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Abstract 

Sixteen stream reaches in the state of Min
nesota are analyzed for stream shift and meander 
properties. Aerial photographs and topographic 
maps are used with a digitizer to produce x-y 
coordinate data files for valley center lines and 
stream centerlines. Photographs are chosen for 
a minimum of two different times, approximately 
twenty years apart. Data preparation is dis
cussed in Chapter 4. After producing the data 
files, each stream reach is analyzed for channel 
shift and meander characteristics using a com
puter program called MEANDER. The program 
measures various components of stream shift, the 
most important of which is the average normal 
shift. It also measures sinuosity, time rate of 
change of sinuosity, average curvature, and rate 
of flood plain area r~working by the stream for 
the reach in question. A probability distribu
tion curve for normal shift is produced for each 
stream analyzed. The shift measurement process 
is described in Chapter 5. Stream reaches are 
presented beginning on page 2. A ground photo, 
aerial photos, base map, and digitized map are 
included for each reach. Hydrologic and geomor
phic data are also presented for each reach. The 
results of the computer analysis are presented as 
well. The results of the computer analysis for 
the stream reaches are used in regression analy
ses to try to determine relations between stream 
shift properties and stream parameters. Lin
ear and log-linear regression was used in order 
to develop these relations. The most promising 
relations produced include average normal shift 
versus depth, average normal shift versus dis
charge, rate of area reworking versus depth, and 
rate of area reworking versus discharge. The dis
charges and depths in question refer to the two
year flood. The equations should be usable for 
other streams in the general region. The regres
sions are presented in Chapter 6. 
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1 Introd uction 

Purpose 

The purpose of this study is to identify meander
ing streams and rivers in the state of Minnesota 
which are experiencing bank erosion problems, 
and to analyze the erosion both quantitatively 
and qualitatively. This analysis should be a use
ful tool for those who work with actively or po
tentially eroding streams or rivers. This audi
ence may include, but is certainly not limited to, 
transportation planners, bridge designers, ero
sion control designers, land planners, and con
servation workers. 

Focus 

This report will focus on the analysis of 16 
stream reaches which are experiencing problem 
erosion. The streams range from very small (Ka
naranzi Creek), to very large (Minnesota and 
Mississippi Rivers). The streams were analyzed 
primarily for their shifting and meandering char
acteristics, and the results are presented in a 
manner that should be useful to the intended 
audience. 

The University of Minnesota is committed to the 
policy tha.t all persQns shall have equal access to its 
progra.ms, facilities, and employment without regard 
to race) religion, color, sex, national origin, handi
cap, age, or veteran status. 

Review of Analysis 

This analysis was conducted using aerial pho
tographs and topographic maps of the selected 
sites. The photographs were enlarged to a com
mon scale by a professional photographer and 
then digitized. Stream shift, and various com
ponents thereof, were then measured computa
tionally for each reach, using data sets consisting 
of valley center line, and stream center lines at 
not less than two different times. The computer 
program MEANDER was used for this purpose. 
An attempt was then made to find a relation 
between stream shift and various stream param
eters, and several useful relations were obtained. 
Results for each stream analysis are presented. 

To conclude the analysis, the results are dis
cussed and possible applications of this analysis 
are presented. 

Booklet Format 

The left-hand side of the pages of this book
let contain information on each stream or river 
reach analyzed (see Contents, Chapt 2). The 
right-hand shaded areas of this booklet contain 
the sections of text which explain how the data 
and measurements were gathered, and how this 
information was used to arrive at the meander 
results for each of the reaches presented herein. 

1 



BUFFALO CREEK 
at 

McLeod County 
T116N-R27W, secs. 26,35 

T115N-R27W, sec. 2 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 1739 cfs 

57 ft 
7.5 ft 
0.00033 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

medium sand 
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Grain size distribution, Buffalo Creek 
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Ground photo of Buffalo Creek, 7/27/90 

DESCRIPTION: Buffalo Creek is a small, sand
bed stream in south-central Minnesota, flowing north
ward into the South Fork Crow River, which flows 
into the Mississippi River. 

Base map, Buffalo Creek, 1982 

Aerial photograph, Buffalo Creek, 1950 

Aerial photograph, Buffalo Creek, 1967 

G-<J 1 50 
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Digitized centerlines, Buffalo Creek 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

dellashift = 1.029 ftJyr 

2.07 ft/yr 
0.05 
1.66 ft/yr 
1.03 ft/yr 
0.01 ft/yr 
0.35 ft/yr 
0.88 

1.21 
0.00171 

0.00419 

2.51 

9.76 

Shift distribution, Buffalo Creek 

3 Literature Review 

During the past twenty years, much research has 
been conducted on the theory of stream mean
dering and migration. As a result, various tech
niques for classifying meanders and models for 
the prediction of stream channel migration rates 
have been developed. The empha.'3is has been 
placed on prediction, with actual measurements 
made to verify the accuracy of the models. 

Brice (3)1 classified meanders into four general 
groups: simple symmetrical, simple asymmet
rical, compound symmetrical, and compound 
asymmetrical. He also proposes 16 form types 
from a study of the meandering patterns of 125 
alluvial streams. 

Brice traced the evolution of stream mean
der formation. According to Brice, an arc be
comes a simple symmetrical meander loop when 
its length exceeds its radius. The simple loop 
becomes asymmetrical with the growth of an 
arc on its perimeter. When the arc becomes 
a secondary loop, the simple meander becomes 
compound, either symmetrical or asymmetrical. 
Brice theorized that although the radius, length, 
and height of compound meander loops are in
definite, they can be broken into simple meander 
loops, and analyzed for relations between mean
der size and river properties. 

At a later time, Brice (4) classified meander
ing streams into three types: sinuous canaliform, 
sinuous point bar, and sinuous braided. Sinuous 
canaliform rivers tend to have narrow channels, 
cohesive banks, and strong meandering. Sinuous 
point bar streams are wider, with less cohesive 
banks, so that more bed material is transported. 
They are characterized by the presence of promi
nent point bars on the inside of bends. Sinu
ous braided streams have less cohesive banks, 
and more material transported, and thus contain 
braided forms within the channel. Point bars are 
still present, however. 

1 Numbers refer to references. 

Brice analyzed 174 rivers for stream shift, 
by comparing aerial photographs of the same 
reach at different times. Brice confirmed Hooke's 
(9) hypothesis that stream shift varies with the 
square root of the drainage area. 

Hickin and Nanson (8) predicted stream mi
gration rates for the Beatton River, in Northea.'3t 
British Columbia, based on the ratio of stream 
radius of curvature to stream width. Lateral 
migration rates and incision were measured by 
performing dendrochronological surveys on ten 
point-bar complexes on the river. It was found 
that stream migration rates approach a maxi
mum as the ratio approaches 3.0, then rapidly 
decrea.'3es. 

Hickin and Nanson's model, however, did not 
predict downstream migration, merely trans
verse or cross-valley migration. Ikeda, Parker, 
and Sawai (15) improved upon Hickin and Nan
son's model by using non-linear techniques to 
relate stream migration to near-bank excess ve
locity. Parker (15) showed that a collvolutional 
rather than algebraic relation exists between 
channel migration and curvature, An interest
ing finding of the study is that tight bends su?
side, while bends of longer wavelength grow m 
amplitude, at some point cutting themselves off. 

Beck (1) used Ikeda, Parker, and SawaFs 
model to confirm the relation of meander growth 
and wavelength. In addition, he found that the 
speed of down-valley migration increases w~th 
sinuosity, that minimum radius of curvature 111-

creases with sinuosity, and that cut-off occurs at 
a sinuosity of 6. 

Odgaard (13), in an a.ttempt to improve UP~ll 
Parker's (15) model, also developed a predIc
tive stream shift model. Odgaard's model re
lates stream shift t.o various channel properties, 
including width, depth, curvature, arc angle of 
channel centerline, channel slope, friction factor, 
and amount of bank vegetation. Odgaard, like 

(Cont'd on page 19) 
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COTTONWOOD RIVER 
at 

Brown County 
T109N-R33W, sees. 21,22,27,28 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 2296 cfs 

80 ft. 
6.2 ft. 
0.00060 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

very coarse sand 
l00r--------------:>r--. 
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Grain size distribution, Cottonwood River 

Ground photo of Cottonwood River, 10/21/89 

DESCRIPTION: The Cottonwood River is a sand
bed stream in south-central Minnesota, flowing east
ward into the Minnesota River. 

