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Abstract

It is of great importance to know the amount of sediment transported to water structures and/or
irrigation facilities during their planned lifetime. The amount of sediment transported is used in the
design of such facilities, thus minimizing sedimentation losses. Determining sediment amount is
generally based on empirical and physical modeling and on the relationship between sediment load and
stream flow, where the sediment concentration measurements are correlated with flow characteristics.
Each of these methods has some weaknesses. This study aimed to prepare a sediment yield map using
suspended sediment measurements obtained from the State Hydraulic Works in 114 observation stations
with a recording length of 15 years or more. Since the relationship between the amount of sediment
and flow rate is known, the flow rate is considered as secondary data and sediment yield is mapped by
the co-kriging method. The map showing spatial variation of the sediment yield was evaluated with
the calibration and validation stages, and satisfactory results were obtained. Thus, sediment yield can
be estimated at a project site where there is no suspended sediment measurement.
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Introduction — Empirical models in which sediment yield equations
are derived from known basin and climatic
Sediment yield is defined as the amount of sediment characteristics.
measured at a reference point for a given time period — Soil erosion and sediment yield approaches in which
and is given in tons/year or tons/year/km? related to measured or estimated soil erosion rates are often
the area [1]. Generally, sediment yield estimations are multiplied by a sediment distribution rate based on
needed as part of the feasibility study of a planned dam basin characteristics.
or water structure, and the annual average sediment — Physically based or physically distributed basin
yield is considered to be sufficient. modelling approaches in which the movement of
Modeling studies aiming to determine sediment water and soil is estimated in a distributed way
yield are examined in four main groups in general [2]: throughout the basin.

— Models that relate to sediment concentration or
sediment load to stream flow in which the sediment
concentration measurements are correlated with flow
characteristics.
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Calculating sediment yield has been the subject of
many studies in the literature [1, 3-29], many of which
are based on the above-mentioned modeling principles.

In the studies carried out, in some cases it is observed
that the sediment yield estimates have been exceeded
before dam construction starts. An important reason
why reasonable estimates for average annual sediment
yield cannot be achieved is that the relationships derived
from field data are applied without considering the
suitability for future conditions. The effects of changes
in land use on sediment yield have been extensively
addressed in the literature [30, 31]. Similarly, climate
and flow variability also cause changes in sediment
accumulation or yield [32, 33]. An important factor in
sediment yield estimates is the sediment concentration-
water discharge relationships, which are based on
low-density data. The non-linear and non-stationary
structures in these relationships cause their use to be at
high risk. The sediment transport capacity also varies
according to climatic variables and operating conditions
of the land considered as a source of sediment. Recent
studies, however, have shown that river basin conditions
and erosion play an important role in sediment
transport, and in some cases are more important than
other sediment sources. These sources are rarely able to
move and materials collected from the rivers may have
been previously accumulated by the river system. For
this reason, the time interval considered in the sediment
yield estimates should be wide. The relationship between
river morphology and sediment yield is not generally
considered in the sediment yield model, but it can be a
basis for making better predictions. Another difficulty of
modeling is the precise definition of the shape, size, and
density of sediment. In general, this variability is defined
with the soil type of the basin remaining at the upstream
of a measurement point, but the activities performed by
humans may change the structure of the particle and/or
the size of the size range of the sediment carried. For
example, when forests are destroyed, pasture fields are
plowed, mine waste is disposed of, or concrete is poured
for a new urban area, and the transport balance of nature
and the ratio of different sediment particles that can be
transported changes.

The process of natural complexity, spatial
heterogeneity, and lack of available data, coupled with
the challenges listed above, makes it almost impossible
to develop a model with reasonable results — especially
for basins larger than 30 km? [34].

In addition to the modeling studies mentioned above,
sediment yield maps are used to show the regional
variability of sediment sources in a drainage basin and
the temporal changes in the relative contributions of
various parts of the basin. There are a number of studies
to obtain maps of global and regional scale sediment
yields [35-37].

