





























Table 1.--Suspended-sediment data--Continued

Percentage
of
Suspended- suspended-
sediment Suspended- sediment
Streamflow concentration sediment finer
(cubic feet (milligrams discharge than 0.062
Date Time per second) per liter) (tons per day) millimeters
07-03-90 0845 46 E118 E1s Eg7
08-03-90 1030 42 43 4.9 66
08-20-90 2015 769 159 330 51
08-21-90 0755 442 107 128 54
08-21-90 0840 423 109 124 56
08-21-90 1020 389 120 126 54
08-21-90 1225 357 126 121 64
09-13-90 1053 52 20 2.8 80
09-14-90 1150 102 101 28 91
10-09-90 1820 399 143 154 52
10-09-90 2305 463 155 194 49
10-10-90 1005 719 165 320 56
10-10-90 1205 761 150 308 59
10-10-90 1530 802 154 333 47
10-10-90 1700 811 142 311 45
10-10-90 1810 811 134 293 45
10-17-90 2047 81 24 5.2 53
10-17-90 2216 171 190 88 45
10-17-90 2324 152 63 26 75
10-18-90 0119 205 150 83 71
10-18-90 0631 280 204 154 76
10-18-90 0817 286 185 143 76
11-05-90 1640 636 205 352 39
02-19-91 1400 283 129 99 57
02-28-91 1620 75 14 2.8 64
04-17-91 1350 238 77 49 68
06-01-91 0016 621 211 354 77
06-01-91 0214 640 294 508 78
06-01-91 0410 666 278 500 72
06-01-91 0612 691 273 509 74
06-01-91 0809 706 221 421 68
06-01-91 1008 675 228 416 73
06-01-91 1207 605 191 312 69
06-06-91 0814 75 23 4.7 70

E indicates estimate



SUSPENDED—SEDIMENT CONCENTRATION,
IN MILLIGRAMS PER LITER
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Figure 2.——Variations in suspended—sediment concentration
and streamflow in Trail Creek at Michigan City.
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Figure 3.——Variations in percentage of suspended sediment finer than
0.062 millimeter and streamflow in Trail Creek at Michigan City.



SUSPENDED-SEDIMENT DISCHARGE AND AVERAGE ANNUAL LOAD

Suspended-sediment discharge data collected from Trail Creek are listed in
table 1. Mean annual suspended-sediment loads for Trail Creek were estimated
by the flow-duration, rating-curve method described by Miller (1951). For
this report, only suspended-sediment load is reported and discussed. A sus-
pended-sediment rating curve and a flow-duration curve are used in this
method. A suspended-sediment rating curve is an empirical relation between
suspended-sediment load and streamflow that is typically prepared by plotting
suspended-sediment discharge and streamflow on logarithmic coordinates (Gren-
ney and Heyse, 1985). Colby (1956, p. 10-25) also discusses the use of sedi-
ment-rating curves. Linear regression was used to quantify the relation
between suspended-sediment discharge and streamflow. Three polynomial func-
tions were evaluated:

First-order polynomial:
ln Qs = b0 + bl (1n Qw) + e, (2)
Second-order polynomial:
In Qs = b0 + bl (ln Qw) + b2 (In Qw)2 + e, (3)
Third-order polynomial:
1n Qs = b0 + bl (1n Qw) + b2 (1ln Qw)2 + b3 (1ln Qw)3 + e, (4)
where 1n Qs is the natural logarithm of the suspended-sediment discharge;
In Qw is the natural logarithm of streamflow;
b0, bl, b2, and b3 are regression coefficients; and

e is the residual error (the amount that any value of 1n Qs
differs from the regression line).

The second- and third-order polynomials allow the regression line to have
a curved shape, which is sometimes observed in the logarithmic relation
between suspended-sediment discharge and streamflow. The best fitting regres-
sion equation was selected on the basis of the coefficient of determination
and residuals analysis. The coefficient of determination is a statistic that
measures the proportion of the total variation of the dependent variable
explained by the regression. Generally, the higher the coefficient of deter-
mination the better the regression equation explains the relation between the
variables. The residuals were analyzed to determine if the assumptions of
linear regression were not violated (that they were independent and identi-
cally distributed). For a more detailed discussion of these criteria, see
Chatterjee and Price (1977, p. 9-10, 55-56), Daniel and Wood (1980, p. 17,
27-43), or Draper and Smith (1981, p. 19, 141-182).
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Functions of the form shown in equations 2 to 4 must be transformed from
logarithmic to arithmetic scale before they can be used to obtain estimates of
suspended-sediment discharge. Estimates of suspended-sediment discharge will
be biased if a simple inverse transformation of the logarithmic form of the
model is used. The reader is referred to Miller (1984) for a discussion of
transformation bias in curve fitting. A nonparametric correction for trans-
formation bias, the smearing estimate (Duan, 1983), was used to <correct for
transformation bias in equations presented 1in this report. By use of the
smearing estimate, an approximately unbiased estimate of the mean suspended-
sediment discharge for a given streamflow, was obtained from the following
equation:

