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Abstract: Conceptual model of sedimentgraph
from flood events in a small agricultural water-
shed. A procedure for predicting the sediment
graph (i.e. the suspended sediment flux), from
a small river catchment by heavy rainfall, has been
developed using the concept of an instantaneous
unit hydrograph (IUH) and dimensionless sedi-
ment concentration distribution (DSCD). A formu-
la for instantaneous unit sedimentgraph (IUSG)
is presented, and a procedure for estimating
the sediment routing coefficient, which is a key
parameter of the IUSG, based on measured data
of rainfall-runoff-suspended sediment is applied.
Field data from a small, field sized agricultural
basin, lacated in center of Illinois has been used
for analizing lag times for runoff (LAG) and sedi-
ment yield (LAG;). Assumptions about sediment
generated during rainfall events are discussed.

Key words: sediment graph, IUSG, wash load,
watershed lag times.

INTRODUCTION

Estimates of sedimentgraphs (graphs
of suspended sediment load associated
with hydrographs caused by rainfall) are
essential for sediment yield assessment,
providing inputdata for prediction models
of sediment deposition in reservoirs,
designing efficient sediment control
structures, and water quality predictions.
In these cases, and especially in non-point

pollution models, in which sediment is a
pollutant and transports other pollutants,
it is important to estimate sediment trans-
port accurately during individual storms.
Offen recorded hysteressis effects in
suspended sediment flux (Walling, Webb
1982; Williams 1989; Baca 2008;
Tramblay et al. 2008) are taken into
account in some of the being developed
models (Singh et al. 2008; Sheng 2004;
Kalin et al. 2004).

The sedimentgraph model introduced
by Williams (1978) was used in previous
investigation (Banasik and Woodward
1991; Banasik and Blay 1994). A new
definition of the instantaneous unit
sedimentgraph (IUSG) was developed
(Banasik 1994; Banasik and Walling
1995). The IUSG was incorporated into
the sedimentgraph model (SEGMO),
based on a lumped parametric approach.
The sedimentgraph model, which was
developed for predicting watershed
response to heavy rainfall, consists of two
parts; a hydrologic sub-model and sedi-
mentology sub-model. The hydrologic
submodel uses the Soil Conservation
Service CN-method to estimate effective
rainfall (Woodward et al. 2006), and the
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instantaneous unit hydrograph (IUH)
procedure to transform the effective
rainfall into a direct runoff hydrograph.
The sedimentology submodel uses a form
of the modified Universal Soil Loss
Equation to estimate the amount of
suspended sediment produced during
the rainfall-runoff event and the instanta-
neous unit sedimentgraph (IUSG) proce-
dure to transform the produced sediment
into a sedimentgraph.

INSTANTANEOUS UNIT
SEDIMENTGRAPH (IUSG)
PROCEDURE DESCRIPTION

The IUSG is defined as the time distri-
bution of sediment generated from an
instantaneous burst of rainfall producing
one unit of sediment. The IUSG presented
here is based on the IUH derived by Nash
(1957) 1.e.:

u(t) (k)" - exp(—t/k) (1)

kT

and the first-order kinetic equation
written in dimensionless form and termed
the dimensionless sediment concentration
distribution (DSCD):

c(t)y=exp(-B-t) )
where u(f) are the ordinates of the IUH
(1/h), N and k are the Nash model
parameters: N is number of reservoirs
(), k is the retention time of reservoir
(hr), T'(N) is the gamma function, c(¢) are
the ordinates of the DSCD (-), B is the
sediment routing coefficient (1/h), and ¢
is time (h).
The IUSG is calculated by:

(=<
j u(t)-c(t) dt

0

€)

Which, after inserting into it equations 1
and 2, and solving, produces the follo-
wing (Banasik 1994):

_B-k+1
k-T(N)

-exp[-t(B+1/k)] for B=>-1/k

s(t) [t(B+1/k)]"-

4

where s(7) are the IUSG ordinates (1/h).
The IUSG has three parameters N and
k which are also IUH parameters and a
third, the sediment routing coefficient B.
The IUSG time to peak can be calculated
from:

_(N-D-k
Lo 1+B-k

and the maximum ordinate of IUSG can
be computed from:

)

_1+B-k (N-D"
k-T'(N) exp(N-1)

where 1, is the time to peak of IUSG (h),
and sp is the maximum ordinate of [USG
(1/h).

