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Figure 1- The location of the Houstonic river stations
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1- Empirical Mode Decomposition
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2- Ensemble Empirical Mode Decomposition
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Table 2- Results of evaluating kernel-based models for two stations

Model Method Performance criteria
099, Je il b ylo
Train Test Train Test
R DC RMSE R DC RMSE R DC RMSE R DC
Station 1 Station 2
M1 GPR 0.755 0.700 0.038 0.736  0.667  0.042 0.816 0.712 0.044 0.794  0.682
SVM 0.738 0.686 0.041 0.719 0.653 0.045 0.797 0.709  0.045 0.776  0.668
M2 GPR 0.866 0.785 0.027 0.749 0.748 0.030 0936 0.795 0.033 0.809  0.765
SVM 0.847 0.768 0.029 0.732 0.733  0.032 0914 0.786  0.036 0.790  0.750
M3 GPR 0.825 0.632 0.043 0.664 0.602  0.047 0.891 0.647 0.052 0.718 0.616
SVM 0.806 0.619 0.045 0.649 0589 0.051 0.870 0.633 0.054 0.701  0.610
M4 GPR 0.842 0.773 0.033 0.812 0.731  0.036 0.909 0.792 0.034 0.876  0.748
SVM 0.822 0.757 0.034 0.793 0.720 0.038 0.888 0.785  0.036 0.857  0.736
M5 GPR 0.932 0.811 0.021 0.852 0.771  0.028 1.007 0.814 0.031 0.919 0.789
SVM 0.910 0.794 0.025 0.832 0.755 0.031 0.983 0.805 0.032 0.899 0.772
Station 2
M6 GPR 0.762 0.716 0.034 0.731 0.708 0.041
SVM 0.745 0.701 0.038 0.741 0.694 0.043
M7 GPR 0.841 0.744 0.035 0.800 0.738  0.039
SVM 0.844 0.743 0.036 0.802 0.733  0.040
M8 GPR 0.886 0.783 0.032 0.842 0.777 0.036
SVM 0.865 0.777 0.034 0.822 0.760 0.038
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Figure 4- The plots of the observed and predicted values of GPR model for two stations, (a): modeling based on the station's
own data and (b): investigating the stations relationship
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Table 3- Results of evaluating kernel-based models with data preprocessing for two stations

Model  pwrT- Performance criteria
J%  EEMD- b5l s yle
Train Test Train Test
R DC le\i/l R DC RMSE R DC RMSE R DC RMSE
) oKl Station 1 Y oKawl Station 2
M1 GPR 0.854 0.792 0.032 0.831 0.753 0.036 0.861 0.783 0.036 0.854  0.750 0.037
SVM 0.834 0.775 0.035 0.812 0.738 0.038 0.842 0.781 0.037 0.834 0.735 0.040
M2 GPR 0.953 0.863 0.023 0.839 0.837 0.026 0.987 0.874 0.027 0.869 0.841 0.029
SVM 0.932 0.845 0.025 0820 0.821 0.027 0.965 0.864 0.030 0.850 0.825 0.031
M3 GPR 0.908 0.705 0.037 0.744 0.684 0.040 0.940 0.712 0.042 0.772  0.678 0.045
SVM 0.887 0.698 0.038 0.727 0.681 0.043 0.918 0.696 0.043 0.753 0.671 0.048
M4 GPR 0.926 0.851 0.028 0909 0.824 0.031 0.959 0.871 0.028 0.942  0.823 0.032
SVM 0.904 0.833 0.029 0.889 0.806 0.032 0.937 0.863 0.030 0.921 0.810 0.033
M5 GPR 0.988 0.870 0.018 0.937 0.854 0.024 0.995 0.892 0.025 0.988 0.868 0.028
SVM 0.965 0.862 0.021 0915 0.836 0.026 0.987 0.885 0.026 0.967  0.850 0.029
Yo%l Station 2
M6 GPR 0.860 0.823 0.029 0.856 0.786 0.033
SVM 0.842 0.804 0.031 0.837 0.770 0.036
M7 GPR 0.919 0.856 0.024 0.904 0.839 0.028
SVM 0.920 0.855 0.026 0905 0.822 0.031
M8 GPR 0.968 0901 0.021 0951 0.861 0.024
SVM 0.944 0.893 0.023 0.929 0.844 0.027
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Figure 5- (a): The suspended sediment load decomposed subseries for the station 1, (b): plots of the observed and predicted
values of integrated GPR model for two stations using the station's own data, and (c): investigating the stations relationship
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Table 4- Uncertainty analysis results for the GPR and WT-EEMD-GPR methods.
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Introduction: Sediment transportation and accurate estimation of its rate is a significant issue for river
engineers and researchers. So far, various and complex relationships have been proposed to predict the amount of
suspended sediment transport rate, such as velocity and critical shear stress based equations. However, the complex
nature of sediment transport and lack of validated models make it difficult to model the suspended sediment
concentration and suspended sediment discharge carried by rivers. Although the developed models led to
promising results in sediment transport prediction, due to the importance of sediment transport and its impact on
hydraulic structures it is necessary to use other methods with higher efficiency. On the other hand, in recent years,
the Meta model approaches have been applied in investigating the hydraulic and hydrologic complex phenomena.
Hybrid models involving signal decomposition have also been shown to be effective in improving the prediction
accuracy of time series prediction methods, as indicated in. Complementary Ensemble Empirical Mode
Decomposition analysis is one of the widely used signal decomposition methods for hydrological time series
prediction. Decomposition of time series reduces the difficulty of forecasting, thereby improving forecasting
accuracy.

