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• Shields derived his criterion for incipient motion by using the concept of a laminar 

sublayer, according to which the laminar sublayer should not have any effect on the 
velocity distribution when the shear velocity Reynolds number is greater than 70.  
However, the Shields diagram clearly indicates that his dimensionless critical shear stress 
still varies with shear velocity Reynolds number when the latter is greater than 70. 

 
• Shields extends his curve to a straight line when the shear velocity Reynolds number is less 

than three.  This means that when the sediment particle is very small, the critical tractive 
force is independent of sediment size (Liu, 1958).  However, White (1940) showed that for 
a small shear velocity Reynolds number, the critical tractive force is proportional to the 
sediment size. 

 
• It is not appropriate to use both shear stress τ and shear velocity U* in the Shields diagram 

as dependent and independent variables because they are interchangeable by U* = (τ /ρ)1/2, 
where ρ is the fluid density.  Consequently, the critical shear stress cannot be determined 
directly from Shields= diagram; it must be determined through trial and error. 

 
• Shields simplified the problem by neglecting the lift force and considering only the drag 

force.  The lift force cannot be neglected, especially at high shear velocity Reynolds 
numbers. 

 
• Because the rate of sediment transport cannot be uniquely determined by shear stress 

(Brooks, 1955; Yang, 1972), it is questionable whether critical shear stress should be used 
as the criterion for incipient motion of sediment transport. 

 
One of the objections to the use of the Shields diagram is that the dependent variables appear in both 
ordinate and abscissa parameters.  Depending on the nature of the problem, the dependent variable 
can be critical shear stress or grain size.  The American Society of Civil Engineers Task Committee 
on the Preparation of a Sediment manual (Vanoni, 1977) uses a third parameter 
 

       
1/ 2

0.1 1sγd gd
v γ
⎡ ⎤⎛ ⎞

−⎢ ⎥⎜ ⎟
⎝ ⎠⎣ ⎦

 

 
as shown in Figure 3.2.  The use of this parameter enables us to determine its intersection with the 
Shields diagram and its corresponding values of shear stress.  The basic relationship shown in 
Figure 3.2 has been tested and modified by different investigators.  Figure 3.3 shows the results 
summarized by Govers (1987) in accordance with a modified Shields diagram suggested by Yalin  
and Karahan (1979). 
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The effects caused by vegetation are complex, and there are no generally valid predictive models 
for their effects.  Multi-dimensional modeling of turbulent dispersion using advanced turbulence 
models has been carried out—e.g., Shimizu and Tsujimoto (1994) and Naot et al. (1995) and 
(1996)—but its application to engineering models is difficult and requires significant 
computational effort.  Simpler predictors for one-dimensional modeling have been developed by 
many authors, but they are usually based on limited amounts of data and are valid only for the 
region in which they were derived.  Some of those expressions are presented in Table 5.4.  Their 
use in any model should always be verified and supported with field measurements. 
 

Table 5.4.  Resistance relations for flow through vegetated channels 

Author Resistance equation Notes 

Gwinn and Ree (1980) 
( )

1
2.08 2.30 6log 10.8

n
VRξ

=
+ +

 
R = hydraulic radius; ξ = a coefficient that 
depends on five retardance classes; the 
goodness-of-fit of the expression was not 
reported. 

Kouwen and Li (1980) 1 log
s

Ra
kf

κ= + ; 

1.590.25

0.14s v
v

MEI

k h
h
τ

⎡ ⎤⎛ ⎞
⎢ ⎥⎜ ⎟
⎝ ⎠⎢ ⎥=
⎢ ⎥
⎢ ⎥
⎣ ⎦

 

a = dimensionless coefficient that is a function 
of the cross-sectional shape; hv = local height 
of the vegetation; M = stem density; E = stem 
modulus of elasticity; I = stem area’s second 
moment of inertia; Temple (1987) has 
correlated MEI with the vegetation height hv 
for a range of dormant and growing grasses. 

Pitlo (1986) 
( )

0.0343
1 0.0016v

n
D

=
− +

 
Dv = vegetation density; i.e., fraction of 
channel cross-section occupied by the 
submerged vegetation; the goodness-of-fit was 
not reported; based on measurements in one 
channel. 

HR Wallingford (1992) 
0.0337 0.0239 vDn

VR
= +  

Based on measurements taken in the Candover 
Brook, Hampshire, United Kingdom. 

Bakry et al.  (1992) 1
1

b
hn a D= ; 

( )2 2 logn a b VR= + ; 

3 3 vn a b D= +  

Dh = hydraulic depth (= A/W); a1 = coefficient 
ranging between 0.0087 and 0.0634; b1 = 
coefficient ranging between -0.404 and 2.566; 
a2 = coefficient ranging between -0.067 and 
3.798; b2 = coefficient ranging between -0.089 
and 0.001; a3 = coefficient ranging between 
0.032 and 0.049; b3 = coefficient ranging 
between 0.0072 and 0.12; units are metric. 

 
Somewhat similar to the flow through vegetated channels is the case of mountain rivers, where 
flow resistance is dominated by grain roughness in gravel beds, rather than by the vegetation 
effects.  Flow resistance is high at low stage and submergence and tends to decrease with 
increasing submergence (submergence is defined as the ratio between the water depth D and the 
size of the roughness elements, typically d84).  Many flow resistance relationships have been 
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not fixed; they depend on the state of technology and the social organization which manages 
environmental resources (Takeuchi and Kundzewicz, 1998).  In the use of Asustainable 
development,@  
 

Development does not necessarily mean growth in the quantitative sense.  It is rather a qualitative 
process which does not have any limit.  Development is a continuous process of changing state from 
one form to another seeking to meet ever changing objectives.  Sustainable human existence, if ever 
possible, must be an endless process of change in social, cultural, and industrial states within a certain 
limit of the sustainable use of energy and resources.  (Takeuchi and Kundzewicz, 1998) 

 
The idea of sustainability was advanced in the Rio Declaration on Environment of Development 
issued at the United Nations Conference on Environment and Development (UNCED, 1992).  Of 
the 27 principles declared, the following 5 principles address the concept of sustainable 
development: 
 

Principle 1:  Human beings are at the centre of concerns for sustainable development.  They 
are entitled to a healthy and productive life in harmony with nature.  
 
Principle 3:  The right to development must be fulfilled so as to equitably meet developmental and 
environmental needs of present and future generations. 
 
