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Abstract
Introduction
Sediment that moves with water is called suspended sediment, and the amount of suspended sediment material

that passes through a river section in a certain period of time is called suspended load. The suspended sediment
load (SSL) of a watershed, which passes through a certain section of the river, depends mainly on the climatic
characteristics, the characteristics of the watershed, and the capacity to carry sedimentary materials. Actually,
suspended sediment transport in the river is a function of meteorological and hydrological parameters as a
complicated process. The input suspended load is one of the important and influencing factors on the amount of
sediment input to reservoirs of dams and lakes. Determining the amount of sediment carried by rivers is
important in many aspects. The calculation of suspended load is very important because of various reasons, one
of the most important reasons is the role of suspended sediment load in the quantitative and qualitative
management of surface water resources. Therefore, the distribution and transportation of suspended sediment
load (SSL) in rivers have a significant effect on water resource management, design of hydraulic structures, river
morphology, water quality, and aquatic ecosystems. In fact, accurate and reliable modeling of suspended
sediment load (SSL) is very important for planning, managing, and designing of river systems and water
resource structures. In addition, the determination of dry and wet periods is very important in studies related to
water resources management, especially in arid and semi-arid regions.

Materials and Methods

To compare the result of the proposed models’ performance, the Cham Anjir, Bahram Jo, Kaka Reza, and Sarab
Syed Ali hydrometry stations in Khorramabad, Biranshahr and Alashtar sub-watersheds (a part of Kashkan
watershed) in western of Iran, is used as a case study area. The geographic coordinates of the Cham Anjir,
Bahram Jo, Kaka Reza and Sarab Syed Ali are 48° 15 '34" E 33° 26' 55" N, 48° 17' 45"E 33° 34' 8" N, 48° 13'
51" E 33° 43'39" N and 48° 12' 14" E 33° 44' 55" N, respectively. The studied area has a semiarid climate
with a mean annual rainfall of less than 500 mm. The studied area has a maximum elevation of 3578 m in the
Alashtar watershed and a minimum elevation of 1158 m in the KhorramAbad watershed. Most parts of the
studied sub-watersheds are rangeland, while forest, dry farming, and irrigation lands are in considerable
quantities. The surface lithology in the KhorramAbad, Alashtar, and Biranshahr watersheds are covered by the
Eocene, Quaternary, Cretaceous, Miocene, Oligocene, Paleocene, and Pliocene geologic formations. Predicting
suspended sediment load (SSL) in water resource management requires efficient and reliable predicted models.
The present study was carried out for the modeling of Suspended sediment load by learning algorithms in low
and high discharge periods. In this study, five soft computing techniques, GP-PUK, GP-RBF, M5P, REEP Tree,
and RF were used to predict the SSL in Cham Anjir, Bahram Jo, Kaka Reza, and Sarab Syed Ali hydrometry
stations in Khorramabad, Biranshahr and Alashtar sub-watersheds. The total data set consists of rain, discharge,
and suspended sediment load (in a period of 18 years from 2000 to 2018) of three sub-watersheds out of which
70% of data was used to train the model and 30% of data were used to test the model. Finally, the model’s
accuracy was assessed using three performance evaluation parameters, which were Correlation Coefficient
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(C.C.), Root Mean Square Error (RMSE), and Maximum Absolute Error (MAE). Finally, a sensitivity
investigation was executed to catch the best noteworthy input parameter during the modeling process. This
process was carried out by eliminating the one input parameter and noting the output in terms of RMSE and C.C.

Results and Discussion

The obtained results suggest that the Gaussian Process (GP) model with two PUK and RBF kernels is more
accurate in estimating the suspended sediment load (SSL) compared to the M5P, ReepTree, and Random Forest
(RF) models for the given study area. The results of the test part of the GP-PUK model have given us the best
result, which are the correlation coefficient, the root mean square error and the mean absolute error in Bahram Jo
station (0.55, 0.42, and 0.27), Cham Anjir station (0.74, 018, and 0.08), Sarab Seyed Ali station (0.71, 016, and
0.07) and Kakareza station (0.71, 0.24, and 0.15), respectively. In general, the Gaussian Process-PUK model is a
powerful model for the prediction of suspended sediment load (SSL) in low and high discharge periods.
Therefore, according to the obtained results from this research, these optimal models can be used for costly and
time-consuming tasks of the estimation of suspended sediment load from rivers. In addition, these models can be
used to estimate the suspended sediment load of nearby rivers by/without a hydrometry station for the
management of the quantity and quality of surface water. Also, sensitivity analysis suggests that
AvrageQ,.Q._, in Cham Anjir, Bahram Jo, and Sarab Syed Ali hydrometry stations and rain in Kaka Reza
hydrometry station are the most significant parameters in the estimation/prediction of SSL.