Base map, Cottonwood River, 1967 

Aerial photograph, Cottonwood River, 1950 

Aerial photograph, Cottonwood River, 1967 

3,--------,---------.--------~ 
G--<') 1950 
I!r-l> 1967 
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Digitized centerlines, Cottonwood River 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

"SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-1): 

AREA WORKED (ft2/ft/yr): 

deltashift = 0,352 ft/yr 

1.05 ft/yr 
0,02 
0.65 ft/yr 
0.66 ft/yr 
0.16 ft/yr 
-0.11 ft/yr 
-1.79 

1.86 
0.00066 

0.00179 

1.94 

Shift distribution, Cottonwood River 

4 Data Collection 

Stream Choice 

There is no shortage of streams with erosion 
problems in the state of Minnesota. For this 
study, requests were made to DNR officers ,. 
throughout the state f'Or suggested river reaches 
with erosion problems. The response was very 
good, although some areas of the state were bet;; 
ter represented than others. No response was 
received from certain areas of the state, which 
implies that there are few erosion problems, or 
simply a lack of interest. In addition, many of 
the suggested reaches were too small to work 
with from aerial photographs. In addition, there 
are differences of opinion as to what constitutes 
a "problem" stream. Indeed, some of the sug
gested reaches had no discernible problem. 

The time period over which the channel shift 
was measured was chosen such that sufficient 
shift had occurred for accurate measurement. 
For most reaches, a time period of approximately 
20 years was deemed satisfactory. Some streams 
(e.g. Root River), however, shift so quickly t~at 
a smaller time step had to be chosen, and, hke
wise, some shifted so slowly that a larger time 
step was acceptable. In any case, the chosen," 
time phase can playa large roleio the accuracy 
of the shift measurement. 

Constructing Usable 
Data Sets 

To construct usable data sets for analysis, aerial., ' ...... 
photographs were chosen f'Oreach reach ofintef.. ... 
est, over an apPl'opriatetimeperiod. Thepho~ 
tograph scales were typically 1;20,000. After th~ 
photographs were obtained, a base map of each, .• 
reach was created by photographically enlargin~ 
a portion of a7 .5' USGS topographic map. 

The aerial photographs were then repho.,> 
tographecl and enlarged to the same scale as the 

base map. 20 x 24 inch negatives were prO,-
duced for each reach at each time. By overlayin, 
the negatives, the stream and va.lley centerlines 
could be traced, and then digitized into coordi;; 
nate data sets. 

The creation of usable data sets required a 
significant amount of time, largely because the 
services of a professional photogra.pher were r~ 
quired. It should be possible to eliminate the 
photography work, however, with the use of ap;.. 
propriate computer softWare, combined with a 
digitizer. With such software, the photographs 
could be digitized to a common scale directly, 
eliminating the photographic work. This may 
not be possible, however, if there is a significant 
amount of distortion in the aerial photographs. 

In order for the program MEANDER to accu· 
rately measure shift from the stream and valley 
coordinates the data first has to be smoothed to 
remove ver; small random errors from the digi~ 
tizing process. The small random errors have to 
be removed because the initially small errors of 
digitizatioll are amplified into large errors as the 
angular alignment 0 of the channel centerline, 
and then curvature C, are computed. These are 
defined as follows (see also Fig. 11): 

dy 
tan 0 = dw 

0;:;;:; dO 
" ds 

" 

The smoothing procedure is implemente~l 
within the program, after the coordinates ar~, i 

read from data files, The procedure consists of> . 
converting the x~y coordinatestocurvilinearis1';,;! 
coordinates, equally spacing the coordiMtesus':,\ ...... 
ing the Newton-Gregory method, and using .. ~r·" 
numerical smoothing filter to sUppress the ran~f. 
dom errors. The filtering technique used is that~< 
described by Beck and Parker in. their as yet 
published pa,per, Meandering River Patterns 
Intrinsic Co.ordinates. 
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HAWK CREEK 
at 

Renville County 
T116N-R38W, sec. 21,28 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 1437 cfs 

75 ft. 
4.3 ft. 
0.00063 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

fine gravel 
100r~----------------, 
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Mesh Size (mm) 

Grain size distribution, Hawk Creek 

.. ~--.---------... _ ........... ---

Ground photo of Hawk Creek, 7/27/90 

DESCRIPTION: Crooked Creek is a small, sand
bed stream in eastern Minnesota, flowing south-east 
into the St. Croix River. 

Base map, Hawk Creek, 1965 

Aerial photograph, Hawk Creek, 1950 

Aerial photograph, Hawk Creek, 1967 

(f) 
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Digitized center lines , Hawk Creek 
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PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
A verage Longitudinal Shift: 
Shift Ratio: 

• SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft- 1): 

AREA WORKED (ft2/ft/yr): 

deltashift '" 0.299 ft/yr 

Shift distribution, Hawk Creek 

1.16 ft/yr 
0.03 
0.69 ft/yr 
0.75 ft/yr 
0.07 ft/yr 
0.67 ft/yr 
0.33 

1.70 
-0.00011 

0.00295 

1.98 

"""-- ----------------

The filter uses an exponential weighting func
tion f w, given by 

Here, s' is the streamwise coordinate, S is sinuos
ity, L is the cartesian meander wavelength, and 
e is a dimensionless weighting factor. The filter 
is used to smooth the x-y coordinates, angular 
alignment () of channel centerline (), and curva
ture C. Curvature, for example, is smoothed 
using the following filter: 

C s _ J~~., fw(s')C(s - s')ds' 

( ) - J~~8 fw(s')ds' 
(4) 

where ~ s is the half the width of the filter "win
dow," and is not to be confused with the dis
tance between individual coordinates. Here, ~ s 
varies with the position of the coordinate being 
smoothed. 

The removal of these errors does not pro
duce an obvious visual change in the coordinates. 
Rather, the change is noticed to some extent in 
the angular alignment of the channel centerline, 
and to a larger extent in the curvature, where 
large errors can be suppressed. Plots of the x-y 
coordinates, angle (), and curvature C are shown 
in figures 2, 3, and 4. Note that care must be 
used in choosing the factor e, as it controls the 
strength of the filter. Too strong of a filter will 
remove not only the error in the data, but also 
the substance. A higher value of e produces a 
weaker filter (e = 00 corresponds to no filter). 
For this analysis, e = 10 was used, based on trial 
and error. 

8000 

? 
Q) 

~ 4000 

o 

G--€l e = infinitl,' 

(3-8 (= 10 

I:> (= 2 

-'4000+-~~'--~-'--'---'----1 
o 4000 8000 12000 16000 

X (feet) 

Figure 2: Comparison of smoothed versus un
smoothed x-y coordinate 

r-. 
rn 
c 1 
.~ 
u 
.g 0 

o 
~ -1 
oS 

-2 

G---O e = infinity 

(3.-£1 (~)O 

I!r-6 (~2 

10000 20000 

streom centerline distance s 

30000 

(feet) 

Figure 3: Comparison of smoothed versus un
smoothed theta 

O.OOB ,------."-~-_,__-,--__, 
0----0 {= infinity 

? 0.004 

t "~~' 
o -00,.'1 I 
-0.008~-~-.----r--~---I 

o 10000 20000 30000 

streom centerline distance s (ft) 

Figure 4: Comparison of smoothed versus UJ1-

smoothed curvature 
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Kanaranzi Creek 
at 

Rock County 
TIOIN-R44W, sees. 25,26,35,36 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 826 cfs 

25 ft. 
4.6 ft. 
o.ooon 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

medium sand 
100,....--------::;::::II~ __ -__, 

90 

80 ..... _ ............ _ ............................ _ ....................................................................................................................... .. 

70 ........ _ ............................................ _ ....................................................................................................................... .. 

60 ....... _ ............................................ _ ....................................................................................................................... . ., 
;l§ 50 ....... _._ ....... _............................ .. ....................................................................................................................... . 
;II. 40 ...... - ........... - ...................................................................................................................................................... . 

20 .................................................... _ ......... _ ...... _ ... _ ........................ __ ... _ ..... _ ............................. . 

10 .......... . ......... _ ........ _ ........ _ .... __ ................ _ ... _-_ .. _ .................................. .. 

Mesh Size (mm) 

Grain size distribution, Kanaranzi Creek 
10 

Ground photo of Kanaranzi Creek, 7/26/90 

DESCRIPTION: Kanaranzi Creek is a very small, 
strongly meandering sand-bed creek in southwestern 
Minnesota. It lies in a poorly defined, wide and shal
low valley. 

Base map, Kanaranzi Creek, 1967 

Aerial photograph, Kanaranzi Creek, 1949 

Aerial photograph, Kanaranzi Creek, 1968 

(II 

2,-------,--------, 
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Digitized centeriines, Kanaranzi Creek 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft- 1): 

AREA WORKED (ft2/ft/yr): 

deltashift = 0.707 ft/yr 

Shift distribution, Kanaranzi Creek 

1.34 ft/yr 
0.05 
0.90 ft/yr 
0.80 ft/yr 
0.03 ft/yr 
0.06 ft/yr 
3.03 

1.97 
0.00151 

0.00655 

2.66 

5 Shift Measurement 

Discussion of Lagrangian Versus 
Wave Shift 
There are two conceivable fields of reference 
which can be used to measure stream shift. 
These are the wave and the Lagrangian view
points. 