% exp(e)
Qs = exp(f(ln Qw)) ——, (3)
n
where exp indicates that the quantity in the parentheses is raised

to the base of the natural logarithm;

f(1n Qw) is the polynomial function describing the relation between
the logarithms of suspended-sediment discharge and stream-
flow with estimated regression coefficients; and

n is the number of observations used with the linear-
regression analysis to obtain the coefficients of the
rating curve.

A discussion of transformation methods as related to sediment transport
may be found in Cohn and others (1989), Farr and Clarke (1984), Ferguson
(1986a and 1986b), and Koch and Smillie (1986).

A second-order polynomial best described the relation between the loga-
rithms of suspended-sediment discharge and streamflow for Trail Creek. The
transformed relation is

Qs = exp(-8.742 + 3.002 (ln Qw) - 0.117 (ln Qw)?) 1.20, (6)

The value 1.20 is the bias correction factor. The mean-square error of
this equation is 0.377. The relation of suspended-sediment discharge and
streamflow for Trail Creek is shown in figure 4. The rating curve shown in
figure 4 1is drawn over the range of flows used to estimate the mean annual
suspended-sediment load for Trail Creek. The flow-duration curve of daily
mean streamflow for the 1981-90 water years is shown in figure 5.

Equation (5) gives an estimate of the expected suspended-sediment dis-
charge for any specified streamflow. In the flow-duration, rating-curve
method, weighted estimates for representative flows are summed to obtain an
estimate of the mean daily suspended-sediment discharge as follows:
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STREAMFLOW, IN CUBIC FEET PER SECOND
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Figure 5.——Flow—duration curve of daily mean streamflow
for 1981-90 water years, Trail Creek at Michigan City.
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2 exp(e)
QSD = 2 F; exp(f(1ln le)) _, 7
=1 n

i
where Qsp is the estimate of the mean daily suspended-sediment discharge;
I is the total number of streamflow values in the flow duration;
i is .a subscript denoting the ith streamflow value;

F; is the frequency of occurrence associated with the ith repre-
sentative streamflow value; and,

Qsj is the estimate of the mean suspended-sediment discharge for
the ith streamflow.

An estimate of the mean annual suspended-sediment load, L, is obtained by
multiplying the estimated mean daily suspended-sediment discharge, Qsp, by
365. Example calculations using this method are given in Crawford and Mansue
(1988) and Flint (1983).

An estimate of the uncertainty in the mean annual suspended-sediment load
was calculated by the jackknife method (Stuart and Ord, 1987, p. 338). The
jackknife is a method for examining sampling properties of a statistic, with
no requirement for distributional assumptions. The method is a resampling
scheme based on computing the statistic for various subsamples of the original
data set. A jackknife estimate of the variance of the estimated mean load can
be obtained using the equation:

n -1

Var[L] = (L(n - 1,i) - L(n - 1)]2, (8)

I ™M=
H

n i

where L(n - 1,1) is the estimated mean load calculated from equation (7)
using the n - 1 values that excludes the ith dis-
charge/streamflow observation; and,

L(n - 1) is the mean of the L(n - 1,i)-

An estimate of the standard deviation of the estimated mean load is
obtained by taking the square root of the variance. Approximate 95-percent
confidence limits can be obtained by subtracting or adding twice the standard
deviation to the estimated mean load.

Estimated annual suspended-sediment loads for the 1981-90 water years are
shown in table 2. The annual loads ranged from 3,690 to 8,250 tons. The
average annual load for the 10-year period is 6,180 tons. Annual suspended-
sediment yield (load per unit drainage area) ranged from 68 to 153 ton/mi2 and
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averaged 114 ton/miz. Estimated average annual suspended-sediment yields from
14 other streams in the Northern Moraine and Lake region of Indiana ranged
from 11 to 152 ton/mi2 (Crawford and Mansue, 1988, p. 67). The median annual
suspended-sediment yield of the 14 streams was 56 ton/mi<.