The respective values for [UH are calcu-
lated from:

(6)

Sp

f,=(N=1)-k (7
and
y= 1 . N-1D" )

Ck-T(N) exp(N—-1)

where ¢, is time to peak of the IUH (h),
and u, is the maximum ordinate of the
TUH (1/h), so the ratio of the characteristic
values of IUSG and IUH can be com-
puted from:

b _ 1
t, (1+B-k)

)
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and

S —14Bk (10)
uP

It is clear that when B equals zero the
characteristic values of IUH and IUSG
are the same and right side of equation 4
assumes the form of the Nash [UH
(Eq. 1). Also, from Eq. 9, that for B> 0
time to peak of IUSG is shorter than the
time to peak of the IUH, and the peak
value of the IUSG is greater than the
peak of the IUH (Eq. 10).

EMPIRICAL ESTIMATION
OF THE SEDIMENT ROUTING
COEFFICIENT

One of the characteristic values in rain-
fall-runoff modelling is the retention of
the system or lag time, which is defined
as the time elapsed between the centroids
of effective rainfall and the direct runoff
hydrograph. For the IUH derived by
Nash, the lag time is estimated using:

(11)

For the IUSG, the lag time (LAG,) can be
calculated using:

LAG=N -k

N-k
1+B-k

LAG, = (12)

Using equations 11 and 12, the routing
coefficient B can be computed using:
B=(LAG/LAG, 1)k (13)
Since the LAG, LAG, and k can be esti-
mated from rainfall-runoft-suspended

sediment data, the routing coefficient B,
can be estimated using equation 13.

Using measured data of rainfall-runoff
events the lag time can be calculated as:

(14)

where Mo and M,p are first statistical
moments of the direct runoff hydrograph
and the effective rainfall hyetograph
(h), respectively. Many attempts have
been made to establish the relationship
between the watershed lag time and
basin characteristics (Snyder 1938; Watt
and Chaw 1985; Chang-Xing Jin 1992).
Based on measured data, lag time for
sedimentgraph, LAG,, is defined as
time elapsed between centroids of the
sediment production graph (similar to
effective rainfall hyetograph) and the
sedimentgraph, and can be computed
from:

LAG=Mp— Mpr

(15)

where Mg and M,y are first statistical
moments of the graph of direct sus-
pended sediment rate, and the graph of
sediment production (h), respectively.
Data from a small agricultural watershed
were analysed to investigate the relation-
ship between LAG, and LAG, similarly
to previous study (Banasik et al. 2005,
2000).

LAG, = Ms— Mg

Data description and investigation
approach

Rainfall-runoff-suspended sediment and
water quality data from the 2.31 ha (field
size) lowland watershed — M3, which is
part of the Upper Little Vermilion River
catchment, have been collected since
1993 by the Department of Agricultural
Engineering, UIUC, within a program
of water quality protection in rural areas
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(Mitchell etal. 1997; Mclsaac et al. 1997,
Walker et al. 1997). The Little Vermilion
River is located in East Central Illinois,
where the average annual rainfall is ap-
proximately 1010 mm (ISCO, 1998). The
M3 watershed has silty loam soils (called
Sabina & Xenia), flat topography (slopes
of less than 2%) and is totally used for
row crop production, primarily corn
rotated with soybeans. Rainfall and flow
data, as well as time of taking samples by
automatic probe sampler, were recorded
in one data logger. Up to eight samples
were taken for each of the events. The
samples were analysed in the water
quality laboratory of the Department of
Agricultural Engineering, UIUC. Some
characteristics of the eight measured
events, which have had complete data
needed for this analysis, collected in
1993 and 1996, are given in Table 1.
There was no base flow, so the measu-
red runoff hydrographs are equal to the
direct runoff hydrographs. Effective

TABLE 1. Characteristics of the events

rainfall depth for each of the events
was estimated as equal to runoff depth.
The constant value of losses (®-index)
method was selected from four methods
which were considered: i.e. SCS, exponen-
tial formula, constant runoff coefficient,
and constant value of losses (Ignar and
Banasik 1994) for determination of effec-
tive rainfall distribution during rainfall
duration. This method has given the
most coherent results, i.e. no negative
LAG-values, and has the best agreement
between regenerated and measured
runoff hydrographs.