The wave viewpoint focuses attention on 
marked points along the stream centerline, and 
their movement is traced through time with re
spect to initial position. Thus, it is assumed 
that the stream centerline moves as a propagat
ing wave. 

With the Lagrangian viewpoint, attention is 
not focused on the movement of each point on 
the stream centerline. Instead, it is focused on 
the area surrounding the stream centerline. Cen
terline movement is measured in the direction 
normal to the stream bank or, alternatively, the 
stream centerline. 

To better understand the difference between 
Lagrangian and wave shift, let us consider a 
simple sine wave undergoing pure translation, 
with no growth, at a constant wave speed cw , 

as shown in Fig. 5: The wave movement is de
scribed by the equation, 

Y = YA sin(:c - cwt) (5) 

If the wave speed is described using the wave 
reference, the horizontal wave speed x and the 
vertical wave speed iJ are, simply, 

x = Cw (6) 

(7) 

If the wave speed is described using the La
grangian reference, however, the components of 
wave speed are, as follows (Fig. 6): 

x = -nsinG 

iJ = n cos () 

(8) 

(9) 

Where, 

Therefore, 

n = Cw sin () 

iJ = Cw sin () cos () 

(10) 

(11) 

(12) 

Thus, for the simple case of a wave under
going pure translation, the wave reference is a 
simpler means of describing the wave movement. 
If we consider the more general case of a wave 
undergoing both translation movement and am
plitude growth, however, the sit;ua.tion becomes 
more complicated. Using the wave reference, it is 
assumed that the meander peaks and inflection 
points translate and grow to the peaks and in
flection points at some later time. The points in 
between, however, must be interpolated. Indeed, 
using the wave reference, x and iJ cannot be eas
ily determined for more than one wavelength at 
a time. 

STREAM <t AT TIME 1 
y 

STREAM t AT 1+61 

x 

Figure 5: Translating wave (no growth) 

y STREAM <t AT TIME 1 

STREAM <t AT 1+61 

VALLEY t 
x 

Figure 6: Lagrangian components of pure wave 
translation 
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Minnesota River A 
at 

Nicollet and Blue Earth Counties 
TI09N-R28W, sees. 29,30,31,32 

DESCRIPTION: The Minnesota River 
is a large sand-bed river flowing from 
western Minnesota to the Mississippi 
River at Minneapolis. 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 
Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

11084 cfs 
140 ft 
15.4 ft 
0.00024 

Sediment samples were not obtained for the 
Minnesota River, but grain size diameter D50 
= 0.5 mm was estimated based on work con
ducted by Parker, Garcia, Johannesson, and 
Okabe (16) on the Minnesota River near Mankato, 
Minnesota. 
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Ground photo of Minnesota River A, 7/26/90 

Base map, Minnesota River A, 1974 

Aerial photograph, Minnesota River A, 1950 

Aerial photograph, Minnesota River A, 1968 

Ul 

2~------------~--------------. 
G-<J 1950 
"-" 1968 
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~ 1+-~~~--~~-+~4-~~----~ 
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miles 

Digitized centerlines, Minnesota River A 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

• SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashlft = 0.703 ft!yr 

2.00 ft/yr 
0.06 
1.34 ft/yr 
1.20 ft/yr 
~0.73 ft/yr 
0.61 ft/yr 
1.22 

1.94 
0.00240 

0.00163 

3.86 

Shift distribution, Minnesota River A 

STREAM t AT TIME t 

Figure 7: Stream shift with wave reference 

STREAM t AT TIME t 

Figure 8: Stream shift with Lagrangian reference 

It is seen from Fig. 8, however, that the La~ 
grangian reference allows x and iJ to always be 
determined for any length of reach, provided that 
the time interval At is small enough for accurate 
measurement. 

At is considered small enough when the vector 
n, which is perpendicular to the channel center
line at time 1, is also approximately perpendic,:, 
ular to the channel centerline at time 2. If ii is 
perpendicular to the wave at time 1, but deviates 
significalltly from perpendicularity at time 2> At 
is too large, and x and iJ cannot beaccurately< 
measured. This is illustrated in Fig. 9: .. 

How Program MEANDER 
Measures Stream Shift ;';', .. 
The computer program. used to me8$urestr~am:l; .. 
shift does so from a Lagrangian refe):ence. This, 
reference was chosen for several re8$oris:it cai> 
be implemented oVer an extendedstreamreaclh. 
the shift results are well suited to land planner$,:' 
and.it yields the area worked by the stream 8$ . 

useful by-product. . 
As discus,s,ed in the previous s.eetion, Lfli;t;; . 

grangian vs. Wave Shift, a primarydrawba.cR. 
of measuring shift with a wave referenceis'.thfl,t: 

Figure 9: At too large for accurate meaSUl'ement 

it is difficult to implement over more than one 
meander wavelength of the stream. This dif~ 
ficulty does not present itself when using the 
Lagrangian reference. Indeed, the only limiting .. 
factor in the length of channel that can be ana
lyzed is the amount of computer memory avail
able. This enables the engineer to account for 
an extended reach rather than the immediately 
surrounding reach when designing a structure. 

The Lagrangian reference yields shift data 
that are useful to those who must design bridges, 
roads, erosion control devices, and other river or 
stream structures. When designing such struc~ 
tures, it is useful to know where erosion will oc
cur with respect to the structure, not the river. 
Using the scheme presented here, the designer 
will quickly obtain information 8$ to how much 
area the stream requi1:es for natural shift per unit. 
time. 

Finally, when using the Lagra.ngian reference 
for shift measurement, it is. useful to cQmput~ 
the flood plain a.rea worked (eroded or deposited,,", 
by a reaell per unit time. This quantity is ver"i' 
useful for land planners, who need to know hoW 
quickly the stream works the surrounding flood,·· 
plain. This quantity will be described in greater 
detail in the next section. 

The s,hift measurement process is easy to vi~ 
suali~e. After equa.l1y spa.cing and smoothing. 
cartesian x-y coordinates for the stream center~ 
line at time 1 and at time 2, 8$ well 8$ for the val~ 
ley centerline, piece wise spline functions are fiti 
ted to each centerline. Then, the .a.ngular align';' 
ment 0 of the strefl,ID centerline, and the CnI"7.i 

vature 0, is computed for each coordinate (s,ct· 
~, J'~ . 



Minnesota River B 
at 

Seott County 
T113N-R25W, sees. 1,2 

T114N-R25W, sees. 35,36 
T114N-R24W, sees 31 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 
Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

15092 cfs 
290 ft. 
14.8 ft. 
0.00010 

Sediment samples were not obtained for the 
Minnesota River, but grain size diameter Dso 
= 0.5 mm was estimated based on work con
ducted by Parker, Garcia, Johannesson, and 
Okabe (16) on the Minnesota River near Mankato, 
Minnesota. 
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Ground photo of Minnesota River B, 7/26/90 

DESCRIPTION: The Minnesota River is a large, 
sand-bed river flowing from western Minnesota to the 
Mississippi River at Minneapolis. 

Base map, Minnesota River B, 1981 

Aerial photograph, Minnesota River B, 1964 

Aerial photograph, Minnesota River B, 1980 
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Digitized center lines , Minnesota River B 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft- 1): 

AREA WORKED (ft2 /ft/yr): 

deltashift = 0.711 ftlyr 

0.25~"""'''''''"""""",,,,,,,,,,,,,,,,,,,. 

~ ..................... .. 

~ 0.15+ .. ·· ........................ ,,· .......................... .. 

,g 
~ 
lL 0.1+ .. ·· .... "'::::= .. · ............ · 

Normal Shift (fI!yr) 

Shift distribution, Minnesota River B 

2.92 ft/yr 
0.04 
1.98 ft/yr 
1.75 ft/yr 
0.96 ft/yr 
0.47 ft/yr 
1.95 

1.97 
-0.00231 

0.00119 

5.77 

I 
~---------______ I 

Fig. 11 and Eq. 15). The number of coordi
nates for each reach depends on the smoothness 
of the channel; a tightly meandering stream re
quires more coordinates to accurately represent 
it, than, say a very gently meandering, large 
river. 

The shift measurement process consists of 
moving from coordinate to coordinate along the 
stream centerline at time one, while measur
ing the normal distance between each coordinate 
and the stream centerline at time two. The nor
mal shift at each coordinate is dissected into val
ley and cross-valley components, and each com
ponent, as well as the normal shift, is integrated 
over the entire stream reach to yield an average 
rate. 

It is important to remember that, when con
sidering stream shift, the x-y coordinate system 
is now taken with respect to the valley center
line, which is often gently curved. Then, x cor
responds to the down-valley direction, and y cor
responds to the cross-valley direction. 

Useful Results 

Many useful results are obtained through the 
shift measurement process. These include the 
stream sinuosity S, sinuosity change per unit 
time S, average stream curvature C, average nor
mal shift ii, average absolut:... down-valley shift 
I :f I and cross-valley shift I Y I, av~rage down
valley shift :f andc:ross-vaUey shift y, shift ratio 
Y"ffiS/:f, where Yrms is the root mean square of 
the cross-valley shift rate y, and area worked by 
the reach per uni t time r. 