In this study, “sediment yield maps” were obtained
using sediment data observed in 114 basins of Turkey.
With the help of this map showing the spatial variation
of the sediment yield, the above-mentioned modeling

difficulties will be avoided and reliable information
about sediment yield will be achieved even at a project
point where there is no measurement.

Data

A sediment yield map was prepared using the
long-term average values of a suspended sediment
monitoring station in Turkish river basins. Data
were collected from 114 observation stations with
a measurement year of 15 years or more. The oldest
observations are from 1961 and the latest observation
year is 2012. Data observation period varies between
15 and 52 years. The average annual flow, which is
the secondary data used in the mapping, is obtained
from the State Hydraulic Works (DSI with Turkish
acronym) [38]. Annual mean of sediment yield and
flow is 123 ton/year/km? and 55.3 m’/s, respectively.
Locations of the observation stations are shown in
Fig. 1.

For validating the method, sediment yield data of
15 stations (ranging from 10- to 15-year recording
periods) were used. Such observation stations are also
given in Fig. 1.

Methods

Kriging is one of the most commonly used
geostatistical methods and was originally developed for
geoscience applications. Recently, it has been frequently
used for mapping various hydrological parameters.
n this study, kriging is used to map the sediment yield.

The method is based on the principle of calculating
unknown points from known measurement points with
the help of a semi-variogram. If the sample points
X, X, .. x, and the yield values at these points
Z(x), Z(x)),..., Z(x), and Z(x ) are considered to be the
desired yield value, Z(x) value can be defined as a
weighted combination of n known yield values located
around it (Equation 1):

Z*(xo)zzl,liz(xi) n

..where / represent weights, Z'(x) represents the
unbiased state of the Z'(x ) value, and the expected value
of this difference must be zero. Likewise, the expected
value of the estimated variance is the minimum.

Determining the most suitable weights is achieved
by solving the linear system given in Equation 2, which
is called kriging:

Z/li}/(xiﬂxj)-'-/'l = y(xiaxj) le =1
i=1 ci=l )
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Fig. 1. Locations of observation stations used in the study.

...where y(h) is a semi-variogram and u is Lagrange
factor. The semi-variogram y(/) is defined as:

() = - var(Z(x + h) — Z(x)
2 3)

...where & represents the distance between two
observation points (lag) and var () represents variance.
In summary, in order to find the appropriate weights
in kriging, the location dependence of the observations
must be known. Location dependency can be defined
either by using a covariance function or a variogram
function.

Variogram is a function that characterizes the
dependence between variables located in different
points in space. Kriging weights are a direct function
of the variogram model. If kriging is used as an
interpolation technique for a study area, then the
parameters of the selected variogram model should be
known, in other words, the experimental variogram
model should be generated using the data in the
study area. By using an experimental variogram,
unknown parameters of the theoretical model should be
determined [39]. There are different theoretical models
that have been proposed to fit on an experimental
variogram such as linear, exponential, spherical, and
Gaussian. After calculating the semi-variograms for
certain distances, 4, weights are calculated and the yield
value of the unknown point is found.

Different kriging techniques such as simple,
ordinary kriging, universal kriging, and co-kriging
are widely used. In ordinary kriging, the average of
the variable is unknown, whereas in simple kriging
the solution is based on the assumption that the average
is known and constant. If data has a trend and trend
is taken into account, universal kriging can be used.
The co-kriging method is an extension of ordinary
kriging and interpolates considering the spatial
correlation between two or more variables.
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The co-kriging estimate is a linear combination of
both primary and secondary data values as given by
Equation 4:

Z(c)=S 4 20)+ S B Z(x))
i=l1 Jj=1 (4)

Primary data is sediment yield whereas secondary
represents flow data in this case. The development
of the co-kriging system is identical to the development
of the ordinary kriging system.