Principle 4:  In order to achieve sustainable development, environmental protection shall constitute an 
integral part of the development process and cannot be considered in isolation from it. 
 
Principle 5:  All states and all people shall cooperate in the essential task of eradicating poverty as an 
indispensable requirement for sustainable development, in order to decrease the disparities in 
standards of living and better meet the needs of the majority of the people of the world.  
 
Principle 8:  To achieve sustainable development and a higher quality of life for all people, states 
should reduce and eliminate unsustainable patterns of production and consumption and promote 
appropriate demographic policies. 
  

The above five principles state that human beings have the right to develop a higher quality of 
life.  In the process of developing a higher quality of life, environmental protection should be 
treated as an important and integrated part of development.  Chapter 18 of the UNCED 
documentation, entitled AProtection of the quality and supply of freshwater resources:  
Application of integrated approaches to development, management and use of water resources,@ 
states that the following four principles should be pursued: 
 

(a) to promote a dynamic, interactive, iterative and multisectoral approach to water resources 
management, including the identification and protection of potential sources of freshwater supply, that 
integrates technological, socio-economic, environmental and human health considerations; 
 
(b)  to plan for the sustainable and rational water utilization, protection, conservation and management 
of   water  resources  based  on  community  needs  and  priorities  within  the  framework  of  national 
economic development policy;
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tend to be fairly uniform, the transverse size distributions across the curved meander bends tend 
to have finer bed material on the point bars that are found at the inside bank of each bend and 
coarser bed material towards the deep, outside part of the bend (Ikeda and Parker, 1989).  The 
size of sediment deposited on a point bar typically decreases in the downstream direction.  The 
sediment particle sizes found in the riffle are typically coarser than those found on the point bar.  
Particle sizes found in the pool, associated with a meander bend, are typically coarser than the 
sizes found in the riffle.  A frequently found pattern is sand at the point bar, gravel in the riffles, 
and cobbles in the meander bend pools.  In addition, the bed-material grain sizes are associated 
with the average slope of the river, averaged over many meander bends.  The higher the average 
river slope is, the coarser the bed.  Size distributions of bed material will also be affected by the 
time of sample collection.  Finer sediment is often scoured and removed during the rising limb of 
a flood hydrograph and usually redeposited on the falling limb of the hydrograph, especially in 
the slower velocity pools.  If samples are collected during or after the falling limb of the 
hydrograph, the bed material samples may not include coarser deposits that may be present 
underneath the finer sediments, especially in bend pools. 
 
Braided rivers are frequently classified as straight and have uniform bed slopes, but these features 
depend on the form of the valley along which the riverflows (Leopold and Wolman, 1957; Best 
and Bristow, 1993).  In general, the sinuosity and slope of a braided river follow the pattern of its 
valley.  In any case, the spatial patterns of bed-material grain sizes are not as complex as those of 
a meandering river.  The transverse distributions of bed material tend to be uniform, and the 
sinuous, riffle-pool sequence is generally absent from the braided river planform and profile.  Bed 
material grain sizes tend to be uniform within reaches with similar channel properties such as 
slope and width. 
 
An example of grain size distributions across a meandering river channel is given in Figure 7.2, 
and the variation in median grain size with distance along the channel is shown in Figure 7.3.  An 
example of grain size distributions across a braided river channel is given in Figure 7.4, and the 
variation in median grain size with distance along the river channel is shown in Figure 7.5.  

Figure 7.2.  Sacramento River, California,  grain size distributions across this meandering river channel. 
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Figure 7.3.  Sacramento River, California, median grain size along a longitudinal segment of this meandering river.  

Figure 7.4.  Platte River at Kearney, Nebraska, grain size distributions across this braided channel. 
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Streambed and bank erosion resulting from a reduction in sediment supply, or an increase in clear 
water discharge, from the upstream watershed is also a system-wide problem.  In this case, a 
localized solution, the installation of bank protection, would be ineffectual and probably require 
costly maintenance.  One preferred option might be an action plan that re-establishes the transport 
of sediment in the channel through changes in watershed management. 
  
Increased sediment loads, causing system-wide problems, can result from sources such as bank 
erosion, a rejuvenated headcut on a tributary stream, or land clearing and development.  
Sedimentation problems can also be caused by the diversion of water from the stream without the 
corresponding diversion of sediment.  Solutions can be local or system wide.  The eroding high 
bank or rejuvenated tributary headcut could be stabilized locally.  Depending on the problem, a 
system-wide solution might call for vegetated buffer areas along streambanks in a watershed to 
reduce the sediment supply to downstream reaches.  When possible, annual discharges of high 
flows for a short duration, which do not produce negative flood impacts, can help move sediment 
from an aggrading reach.  Potential solutions in urban areas might call for legislation requiring 
sediment traps on storm water systems or revised maintenance programs for winter road sanding 
operations. 
  
 
7.4.2.3  Natural Versus Restrained Systems 
 
Although the goal may be to fully or partially restore natural processes, restoration projects are 
often faced with the question of whether to incorporate features that limit channel migration and 
bank erosion to protect infrastructure and property.  A restrained system is defined as a river with 
bank segments that are fixed to an existing position through the use of erosion-resistant materials, 
such as riprap.  In cases where bank erosion is occurring, this is often perceived initially as the 
favored option to limit further bank erosion.  However, when reviewed over the long term, 
hardening banks may be the less desirable option because it can generate negative consequences 
on river processes.  For example, when banks are hardened on low elevation surfaces within the 
channel migration zone; this can limit natural channel migration and development of side 
channels.   
 
When implementing restoration projects, it is important to assess whether long-term interests are 
best served by solutions that restrict the channel and flood plain, or by solutions that allow for a 
river to function in a more natural dynamic equilibrium.  When viewed through a short window 
of time, restraining the flood plain or hardening the riverbanks may appear to be a good option.  
However, this option can be costly when maintenance and environmental costs are projected over 
the long term.  Increases in the percentage of restrained bank tend to lead to a larger and greater 
complexity of problems for the river system over the long term.  Such problems can include the 
failure of bank protection, channel instability on the opposite riverbank or the downstream river 
channel, and the limitation of natural channel migration. 
 