Stream sinuosity S provides a measure of the 
intensity of the meandering of a reach. Sinuosity 
is defined as the ratio of the stream channel 
length to the valley length, for the selected reach 
(Fig. 10): 

S = La 
Lv 

(13) 

After the sinuosity is calculated at time 1 and 

-'-

Figure 10: Sinuosity of a stream 

y 

Figure 11: Definition diagram for radius of cur
vature 

time 2, the sinuosity change over time is com
puted, which IS a measure of stream meander 
growth rate. 

(14) 

Generally, sinuosity increases over time, and thus 
the rate will usually be positive. In unusual 
circumstances, however, it can have a negative 
value, particularly if a cut-off has recently oc
curred near the reach of interest. Cutoffs are 
not included in the shift analyses of any of the 
reaches included in this study. 

Stream curvature is defined by the relation, 

dO c=-ds 
(15) 

Curvature is more easily defined, however, in 
terms of its reciprocal, which is the radius of 
curvature of the stream. A higher curvature cor
responds to tighter meanders (Fig. 11). 

Average normal shift ii, which is ullsigned, 
corresponds to the average distance the stream 
centerline moves normal to itself per unit time. 
It is perhaps the most basic of any of the derived 
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Mississippi River A 
at 

Aitkin County 
T52N-R23W, sees. 8,9,17,20 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 
Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

2580 cfs 
185 ft 
6.2 ft 
0.00010 

Sediment samples were not obtained for the 
Mississippi River, but grain size diameter D50 
= 0.5 mm was estimated from observation. 
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Ground photo of Mississippi River A, 9/19/90 

DESCRIPTION: The Mississippi River is, in this 
location, highly meandering, with fairly well defined 
valley walls, about 50-60 feet high. 

Base map, Mississippi River A, 1970 

--_._--_._-- _.- ... - ..... _-_._------------- --- ._ ...... _ ... __ .. _-------

Aerial photograph, Mississippi River A, 1939 

Aerial photograph, Mississippi River A, 19€,') 
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Digitized centerlines, Mississippi River A 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

" SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashift = 0,263 ft/yr 

0,92 ft/yr 
0,04 
0,64 ft/yr 
0,55 ft/yr 
-0,03 ft/yr 
0,02 ft/yr 
10,19 

2.25 
0.00170 

0.00194 

2.06 

Shift distribution, Mississippi River A 

results, It gives the planner a good idea of how 
much and how fast the stream banks are eroding. 

. En.6.s 
71.:::;---

.6.m.6.s 
(16) 

The average normal shift, ii, may be divided into 
average absolute down-valley shift, Lxi, and av
erage absolute cross-valley shift, I y I to indicate 
shift direction with respect to the stream val
ley centerline. The average absolute cross-valley 
shift is especially useful, because it, indicates how 
much the stream can be expected to shift to ei
ther side of the stream centerline, The shifts are 
computed as follows: 

m :::; E I 71. sin 0 I .6.s 
.6.tE.6.s 

-I '-I:::; E I ncosO l.6.s 
y .6.tE.6.s 

(17) 

(18) 

where 71. is the normal shift, as shown in Figure 
6. 

While the above quantities are absolute (nn
signed) values, it is also useful to know the 
signed, average down-valley shift f and cross
valley shift y, which can be computed as indi
cated below: 

En sin O.6.s I= 
.6.tE.6.s 

..,. EncosO.6.s 
y :::; .6.tE.6.s 

(19) 

(20) 

One would expect that over a sufficiently long 
reach of stream, the average cross-valley shift 
would be very small, because in an ideal case the 
stream shifts an equal amount in either direction 
transverse to the stream valley. This expectation 
would be better realized for long stream reaches. 
In shorter reaches, lateral shift is usually biased 
to one side or the other. 

The average down-valley shift f is smaller us
ing the Lagrangian reference than if the wave 
reference were used, in which case f would be 
equal to the translation component of the stream 
shift, An indication of how much the stream 

shifts in the cross-valley direction, as compared 
to the down-valley direction is given by the ra
tio Yrms If, which is the root mean square of the 
cross-valley shift divided by the average down
valley shift. 

After the absolute normal shift has been com
puted for each stream coordinate, the flood plain 
area reworked by the stream per unit stream 
length and time, is computed, as shown in Fig. 
12: 

The area reworked is simply an integration of 
the area bet.ween the stream centerline at t.ime 1 
and at time 2. If r denotes the time rate of area 
reworked per channel length, then 

. E I 71. l.6.s2 

r :::; .6.tE.6.s (21) 

The area reworked is useful for land managers, 
as it allows them to predict how much land sur
rounding a stream reach will be affected by me
andering, 

AREA WORKED 

Figure 12: Area reworked by a stream 

Error Sources and Caveats 

There are several significant sources of error in
herent to the shift-measurement process, It must 
be remembered that the results are reach-specific 
and time-specific, and that error is introduced 
through the photography and digitizing process. 

It is important that it be known that a given 
shift rate applies only to the stream reach in 
question. This holds true especially for smaller 
streams, which often change rapidly from one 
point to the next. 
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Mississippi River B 
at 

Aitkin County 
T52N-R23W, sees. 20,29,30,31,32 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 
Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

2580 cfs 
220 ft 
5.6 ft 
0.00010 

Sediment samples were not obtained for the 
Mississippi River, but grain size diameter D50 
= 0.5 mm was estimated from observation 
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Ground photo of Mississippi River B, 9/19/90 

DESCRIPTION: The Mississippi River is, in this 
location, highly meandering, with fairly well defined 
valley walls, about 50-60 feet high. 

Base map, Mississippi River B, 1970 

Aerial photograph, Mississippi River B, 1939 

Aerial photograph, Mississippi River B, 1969 

3.-------~r-------~--------~ 
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PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

• SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-i): 

AREA WORKED (ft2/ft/yr): 

deltashlft = 0.304 ft/yr 

Normal Shift (ft/yr) 

1.02 ft/yr 
0.04 
0.63 ft/yr 
0.68 ft/yr 
0.26 ft/yr 
-0.40 ft/yr 
-0.84 

2.17 
0.00067 

0.00141 

2.22 

Shift distribution, Mississippi River B 

Likewise, the given shift rates apply only dur~ 
ing the stated time period. The importance· of 
this was demonstrated during the analysis of the 
Root River. Because the Root River shifts so 
fast, the original 21 year time period had to be 
split into three smaller time periods. During the 
first time period, the average sinuosity change 
was 0.00072/yr. During the second time period, 
it was -0.001l3/yr. During the third period, 
-0.00301/yr. The rate of change varied greatly 
from one time period to the next, even though 
no cut~offs occurred during this time. Thus, the 
importance of confining the results to the time 
period in question cannot be overstated. 

Another frustrating source of error lies within 
the photographs. Each photograph has a cer
tain amount of distortion which can only be 
partially compensated for in the enlargement 
process. The topographic base maps, however, 
being free of significant distortion, were used 
to gauge the acceptability of the enlarged phe. 
tographs. Nevertheless, this source of error can
not be overlooked. 

Finally, the digitizing process can produce 
small errors. Although the digitizer has an ad
vertised resolution of 0.0001 inch, the hands of 
the user are not likely to be as accurate. Thus, 
small errors are introduced here. Although the 
filtering process undoubtedly. removes most or 
the errOr, it is difficult to estimate how muc4. 
error remains. 

The computer program, which measures th~. 
shift, is a potential source of en or. However, this' 
is checked. within the program, and significant 
source$<oferror are removed. . . 

(Cont'd from page. 5) 

Parker, Msumes that erosion rates are prop or;' 
tional to the difference between near·bank ve .. 
locity and reaclH'Weraged velocity. He tests the 
results of his model by analyzing aerial photos, 
maps, and flow information for the Des Moines 
River and the East Nishnabotna River in Iowa. 

Various other techniques have been used to 
predict stream migration rateS. Watanabe, 
Kiyoshi, Murakami, and Hasegawa (17) repro.:. 
duced flow direction and velocities at peak di~ 
charge for an August 1988 flood of the Rumoi 
River in Japan. They did so by noting the angle 
of deflection of trees and grMs in the flood plain, 
and relating flow velocity to the force required to 
drag the trees. By doing so, they deduced that 
the bank erosion WM not dependent on bank veg· 
etation and soil type. They were able to show 
that flood plain flow contributed to bank erosion 
when the flow on the flood plain was parallel to 
flow in the channel. 

Hasegawa (6) derived. an equation for bank 
erosion and migration rate, confirming earlier 
studies by Hasegawa and Ito (7), and Parker 
(15), which hypothesized that bank erosion is 
proportional to the near.-bank excess velocity. 
Hasegawa went on to define an erosion index,. 
and related it to the .number of blows in a stan': 
dard penetration test. The erosion index varied. 
inversely with the number of blows. He found: 
two distinct trends, depending on whether the< 
bank material was sandy or clayey. . 