Conclusion

The present study focused on the development of GP-PUK, GP-RBF, M5P, REEP Tree, and Random Forest
(RF) models to estimate the suspended sediment load. For this purpose, the hydrometry and hydroclimatology
data of the Bahram Jo, Cham Anijir, Sarab Syed Ali, and Kaka Reza stations in Khorramabad, Alashtar, and
Biranshahr sub-watersheds composed of suspended sedimend load (SSL), discharge, and rainfall data were used.
In general, the major conclusions of the study are as follows: Among those models with the highest performance,
the GP-PUK has the highest performance in both the testing and training phases. The GP-PUK predicted data are
closer to observational data compared with the other model’s output data. Besides, the GP-PUK is the nearest
predicted model with observational data. The GP-PUK model is one of the most extensively used data-driven
models in the erosion and sediment literature, while the usages of other data-driven models are comparatively
lesser. Also, the structure of the GP-PUK is very simple and much less time-consuming. Thus, the GP-PUK
model can be useful in the Suspended Sediment Load (SSL) modeling not only for accuracy but also for its time-
saving nature and simple structure compared with other models.
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Figure 2- Flowchart of research steps
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Table 2- Statistical characteristics of the training and testing data of the studied hydrometric stations

Oiloj]

ohjsel

Slme Bl ok Pk oS JIEPREJES] oSl PO oS B
10392 42412 230 0 6.417 31.453 204.5 0 (ecske) U3l
2.466 11.957 70 2.34 6.479 9.839 144.39 291 (486 55 cano o) (2
2.117 9.607 43.658 0.8 6.641 8.863 144.39 0 (455 5 cesnyie) b gy <y (o0
1.146 10782  39.165 2.98 4.401 9.351 78.295 2.18 (455 5 caxnyin) (o0 99y (5o
280651  99.203 2760929 1854 3929406 73913  67550.966  0.488 (o) 59 ) Glae oses
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Table 3- Optimum parameters of different models of studied hydrometric stations

JIC /NS

el
wste sl el s e byl b e
Gaussian noise =0.1, ®=0.1, c=5.1 GP-PUK Gaussian noise =0.001, w=0.1, c=1.9 GP-PUK
Gaussian noise =0.01, Y=0.5 GP-RBF Gaussian noise = 0.001, Y=0.001 GP-RBF
num-decimal-places=0, M=4 M5P num-decimal-places= 0, M=4 M5P
M=0, V=0, N=3, S=1 REPTREE M=0, V=0.001, N=3, S=1 REPTREE
K=0, M=1, V=0.001, S=1 RF K=0, M=1, Vv=0.001, S=1 RF
L8 lede Gl
Gaussian noise = 0.001, ®=0.1, =119 GP-PUK Gaussian noise = 0.01, ®=0.1, o=3 GP-PUK
Gaussian noise =0.001, Y=0.001 GP-RBF Gaussian noise = 0.01, Y=0.1 GP-RBF
num-decimal-places=0, M=4 M5P num-decimal-places=0, M=4 M5P
M=0, V=0.001, N=3, S=1 REPTREE M=2, V=0.001, N=3, S=1 REPTREE
K=0, M=1, V=0.001, S=1 RF K=0, M=1, V=0.001, S=1 RF
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Table 4- Performance evaluation parameters of GP-PUK, GP-RBF, RepTree, M5p, and RF models of studied hydrometric stations

2l s>l

oielejl e ol e o Jao

MAE RMSE CcC MAE RMSE CC MAE RMSE CC MAE RMSE CC

0.081 0.187 0.7437 0.005 0.014 0.9972 0.277 0.422 0.553 0.0001 0.0001 0.9999 GP-PUK
0.109 0.204 0.4252 0.057 0.130 0.5291 0.254 0.389 0.2011 0.067 0.145 0.25 GP-RBF
0.094 0.173 0.8632 0.073 0.143 0.3578 0.257 0.401 0.2675 0.057 0.141 0.3522 M5P
0.092 0.192 0.4821 0.052 0.108 0.7089 0.274 0.408 0.221 0.019 0.032 0.9768 REPTREE
0.087 0.184 0.5919 0.022 0.050 0.968 0.261 0.400 0.2554 0.026 0.069 0.9639 RF