Before accepting a restraining solution, determine if there is a feasible and cost-effective solution 
that allows the channel to migrate within the natural channel migration zone.  The range of 
alternative solutions is as broad as the range of problems and could include levee setbacks, new 
flood plain zoning, watershed-wide management approaches, road or structure relocations, 
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delays during low runoff years.  For some surveys, limited amounts of above water data are 
collected to complete the analyses.  Usually, the data are collected in the upper tributaries where 
exposed sediment deltas had formed (Ferrari, 1996 and 2005). 
 
The decision on when to schedule and at what frequency to conduct a reservoir survey must be 
made on a case-by-case basis.  Current available equipment (i.e., GPS, digital depth sounders, and 
heave compensators) allows for year-round data collection and has significantly reduced actual 
field collection time.  Advances in equipment technology and data collection techniques have also 
reduced the staff size and the amount of preliminary field work required by previous survey 
methods. Presently, collection systems are more compact and require less field staff for setup and 
operation, reducing the cost of downtime due to extreme weather conditions.  However, each 
project contains unique conditions that must be considered when determining the timing, survey 
equipment, and frequency of the reservoir resurveys. 
 
Many reservoirs are relatively small in size, requiring smaller survey vessels.  Modern survey 
equipment can be more easily adapted for the smaller vessels.  When available, an enclosed cabin 
on the survey vessel is a desirable option that protects the crew and equipment, and it allows 
surveys to be conducted safely throughout the year.  Equipment can also be purchased that is 
weather proof, allowing open boat data collection in most weather conditions.  Today’s 
equipment has minimized the effect of rough water on data accuracy, but its effect on the 
collection crew must be considered.  Although a nearly full reservoir during a nonrainy season is 
the best condition for conducting a reservoir survey, the equipment and survey vessel should be 
set up to cope with all conditions, since they can change at any time.  The Sedimentation Group 
has collected data in all weather conditions (including snow and heavy rain) because the 
equipment and crew are usually housed in an enclosed cabin on a large, stable vessel. 
 
Other means of determining frequency of reservoir sediment surveys include measured sediment 
rates from previous surveys and sediment records from inflow streams.  In the United States, high 
operating costs have reduced the number of gauging stations that measure sediment inflow, 
requiring records from similar reservoirs, gauges, and drainages to be used.  Observations of 
sediment deposition during a reservoir drawdown may also be used; however, as illustrated in 
figure 9.1, these observations may give a false impression of the severity of the problem if the 
exposed sediment delta is the majority of the deposition.  A reconnaissance type survey can be 
conducted to periodically measure changes at a few previously established reservoir sediment 
range lines, but cost must be considered if the collection crew must travel an extended distance to 
the study site. 
 
In general, larger reservoirs require less frequent resurveys.  More frequent surveys are usually 
required if reservoirs are operating under conditions of greater risk, such as flood control or water 
supply storage, or if located in metropolitan areas.  Small flood control reservoirs on the South 
Platte River in the metropolitan area of Denver, Colorado, have been resurveyed at about 5-year 
intervals.  For similar type reservoirs, it is recommended that this short interval remain until 
enough years of data have been collected to determine if long-term sediment deposition trends 
exceed the original design projections.  Fort Peck Lake on the Missouri River in Montana is 
situated in an isolated area, has a storage volume nearly 600 times larger than these Denver 
reservoirs, and has half the projected storage depletion rate.  Initially, Fort Peck Lake was 
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resurveyed at 5- and 10-year intervals until it became evident that the long-term depletion rate 
was substantially slower than originally expected.  The resurveys are currently scheduled on 20-
year intervals. 
 
In Taiwan, capacity lost due to sedimentation is much more critical because of the limited 
capacity available within the total reservoir network and the relatively high percent of annual loss 
of capacity due to higher average sediment yields compared to the United States.  For these types 
of situations, the reservoir resurvey interval should still be based on the individual reservoir, 
drainage basin characteristics, and need.  In some cases, the interval may need to be as short as 1 
year or following each major storm event that might generate a high sediment inflow and have a 
dramatic impact on a small capacity reservoir.  In general, smaller reservoirs in Taiwan with 
higher sediment inflow would require shorter collection intervals than for reservoirs in the United 
States that are generally larger and have lower rates of sediment inflow (Yen, Pei-Hwa, 1999).  
Present collection systems and analysis software have made it possible to measure impacts from 
individual storms, but the need for and benefit of such information must be determined. 
 
An additional factor in the survey schedule is the inflow of unconsolidated material that may 
create a soft reservoir bottom and erroneous echo sounder depths.  The use of low frequency 
sounders, along with depth verification may provide quality assurance (QA) of the depth 
measurements.  However, these additional verifications, add time to the collection and concerns 
about the accuracy.  The lower frequency echo sounders can penetrate the soft layer and provide 
depths of the harder bottom, but these depths could be somewhat subjective to what the true 
bottom is.  It would be best to avoid such conditions, but for some reservoirs, these soft bottom 
reservoir conditions always exist.  For soft bottom reservoir surveys, echo sounder depths should 
be confirmed by manual measurement, despite the extra cost.  However, manual measurements 
are somewhat subjective to individual judgment and are difficult in deeper reservoirs.  The soft 
bottom fluff conditions appeared to be a factor during the December 2004 and May 2005 Lake 
Powell surveys (Clarke, 2005).  In 2005, a multibeam survey was conducted from May 12-21, 
2005, on the entire length of Lake Powell.  During low and high frequency depth collection on 
the upper San Juan reach, the high frequency readings were, at times, several meters shallower 
then the low frequency readings, indicating the soft fluff bottom of the reservoir’s inflowing 
sediments. 
 
 
9.6  Reservoir Survey Techniques 
 
Survey techniques have evolved around the development of equipment and analysis systems.  
Prior to computerized data collection and analysis systems, the range line method was 
commonly viewed as the only practical method for collection due to its relatively low field and 
analysis costs (Blanton, 1982).  The range line method was used most often on medium to large 
reservoirs and on river modeling studies requiring underwater data collection for monitoring 
changes. 
 