While many methods have been. developed t(.> 
predict stream channel migration, methodso!.:· 
testing the validity of the models have consisted ...... . 
largely ofman'\lally: measuring stream shift inth~' 
field or from aerial maps or photos. The analysi~. 
presented here shOUld provide an easier means 9f' 
validatmgthe accuracy of the predictive rnodels~·:.;;. 



Nemadji River 
at 

Carlton County 
T47N-R16W, sees. 27,28,29,32 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 1810 cfs 

110 ft 
2.3 ft 
0.00180 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

coarse sand 
l00r-----------------. 
90 ............. _ ... _ ................................. __ ........................ _ .................. _. __ .. _ .................... . 

80 ..... _ ....... _ .... _ ................................ _ .................... _._ ............ _ .... _ .......... ... 

70 

Mesh Size (mm) 

20 
Grain size distribution, Nemadji River 

Ground photo of Nemadji River, 8/6/90 

DESCRIPTION: The Nemadji River is a sand-bed 
stream in northeastern Minnesota. It is deeply in
cised, with 150 ft. valley walls. Although it doesn't 
shift very much, it is the leading contributor of sedi
ment (primarily red clay) to Lake Superior. 

Base map, Nemadji River, 1954 

Aerial photograph, Nemadji River, 1939 

Aerial photograph, Nemadji River, 1962 
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PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashift '" 0.173 ft!yr 

c: 
o 

1 

0.48 ft/yr 
0.01 
0.34 ft/yr 
0.27 ft/yr 
0.02 ft/yr 
0.12 ft/yr 
0.60 

1.46 
0.00046 

0.00419 

0.70 

. 1.12 1.301.471.64 
Normal Shift (fVyr) 

Shift distribution, Nemadji River 

6 Plotted Relationships 
and Regression Analysis 

Having analyzed sixteen Minnesota streams for 
shift and meander, relationships were sought be~ 
tween several stream parameters and the mea
sured results. Relations were found for internal 
hydraulic geometry and external meander prop~ 
erties, both dimensioned and dimensionless. 

Independent Parameters 

The internal stream parameters used were vari
ations of slope S, sinuosity S, two-year storm 
discharge Q, bankfull width B, and depth H. 
There are differences in the accuracy with which 
each parameter was determined for the sixteen 
streams, and thus the reader should be aware of 
how each was measured or computed. 

Stream slope S was measured from 7.5' topo
graphic maps of the reach considered. There is 
likely some deviation between the slopes as mea
sured from the topographic maps and the actual 
stream slopes. The deviation is due to inaccura
cies in the maps, and to the fact that, in most 
cases, the topographic maps are of different dates 
than the aerial photography used in the studies. 

Stream sinuosity S was measured within the 
computer program MEANDER, and should be 
very accurate for the reach considered. 

The stream discharge Q used in the regres
sions was the flood that occurs on a two-year 
interval. According to a study conducted by 
Nixon (12) the two-year flood discharge cor~ 
responds closely to flow over the full bankfull 
width. Stream discharge Q was estimated for 
each stream reach using one of two methods, de~ 
pending on the existence and location of gage 
stations. Where there existed a gaging station 
at or near the study site, a Log~Pearson type 
III frequency analysis wa'3 performed on recorded 
historical data. Where a gage did not exist near 
the site, discharge was determined by transfer-

ring information from a gaged site, using regional 
regression equations. Stream data contained in 
the U.S. Geological Survey Water~Resources In~ 
vestigations Report 87-4170, titled "Techniques 
for estimating the magnitudes and frequency of 
floods in Minnesota," were used with both meth~ 
ods. 

Bankfull stream width B was estimated di
rectly from a topographic map of the area con
sidered. This was deemed more appropriate than 
field measurement because the size and condi
tion of many of the rivers made field measure
ment dangerous or impossible. The measure
ment method for bankfull stream width is ad
mittedly rough, and this should be remembered 
when viewing the regressions. 

Stream depth was synthesized using the 
method proposed by Brownlie (5) in 1981 for 
sand bed streams, or the Keulegan (10) method 
for gravel bed streams. For this purpose, the 
two-year flood discharge was used, as well as the 
stream slope and width, as measured from the 
topographic maps. Median grain size diameter 
was determined using grain size data. from our 
own sieve analyses. For streams where we were 
unable to obtain sediment samples, the diameter 
was obtained from other sources, as explained in 
Chapter 2 and in the individual Stream Meander 
Results. 

Dimensionless Parameters 

Where appropriate, independent (stream) pa
rameters and dependent parameters (shift re
sults) were made dimensionless, using a length 
scale D., velocity scale VgD., and time scale 

JIf. The appropriate scale is used to make 
width B, depth H, flow rate Q, shift rate n, time 
rate of change of sinuosity S, time rate of area 
reworked per unit stream length, and curvature 
C dimensionless. The dimensionless terms are 
defined as follows: 
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Rice Creek 
at 

Anoka County 
T30N -R24 W, sec. 6 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 456 cfs 

44 ft 
1.6 ft 
0.00175 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

22 

fine sand 
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Grain size distribution, Rice Creek 

Ground photo of Rice Creek, 4/16/91 

DESCRIPTION: Rice Creek is a small, highly me
andering sand-bed stream near Minneapolis. 

Base map, Rice Creek, 1967 

Aerial photograph, Rice Creek, 1970 

Aerial photograph, Rice Creek, 1989 
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Digitized centerlines, Rice Creek 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashift = 0.103 ft/yr 

Shift distribution, Rice Creek 

0.33 ft/yr 
0.03 
0.19 ft/yr 
0.22 ft/yr 
0.07 ft/yr 
0.01 ftlyr 
5.89 

2.61 
0.00255 

0.01674 

0.86 

Independent parameters: 

H*::::; H 
Ds 

Q*::::; QD;VgDs 

S* ::::;sfj 
Dependent Parameters: 

. * - . ( D )-0.5 n - n 9 8 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

Each of the stream parameters used, both di
mensioned and dimensionless, is also defined in 
the List of Symbols. It is hoped that by using 
dimensionless forms of the parameters, sediment 
properties are incorporated into the regressions. 

Each of the regressions plotted has additiollal 
information and comments for the user's refer
ence. For each regression, the coefficient of cor
relation r and the standard error of the estimate 
Sy:c is given, to indicate how well the data re
gressed. 

Each dimensioned plot uses each of the 16 
stream results. The dimensionless plots) how
ever, exclude the two gravel bed streams because 
grain size diameter is used to make many of the 
parameters dimensionless. Occasionally, an out
lier is also excluded from a plot, as mentioned in 
the comments. 

Appendix 2 lists each of the regressions which 
were performed, with the relationship, where 
there appeared to be one. 

Internal Relations - Dimensioned 

The internal relations were plotted to see if the 
hydraulic geometry of the analyzed streams are 
related. In particular, it was desired to compare 

our relations to those suggested by Leopold and 
Maddock (11), who found from empirical evi
dence that at bankfull conditions, width Band 
depth H vary with discharge Q as follows: 

B::::; aQO.5 

H::::; bQO.4 

(28) 

(29) 

where a and b are constants. 

CD 

10'~====~~==~~~==~~~Tm 

10' 

10' 

l~+--+~~~--+-~~*-~-~hH+Hi 
102 10' 10' 10' 

Q (cfs) 

Figure 13: Width vs Discharge 

Comments: B = 2.45Q°.47, r = 0.75, sY"' ::::; 
0.19. There is good agreement between this 
relation and that theorized by Leopold and 
Maddock (11). 

23 



Root River 
at 

Houston County 
T1D4N-R7W, sees. 26,34,35 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 10700 cfs 

110 ft 
9.5 ft 
0.00061 

Bankfull Stream Width: 
Stream Depth (synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

medium sand 
I00r---------------:::-----, 

Q; 
" u: 50 ........................................... - ............ - .. - ................... -....................................................................................... . 

* 
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30 ............................................... .. ................... _ ........ - ..................... - .. _ ..... _ ........................................ ... 

20 

10 ................................. .. ................................ - ................. - ............. - .... - ..... ---............... - ............... . 

O~~~~~~~~-~-~~~~ 
0.1 1 10 

Mesh Size (mm) 

Grain size distribution, Root River 

Ground photo of Root River, 6/20/90 

DESCRIPTION: The Root River is a very highly 
meandering sand-bed stream in southeastern Min
nesota. It is prone to rapid shift and avulsion. 