The distribution of sediment production
during rainfall events, i.e. the sediment
production graph, needed to estimate lag
times for sedimentgraphs (LAG;) accor-
ding to equation 15, was established for
four different relationships, representing
various assumption about sediment
production. Sediment production for each
time interval of effective rainfall AY; was
computed from:

Category Unit Value
Rainfall depth P
Avg./event mm 25.9
Range mm 10.7-62.7
Effective rainfall H
Avg./event mm 2.36
Range mm 0.25-6.16
First statistical moments:
M, for hydrographs
Avg./event hour 1.11
Range hour 0.57-1.98
M, for sedimentgraphs
Avg./event hour 0.96
Range hour 0.40-1.85
M, p for effective rainfall hyetograph
Avg./event hour 0.51
Range hour 0.08-1.42
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AY, =Y, Y., for j=1,2,..,n (16)

where Y; is the cumulative sediment
production (M) and n is the number of
time intervals of rainfall duration. The
relationships for cumulative sediment
production used in this study are as
follows:

Relationship I

J
Y,=a- Y AH, for j=1,2,..,n (17)
i=1

Relationship II

i b
Y, =as -(ZAH?}
i=1

for j=1,2,..,n

(18)

Relationship III

J
Y,=a,- Y AH} for j=1,2,..,n (19)

i=1

Relationship IV

j b
Y, =a, (ZAH,- AP]
i=1

for j=1,2,...,n (20)

where AP; and AH; are incremental
rainfall and effective rainfall (mm), and
by, by and b; are parameters established
using a larger set of data from a small
watershed in another study (Banasik
and Walling 1996). The values of the
b-parameters were 0.59, 0.56 and 0.94,
respectively. Finally, a;, ap, a3 and a4
are fitted parameters, which matched the
total sediment production for each event
with the measured value. A 10-minute
time interval was used in this study. In

the first assumption (R-I), sediment
production during the rainfall event in
each time interval is proportional to
effective rainfall in that time interval. In
the second assumption (R-II), sediment
production is proportional to the squared
value of incremental effective rainfall.
Parameters b; and b5 of the Egs. 19 and
20 (R-IIT and R-1V) indicate that for time
intervals of the same characteristics; i.e.
having the same values of AH and AH -
- AP, in Eq. 19 and 20, respectively,
sediment production would decrease
with time.

Results and Concluding Remarks

The precision with which the centroids
of the direct runoff hydrograph and sedi-
mentgraph can be estimated depends on
the accuracy of the measured data, but
the precision of estimating centroids of
effective rainfall and sediment produc-
tion, depends also on assumptions about
their distributions. In such cases, com-
parisons of the first moments of direct
runoff hydrographs and sedimentgraphs
provides an indication of the differences
in centroids location and permits some
suggestion regarding the differences
between LAG,and LAG. Mean values and
the range of the first moments of direct
runoff hydrographs (M) and sediment-
graphs (M,s) of the measured events are
given in Table 1. It can be observed that
average as well as extreme values of Mg
were smaller than M;y. The regression
relationship between the first statistical
moments of the sedimentgraphs and
hydrographs of the eight analysed events
was established as:
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with a coefficient of determination, r> =
= 0.99, standard error of estimation,
SEE = 0.054 and standard error of the
coefficient (0.978), SEC = 0.042. If the
constant value in Eq. 21 is constrained to
be zero, the relationship becomes:
M5 =0.882-M,, (22)
with r* = 0.98, SEE = 0.070 and SEC =
=0.021.
Regression relationships of the forms:

LAGs =a-LAG (23)
and
LAGs=a-LAG+b (24)

were computed for the four different
assumptions of sediment production
(Tabs 2 and 3, and Fig. 1).