For reservoirs, the collection and analysis consists of determining sediment depths along 
predetermined range lines (usually established prior to inundation).  Analysis requires detailed 
and accurate original reservoir topography.  Various mathematical procedures have been 
developed to produce the revised reservoir contour areas at incremental elevations for the 
surveyed range lines.  The range line method is still a valid means of conducting survey studies 
for certain reservoir conditions or if more modern collection and analysis systems are not 
available.  For the 1986 Lake Powell survey (Ferrari, 1988), the range line collection and analysis 
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method was used due to very deep (greater than 500 feet at the dam) vertical wall conditions and 
good original topographic maps.  It now is possible to completely map Lake Powell in detail 
using a GPS, multibeam system, and aerial collection, but the range line method should still be 
considered, since it would be less costly for collection and analysis.  Multibeam surveys on a 
large portion of Lake Powell in 2004 and 2005 covered many of the range lines surveyed in 1986.  
The multibeam surveys covered in days what took weeks to cover during the 1986 survey.  A 
report, Reconnaissance Technique for Reservoir Surveys, presents the results from these surveys 
and a modified range line method to generate updated area–capacity tables (Ferrari, 2006). 
 
For river collection, the field procedure is similar to reservoir collection where predetermined 
range lines are selected prior to the underwater collection.  The range lines are usually established 
perpendicular to the riverflow and are used for monitoring and numerical modeling of the 
changes in the river over time.  This method requires the survey vessel to run the underwater 
portion along the alignment of the selected range lines in a predetermined direction, but river 
conditions such as flow velocity and location of shallow water areas usually dictate the actual 
alignment.  Advances in equipment and computer analysis systems now allow much more 
variance in river collection techniques, resulting in the collection of much more data in a safer 
manner.  Many USACE river surveys are conducted in rivers utilized for navigation by large 
transport vessels.  This large boat traffic hinders data collection by conventional range line 
method where the survey vessel must run from bank to bank perpendicular to the river alignment.  
Current collection systems allow data to be collected continuously in a diagonal direction or 
along the alignment of the river in a safer fashion and with enough density to generate detailed 
contours of the river channel.  If needed for study purposes, there are computerized routines that 
can interpolate cross sections or range lines from these developed contours. 
 
The contour method has become the preferred method for data collection and analysis with the 
development of electronic collection and analysis systems.  It requires large amounts of data to be 
collected and stored, something that present systems can easily handle.  The contour method 
results in more accurate reservoir topography and computed volumes than the range line method, 
but it usually takes more time for field data collection.  This method revolves around computer 
and software packages that provide a means of organizing and interpreting large data sets.  
Contour development and analysis may be quicker than the range line method.  The hydrographic 
survey data is usually collected in an x, y, z coordinate format conforming to a recognized 
coordinate system such as Universal Transverse Mercator (UTM), latitude/longitude, state plane, 
or other systems that represent the Earth’s 3-dimensional features on a flat surface. 
 
The most accurate contour map product is obtained when both the above and below water 
portions of the reservoir area are surveyed.  The ideal contour map is developed by 
photogrammetry (aerial) when the reservoir is empty, exposing all areas to be measured, but this 
condition seldom occurs, making a combination of aerial and bathymetric survey necessary.  To 
reduce the time and cost associated with underwater data collection, aerial data should be 
collected when the reservoir is as empty as possible, and the bathymetric survey should be 
conducted when the reservoir is as full as possible, providing maximum overlap of the two data 
sets.  Surveying the underwater portion after the aerial survey with a large overlap reduces the 
time and cost, since the survey boat does not have to maneuver in shallow water portions already 
mapped by the aerial survey. 
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shore material depositing at the lower elevations.  The photographs show the large amount of the 
eroded material above the reservoir area, meaning that a portion of the loss of the original total 
reservoir volume is due to the shoreline erosion, along with the incoming river sediments.  The 
only means to accurately measure the extent of the shoreline erosion would be an aerial and full 
bathymetric survey.  Reconnaissance surveying techniques cannot be used in reservoirs with 
these types of conditions (Ferrari, 2006). 

 
Figure 9.2.  Eroded material depositing forming a shelf (photo by S. Nuanes). 

 

 
Figure 9.3.  Large areas of erosion above the reservoir maximum water surface (photo by S. Nuanes). 
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Figure 9.4.  Recent eroded material that has not moved further into the reservoir (photo by S. Nuanes). 

 
 

 
Figure 9.5.  Eroded bank material depositing below the water line (photo by S. Nuanes). 
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day’s work.  Additional calibrations should be conducted if the survey vessel is moved to a 
different location of the study area, such as from the main body to a significant tributary of the 
reservoir.  For larger jobs, where stable water velocity conditions are known to exist, the number 
of bar checks can be reduced to one per day if previous calibrations confirm stable conditions.  If 
previous calibrations indicate unstable conditions, more calibrations become necessary.  
Calibration of electronic echo sounding instruments is inherently an imprecise process.  Bar 
check and velocity meter calibrations are performed while the vessel is stationary, so actual 
dynamic survey conditions and different study zones are not truly simulated.  
 
There are different procedural methods of conducting a bar check calibration, but the goal is 
always to obtain the actual depths of the study area.  All procedures require the lowering of a 
plate a fixed distance below the depth sounder transducer and adjusting the draft and sound 
velocity settings to match echo sounder depth measurements to know bar depths.  A common bar 
check process is as follows: 
 

• Turn echo sounder on 10 minutes prior to the calibration process to warm the machine 
up. 

 
• Set initial settings (tide, draft, speed of sound) according to manufacturer’s 

specifications. 
 
• Lower the bar into the water to the 10-foot mark, ensuring the bar is directly 

underneath the transducer (may want to use a 5-foot mark if conducting shallow water 
work). 

 
• Adjust the sounder’s settings (draft) so that the depth tracing or digital reading matches 

the 10-foot depth reading on the sounder. 
 
• Lower the bar to the cable increment mark closest to the greatest anticipated sounding 

depth. 
 

• Adjust the speed of sound control setting so that the sounder’s depth matches the bar’s 
depth. 

 
• Raise the bar to the 10-foot position and readjust the sounder’s draft if necessary.  If no 

adjustment is needed, then the echo sounder is calibrated. 
 

• Repeat the above steps, starting with lowering the bar to 10 feet, as necessary, until the 
correct sounder’s settings (+0.1 foot) are obtained for both deep and shallow water. 

 
• Upon completion, intermediate readings between the maximum and minimum depth 

should be checked to compare the displayed value with the known bar depths. 
 

