 0 I I 3:5 . 1571 
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DISCHARGE 2124(1.4-12 Cl1S 

----------------------------------------------------------------------
I XSEC I DEPTH I "' I WSGRAD I SHEAR STRESS I SED LOAD I BED CHANCEl 

' ' 11d'1T,o;2 KG-SEC/M ' ----------------------------------------------------------------------

' 23.2 22.? .0130039 • 013aa .00046 0.0000 
2 23.3 22.9 ,1)00(129 .909? . 0002'9 -.0823 

' 23.4 23. I .0013020 .0130!5 '1)0913 -.€11323 

' 23.~ 23.2 ,1)0008S . 01:102 .00001 -.01:134 

' I?, 4 I 7, 3 . eoeen .00\3 .000i9 . 0\93 

' I?, 7 17. ~ .8000~~ .e0e9 .0005,;: -.0€157 

' 14. 9 14. 7 .eal3ao,;: .13130i .<.1130~7 . 131381 
s 12. 0 II.S .090372 .0043 .o9.S77 .13994 

' \3. l 12.'" .130I3~~a .1300::9 .014130 ' 1223 

DISCHRRGE " lilli~.412 CMS 

----------------------------------------------------------------------
I XSEC I DEPTH I "' I WSGRAD I SHERR STRESS I SED LOAD I BED ~HANG£1 

' ' ' ' H/MJ0•2 KG-SEC/M 
----------------------------------------------------------------------

' I 7. 4 
2 17' !5 

' 17.,.; 

' 17.'" 

' II.:; 

' 12' .. 

' 8.8 
8 , 
; ·~. 6 

DISCHARGE "' 

I XSEC I DEPTH I 
I ' 

17'" ,00.,037 ,0006 
17. 2 .0013029 . 001)5 
17' 3 .130001S .00133 
I 7. ~ 1),1)01)090 e.l3o0o 
II. 3 .900238 .0026 
12. 2 ,0.,0107 .0013 

., • 7 . lhiO 1 it ,1!1<118 
7. 2 .000769 .005~ 

'.' .e<J058t ,0053 

4014.~00 CMS 

HR 

' 
I WSCRAD I SHEAR STRESS I 
I f.VM••2 

.130026 e.l30ae 
,130016 -. <hl12 
• 0000~ -.0016 

0.00000 -.0014 
• 0e314 .061~ 

.00097 -. 02CI$ 
'0111 1? 1 • e<J95 
. 00i75 . 12139 
.00945 -. 0052 

SED LOAD I BED CHANGE I 
KO.-SEC/M M 

----------------------------------------------------------------------
14.6 14. 3 ,111<)0019 .0003 '00003 0.13000 

' 14. 7 14. 4 .000017 ,0062 ,60002 -. llD02 . 
J 14.:3 14. 5 ,0601lHl .0ti0l O.ti0001J -. >)O<l3 

' ! 4. 8 14. 7 0.000000 0,0800 0.00000 0.0000 

' 8.,; '·' .000206 , OCI1 7 ,00155 . 0382 

' ~. 4 , • 3 .08012? .0012 ,00080 -. 01Ji8 

' 6. 8 6. 8 .OIJ034ti ,0023 .CI0253 • 022e 

' 4,'9 .. '8 ,llOOi-17 .0045 . 00729 . 1374i , "' 7. ~ .000420 .0031 ,00415 -.0516 

E-12 
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DISCHARGE 

• I 
XSEC 

I 
DEPTH 

I "' I 
WSGRAD 

I 
SHEAR STRESS 

I 
SED LOAD I BED ~HAIIGE I 

' ' N,_.M,.*2 KG-SEC,-~1 

----------------------------------------------------------------------
14.;; 14.3 .000004 • eee 1 e.oeeee 0. 0000 

2 14 . .; 14. 4 .000004 . 0001 IL 00000 0.0000 
2 14. 7 14. 4 .00000:2 .o0oe 0.0Eo001) •J. 0000 

' 14. 7 14. ~ 0.000Eo00 e. 0000 0.00<300 0. 0<100 
5 s.,; s .• • >)00l'l~8 .0oet!5 .00015 . 0029 

' s. s 8. 7 .000048 .iJ004 . 0001 '" -. 0oeo: 
7 :5.9 5. 9 .00Eol92 . 0611 .(liHl74 . ee:32 
s ' . 

~. ~ '-' .000903 .003<3 .00391 • >J5<i8 
s ,;. I 6.0 .000323 .0019 . OEo 184 -.e349 

DISCHARGE K 849.iil8 CMS 

I 
XSEC 

I 
DEPTH 

I "' I 
I.JSGRI'ID 

I 
SHEAR STRESS 

I 
SED LOAD I BED CHAtlGE I 

' ' N/Mil- .. 2 KG-SEC-"M '' ----------------------------------------------------------------------
14. Ei 14.3 .000001 .0000 e. e'<~~:100 0.0000 

' 1-1.0:: 14. 4 0.0i)0000 e.oe<oe ll.OGI300 0.00121<1 
3 14 • .:: 14.4 .eeooez .:J0oe 121.0G00121 e.eoe0 

' 1-1.6 1•L' e.eoooee e.oelle 0.00000 e. eoiJe 

' .. ' '.' .000009 • 800 I 0.0000121 "'· 6008 
6 8.,; 8. 5 .t~oe~:oes . 0001 o.oeeel3 0.el3ee< 
7 5'.:: 5. 5 .eooo35 .0002 • 00001 • oec 1 

' 2. i 2.6 .00062S .<"Jtl16 . 013139 . 13221 

' u '.' • 000:242 .Otlle . (11210€7 -. "'12:2 

DISCHARGE "" :283.20€ CMS 

---------------------------------------------------------------------
I WS(;RI'ID I SHEI'IR STRESS I 
: IVM-o .. 2 

SED LORD I BED CHI'INGE I 
KG-'SEC/11 1·1 

---------------------------------------------------------------------
• '.' '.' . 0005<04 • 012107 • 001336 o.ooeoe 

2 3. 5 3. 4 .:Jeoo99 .0003 . 1)1)(10.; -. 0039 

' 3. s J. 7 . 00oii033 .iJOoiil e. o~·ooLo -, 0:'!09 

' 3. 8 '. 8 .001477 .(112155 .:30997 . 2712 

' .. , !.5 .D004ti0 .13007 • [10029 -.1892 

' 3. 2 '"' .<1100297 .0009 • 0005~ .0034 

' L3 '.' .1301219 .0016 .IQ013ti • o 1 e~ 
s 2. I '·' . Ln3030:0Z .0007 . 00(13!; -. e 1ti2 

' 3. ' '-' .1?:!0017€ .86(15 .00019 -. <1029 
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