Base map, Root River, 1980 

Aerial photograph, Root River, 1947 

Aerial photograph, Root River, 1968 

G--<J 1 47 
6--6 1 54 
G-f! 1 62 
0-<> 1 68 

2+----------~------~.~vEI~~yToL~ 

O+-----~--~~--~----~----~ o 2 

miles 

Digitized centerlines, Root River 
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PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashift = 2.273 ft/yr 

'fi 
~ 0.15+''''·'·''''''''''''·'·'' 

'6 

j 

Normal Shift (ft/vr) 

7.30 ft/yr 
0.07 
4.67 ft/yr 
4.49 ft/yr 
-3.70 ft/yr 
2.37 ft/yr 
1.30 

1.44 
-0.00105 

0.00160 

10.43 

Shift distribution, Root River 1947-1954 

deltashlft = 4.048 ft/yr 

Normal Shift (fl/yr) 

Shift distribution, Root River 1962-1968 

I: 
,----------------------------------------------------~ 

""" .... .... 
'-' 
:r: 

10' 

10'! 

Q (efs) 

Figure 14: Depth vs Discharge 

Comments: H := 0.074Qo.55, r:= 0.84, BY$; :::: 

0.16. There is some deviation between this 
relation and that theorized by Leopold and 
Maddock (11), possibly due to the man
ner in which channel depth was synthesized. 
Note the stronger relation than for B vs Q 
(Fig. 13). 

Q (efa) 

Figure 15: Slope va Discharg~ 

Oommentsr(Fig. 15). $;::; O.024Q",O.50, r :.:. 
" , '·.;.;0~52, sv:c := 0.37. Slope ia not as atrongly 

r-elatecl todiscbarge as width or depth. 

Internal Relations .. Dimensionless 
The internal relations were also plotted in di." 
mensionless form. By doing so, it can be noted 
how the introduction of sediment characteristics 
affects the relations. 

Q* 

Figure 16: Dimensionless Width vs Dimension" 
less Discharge 

Commenh: B'" :::: 4.12Q*o.48, r := 0.76,$v:c := 
0.20. The exponent has been lowered from, 
0.47 to 0.43 (aee Fig, 13). 



Rum River 
at 

Isanti County 
T35N-R25W, sees. 1,12 

T36N-R25W, sec. 36 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 3203 cfs 

85 ft 
9.2 ft 
0.00026 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

medium sand 
100,-----------==_---, 

90 '''''''''''''''''',,'''',,'''''''''''''''''''''''''''''''''''''''''',,--''''''''' .. ,,''''''''-,_.""" """ .. """"""'-, .... "" .... " .... ,, 

80 """""""""''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''-''''''''''''-'' """"""".,,""""",."'--, ... ,,"'''' 

70 "''''''''''''''''',,''',,'''''''''''''''''''''''''''''''''''''''''''''-''''''''''-'''''''''''' --""""""""""""""""'-,,-"'--''''' 

~ 60 ''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''-'''''''''''''''''''' ,--"""",,,,,,,,,,,,,,,,,,,,,,-,, .. ,.,--,,,,,,, 

" u: 

* 
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50 "'"'''''''''''''''''''"'''''''''''''''''''''''''''''''''''''''''''' .... ,,'''''',,.''' "-,-,,-"""""""""""""""'-"""-,-,,.,,-

30 """"""""""'''''""'',,'''''''',,.,,''''''''''''''''''''''-'''''''' """""""""-""""""""""""""""--""'"'''' 

20 """""""""''''''''''','',,''''''''''''''''''''''''''''''''''- """, .. """.",,,,,-,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,.,,-,,,,,,,,,,,,,,,,,,,,,,,,,,,, 

10 """,,",,""""""'"'''''' 

o'+----~~--~-~~~~~~ 
0,1 

Mesh Size (mm) 

Grain size distribution, Rum River 

Ground photo of Rum River, 4/12/90 

DESCRIPTION: The Rum River is a highly mean
dering sand-bed stream in eastern Minnesota. It lies 
in a shallow, ill-defined valley Its sediment is uniform, 
medium sand. 

Base map, Rum River, 1961 

Aerial photograph, Rum River, 1938 

Aerial photograph, Rum River, 1965 

1.5 ,-------,r------,-----~ 
G--<) 1938 
6--A 1965 
* volley CL 

1.0-1-----1------1-----_1 

0.5 -I-----'---'l-+-I----~~_4_-+---_I 

0.5 1.0 1.5 

miles 

Digitized centerlines, Rum River 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

" SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-1): 

AREA WORKED (ft2/ft/yr): 

deltashift 0= 0.536 fVyr 

2.41 
Normal Shift (ftIyr) 

Shift distribution, Rum River 

5.09 

1.18 ft/yr 
0.07 
0.79 ft/yr 
0.72 ft/yr 
0.06 ft/yr 
-0.23 ft/yr 
-1.26 

2.61 
0.00801 

0.00386 

3.10 

10"-:r,;::::r.::;r.;;:;;r;=========""""='"" 

1~ 

10' 10'0 

Q* 
Figure 17: Dimensionless Depth vs Dimension
less Discharge 

Comments: HOI = 0.l1Q*0.47,r = 0.82,811:1> = 
0.18. The exponent has been lowered from 
0.55 to 0.47 (see Fig. 14). 

E"ternal Relation~ .. Dimensioned 
Relationships were sought between the iridepen~ 
gent stream parameters and the dependent shift 
parameters. Because similar relations have not 
been produced elsewhere, comparisons cannot be 
made with other findings. 

H (tt) 

Figure 19: Average Normal Shift Rate VB Depth 

COUlm~nts: ii = 0.35Ho.78, r = 0.73, 811:1> ~. 
O.l8. It appears that average nOm:1al shift" 
rate is more strongly 1elated to stream 
~epth than width. . 



Wild Riee River A 
at 

Norman County 
T144N-R44W, sees. 16,17,20,21,22 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 1250 cfs 

90 ft 
2.0 ft 
0.00190 

Bankfull Stream Width: 
Stream Depth (synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

fine sand 
1001,-----__ ==-====-__ --,. 
90 ........................................ _"" ........ ,,._ ......... _ .. "-." ........................................................ __ .... " .. 

80 ................................................ _" .......... "".,, ............. " .... _-.............................. " .... _ ... " ...... ,," ... _ 

70 ............................................................ " .. ".... " ............ " ........ - .......... __ ,,_ ...................................... ... 

Q; 60 .............................................................. " .......... "'." ......... " ........... _"." ............................................... " ................ ... 

" u:: 50 ........................................... _ .............. "" ....... -_ ................ _ ..................................................... _ .... " ........ .. 

'* 
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40 ............................................... _-............. "' .......... "."'" ..... "' .. "' ...................................... " ...... __ ..... ". 

30 ..................................................... - ........... - ........... "'" .... " .. - ..................................... "'" ... ____ ,,_ 

o~---~--~-~~~~~~ 0.1 
Mesh Size (mm) 

Grain size distribution, Wild Rice River A 

Ground photo of Wild Rice River A, 10/12/90 

DESCRIPTION: The Wild Rice River is a sand
bed stream with tight, well-defined valley walls ap
proximately 30 feet high. 

Base map, Wild Rice River A, 1965 

Aerial photograph, Wild Rice River A, 1948 

Aerial photograph, Wild Rice River A, 1965 

(() 

2,-------------,,-------------. 
<>--e 1948 
fr-A 1966 

• valley CL 

.!!:! 1 +--------------+-----------,~--_____I 
'E 

0~O------------~------------~2 

miles 

Digitized centerlines, Wild Rice River A 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

• SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft- l ): 

AREA WORKED (ft2/ft/yr): 

deltashift c 0.700 tVyr 

. 1.742.44 3.13 6.61 
Normal Shift (ft/yr) 

1.11 ft/yr 
0.03 
0.70 ft/yr 
0.72 ft/yr 
-0.26 ft/yr 
-0.22 ft/yr 
-1.37 

1.72 
0.00060 

0.00288 

1.91 

Shift distribution, Wild Rice River A 

.,-.., 
\.., 
:;." 

'" ..... ....... 
"-' 

I·e 

10' 

10~ 

10'"' 
10' 10~ 10' 10' 

Q (cfs) 

Figure 20: Average Normal Shift Rate va Dis
charge 

Comments: n = O.022Qo.52,r = O.75,sYaJ = 
0.21. The regression indicates that average 
normal shift rate is more strongly related to 
discharge than width, but about equally as 
strongly related to discharge as depth. 

H (ft) 

Figure 21: Area Reworked Va Depth 

Oomments:r == 0.69Ho.76 ,r ;;:;; 0.76,slI", == 
0.19. As one would expect, this relation is 
similar to the relation for iivs H (see Fig; 
19). . ... 

Q (cfs) 
Figure 22: Area Reworked VB Discharge 

Comments: r ;;:;; 0.049Qo.50,r ::::: 0.76,sll:ll = 
0.19. This relation also is similar to the re
lation for ii vs Q (see Fig. 20). 