When complete, the echo sounder should be calibrated at the shallow water (10-foot) and deep 
water depths.  If the sound velocity is constant, the sounder should also be calibrated for the 
depths between the minimum and maximum depths.  If the velocity of sound is not relatively 
constant throughout the working depth range, it will not be possible to adjust the instrument so 
that it reads equal to the bar check at each depth increment.  One method of accounting for sound
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The horizontal and vertical accuracy of the collected data relies on many components necessary 
to complete a multibeam survey system.  These components include the computer system with 
software, sensors for heave/pitch/roll and heading, positioning system, and velocity profiler for 
calibration.  Multibeam systems have a very high data acquisition rate.  With data collection rates 
in the thousands of depth points per second, manual editing in no longer feasible.  With this in 
mind, an extensive calibration is necessary prior to starting the data collection.  The calibration is 
necessary to determine the magnitude of such error sources as the vessel roll, pitch and yaw, 
mounting angles of the sonar, and incorrect x, y, z offset errors between positioning antenna and 
sonar. 
 
In single beam soundings, the sounding or ping travels downward and upward along a vertical 
path with virtually no change in direction.  The majority of the multibeam sonar beams are not 
vertical and encounter changes in sound velocity resulting in ping speed changes, along with 
slight changes in direction.  When the sound velocity increases, the ray is bent upward; when the 
velocity decreases, the ray is bent downward (figure 9.11).  Correction for these sounding 
refractions requires an actual velocity variation with depth table of values that are used in 
postprocessing of the depth data.  This information does not come from the bar check procedure, 
but from a sound velocity probe that measures actual velocity variations with water depth.  For 
the Lake Mead survey, a velocity probe was used that had a 100-meter cable length and readings 
were taken every meter of the depth zone.  Other components of the system include a heave 
compensator for measuring the up and down motion of the boat, gyro for vessel heading, and 
motion reference unit (MRU) for measuring the pitch and roll data.  All of these measurements 
are needed to correct the multibeam data and are monitored by the hydrographic collection 
software, and all data are stored and processed on the field collection computer.  Proper system 
operation requires an experienced crew and good calibration practice.  The cost of these systems 
is considerably more than for a single beam system, but, since it collects much more data, the 
final results may justify the greater expense.   
 
Field calibration of multibeam systems is more critical and complicated than what is required for 
single beam systems.  Periodic precise calibration is absolutely essential to ensure that the 
multibeam positions and elevations are accurate.  The horizontal positioning accuracy is  
dependent upon the ability of the system to compensate for pointing errors caused by vessel roll, 
pitch, and yaw, where a small degree of roll can cause large errors in the outer beams.  For high-
accuracy surveys, restrictions are typically placed on the use of the outer beam data.  
Manufacturer suggestions and experience should be used to determine the use of these outer 
beams.  It is very critical to collect velocity profile data for all beam measurements, but mainly 
for correction of the outer beams.  Velocity profile readings should be taken a minimum of once 
per day, but it is recommended that a reading be collected several times per day and when the 
survey vessel relocates to a different portion of the study area.  There are set QC calibrations and 
QA  test procedures for multibeam systems to assure highly accurate data collection.  These tests 
and procedures are generally available in the hydrographic software.  The calibration of the 
system determines time latency, along with roll, pitch, and heading bias.  Some calibrations are 
performed just once after the system is installed to measure sensor alignment and offsets, while 
other calibrations are performed on a more frequent basis, as recommended by the manufacturer, 
and are needed to ensure the validity of survey results. 
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Figure 9.11.  Sound beam bending due to change in sound velocity (sound velocity increase in zone V2) 

(HYPACK, Inc.). 
 
One calibration method, called a “patch test,” is performed after initial installation, after any 
sensor modification, and periodically to confirm previous system alignment.  This comprehensive 
patch test includes a latency test for measuring position time delay and tests to determine the 
pitch, roll, and yaw or azimuth offsets.  Velocity profile corrections are a must for a hydrographic 
survey using a multibeam system and need to be performed periodically during the day.  It is 
recommended that the velocity profile correction be completed at least twice per day and more 
frequent in locations where physical changes in the water column are suspected or measured from 
observing previous collections.  A traditional bar check can be used to verify the settings and 
corrections of the measured multibeam depths.  The bar test can also be set up to check some of 
the outer beam depths, and it is an excellent method to confirm the draft settings of the system.  
The manufacturers and software vendors have manuals with detailed descriptions on performing 
the patch and performance tests necessary to ensure the quality of the survey data set.  The 
performance test may compare overlapping survey data sets such as multibeam data overlapping 
a single beam data set in the same area. 
 
Following is a brief description of a patch test that can be completed (including data collection 
and processing) in a few hours.  The patch test should be conducted in calm conditions in a 
typical project area.  The roll test is run in a flat bottom topography area where one line is run 
twice in opposite directions at typical survey speed.  The latency test consists of running one line 
on a steep sloping bottom or well-defined feature twice in the same direction at two different 
speeds.  The higher speed should be about double the slower speed.  The pitch test consists of 
running one line on a steep sloping bottom or well-defined object twice in opposite directions at 
survey speed.  The yaw test consists of running two adjacent parallel lines with a well-defined 
target or slope between them.  The line spacing should be about two times the water depth where 
the swath overlap is between 30 and 70 percent.  Each line is run once with reciprocal headings at 
survey speed. 
 
Raw multibeam data sets are very large, usually with many data spikes, requiring a great deal of 
filtering and editing before they can be used for final map development.  The hydrographic 
survey software packages contain many routines for manipulating and editing these large, raw 
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data sets.  Filtering and editing can be conducted automatically in the software editing processes 
but must be conducted with much caution to avoid accidental elimination of useful data.  In the 
automated editing process, there are manual editing procedures where it is possible to view each 
cross section.  This procedure can be very time consuming, but it should be performed on most of 
the data set as a means of conducting QC of the automated filtering process. 
 
Even after the raw data sets are edited and filtered, additional depth data reduction may be 
necessary for the final data sets.  The data sets can be so massive that generating the final map 
product may be impossible, or at least very time consuming.  There have been filtering processes 
developed, tested, and incorporated into the software routines that allow final data filtering 
without sacrificing the quality of the study.  These filtering routines must be used with caution, 
but the software saves the previous data set so the user can try different options before settling on 
a procedure for the filtering.  The filtering can also be adjusted to identify important details for 
such areas as dam faces, possible sinkholes, and trashracks.  One of the filtering methods is called 
gridding and has the option of saving one depth per set cell.  The grid size depends on the study 
needs.  It is common for the grid size to be set from 1 to 5 meters.  There have been studies with 
irregular topography and underwater structures that were mapped with data from a grid size of 20 
centimeters to obtain the necessary detail. 
 
