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Abstract

There are different ways to estimate suspended sediment load of a river. The conventional
sediment rating curve model has been used widely due to its simplicity and required parameters.
The most important limitation of the conventional SRC model is its relatively low precision and
underestimation of the suspended sediment load in most studies. However, in this study, the concept
of SRC model segmentation is introduced based on the curve slope under the title of developed
SRC-S model. The most important feature is the simplicity of the presented application. To compare
the conventional SRC and the developed SRC-S models, data from two hydrometry stations in northern
Iran were selected. Graphical study of the models shows that the developed SRC-S model enjoys
more fitting precision in comparison with the conventional SRC model, and also has improved
underestimation error of suspended sediment load in higher rates of river flow discharge. Six numerical
criteria for model accuracy (Nash-Sutcliffe, root-mean-square error, and mean absolute error, difference
ratio, efficiency ratio improved and index of agreement) are used for quantitative comparison of the
results of conventional and developed models. Accordingly, we found that the mentioned criteria have
improved significantly compared to the conventional model.
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Introduction

Nowadays, there is a desire to understand how
sediment transport occurs in rivers in aspects of
quality and quantity. As all of this information is
subsequently used in studying erosion rate and pattern,
evaluating erosive material from lands surface toward
the downstream of the basin, examining water resource
pollution — especially non-point source (NPS) pollution,
sediment balance, and drainage basin management [1-2].
Unfortunately, many human activities intensify erosion
processes, sediment transport, and sedimentation.
For example, by removing plants, land erosion will
accelerate and a high volume of sediment transport will
flow into rivers [3-5]. In addition, some rivers carry
higher sediments in comparison with the world’s rivers,
due to weather conditions, hydrological and geological
situations, and pressure on basin lands, which leads to
a lot of damage [6-8]. Stream sediments are transferred
in two patterns. First, the sediment is immersed in
and moved with water, which is called suspended
sediment and its amount crossing a section of the river
per time unit is called the suspended load. Second, the
sediments are in the forms of slip, rolling or jumping
motions which are called bed load [9]. The suspended
load measurement method based on the measurement
of suspended sediment concentration and flow rate
is a stable and reliable method for estimating annual
sediment load, but requires continuous measurement
that is usually allowed only for major permanent rivers
[10-12]. Because many catchments do not include
continuous daily measurements of sediment in most
countries, it would be necessary to use experimental and
statistical models for estimating suspended sediment
load in such rivers [13-14]. So far, various methods have
been suggested for estimating suspended sediment load,
the results of which show significant differences in most
cases [15]. One of the most important applications of
the methods for estimating suspended sediment load of
rivers is to apply them for estimating annual sediment
load of the river sediment. It is clear that differences in
methods of estimating the suspended sediment quantity
can lead to quite different estimations of annual long-
term sediment load of a given basin [16-17]. Methods
for estimating suspending sediment load of rivers often
fallen into the two categories of “hydrological methods”
and “hydraulic methods”, the former being considered
as more suitable in practice due to its ease of use [18].
The Conventional model of Sediment Rating Curve
(SRC) is a simple well-known hydrological method for
estimating suspended sediment load of rivers, which
takes advantage of a power regression equation between
suspended sediment load (dependent variable) and river
flow discharge (independent variable) [19]. The other
form of this model is to apply linear regression between
log transformation of suspended sediment load data
and river flow discharge, which statistically equals the
initial form [20]. Due to its ease of use and requiring
just a river flow discharge for estimating suspended

sediment load, the conventional SRC model has been
extensively used in practice [21]. In his investigations
along the Mississippi River, Horowitz (2003) [22] found
that by applying linear and non-linear regression it has
become clear that the longer the data collection period
and the fewer intervals between measurements, the less
will be the overestimation and underestimation values.
Achite and Ouillon (2007) [23] showed that, firstly, the
anticipated values using repression equations were 20%
to 25% more than real values, and secondly, based on the
available time series, achieving more accurate estimation
requires long-term periods, and they suggested that
climate change also needs to be considered. Rodriguez-
Blanco et al. (2010) [24] examined the time changes
of suspended sediment transport in northwest Spain
and used suspended sediment and flow discharge data
collected over 3 years (2004-2007) in different seasonal,
monthly and yearly time scales. The results of their
research suggest that there is a significant relationship
between occurring changes in the amount of suspended
sediment generation with the number and intensity of
the runoff events. They also emphasized the role that
sediment has in transporting nutrients and pollutants to
coastal areas of the study region. Various studies have
been conducted on the conventional SRC model as an
all-purpose model. In a few cases it has been mentioned
that it can lead to overestimation of suspended sediment
load [25], but in many other cases this model had
resulted in underestimating suspended sediment load
[26-31].