External Relations - Dimensionless 
The external relations were also plotted in di
mensionless form. By plotting the parameters in 
dimensionless form, grain size is introduced as a 
variable. It is hoped that grain size reflects sedi
ment properties to some extent. While sediment 
properties can be represented by other measures, .• 
such as the standard penetration test used W 
Hasegawa (6), grain size is a more widely use~ 
indicator. Making the plots dimensionless al$o 
removes the possibility of misinterpreting result~ .. 
because of the selection of units., 

It is interesting to compare the dimensionle~s 
and dimensioned plots, and to speculate on dif ... 
ferences. This will be attempted in the cord-
ments for each plot. ' 



Yellow Medicine River 
at 

Yellow Medicine County 
T114N-R39W, sees. 3,4,5,6,7 

T115N-R39W, sees. 33,34 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 
Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

1230 cfs 
70 ft 
4.3 ft 
0.00070 

Sediment samples were not obtained for the 
Yellow Medicine River, but grain size diameter 
Dso = 0.5 mm was estimated from observation 

30 

Ground photo of Yellow Medicine River, 7/27/90 

DESCRIPTION: The Yellow Medicine River is a 
sand-bed stream with steep, tight, but shallow valley 
walls, approximately 20 feet high. 

Base map, Yellow Medicine River, 1962 

Aerial photograph, Yellow Medicine River, 1950 

Aerial photograph, Yellow Medicine River, 1967 

2+----------+----------+---~ 

O~O----------+----------+2----~ 

miles 

Digitized centerlines, Yellow Medicine River 



PROGRAM RESULTS 

SHIFT 
A verage Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average ']}ansverse Shift: 
Average Longitudinal Shift: 
Shift Ra1;io: 

'SINUOSITY 
Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-1): 

AREA WORKED (ft2/ft/yr): 

deltashift = 0.529 fVyr 

1.11 ft/yr 
0.02 
0.66 ft/yr 
0.76 ft/yr 
-0.37 ft/yr 
0.07 ft/yr 
5.20 

2.07 
0.00048 

0.00302 

2.30 

4.505.03 

Shift distribution, Yellow Medicine River 

* I· c: 

w ~~!=11~jftft~~f~~ff11 
I !: I ! illl i : I I II' II i! 

• I 1 I ; : ~ I ; ! tIl I : • 

1 o· r~~I$'~tlllll~~~~~li~' 
··············["·····I·····!····!···!··!··i·lt ...• ·····J····· .. ·I·····'····I···!··,·[·!· 

10·+---~~~~~~r---+-~~~~+i 
1~ 10' 10' 

H* 
Figure 23: Dimensionless Average Normal Shift 
vs Dimensionless Depth 

Comments: n = 0.049Ho.86,r = 0.78,syx = 
0.22. This relation appears to be similar in 
strength to the dimensioned case (see Fig. 
19). 

* I· c: 

10·~~~=c~~==r.=~~~====~~~ 

10' 

100 

1 ! 10-' +-ic.....+-+-H+j.j.j--.f.--;..++-H+;r.-+--+-l+++1+1 
1~ 1~ 1~ 1~ 

Slope 

Figure 24: Dimensionless Average Normal Shift 
vs Slope 

Comments: 71.* = 0.67 S-0.26, r = -0.46, Syx = 
0.25. An outlier (Root River) was not in
cluded in the regression. Although the re
lation is somewhat weak, it is stronger than 
that for the dimensioned case, lending cre
dence to using grain size to make normal 
shift rates dimensionless. 

* ). c: 

1 0' ~~~~~~~~~~!f:~:1~3Jl~!~t~~~~~1~:lJ~rtHl~!~~:~~~~~!~~~r:IJ~f~!~!:1 ......... i ........ i·-tJ.!·14·· .. ····;·· .. -ju·t .. '.;.TTH .. ·· .. ,.,l... .. ' .. ·i"j";+11 

10' 

10· 

10,.'4--~~++~--~~+++H+r--~~~~~ 
10· 10' 10'· 10" 

Q* 

Figure 25: Dimensionless Average Normal Shift 
vs Dimensionless Discharge 

Comments: 
n* = 0.00017Q°.47, r = 0.74, Syx = 0.23. 
This relation is similar to the dimensioned 
case, with a slightly lower exponent (0.52 
for the dimensioned case, see Fig. 20). 

.*L. 10' 

I .'] 
10·+---~~~~~+H----+-~~~~~ 

10' 10' 10' 

H>I' 

Figure 26: Dimensionless Area Reworked vs Di
mensionless Depth 

Comments: 7~* = 0.01lHo,84, r = 0.84, Syx = 
0.17. The exponent is higher than for the 
dimensioned case (0.76, see Fig. 21), but 
similar to the relation for dimensionless nor
mal shift rate vs dimensionless depth (see 
Fig. 23). 31 



Zumbro River 
at 

Wabasha County 
TllON-RlOW, secs. 17,18,19,20,21 

TllON-RllW, sec. 13 

HYDROLOGIC INFORMATION 
2-Year Storm Discharge: 8900 cfs 

160 ft 
10.2 ft 
0.00053 

Bankfull Stream Width: 
Stream Depth (Synthesized): 
Stream Slope: 

GEOMORPHIC INFORMATION 

coarse sand 
100,--------------::::::.., 

90 ............................................................... . 

80· ........ ········ ...... · ............................................. .. 

70 .......................................................................................... " ... " ................. ".", ............................ "." .......... _" .. .. 

;; 60 " ............. _ ........ " .. _ ........ " ................................ "," .. ... 
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10 " ........ _ ....... - .............................................. "" ................................................................................................... .. 

o~~~~~~~~-~-~~~~ 
0.1 1 10 

Mesh Size (mm) 

Grain size distribution, Zumbro River 

Ground photo of Zumbro River, 6/20/90 

DESCRIPTION: The Zumbro River is a sand-bed 
stream in southeastern Minnesota, flowing eastward 
into the Mississippi River. It lies in a rather wide val
ley, with walls of heights ranging from 100 to several 
hundred feet. 

Base map, Zumbro River, 1974 

Aerial photograph, Zumbro River, 1951 

Aerial photograph, Zumbro River, 1971 

3,-----,-----,-----, 
G-<J 1951 
er-e. 1971 

:< volley CL 

2+---------~------~--------~ 

0+---------~-----~--------4 
023 

miles 

Digitized centerlines, Zumbro River 



PROGRAM RESULTS 

SHIFT 
Average Normal Shift: 
Standard Deviation of Normal Shift: 
Average Absolute Transverse Shift: 
Average Absolute Longitudinal Shift: 
Average Transverse Shift: 
Average Longitudinal Shift: 
Shift Ratio: 

SINUOSITY 
b 

Average Stream: 
Average Change: 

AVERAGE CURVATURE (ft-l): 

AREA WORKED (ft2/ft/yr): 

deltashlft = 0.729 ft/yr 

Normal Shift (ft/y~ 

Shift distribution, Zumbro River 

2.02 ft/yr 
0.06 
1.37 ft/yr 
1.25 ft/yr 
-0.29 ft/yr 
0.73 ft/yr 
0.73 

1.86 
0.00241 

0.00272 

3.75 

* -\". 

Q* 

Figure 27: Dimensionless Area Reworked vs DiM 
mensionless Discharge 

Comments: rl!< ::::: O.00066Q*O.44, r == 0.76, 
III/III ::::: 0.21. The relation appears to be simi
lar in strength to the dimensioned case, with 
a somewhat lower exponent than the dimen
sioned relation (0.50, see Fig. 22). The ex
ponent is closer in value to that for dimen
sionless normal shift rate Vs discharge (0.47, 
see Fig. 25). 

Multiple Regressions 
Multiple linear regressions were performed fQr 
two cases, with stream width B and discharge 
Q as the independent variables in both cases. 
Average rate of normal shift fiis the dependent 
variable for the first case, and rate of area re
worked per unit channel length r was used for 
the second case. The results are summarized as 
follows: 

ii ::::: 0.038B-o.64 QO.82, S~I/ ::::: 0.41 

r ;:::; 0.077 B-O.49QO.73, II~!I = 0.40 

(30) 

(31) 

The relations are poor, and the negative expo
nents for width are cause for concern, as they 
should be positive (as for the single regression 
cases). Perhaps more experimentation can yield 
better results, but at this point it appears that 
the single regressions give more reliable equa.
tions. 

COlQ.lQ.enh: (Fig. 28). C* ::=0.14(8 .~ 
·r lC. O.63,sYaJ .=-0.16. Therelatioll 

stronger . t~an for the dimemdoned 
This relation .indi~ates that9urVa.tlue 
.creases with increasing SiIl.uoSity;.wllich 
suspected. . . i 
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APPENDIX 1 

Stream Parameters for 
Regression Analyses 

Stream 
Name 

Big Fork 
Buff. Cr. 
Cotto R. 
Hawk Cr. 
Kan. Cr. 
Minn. R. A 
Minn. R. B 
Miss. R. A 
Miss. R. B 
Nemadji R. 
Rice Cr. 
Root R. 
Rum R. 
Wild R. R. 
Yel. Med. R. 
Zumbro R. 