There are several other viable methods of mapping reservoir and river bottoms that will be 
mentioned, but manufacturer references and manuals by the USACE and others should be 
consulted for more detail (USACE, 2004).  The Sedimentation Group acquired a multibeam depth 
sounder and incorporated it into their hydrographic survey system, mainly because it measures x, 
y, z data in real time, compared to the side scan option that produces only an image without the 
associated coordinates.  The side scan image can be obtained from the multibeam system, but the 
quality is not as good as data collected with a side scan sonar system designed specifically to 
collect side scan data.  The Sedimentation Group has leased equipment for site-specific studies 
such as low-frequency (24-kilohertz) transducers and a side scan sonar system with operator.  The 
low frequency system was used in an attempt to locate soft bottom conditions on the Salton Sea.  
In an attempt to locate sinkholes at Horsetooth Dam in Colorado, an analog side scan sonar 
system was leased in 1998 and 1999.  The collected images appeared to indicate a sinkhole in the 
left abutment area, which was confirmed once the reservoir level was dropped to expose it.  It is 
the general conclusion that the combination multibeam and side scan system could have located 
and confirmed these conditions more easily.  
 
 
9.10.3  Additional Sonar Methods 
 
Side scan sonar is a high-resolution tool that provides a map on both sides of a survey vessel’s 
path.  The system does not provide absolute elevations of objects; however, it will provide 
relative elevations of the surrounding topography.  The map images can be recorded as an analog 
image paper chart or a digital data image that allows mosaics to be produced and merged with 
other data sets such as multibeam data (Twichell, Cross, and Belew, 2004).  The quality of sonar
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Factors leading to possible errors in depth measurement need to be considered when conducting a 
reservoir survey and during the analysis of the survey depth data.  Detailed descriptions of these 
factors are summarized by Hart and Downing (1977).  Some of the most significant factors are as 
follows: 
 
Acoustic velocity propagation.  The velocity of sound through water varies with temperature 
and salinity.  For many storage reservoirs, the most significant factor is reservoir water 
temperatures that can vary, in the summer season, by as much as 45 oF between the surface and 
deep water.  Bar and velocity probe checks are designed to correct the measurement variation and 
provide necessary correction information that can be applied during field collection and data 
analysis.  Multiple bar and velocity probe checks are essential where any significant variation 
exists. 
 
Transducer location.  The draft or vertical location of the transducer's bottom face with respect 
to the water surface can be set within the more advanced sounding instruments or within the 
hydrographic collection software.  As shown on figure 9.16, the location of the transducer face 
with respect to a static water surface is different when the sounding boat is in motion.  The effect 
of the boat motion on draft may be corrected in the calibration of the instrument.  The effects of 
the boat speed on the transducer location can be measured by a squat calibration test and 
corrected during data processing (USCOE, 2004). 
 

 

Figure 9.16.  Motion effect on depth measurement (Blanton, 1982). 
 
Wave action.  The vertical and rotational motion of the boat due to wave action, as shown on 
figure 9.17, can result in severe fluctuations in the bottom trace.  To ensure the safety of 
personnel and equipment when working in relatively small boats, the underwater collection 
should be temporarily halted when wind-generated waves affect the safety of the collection crew 
and compromise the data being collected.  All wave-produced fluctuations in the bottom trace 
should be smoothed during data processing to produce acceptable data.  However, more accurate 
data can be obtained if the survey is delayed in such conditions.  Many errors due to wave action 
that causes survey vessel heave, roll, pitch, and yaw can be significantly reduced using accurate 
motion sensing instruments as part of the hydrographic collection system. 
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Initial Survey New Survey 
Ao    =  Contour Area A1   =  Contour Area (Computed) 
Wo'  =  Downstream Width W1′  =  Downstream Width 
Wo″ =  Upstream Width W1″ =  Upstream Width 
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    Figure 9.20.  Width adjustment method for revising contour areas (Blanton, 1982). 

 
 
9.14.3  Contour Method – Topographic Mapping 
 
The contour method, which creates a new reservoir topographic map, has become the preferred 
method for collecting and analyzing survey data.  The development of electronic measuring and 
computerized collection and analysis systems has made it possible for collection and analysis of 
massive amounts of digital data (x, y, z coordinates), and the final product yields an accurate 
detailed contour map of the present reservoir conditions. 
     
The contour method involves determining current water volumes and sediment deposition from 
newly developed reservoir topographic contours, allowing a three-dimensional view on a two-
dimensional medium.  The final results from the reservoir contour maps are generated surface 
contours at selected elevation intervals that are used to compute updated volumes.  There are 
multiple computer contour packages and routines for personal or work station computer systems 
that can be used for this purpose. 
 
 
9.15  Final Results 
 
There are several computer programs that can generate elevation versus surface area and capacity 
for a reservoir.  The computer program generally used by Reclamation for this purpose is ACAP, 
where basic elevation versus surface area data developed from the survey becomes the input for 
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the computation of the revised area and capacity tables (Bureau of Reclamation, 1985).  A 
procedure called segmented least squares-fit is used most often.  In this procedure, surface areas 
at specified elevation increments between the basic data contours are derived by linear 
interpolation, creating a basic area curve/equation over that interval between the contours.  The 
respective capacities and capacity equations are obtained by integration of these area equations.  
The resulting capacity curve is a series of equations applicable over the full range of the data set. 
 
Table 9.1 contains an example set of these equations.  The final result of the computer program is 
a set of area and capacity tables for use in allocating storage and for operation of the reservoir 
(see Tables 9.2 and 9.3).  The tables can be produced at 0.01-, 0.1-, and 1.0-foot increments.   