Several types of research have been done on the
applicability of corrective coefficients for resolving
the underestimation problem in the conventional SRC
model, which deals with one coefficient for the whole
conventional SRC model [28, 32-33]. A non-parametric
or smearing estimator was first applied by Duan (1983)
[34] in order to improve SRC estimation. This method
is used for solving SRC limitation by [35-36, 37].
Ferguson (1986) [32] used a quasi-maximum likelihood
estimator (QMLE) to correct the shortcomings of the
basic SRC method. This improvement is illustrated by
different researchers in sediment load studies [38-40].
Cohnet al. (1989) [41] suggested the MVUE method
to overcome backlog-transformation bias as a main
problem in conventional SCR application. An important
part of research on the estimation of SRCs is focused
on improving its efficiency. In this manner, Kao et
al. (2005) [33] proposed a beta coefficient method.
The mentioned studies emphasized correction of
conventional SRC considering a corrected SRC curve
fitted among recorded data, but it seems the division
of SRC curve to two segmented curves can lead to
correction of conventional SRC too. The purpose of this
study is to improve the conventional SRC model based
on the applicability of the slope curve method (SCM),
which is a mathematical method that was first used in
water and environment resources issues for estimating
environmental flows [42-43]. In this technique, curve
slope changes are considered against flow discharge,
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and at the point where curve slope equals 1, the diagram
is divided into two sections. This method is based on
the assumption that the curve slope values greater and
smaller than one is, in fact suggesting two kinds of
dependent variable behaviors against an independent
variable, and for this reason this technique is used
as a concept to divide the diagram into two separate
diagrams. Seemingly, this technique has not been
used for suspended sediment load -calculations of
rivers; therefore, we have described it precisely in this
study and the result of its application is presented as
a developed model of sediment rating curve based on
SRC-S curve slope.

Materials and Methods
Study Area and Used Data

The Gharehsou basin with an area of approximately
1762 km? and geographic coordinates of 36°37' to
37°00'N latitude and 54°02" to 54°44’E longitude
with special topography is located in northern Iran in
Golestan Province. The basin is limited from the north
and east to the Gorganrood basin, from the south and
west to the Haraz-Neka basin and from the northwest
to Gorgan Gulf. The main branch of the Gharehsou
River, which is the main drain of the basin, is depleted
to Gorgan Gulf and runs from east to west, but its
branches are often in the north-to-south direction.
The origin of most of the branches of the Gharehsou
River is Alborz Mountain. The Kurdkuy, Shastkola,

Garmabdasht anz Ziarat are the most important of these
branches. The average elevation of the basin is 624 m
above the free seawater level, which is at least -26 m
on the Gorgan Gulf coast, and at most 3300 m in the
southern highlands of the basin. The northern areas of
the basin are in the form of a plain and its southern area
is mountainous fields. In general, there are four types of
land use in the study area: forest, pasture, agriculture
and residential. The largest area of the basin is allocated
to agriculture and the lowest is residential. Agricultural
lands are often dispersed in parts of the basin that are
plain, while forest areas are mostly located in the middle
part of the basin. The pasture lands are concentrated
in the mountainous areas of the southern basin as well
as parts of the northern basin. The average annual
rainfall in Gharehsou basin is about 720 mm, which
has the highest and lowest rainfall from November to
March and June to August respectively. The Gharehsou
River’s discharge is increasing from October, reaching
its highest values in April, and then the river’s discharge
decreases monthly and reaches its lowest values in
August.

The comparative study of the conventional SRC
model and the developed SRC-S model requires the use
of recorded real data. The present study uses the water
discharge data of the river flow and suspended sediment
load of two hydrometry stations in the Gharehsou
River basin. Fig. 1 shows the location of the Gharehsou
basin in the Iranian map and the study stations.
The characteristics of the used data in the study are
presented in Table 1.
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Fig. 1. Geographic locations of the study area and its hydrometry stations.
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Table 1. Statistical characteristics of the river water discharge data and suspended sediment load.