In this study, due to the complexity of the sediment and erosion phenomenon and the effect of different
parameters in estimating, time series pre-processing methods along with support vector machine (SVM) and
Gaussian process regression (GPR) kernel based approaches were used to estimate suspended sediment load of a
natural river at two consecutive hydrometric stations. For this purpose, different models were defined based on
hydraulic and sediment particles characteristics. Moreover, the capability of integrated pre-processing and post-
processing methods in two states of inter-station and between-stations was investigated. First, the Wavelet
Transform (WT) method was used for data pre-processing then, the high-frequency sub-series were selected and
re-decomposed using the Empirical Mode Decomposition (EMD). Finally, the most effective sub-series were
imposed as inputs for kernel-based models. In addition, to assess the reliability of the superior model, Monte Carlo
uncertainty analysis was used.The results showed that the GPR model had a desirable degree of uncertainty in
modeling.

Materials and Methods: In this study, data of two stations of Housatonic River was used. The distance
between stations was approximately 50 km. The first station is located near Great Brighton, Massachusetts, and
the second station is in Connecticut. The basin area for the stations is 282 and 634 square miles, respectively. The
flow path is from the first station to the second station. SVM and GPR models are based on the assumption that
adjacent observations should convey information about each other. Gaussian processes are a way of specifying a
prior directly over function space. This is a natural generalization of the Gaussian distribution whose mean and
covariance are a vector and matrix, respectively. Due to prior knowledge about the data and functional
dependencies, no validation process is required for generalization, and GP regression models are able to understand
the predictive distribution corresponding to the test input. Wavelet Transform (WT) uses a flexible window
function (mother wavelet) in signal processing. The flexible window function can be changed over time according
to the signal shape and compactness. After using WT, the signal will decompose into two approximations (large-
scale or low-frequency component) and detailed (small-scale component) components. EEMD was proposed to
solve the mode mixing issue of empirical mode decomposition (EMD) which specifies the true IMF as the mean
of an ensemble of trials. Each trial consists of the decomposition results of the signal plus a white noise of finite
amplitude. EMD can be used to decompose any complex signal into finite intrinsic mode functions and a residue,
resulting in subtasks with simpler frequency components and stronger correlations that are easier to analyze and
forecast. Another important feature of empirical model of decomposition is that it can be used for noise reduction
of noisy time series, which can be effective in improving the accuracy of model predictions. In the uncertainty
analysis method, two elements are used to test the robustness and to analyze the models uncertainty. The first one
is the percentage of the studied outputs which are in the range of 95PPU and the next one is the average distance
between the upper (Xu) and lower (X.) uncertainty bands. In this regard, the considered model should be run many

1- Department of Civil Engineering, Ahar Branch, Islamic Azad University Ahar, Iran
(*- Corresponding Author Email: smsaghebian@iau-ahar.ac.ir)
DOI: 10.22067/JSW.2021.68665.1021



Voo LT — jo0 oF ojlods ¥l (S g0l w5 FAA

times (1000 times in this study), and the empirical cumulative distribution probability of the models be calculated.
The upper and lower bands are considered 2.5% and 97.5% probabilities of the cumulative distribution,
respectively.

Results and Discussion: In order to evaluate and review the performance of the tested models and determine
the accuracy of the selected models, three performance criteria named Correlation Coefficient (CC), Determination
Coefficient (DC), and Root Mean Square Errors (RSME) were used. The obtained results indicated that the
accuracy of the applied integrated models was higher than the single SVM and GPR models. The use of integrated
methods decreased the error criteria between 20 to 25 %. The obtained results for the uncertainty analysis showed
that in suspended sediment load modeling the observed and predicted values were within the 95 PPU band in most
of the cases. Moreover, it was found that the amount of d-Factors for train and test datasets were smaller than the
standard deviation of the observed data. Therefore, based on the results, it could be induced that the suspended
sediment modeling via integrated WT-EEMD-GPR model led to an allowable degree of uncertainty.

Conclusion: Comparison of the developed models’ accuracy revealed that integrated GPR and SVM models
had higher performance compared with single GPR and SVM models in predicting the suspended sediment
discharge. The use of these two methods approximately decreased the error criteria between 20 to 25 %. According
to the results, for the models that were developed based on the station data, the model with the input parameters
of Dwi, Dwe.1, and Dst.1 and in the case of investigating the relationship between the stations, the model with the
input parameters of Dsi,, Dwia, and Dsi.1 were superior models. Also, based on the uncertainty analysis, the
integrated GPR model had an allowable degree of uncertainty in suspended sediment modeling. However, it should
be noted that the used methods are data sensitive models. Therefore, further studies using data ranges out of this
study and field data should be carried out to determine the merits of the models to estimate suspended sediment
load in the real conditions of flow.

Keywords: Experimental mode decomposition, Gaussian process regression, Pre-processing, Suspended
sediment



