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Abstract

In this study, three intelligent modeling approaches, including Adaptive Neuro-Fuzzy Inference
System, Artificial Neural Network—Multilayer Perceptron, and Artificial Neural Network—Radial
Basis Function, were employed to simulate 14 water quality parameters, in the Halil River over a
long-term monthly dataset spanning 52 years. Streamflow discharge was used as an input variable in
some models. The performance of the developed models was evaluated using statistical indicators
including the coefficient of determination (R?), root mean square error (RMSE), mean absolute error
(MAE), and Willmott’s index of agreement (d). The results indicated that although all three artificial
intelligence models demonstrated high capability in simulating the investigated water quality
parameters, the ANFIS model outperformed the other models in most cases. Specifically, for SAR,
values of R = 0.99 and RMSE = 1.04 were obtained; for %Na, R? = 0.99 and RMSE = 3.02; and for
S04, R? = 0.93 and RMSE = 0.61. Among the input scenarios, model (b), which incorporates five
easily measurable parameters, is recommended as a practical and efficient model, as it reduced RMSE
by approximately 65% compared to model (a) (based solely on discharge). The findings of this study
demonstrate that intelligent machine learning techniques can be effectively used to estimate water
quality parameters in cases where direct measurements are unavailable, based on other measured
variables, thereby reducing laboratory analysis costs.
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Q TDS EC PH | Co3 | Hco3 | CI So4 Ca | Mg | Na K SAR | %Na | TH
Q 1 -0.12 | -049 | 0.00 | 0.85 | -0.73 | -0.25 | -0.13 | -0.11 | 0.16 | -0.24 | 0.84 | 0.90 | 0.78 | -0.13
TDS | -0.12 1 092 | 011 | -0.16 | 040 | 0.94 | 0.77 | 040 | 0.61 | 0.97 | -0.04 | 0.24 | 0.32 0.76
EC | -049 | 0.92 1 0.11 | -047 | 063 | 093 | 0.72 | 0.38 | 0.47 | 0.95 | -0.36 | -0.14 | -0.02 | 0.71
PH 0.00 0.11 | 0.11 1 -0.18 | 0.05 | 0.13 | 0.04 | -0.20 | 0.08 | 0.15 | -0.11 | 0.08 | 0.12 0.00
Co3 | 085 | -0.16 | -0.47 | -0.18 1 -0.67 | -0.27 | -0.15 | -0.12 | 0.07 | -0.26 | 0.84 | 0.76 | 0.69 | -0.16
Hco3 | -0.73 | 0.40 | 0.63 | 0.05 | -0.67 1 047 | 021 | 0.22 | 0.11 | 047 | -0.56 | -0.53 | -0.43 | 0.58
Cl -0.25 | 094 | 093 | 0.13 | -0.27 | 0.47 1 057 | 0.37 | 046 | 096 | -0.15 | 0.10 | 0.19 0.66
So4 | -0.13 | 0.77 | 0.72 | 0.04 | -0.15| 0.21 | 0.57 1 033 | 0.61] 0.75 | -0.09 | 0.12 | 0.19 0.62
Ca | 011 | 040 | 038 | -0.20 | -0.12 | 0.22 | 0.37 | 0.33 1 0.09 | 0.33 | -0.03 | -0.01 | -0.06 | 0.53
Mg 0.16 0.61 | 047 | 0.08 | 0.07 | 0.11 | 0.46 | 0.61 | 0.09 1 051 | 0.16 | 0.36 | 0.29 0.70
Na | -024 | 097 | 095 | 0.15 | -0.26 | 0.47 | 096 | 0.75 | 0.33 | 0.51 1 -0.14 | 0.13 | 0.24 0.69
K 084 | -0.04 | -0.36 | -0.11 | 0.84 | -0.56 | -0.15 | -0.09 | -0.03 | 0.16 | -0.14 1 0.84 | 0.70 | -0.11
SAR | 0.90 024 | -014| 0.08 | 0.76 | -0.53 | 0.10 | 0.12 | -0.01 | 0.36 | 0.13 | 0.84 1 0.92 0.11
%Na | 0.78 032 |-002| 012 | 0.69 | -043 | 0.19 | 0.19 | -0.06 | 0.29 | 0.24 | 0.70 | 0.92 1 0.13
TH | -0.13 | 0.76 | 0.71 | 0.00 | -0.16 | 0.58 | 0.66 | 0.62 | 0.53 | 0.70 | 0.69 | -0.11 | 0.11 | 0.13 1
e Correlation is significant at the 0.01 level
o3liiul 3 50 Sl Joe ;5 (&S el b VF (reS ln o @ o1 (g T ) awgs iitin slayiel b -F oo
Joe a9 Jue =95 ol Joo slasog,g Joe 95> bl
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Q, CO3, SAR c EC, Na, TH c
Q a Q a
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TDS, EC, Na c Q, K, SAR C
Q a Q a
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TDS, EC, Mg c Q, K, %Na c
Q a Q a
Q, TDS, EC, TH b PH Q, TDS, EC, pH, TH b %Na
Cl, Na, %Na c Q, K, SAR c
Q a Q a
Q, TDS, pH, TH b EC Q, TDS, EC, pH, TH b Ca
TDS, CI, Na c TH, TDS, EC c
Q a Q a
Q,EC,pH, TH b TDS Q, TDS, EC, pH, TH b Mg
EC, Cl, Na c TH, SO4, TDS c
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ool )y plo L PH ) by jo b Sican o icens 058 00 (80 )kl ol CltS y (izean 5 g s slaaijls (Sojlse
b slaot o PH 1,5 w040 aalys PH gjluacs jo la Jow cixs o Shae Lol JuJs a5 (5,150 dads j0 +/V+ 5l 1aS) cal
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ANN-RBF ¢ ANN-MLP ANFIS b Joo dun lio-Y-Y