Series Variable (Unit) Recorded Data Average Max Min SD
Discharge (m?/s) 329 0.32 4.89 0.01 0.43
Naharkhoran
Suspended Sediment Load (Ton/Day) 329 17.31 2491.13 | 0.00012 | 170.65
Discharge (m®/s) 113 0.38 4.43 0.04 0.44
Shastkola
Suspended Sediment Load (Ton/Day) 113 16.35 1787.29 | 0.001 168.10

Conventional SRC Model

The regression method is often used to determine a
relationship between suspended sediment load and river
water discharge. Typically, the linear regression on log-
transformed data of the two variables is used as follows:

Log(C) =bLog(Q) + Log(a) D

...where “a” and “b” are curved coefficients. In this
equation, b is the line slope of the log-transformed data
of water discharge and also the value of suspended
sediment load, and log (a) is equal with y-intercept. The
above equation is often used in power form [19].

C=ag’ @

As explained previously, most of the studies suggest
that the use of the conventional SRC model has a
significant error, especially in underestimating the
suspended sediment load.
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Fig. 2. Schematic view of break-point determination in the
developed SRC-S model using the slope of the curve method.

The Developed SRC-S Model

The break-point in the curve is determined by
revealing the power curve equation that is done using
the slope of the curve method, in which the critical point
is a point where the slope of the curve is fitted to the
following equation [42-43]. The expressed concept is
shown in Fig. 2.

ac _,
do 3)

Accordingly, the power equation takes the following
form so that we can determine the break-point. Next, the
data are divided into two parts according to break-point
and on each part; a separate curve fitting is given.

b.a.Qb_l = 1 (4)

Model Precision Criteria

The evaluation criteria of the model precision can
be classified into two categories. The first is the graphic
criterion that addresses a visual review of the precision
of fitting. It should be noted that it is not a quantitative
criterion, but it has a qualitative form and it is explained
as a descriptive form. The second category is the
numerical criteria that leads to calculating the statistic
defined criteria that provide the possibility to compare
the results in terms of quality from different dimensions.
The various numerical criteria used in this research are
described below.

Root Mean Square Error

RMSE =

©®)

In the above and other equations, is the value of
observed suspended sediment load, is the estimated
suspended sediment load and n is the number of
samples. This criterion shows the observed and
estimated distribution means of the difference of
values. But this index cannot provide the information
about over-estimation or underestimation of a method
[44]. The nearer the values of this index to zero, the
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smaller the average difference between observed and Nash-Sutcliffe Criterion
estimated values, and the used model will have less .,
error [45]. E(Co, _ Ce,. )2
NS =1-(E—-)
Mean Absolute Error ’i(CD -C, )?
; = " (10)
2IC,, —C,| e —
MAE = =1 ' Nash-Sutcliffe criterion is one of the error estimation
n (6) criteria that is widely used in modeling water and

The mean absolute error criterion shows the
difference between estimated and observed values
[46]. Obviously, the MAE value of criterion has been
always positive, and ideally this criterion is equal to
zero [47].

Difference Ratio
Ce
DR = C m
0, 7

In the above and other equations, is the mean value
of observed suspended sediment load and is the mean
value of estimated suspended sediment load. The
criterion is obtained from the ratio of the estimated
mean values to the observed mean values, and the closer
the value of this index to one, the higher the model
precision [48]. Specifically, if the model on average
has an over-estimation, the value of the criterion will
be more than one and if the model on average has an
underestimation, the value of the criterion will be less
than one.

Efficiency Ratio Improved

3ic, =C, |
ERI =1-(H——)
G, =C, |
=R ®)
This criterion ranges between 1 and-co [49].

If the ERI criterion value is equal to 1, therefore, the
further the value of this index goes from 1, the less the
precision of the estimated values and the efficiency of
the model.

Index of Agreement
Sie, -¢, |
IA=1- =l

1€, =G, FIC, =C, D
i=1 ©)

The Index of Agreement (IA) is widely used
to examine the model’s efficiency [50]. The index
represents the rate of conformity between the estimated
data and observed data. Whatever value of the index

is closer to 1, the rate of conformity increases more
[51].

hydrology resources [52]. This index ranges from 1 to
-o0; the closer the index value is to 1, the more efficient
the model [52].

Results and Discussion

A Conventional SRC model is, in fact, fitting a
power regression model to the plotted data of suspended
sediment load against the river flow discharge. Fig. 3
displays the conventional SRC models fitted to the data
in two data series. As has been shown in the figure, in
the low levels of river discharge flow, this model has a
good fit to the data of suspended load, but by increasing
the rate of discharge, the error of the model increases.
Numerical criteria precision of the conventional SRC
models for used series of data in this study are presented
in Table 2.
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Fig. 3. Conventional SRC model, Shastkola data series a) and
Naharkhoran data series b).
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Fig. 4. Discharge—Slope diagram for Naharkhoran a) and
Shastkola b) data series.