 
 

Table 9.1.  ACAP Area and Capacity Equations 
 
      WILLOW CREEK RESERVOIR - SUN RIVER PROJECT, MONTANA                
                    2002 AREA-CAPACITY TABLES                             
 EQUATION   ELEVATION   CAPACITY   COEFFICIENT     COEFFICIENT     COEFFICIENT 
  NUMBER      BASE        BASE     A1(INTERCEPT)   A2(1ST TERM )   A3(2ND TERM ) 
 
   1        4084.00          0           .0000           .0000           .4500 
   2        4086.00          1          1.8000          1.8000           .4500 
   3        4088.00          7          7.2000          3.6000           .7500 
   4        4090.00         17         17.4000          6.6000          5.0750 
   5        4092.00         50         50.9000         26.9000          5.8250 
   6        4094.00        128        128.0000         50.2000          4.9750 
   7        4096.00        248        248.3000         70.1000          6.3500 
   8        4098.00        413        413.9000         95.5000          7.7000 
   9        4100.00        635        635.7000        126.3000          6.7250 
  10        4102.00        915        915.2000        153.2001          8.1500 
  11        4104.00       1254       1254.1999        185.8000         11.4800 
  12        4106.00       1671       1671.7200        231.7200         10.2200 
  13        4108.00       2176       2176.0401        272.6000         11.0000 
  14        4110.00       2765       2765.2400        316.6001         14.3999 
  15        4112.00       3456       3456.0400        374.2001         16.1499 
  16        4114.00       4269       4269.0399        438.8002         19.2499 
  17        4116.00       5223       5223.6402        515.7999         20.8001 
  18        4118.00       6338       6338.4403        599.0003         20.2248 
  19        4120.00       7617       7617.3404        679.8999         18.4750 
  20        4122.00       9051       9051.0400        753.8003         18.1998 
  21        4124.00      10631      10631.4405        826.5999         19.6500 
  22        4126.00      12363      12363.2404        905.2000         18.4000 
  23        4128.00      14247      14247.2405        978.7995         18.0252 
  24        4130.00      16276      16276.9402       1050.9002         25.4100 
  25        4135.00      22166      22166.6912       1305.0001         11.1000 
  26        4140.00      28969      28969.1915       1416.0002         11.6000 
  27        4145.00      36339      36339.1913       1531.9999         14.0000 
  28        4150.00      44349      44349.1917       1672.0000         13.8000 
  29        4155.00      53054      53054.1914       1810.0000         17.5000 
  30        4160.00      62541      62541.6921       1984.9993         15.0000 

 

 
Area and capacity data are usually plotted as illustrated on figure 9.21 to compare the revised data 
with the original data.  These plot comparisons are valuable during analysis, since they can 
illustrate possible problems with the data set.  Problems identified on an area and capacity plot 
can include, but are not limited to, datum or elevation shifts if the original versus new surface 
area curves do not match where little or no change is expected. 
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Appendix I 
Notation 

 

The following symbols are based on those used by the original authors: 
 
A parameter in Ackers and White’s transport 

function; cross-sectional area; or soil loss in 
(ton/acre)/year in the universal soil loss 
equation 

A1, A2, B1, B2 constants 
Ac a function used in Toffaleti’s method 
Ag a volume of material to be degraded per unit 

channel width 
Ah reservoir area at a given elevation h 
ALd average step length 
Am amplitude of sand waves 
Ao, Aijk, Bo, Bpqr constants used in Karim and Kennedy’s 

equation 
a distance from the bed where bed-load is 

transported; rill width–depth ratio; or relative 
sediment area 

a and as thicknesses of bed layer and suspended layer, 
respectively 

a' distance from the bed to the sediment sampler 
inlet 

B roughness function or channel bottom width 
bf bed form shape factor 
C Chezy’s roughness coefficient or sediment 

concentration; parameter in Ackers and 
White’s transport function; or cropping 
management factor in the universal soil loss 
equation 

C and Ci total sediment concentration and concentration 
for size i, respectively 

Cb, Cs, and Ct sediment concentrations (in ppm by weight) for 
bed-load, suspended load, and total bed-
material load, respectively 

CD and CL drag and lift coefficients, respectively 
Cf friction coefficient; or fine sediment 

concentration 
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Ct total sediment concentration, with wash load 
excluded (in ppm by weight) 

Ctg Total gravel concentration (in ppm by weight) 
Cts total sand concentration (in ppm by weight) 
Cui, Cmi, and CLi sediment concentrations for size fraction i in 

the upper, middle, and lower zones defined by 
Toffaleti, respectively 

Cv sediment concentration by volume 
Cvy time-averaged sediment concentration by 

volume at a distance y above the bed 
C's measured sediment concentration in the 

sampled zone 

C and Ca time-averaged sediment concentrations at a 
given cross-section and at a distance a above 
the bed, respectively 

D average flow depth or pipe diameter 
Dc critical depth required at incipient motion 
Dg depth of degradation 
Ds and Dm depths of sampled and unsampled zones, 

respectively 
Dgr dimensionless particle size 
Dv mean depth at a vertical where suspended 

sediment samples were taken 
D' and D'' hydraulic depths for grain roughness and form 

roughness, respectively 
d sediment particle diameter 
d35, d50, d65, and d90 sediment diameters where 35, 50, 65, and 90 

percent of the materials are finer, respectively 
dgr dimensionless grain diameter 
E and E' parameters used in the Einstein and modified 

Einstein procedures, respectively 
e dimensionless coefficient 
eb and es transport efficiency coefficients for bed-load 

and suspended load, respectively 
F dimensionless function of total reservoir 

sediment deposition, capacity, depth, and area 
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FD, FL, and FR drag, lift, and resisting forces acting on a  
sediment particle, respectively 

Fgr Ackers and White’s mobility number 
Fr Froude number 
f Darcy–Weisbach friction coefficient 
f and fo resistance coefficients of sediment-laden flow 

and clear water, respectively 
f' and f'' Darcy–Weisbach friction coefficients for grain 

and form roughness, respectively 
f' Engelund and Hansen’s transport function 
Ggr Ackers and White’s sediment transport 

function 
g gravitational acceleration 
H original depth of reservoir 
hf friction loss 
I, J dimensionless parameters 
I1, I2 parameters in Einstein’s and Chang’s transport 

functions 
iBW percentage of bed-load by weight of size d 
ibw number of particles available on the bed 
J number of rills 
J1, J2 parameters used in the modified Einstein 

procedure 
K soil erodibility factor in the universal soil loss 

equation 
K, K', K'', K1, K2, K3 parameters or constants 
Kr, Ks coefficients in the Meyer-Peter and Müller 

formula 
Kt Chang, Simons, and Richardson’s bed-load 

discharge coefficient 
k von Kármán–Prandtl universal constant 

(= 0.4); or other constant 
ks equivalent sediment diameter for roughness 

computation; average height; or roughness 
element 

k1, k2, k3 correction factors in Colby’s approach; or 
parameters 
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L slope-length factor in the universal soil loss 
equation; or length 