Lo ists Setso
0.157 0.241 0.7309 0.0001 0.0001 0.9999 0.07 0.165 0.7158 0.0001 0.0001 0.9999 GP-PUK
0.140 0.198 0.8284 0.002 0.007 0.9981 0.269 0.383 0.4704 0.034 0.089 0.7618 GP-RBF
0.106 0.141 0.8505 0.015 0.038 0.9457 0.046 0.138 0.9951 0.054 0.118 0.5193 M5P
0.183 0.255 0.7542 0.002 0.008 0.9976  0.048 0.151 0.9934 0.047 0.116 0.5381 REPTREE

0.130 0.176 0.8121 0.007 0.046 0.9914 0.061 0.153 0.7655 0.021 0.052 0.9467 RF
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Figure 3- Performance chart of GP-PUK model, observation and prediction data in the training and testing phase, (a) Bahram Jo, (b)
Cham-Anjir, (c) Sarab Syed Ali, and (d) Kakarza



[5) e SW0y90 50 Guble (6580l (slapss )5Sl 3l edlitul by 3leo gw)y (55l e
2 ] olef 2 S I B
3 il 1o A gl 1o
EN ] EN 1.5
> 15 : )+ |
|
3 : b
e} : 2
N 1 x
] | X 05
= ' 3
|
0
0 20 40 60 80 100 0 20 40 60 80
031> o)l L 03l o )los
(« (<
oRjsel i Ol 2 Shisel : il
315 E h1s E
|
i . 3 :
T ! 2N !
2y ' fa) '
kN ] RN ]
205 | 305 i
= ' = '
* :
0 0 mmm——tmathaft,,
0 50 100 150 0 50 100
o3l oles b 031> o jlows
( (&

L)1 (3) 5 (oo ol () slon () conplire () cptalosl 9 SBjg0 Ao po o s (slaosls GP-PUK o (ol)lS jlogas —F IS5
Figure 4- Performance diagram of GP-PUK model of error data in the training and testing phase, (a) Bahram-Jo, (b) Cham-Anjir,
(c) Sarab Syed Ali, and (d) Kakarza
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Table 5- Statistical characteristics of the training and testing data of the studied hydrometric stations

ohlejl Obisal 1 o3l
Jlme Sl oSl ke e kel 6Sle e ideS
28.671 50.674 309 0 21.352 45.007 257 0 (50 coe) st )b
0.978 3.189 10.880 08 0.421 3.122 8.56 033 (4 53 e jio) 2>
3.269 5.123 60 0.62 0.928 4.141 274 0 (456 55 caSo i) L5 59 S o
1.455 4.156 31.93 0.78 0567 3.632 17.98 0.75 (455 55 caost) o0 50,0 eSikee
4.656 9.45 70.04 0.018 42.423 14.139 698.755 0.324 9y 3 c¥) Bl ogm,

alllas 3)50 (5 09yt (5ol il (slb Juo dite sl yiel )l 5 Jguo

Table 6- Optimum parameters of different models of studied hydrometric stations

ol el
A syl b e age sl b Jse
Gaussian noise = 0.01, o=1.5, o=1.9 GP-PUK Gaussian noise = 0.1, ©=0.1, o©=4.2 GP-PUK
Gaussian noise =2.9, Y=1.9 GP-RBF Gaussian noise =0.2, Y=0.1 GP-RBF
num-decimal-places=0, M=4 M5P num-decimal-places=0, M=4 M5P
M=0, V=0.001, N=3, S=1 REPTREE M=2, V=0.001, N=3, S=1 REPTREE
K=0, M=1, V=0.001, S=1 RF K=0, M=1, V=0.001, S=1 RF
Lo,lsls eso Ol
Gaussian noise = 3.1, ®=0.01, o=0.001 GP-PUK Gaussian noise = 0.001, ®=0.01, o¢=0.1 GP-PUK
Gaussian noise =0.001, Y=0.01 GP-RBF Gaussian noise = 0.001, Y=0.29 GP-RBF
num-decimal-places=0, M=4 M5P num-decimal-places=0, M=4 M5P
M=0, V=0.001, N=3, S=1 REPTREE M=2, V=0.001, N=3, S=1 REPTREE
K=0, M=1, V=0.001, S=1 RF K=0, M=1, Vv=0.001, S=1 RF
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Table 7- Performance evaluation parameters of GP-PUK, GP-RBF, RepTree, M5p, and RF models of studied hydrometric stations