Application and Results

In this study the co-kriging method is used based on
the spatial relationship between flow and sediment yield.
Since the kriging method is based on Gaussian statistics,
it assumes the normality of the data used. If distribution
of the data is highly skewed, several transformations
such as logarithmic transformation provide normality
[40]. Note that non-normal distributed data increases
prediction error.

As seen from Q-Q graphs given in Fig. 2, logarithmic
transformation normalizes the distribution of the data.

Spatial distribution of the flow and sediment yield
data is shown in Fig. 3. In case any trend is observed,
the best model (linear, exponential, global, Gaussian,
etc.) must be fitted to the variogram of the remains
obtained by subtracting the observed trend from original
data. However, as can be seen from Fig. 3, there is no
clear trend in north-south or east-west direction for both
sediment yield and flow. For this reason, the trend is not
taken into consideration in this study.

For sediment yield map generation, most commonly
used theoretical models (linear, exponential, spherical,
Gaussian, and circular) that can best represent the
experimental variogram are chosen. Fig. 4 shows root
mean square errors (RMSEs) obtained from cross-
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Fig. 2. Q-Q graphs: sediment yield a) original data, b) logarithmic transformed data, flow c) original data, and d) logarithmic

transformed data.
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Fig. 3. Spatial distributions of original data.

validation results based on the number of neighbors
used in the estimation for each theoretical model. With
the number of 15 neighbor points, the exponential model
that has the lowest RMSE value was found as the most
appropriate model for sediment yield.

A sediment yield map generated using the
exponential model with the number of 15 neighbors is
given in Fig. 5. The validation of the map is performed
using 15 observation points that were not used during
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Fig. 4. RMSEs for the theoretical variogram models with the
number of neighbors.
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Fig. 5. Sediment yield map.

the calibration stage. Fig. 6 shows the scatter diagram
of the observations and estimations obtained from the
generated map of the 15 validation points. Accordingly,
the correlation coefficient of the validation is found to
be approximately 0.85. As can be understood from the
scatter diagram, the sediment yield in the country is
quite variable; the sediment yield data of 114 stations
used in the study varies between approximately 2 and
681 ton/year/km?. This makes it difficult to estimate the
suspended sediment yield and increases the number of
variables/parameters to be included in the methods. On
the other hand, since the sediment carried in the rivers
is 50-95% of suspended type [41], it is important to
determine suspended sediment yield properly. For this
reason, it is more suitable to use long-term measurements
instead of analytical methods in predicting the sediment
amount [42].

Although various empirical methods have been
used for calculating basin-based sediment yield in
Turkey, these methods have very different results [13].
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Fig. 6. Observed-estimated scatter diagram for sediment yield
(validation).

Using a generated sediment yield map, the most accurate
sediment yield at any point where no observation is
available will be provided in a short time.

Conclusion

As a consequence of sediment transport carried
by rivers, the economic life of storage facilities such
as dams is shortened; flood prevention, hydropower
generation, irrigation, drinking water supply, and
recreation are adversely affected and additional costs
are incurred. In this respect, accurate estimation of the
sediment amount is of great importance.

Since many factors such as geological, topographical,
and climatological factors are influential on the amount
of sediment, empirical methods may produce quite
different results. For this reason, it is more realistic
to use estimates based on measurements instead of
empirical methods. Generating sediment maps using
observed data, for example, would allow for the
elimination of such inconsistencies.

Also, in Turkey such empirical methods have been
widely used for calculating basin-based sediment
yield producing similar inconsistent results. Besides,
nationally based studies have not included the spatial
variation of sediment yield.

Therefore, in this study a sediment yield map
was prepared using the long-term average values of
suspended sediments collected from 114 observation
stations in Turkish river basins.

The result of the study is compared with global
sediment yield maps [36, 43]. These maps show global
distribution of sediment yield on the basis of field data.
There is good agreement between these maps and the
map of this study. In addition, it contains more detailed
information since it is generated on a smaller scale.

This map allows the user to provide practical
sediment yield estimation at a point where there is no
sediment measurement.
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