M, N, M1, N1, M2, N2, M3, N3 dimensionless parameters 
MO and MR overturning and resisting moments, 

respectively 
m exponent in the universal soil loss equation; or 

parameter in Ackers and White’s transport 
function 

Nd and Ne rates of number of sediment particles deposited 
and eroded, respectively 

n Manning’s roughness coefficient; or transition 
exponent in Ackers and White’s mobility 
number 

P erosion-control particle factor in the universal 
soil loss equation; total power available per 
unit channel width; or wetted perimeter 

PB parameter used in the Einstein procedure 
PE parameters used in the Einstein’s transport 

function 

Pi and p time-averaged and fluctuating part of pressure, 
respectively 

P1, Ps, Pb, and P2 power expenditure per unit channel width to 
overcome resistance, transport suspended load, 
bed-load, and other causes, respectively 

p relative depth of reservoir measured from the 
bottom; porosity; or probability 

pc, pm, and ps percentages of clay, silt, and sand, of the 
incoming sediment to a reservoir, respectively 

pi percentage of material available in size i 
Q water discharge 
QS stream power 
Qs suspended load 
Qti total sediment discharge for size fraction i 
Q' water discharge in the sampled zone 
q, qb, and qs water discharge, bed-load, and sediment 

discharge per unit channel width, respectively 
qB bed-load discharge per unit channel width 
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qBi, qsli, qsmi, and qsLi sediment load per unit channel width in the 
bed-load, upper, middle, and lower zones 
defined by Toffaleti, respectively 

qbv and qbw bed-load by volume and by weight per unit 
channel width, respectively 

qc critical discharge per unit channel width 
required at incipient motion 

q's sediment discharge per unit channel width in 
the sampled zone 

qsv and qsw suspended sediment load per unit channel 
width by volume and by weight, respectively 

qt total bed-material load per unit channel width 
q2 uiui 
R rainfall factor in the universal soil loss 

equation; or hydraulic radius 
Re Reynolds number 
Rs parameter containing integrals I1 and I2 
R' and R'' hydraulic radii due to grain roughness and form 

roughness, respectively 
r sediment particle radius 
S water surface or energy slope; or slope-

steepness factor in the universal soil loss 
equation 

Sd total reservoir sediment deposition 
SO energy slope of clear water 
Sp shape factor 
S' and S'' friction slopes due to grain roughness and form 

roughness, respectively 
T time; or temperature 
t time 
tan α ratio of tangential to normal shear force 

U1 and ui time-averaged and fluctuating part of the 
velocity in the i direction, respectively 

U* shear velocity 
u and v local velocities in the x and y directions, 

respectively 
ub and us velocities of bed-load and suspended load 
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ux and uy fluctuating parts of the velocity in the x and y 
directions, respectively 

u time-averaged local velocity 

V and Vcr average flow velocity and critical velocity at 
incipient motion, respectively 

Vb bottom velocity 

VS and VcrS Yang’s unit stream power and critical unit 
stream power required at incipient motion, 
respectively 

Vy time-averaged flow velocity at a distance y 
above the bed 

W unit weight of sediment deposit (in lb/ft3); 
channel top width; or rill shape factor 

Wc, Wm, and Ws initial weights of clay, silt, and sand, 
respectively, based on reservoir operation 

WO and WT initial and average reservoir sediment densities 
after T years of operation, respectively 

Ws,W' submerged weight of sediment 

Wi* Parker’s dimensionless bed-load 

X sediment concentration flux by weight in 
Ackers and White’s transport function; or 
Einstein’s characteristic grain size of sediment 
mixture 

Xi, Xj, Xk, Xp, Xq, Xr dimensionless variables used in Karim and 
Kennedy’s equation 

x Einstein’s correction factor, which is a function 
of ks/δ 

Y parameter used in Shen and Hung’s equation; 
or Einstein’s lifting correction factor 

Ya and Yd thickness of armoring layer and depth of 
degradation, respectively 

y potential energy per unit weight of water  
Z rill or channel side slope; or ω/kU* (a 

parameter in Rouse’s equation) 
Z, Z1 parameters used in the Einstein procedure 
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α coefficient in Ackers and White’s mobility 
number (=10); or longitudinal angle of 
inclination of a channel 

β angle of inclination of shear stress due to 
secondary motion; or coefficient 

β1 correction factor for non-uniform bed layer 
γ, γm, γs, and γf specific weights of water, sediment-laden flow, 

sediment, and fluid, respectively 
γ1, γ2 discrepancy ratios 
Δ = ks/x Einstein’s apparent roughness of bed surface 
Δ = (ρs – ρ)/ρ relative density 
δ boundary layer thickness 
εm and εs momentum diffusion coefficients for fluid and 

sediment, respectively 
ζs specific gravity of sediment ( = 2.65) 
η parameter for the fluctuation of velocity 
η1, η2, η3, ηv exponents used in Toffaleti’s method 
θ dimensionless shear stress used in Engelund 

and Hansen’s transport function, and in Karim 
and Kennedy’s equation; angle of slope in the 
universal soil loss equation; angle of 
inclination of channel bank; Engelund and 
Hansen’s roughness function; or Shield’s 
parameter 

θ’and θ” Engelund and Hansen’s roughness functions 
for grain roughness and form roughness, 
respectively 

θcr and θc critical Shield’s parameters for initiation of 
suspension and incipient motion, respectively 

λ slope length (in ft) in the universal soil loss 
equation; or porosity of bed material 

μ dynamic viscosity 
μ, μm, and μr dynamic viscosities of water, sediment-laden 

flow, and relative dynamic viscosity, 
respectively 

ν and νm kinematic viscosities of water and sediment-
laden flow, respectively 

ξ relative depth = y/D; or Einstein’s hiding 
correction factor 
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ρ, ρf, ρm, and ρs densities of water, fluid, sediment-laden flow, 
and sediment, respectively 

σ standard deviation 
τ and τc shear stress and critical shear stress at incipient 

motion, respectively 
τo shear stress at the bed 
τxy turbulent shear stress 
τ’ and τ” shear stresses due to grain roughness and form 

roughness, respectively 

τ * 
ri  

Parker’s reference shear stress 

τV Bagnold’s stream power 
φ Engelund and Hansen’s transport functions; 

angle of repose; or velocity potential 
φi Parker’s dimensionless shear stress for size di 
φ 
  * 

parameters used in Einstein’s transport 
function 

ψ, ψ’, ψ 
            * Einstein’s transport functions 

ω and ωm sediment fall velocities in clear water and 
sediment-laden flow, respectively 
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