As previously mentioned, in the developed SRC-S
model the slope of the conventional SRC model diagram
flow of river discharge should be plotted for each of the
used data series, the point equal to one as the point of
failure is selected and then the data is divided into two
parts: before and after the point of failure. Fig. 4 presents
the mentioned graphs for the SRC-S model. Checking
these two graphs shows that the points of failure
in the data set in Naharkhoran and Shastkola are
0.22 and 0.27 m? per second, respectively.

Based on the determined breakpoints in each data
series, the studied series for Naharkhoran and Shastkola
was divided into parts of before and after the point
of failure as presented in Figs 5 and 6. Surveying the
figures shows that in both studied series, the second part
of data has far less difference between the estimated
values by the model developed by SRC-S and observed
values than the corresponding values of the conventional
SRC model.

Values of fitting precision criteria of the developed
SRC-S model compared to the conventional SRC
model are presented in Table 2. Investigating the NS
criteria indicates that the value of this criterion in the
conventional SRC model in two series (Naharkhoran
and Shastkola) are 0.18 and 0.08, and in the developed
model these values are improved by 0.75 and 0.77,
respectively, which reflects a significant improvement in
the precision of the developed model.
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Table 2. Precision criteria of the examined models.

Series NS RMSE MAE DR ERI 1A
SRC 0.18 154.55 15.56 0.12 0.51 0.69
Naharkhoran SRC-S 0.75 85.62 9.52 0.50 0.70 0.83
Changes 0.57 -68.93 -6.04 0.39 0.19 0.14
SRC 0.08 160.58 15.60 0.05 0.50 0.68
Shastkola SRC-S 0.77 79.47 7.94 0.52 0.75 0.86
Changes 0.69 -81.11 -7.66 0.47 0.24 0.18

RMSE criteria for Naharkhoran and Shastkola
series is reached from 154.55 and 168.57 to 85.62 and
79.47, respectively, which indicates that this precision
criterion is improved almost twice. MAE criterion
for the mentioned series (Naharkhoran and Shastkola
series) improved from 15.56 and 15.60 to 9.52 and 7.94,
which represents the similar pattern of RMSE criterion
changes.

DR criteria for two series (Naharkhoran and
Shastkola) in the Conventional SRC model were 0.12
and 0.05, respectively, which reflects the high intensity
of the underestimated problem by the model in this
study. However, in the model developed by SRC-S,
these criteria increased 50% and 52%, respectively,
which indicates a lower error of underestimation
in the developed model than the conventional SRC
models.

ERI criteria for the conventional model in the
data series Naharkhoran and Shastkola were 0.51
and 0.50, and this value is improved to 0.70 and 0.75
in the developed model and also IA criteria for the
conventional model are improved from 0.69 and 0.68
to 0.83 and 0.86, respectively, which in fact proves
better results in the developed model compared with the
conventional models.

Conclusions

The Conventional SRC model is widely used
by engineers and researchers due to its ease of use.
Therefore, methods that can improve the precision of
the modeling of suspended sediment load are important.
In this research, the slope of the curve method is used
for segmentation of the conventional SRC model and
the results of the developed SRC-S were compared with
conventional models.

Our analysis of results is based on data of
Naharkhoran and Shastkola hydrometry stations in
northern Iran, which lead to the following conclusions:
A) The conventional SRC model has an obvious error

in estimating the suspended sediment load and this

error is greater at higher discharge rates.
B) Based on the numerical criteria of fitting precision,
the precision of the conventional SRC model is not

suitable and the rate of underestimation error is quite
remarkable.

C) The conventional SRC model is almost the same in
both investigated data sets.

D) The developed SRC-S model converts the
conventional SRC model into two pieces at lower
discharge rates.

E) The precision of developed models (SRC-S) in
suspended sediment load estimation in high values of
discharge is significantly better than the conventional
SRC models.

F) Based on all fitting precision criteria, the developed
SRC-S model has significantly improved precision
compared to the conventional SRC model. Also, the
underestimation error in the developed SRC-S model
clearly shows improvement in comparison with the
conventional SRC model.

G) The precision of modeling by the SRC model in
Naharkhoran was better than Shastkola, while in the
developed SRC-S model, the precision of modeling
in Shastkola was better than Naharkhoran in general.
According to the results of this study, we recommend

that in a more comprehensive study a comparison is
made between the conventional SRC model and the
developed SRC-S model using a larger number of
recorded data series from various basins with land use
diversification, vegetation, climate and hydrological
conditions.
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