Approximate 95-percent confidence limits are less than = 20 percent of the
estimated mean load. These confidence limits take into account only the var-
iability of the sample data. A fundamental assumption of linear regression is
that the data used for the regression are representative of the population
from which they were collected. If this is not the situation, regression
results will not be valid. The data used in this study were collected during
two different time periods. Forty-five percent of the data were collected
during 1977-81, the remaining data were collected during 1990-91. Of the data
collected during 1990-91, most were collected during four storms. Nearly all
of the observations collected at streamflows exceeding 300 ft3/s were obtained
during these four storms. It is possible that conditions in the basin during
these four storms are not representative of temporal variability in the basin.
If so, the rating curve obtained for this study and, consequently, the esti-
mated suspended-sediment loads, might not be representative of temporal
changes in suspended sediment that occur in the basin. This probably is not
the case, however. Annual suspended-sediment load estimated for 1981-90 using
just the 1977-81 sample data and estimated using just the 1990-91 sample data
were within 4 percent of one another and were not statistically different. The
least accurate of these estimates was within 10 percent of the annual suspen-
ded-sediment load determined using the combined data. If the data collected
during 1990-91 were not representative, it is unlikely that the data collected
from the two time periods would have provided results so similar.

Table 2.--Estimated annual suspended-sediment loads, 1981-90

Standard deviation

Estimated of estimated

annual suspended- annual suspended-
Water sediment load sediment load Annual runoff
year(s) (tons) (tons) (inches)
1981 7,050 520 21.2
1982 8,120 550 23.1
1983 6,850 550 21.8
1984 5,450 430 19.0
1985 6,950 640 19.3
1986 6,530 470 20.9
1987 3,690 310 16.5
1988 3,950 370 17.1
1989 4,970 360 17.4
1990 8,250 560 22.6
Mean annual load
1981-90 6,180 430 19.9
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SUMMARY AND CONCLUSIONS

Trail Creek is a 54.1-mi? tributary of Lake Michigan located in northwest-
ern Indiana. A harbor has been built at the mouth of the stream in Michigan
City, Indiana, to support the recreational and commercial fishing industry
that is important to the local economy. Use of the harbor has been limited by
excessive sediment deposition. The harbor was dredged in 1980, 1986, and
1987, and as of this writing (1992), it is again in need of dredging. This
report describes a study done to investigate the suspended-sediment character-
istics of Trail Creek. The study included analysis of suspended-sediment con-
centration and particle-size data, and estimates of annual suspended-sediment
load. Data collected at the U.S. Geological Survey streamflow-gaging station
on Trail Creek during 1977-81 and 1990-91 were used in this study.

Suspended-sediment concentration is positively correlated with streamflow.
At low flows, the suspended-sediment concentration was typically less than
50 mg/L. Concentrations increased rapidly as streamflow increased, reaching
200 to 300 mg/L at high flows.

The percentage of silt- and clay-size materials (less than 0.062 milli-
meter) is negatively correlated with streamflow, although this correlation is
highly variable. At low flows, silt- and clay-sized materials accounted for
about 90 percent of the suspended sediment. This percentage decreased to
about 50 percent at high flows. The percentage of course-grained materials in
Trail Creek 1is higher than in other northern Indiana streams. This can be
attributed to the surrounding surficial material, which consists of beach and
lacustrine deposits with a large proportion of sand.

A suspended-sediment rating curve was developed by use of linear regres-
sion to relate the natural logarithms of suspended-sediment discharge and
streamflow and an appropriate correction for transformation bias. The best-
fit relation between suspended-sediment discharge (Qs) and streamflow (Qw) is
given by the relation:

Qs = exp(-8.742 + 3.002 (In Qw) - 0.117 (In Qw)z) 1.20.

Estimates of the annual suspended-sediment 1load for the 1981-90 water
years were calculated using the flow-duration, rating-curve method. Annual
loads ranged from 3,690 to 8,250 tons. The average annual load for the
10-year period was 6,180 tons. The jackknife method was used to obtain an
estimate of the wuncertainty in the estimated suspended-sediment loads. The
uncertainty was estimated to be less than * 20 percent of the calculated load.
Suspended-sediment yield (load per unit drainage area) averaged 114 ton/miz.
This value is within the range of values from 14 other previously investigated
streams within the Northern Moraine and Lake region of Indiana. _Annual
suspended-sediment yields from these streams averaged 11 to 152 ton/miz; the
median annual yield was 56 ton/miz.
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