It can be seen from data given in Tables
2 and 3 as well as from Figure 1, that

the lag time of sedimentgraphs LAG; is
smaller than the lag time for hydrographs
LAG (parameter a of Eq. (23) is smaller
than 1), for all of the assumptions about
sediment production during rainfall
events. Relatively high correlation exists
for all of the considered relationships,
however, a greater coefficient of deter-
mination was obtained for Eq. 24.

As lag time for hydrographs, LAG, is
quite often investigated and some formu-
lae exist for estimating it for small water-
sheds based on their characteristics, the
form of the relationship of Eq. 23, con-
taining only one parameter, seems to be
more useful in first stage of investigation
of transferring the relationship LAG; vs
LAG to other regions, than Eq. 24 which
contains two paramters.

The analysis of rainfall-runoff-sedi-
ment yield data from the 2.31 ha agri-
cultural watershed in east-central Illinois
shows that:

TABLE 2. Characteristics of the relationships of Eq. 23

Sediment production graph Characteristics"

according to relationship A 2 SEE SEC
R-I (Eqn 17) 0.771 0.938 0.051 0.029
R-IT (Eqn 18) 0.700 0.829 0.094 0.053
R-IIT (Eqn 19) 0.783 0.947 0.045 0.025
R-IV (Eqn 20) 0.775 0.948 0.047 0.026

1

Ja — parameter of the regression relationship (Eq. (23)); 1> — coefficient of determination; SEE —

standard error of estimation; SEC, standard error of coefficient a.

TABLE 3. Characteristics of the relationships of Eq. 24

Sediment production graph Characteristics”

according to relationship a b 2 SEE SEC
R-I1(Eqn 17) 0.877 —0.162 0.954 0.048 0.079
R-II (Eqn 18) 0.940 -0.072 0.896 0.080 0.131
R-III (Eqn 19) 0.841 -0.039 0.953 0.047 0.077
R-IV (Eqn 20) 0.869 -0.063 0.960 0.044 0.072

Ya and b — parameters of the regression relationship (Eq. (24)); 12 — coefficient of determination;
SEE — standard error of estimation; SEC — standard error of coefficient a.
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FIGURE 1. Lag times of the sedimentgraphs, LAGs and lag times of hydrographs for the four assump-
tions about sediment productions during rainfall evemts for the relationships R-1, R-II, R-III and R-IV

a) a significant linear relationship exists
between the lag time of hydrographs,
LAG, and lag time of the sediment
graphs, LAGs,

b) parameter a of Eq. 23 may be assumed
within the range of 0.70-0.78, depen-
ding on the assumption on sediment
production during the rainfall event,
for the prediction procedure in similar
ungauged watersheds,

¢) further analysis using data from this and
other watersheds is required to identify
the factors controlling the relationship
between LAG, and LAG, to be able to
compute the sediment routing coeffi-
cient, B (from Eq. 13).
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Streszczenie: Model koncepcyjny sedymento-
gramu wezbran powodziowych w matej zlewni
znaczania sedymentogramow wezbran wywola-
nych ulewnymi deszczami w matej zlewni rol-
niczej. Procedura zawiera sposob wyznaczania
chwilowego sedymentogramu jednostkowego
(IUSG), utworzonego z chwilowego hydrogramu
jednostkowego (IUH) i bezwymiarowej funkcji
koncentracji rumowska unoszonego (DSCD).
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Przedstawiono zalezno$¢ na okreslanie nowo
wprowadzonego parametru [USG, na podstawie
czasow opdznienia odplywu wody (LAG) i od-
ptywu rumowiska (LAG;). Dane pomiarowe
z matej zlewni rolniczej (o powierzchni 2,31 ha),
potozonej w centralnej czgsci stanu Illinois wyko-
rzystano do zbadania zaleznosci czaséw opo6znie-
nia odptywow wody i rumowiska. Przedstawiono
takze rozne zalozenia o wytwarzaniu rumowiska
w zlewni w trakcie trwania opadu.
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