Stream C 
Name (11ft) 

Big Fork 0.00263 
Buff. Cr. 0.00419 
Cotto R. 0.00179 
Hawk Cr. 0.00295 
Kan. Cr. 0.00655 
Minn. R. A 0.00163 
Minn. R. B 0.00119 
Miss. R. A 0.00194 
Miss. R. B 0.00141 
Nemadji R. 0.00419 
Rice Cr. 0.01674 
Root R. 0.00160 
Rum R. 0.00386 
Wild R. R. 0.00288 
Yel. Med. R. 0.00302 
Zumbro R. 0.00272 

Gravel or 
Sand Bed 

Gravel 
Sand 
Sand 
Gravel 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 
Sand 

-
C* it 

(ft/yr) 

0.237 2.35 
0.119 2.07 
0.072 1.05 
0.111 1.16 
0.082 1.34 
0.114 2.00 
0.173 2.92 
0.179 0.92 
0.155 1.02 
0.230 0.48 
0.368 0.33 
0.088 7.26 
0.164 1.18 
0.130 1.11 
0.106 1.11 
0.218 2.02 

Ds Stream B 
(mm) Name (ft) 

15 Big Fork 180 
0.4 Buff Cr. 57 
1.0 Cotto R. 80 
12 Hawk Cr. 75 
0.4 Kan. Cr. 25 
0.5 Minn. R. A 140 
0.5 Minn. R. B 290 
0.5 Miss. R. A 185 
0.5 Miss. R. B 220 
0.5 Nemadji R. 110 
0.5 Rice Cr. 44 
0.5 Root R. 110 
0.3 Rum R. 85 
0.2 Wild R.R. 90 
0.5 Yel. Med.R. 70 
0.8 Zumbro R. 160 

-
it* 

Stream 
Name 

1.9 
10.1 
3.2 
1.0 
6.5 
8.7 
12.7 
4.0 
4.4 
2.1 
1.4 
31.6 
6.6 
7.6 
4.8 
6.9 

Big Fork 
Buff. Cr. 
Cotto R. 
Hawk Cr. 
Kan. Cr. 
Minn. R. A 
Minn. R. B 
Miss. R. A 
Miss. R. B 
Nemadji R. 
Rice Cr. 
Root R. 
Rum R. 
Wild R. R. 
Yel. Med. R. 
Zumbro R. 

B* H H* Q Q* 
(ft) (cfs) 

3657 5.6 113 5470 1.79E+6 
43432 7.5 5750 1739 4.91E+9 
24383 6.2 1900 2296 6.56E+8 
1905 4.3 108 1437 8.24E+5 
19049 4.6 3500 826 2.33E+9 
85340 15.4 9400 11084 1.79E+10 
176775 14.8 9000 15092 2.44E+I0 
112770 6.2 3800 2580 4.17E+9 
134105 5.6 3400 2580 4.17E+9 
67053 2.3 1400 1810 2.93E+9 
26821 1.6 1000 456 7.38E+8 
67053 9.5 5800 10700 1.73E+10 
86356 9.2 9333 3203 1.86E+10 
137153 2.0 3000 1250 2.00E+10 
42670 4.3 2600 1230 1.99E+9 
60957 10.2 3875 8900 4.45E+9 

S S 8-1 s . * S 
(l/yr) 

0.00063 2.39 1.39 -0.00111 --4.3E-5 
0.00033 1.21 0.21 0.00171 1.09E-5 
0.00060 1.86 0.86 0.00066 6. 66 E---{l 
0.00063 1.70 0.70 -0.00011 -3.8E---{l 
0.00071 1.97 0.97 0.00151 9. 64E---{l 
0.00024 1.94 0.94 0.00240 1. 71 E-5 
0.00010 1.97 0.97 -0.00231 -1.60E-5 
0.00010 2.25 1.25 0.00170 1. 2IE-5 
0.00010 2.17 1.17 0.00067 4.78E---{l 
0.00180 1.46 0.46 0.00046 3. 28E---{l 
0.00175 2.61 1.61 0.00255 1.82E-5 
0.00061 1.43 0.43 -0.00105 -7.5E---{l 
0.00026 2.60 1.60 0.00801 4.43E-5 
0.00190 1.72 0.72 0.00060 2.71E---{l 
0.00070 2.07 1.07 0.00048 3.43E---{l 
0.00053 1.86 0.86 0.00241 2.18E-5 



Stream i f* 
Name (1/ft2/ft) 

Big Fork 5.62 4.5 
Buff. Cr. 2.52 12.3 
Cotto R. 1.95 6.0 
Hawk Cr. 1.97 1.7 
Kan. Cr. 2.65 12.9 
Minn. R. A 3.87 16.8 
Minn. R. B 5.77 25.1 

" Miss. R. A 2.07 9.0 
Miss. R. B 2.22 9.7 
Nemadji R. 0.70 3.0 
Rice Cr. 0.86 3.7 
Root R. 10.43 45.4 
Rum R. 3.08 17.3 
Wild R. R. 1.90 13.1 
Yel. Med. R. 2.30 10.0 
Zumbro R. 3.75 12.9 

.,. 

-
Yrms/x 

0.95 
0.88 
-1.79 
0.33 
3.03 
1.22 
1.95 
10.19 
0.84 
0.60 
5.89 
1.30 
-1.26 
-1.37 
5.20 
0.73 

7 Conclusions 

This analysis has produced interesting and use
ful results. Several of the relations produced 
from the regression analyses appear to be ap
plicable to other streams in the Midwest. While 
the program MEANDER may be used to analyze 
a reach directly, the time and expense involved 
in such an eff'ort make using the relations more 
attractive. 

In particular, the average normal shift rate 
versus depth and discharge, as well as rate of 
reworking versus depth and discharge, should 
prove to be useful to those interested in 
quantifying stream shift. They are useful 
both in the dimensioned and dimensionless 
forms. The dimensionless equations, however, 
should yield better results because they in
clude a measure of sediment properties. Ta
ble 1 summarizes the important relations: 

Dimensioned 

ii ::: O.35Ho.78 
ii ::: O.022Qo.52 
r ::: O.69Ho.76 
r ::: O.049Qo.50 

ii ::: O.0049H+o.86 
ii ::: O.00017Q+0,47 
r* ::: O.OllH+ o.84 
r* ::: O.00066Q+0,44 

Multiple regression relations do not appear 
promising for use, although only two cases were 
examined thus far. 

Several of the results were surprising, such as 
the weak relation between shift rate and slope, 
or the rate of sinuosity change with sinuosity. 
The latter case may be a consequence of exclud
ing reaches with cut-off's from the analysis. In
deed, none of the reaches included in this study 
approached a sinuosity of 6, which is the value 
predicted for cut-off' by Beck (1). 

While the regression relations can be used di
rectly to compute shift rates and rates of area 

reworking for a reach of interest, one may also 
wish to compare that reach with the reaches an
alyzed in this study. By doing so, the results of 
the regression relations can be verified to some 
degree. 

The shift distribution graphs contained in 
Chapter 2 may also prove useful, as they indi
cate the maximum normal shift that can occur 
on a particular reach. By comparing a stream 
of interest with one of the examples outlined in 
chapter 2, one may be able to estimate the max
imum shift rate. 

Examples of how one may use the results of 
this analysis for practical application include 
estimating maintenance costs for road repair, 
for the case of a road located along a stream 
bank, based on estimates of area reworked by the 
stream. Or, a bridge engineer can calculate how 
much area to allow for river shift, to lessen the 
chance of a river undermining bridge supports. 

Although the regression equations and stream 
examples should prove useful, perhaps the most 
important product of this analysis is the formu
lation of a data set, which can be studied further 
and built upon, with the hope that the regression 
relations can be improved. 

The program MEANDER should also prove 
to be useful as a means of validating the accu~ 
racy of models used to predict stream meander
ing. Whereas in the past most verification was 
accomplished with manual measurement tech
niques, MEANDER may be used to verify the 
models over an extended reach. 

Finally, it is hoped that this analysis will con:
tribute toward educating the public that preven" 
tion is the key to erosion control. In particular, 
it is hoped that greater emphasis will be placed 
upon maintaining a protective vegetative buffer 
strip along stream edges. It is hoped that, in the 
future, the program MEANDER can be used tQ 
distinguish between rates of shift in forest versus 
non-forest areas, to provide greater evidence in 
this regard. 
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Symbols 

SupetliCripts 
* dimensionless notation 

time rate of change 
average 

Sub~ripts 
A pertaining to wave amplitude 

root-mean-square 
pertaining to sediment 
pertaining to wave 
50% finer than 
90% finer than 

curvature 

s 

Syx 
S 
S 

S 

S* 
x 

streamwise coordinate measured along 
channel centerline 
standard error of the estimate 
stream slope 
stream sinuosity 

time rate of change of sinuosity 

$* = Sv Ds/g 
east-west coordinate; 
component of normal shift parallel 
to valley centerline 

relativet6 
filter strength 
infinity 

. ' 