s sl
halej] gl ohalej] gl o Jao
MAE RMSE  CC MAE RMSE CC  MAE RMSE CC MAE RMSE  CC
0140 0236 0301 0013 0021 0984 0195 0309 07454 0004 0007 09999  GP-PUK
0135 0236 03421 0044 0116 09471 0182 0287 08198 0103 0182 04666  GP-RBF
0156 0233 0142 0050 0103 06716 0203 0324 0 0128 0.203 0 M5P
0133 0238 0199 0041 0114 04776 0219 0269 07369 0118  0.187 03818 REPTREE
0149 0235 0182 0021 0057 09605 0207 0312 03557 0059 0084  0.962 RF
Lo, 1S edo Uy
0170 0252 03103 0108 0162 09964 0118 0169 06703 00001 00001 09999  GP-PUK
0423 0872 04199 0069 0121 07097 1978 5159 0734 0017 0037 09789  GP-RBF
0144 0215 05046 0097 0151 04863 0121 0170 06182 0106 0142 06321 M5P
0155 0253 01377 0092 0146 05298 0135  0.189 0 0135  0.184 0 REPTREE
0167 0242 01681 001 0064 09576 0.400 0.38 07017  0.047  0.065  0.967 RF
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Figure 5- Performance chart of GP-PUK model, observation and prediction data in the training and testing phase, (a) Bahram Jo,
(b) Cham-Anijir, (c) Sarab Syed Ali, and (d) Kakarza
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Figure 6- Performance diagram of GP-PUK model of error data in the training and testing phase, (a) Bahram-Jo, (b) Cham-Anjir,
(c) Sarab Syed Ali, and (d) Kakarza
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Table 8- Sensitivity analysis of the best model of the studied hydrometric stations
s>plxe
(395 2 ¢F) S Glao Cgu, (395 22 ¢F) Blao ogm)

MAE RMSE _ CC MAE RMSE _ CC R el
0195 0309 07454 0277 0442 0553 - R=0Q: = Qs — (AvrageQ:.Q;—y) —=TDS
01816 03041 08098 0368 07037 0.1693 R Q= Q1 — (AvrageQ. Qiy) — TDS
01977 03069 07287 02697 0.4182 0.3849 Q. R = Qi_y — (AvrageQ,.Q,_,) — TDS
01947 03069 06753 02823 0424  0.448 Qu R - Q; — (AvrageQ,.Q,,) — TDS
01976 03098 07275 02781 04248 05497 (AvrageQ,.Q,_) R—=0Q¢ = Qw1 —-TDS

2l
0.140 0236 0301 0081  0.187 0.7437 - R—Q; — Q-4 — (AvrageQ;. Q;—,) — TDS
01708 02748 01745 01021 01848 0.5447 R Qc = Q-1 — (AvrageQ. Q1) — TDS
01355 02245 03688 00886 0.1928 0.6489 Q R=Qiy = (AvrageQ..Q;-,) = TDS
01541 02479 01898 00851 0.1898  0.652 Qu R = Q. — (AvrageQ,. Q:-1) = TDS
01541 02479 01898 00861 0182 07038 (AvrageQ,.Q,,) R=0Q: = Qw1 ——TDS

oo Slpw

0118 0169 06703 007 0165 07158 - R=0Q,~0Qi-, - (AvrageQ..Q;-,) —TDS
0118 01685 06225 00807 01621 07133 R Q= Q1 — (AvrageQy. Q1) — TDS
01197 01724 06424 00764 01707 05157 Q R = Qi — (AvrageQ:. Q1) = TDS
0.118 0.1698 0.6647 0.0682 0.1621 0.6783 Qu R —Q; — (AvrageQ;.Q,-,) —TDS
01109 01721 06583 00702 01647 0716 (AvrageQ,.Q ;) R—=Q¢ = Qw1 ——TDS

15,56
0170 0252 03103 0157 0241 07309 - R=0Q,~0Qi, - (AvrageQ..Q;-,) —TDS
0.1697 02526 03042 0.1331 0.1755 0.7757 R Q; — Qr-y — (AvrageQ..Q;_,) — TDS
0.1703 0.253 02755 0.1686 0.2375 0.5184 Q R — Q.- — (AvrageQ,.Q,_,) — TDS
01701 02528 03115 01446 01932 0.7094 Qu R = Q. — (AvrageQ,.Qr-1) = TDS
01702 0253 02614 01421 02089 07373 (Avrage(Q,.Q,,) R—=0Q: = Q1 ——TDS
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