o9y 4w o (65lwand s ANN-RBF  ANN-MLP ANFIS a6barug sloJoe o,5kee 585 b, jshie
slaods (0) Jgo .o awslic RMSE  MAE d R? o sollS (o)l jlas o> 5l eolitul b T (a8 il )b VF sl
RMSE s MAE (5ol 5 d s R? (52 5V1) atge olis ans oo @)l (39, 2 C 5 b @ laos sl |, mlss cnl 5l el
b odds g 3lwdig) Jow o oodpndas slo,tslo s Golol 5 bt sl oo eols lis of gjlwains 5 b gt 0 50
el 00wl Caws 4y (OVerfitting 51 s Sol> lp o) Ve 5l i )15 g Comlus o

T i sl oy wass sl ANN-RBF 3 ANN-MLP ANFIS (gla s, mlss aolie -0 Jsur

R2 d MAE RMSE . e
c b a c b a C b a c b I SR
0.93 | 0.88 | 031098 |0.97|0.66| 040 | 0.38 0.89 0.61 0.82 1.88 | ANFIS
0.89 | 0.77 | 0.32 1097 | 0.93 | 0.66 | 0.47 | 0.40 0.86 0.74 1.22 1.87 MLP S04
0.87 | 0.86 | 0.32 1 0.97 | 0.96 | 0.68 | 0.49 | 0.54 0.81 0.82 0.88 1.86 RBF
0.93 | 0.88 | 0.60 | 0.98 | 0.97 | 0.87 | 0.18 | 0.16 0.40 0.24 0.32 0.57 | ANFIS
0.87 | 0.82 | 061097 |095|087| 021 | 0.21 0.39 0.34 0.39 0.57 MLP | HCO3
0.90 | 0.87 | 0.61 | 097 | 0.97 | 0.87 | 0.19 | 0.21 0.39 0.29 0.33 0.57 RBF
092 | 085|076 098|096 |093| 011 | 0.14 0.32 0.25 0.36 0.42 | ANFIS
0.92 088079098 |097|094| 011 | 0.14 0.27 0.25 0.31 0.40 MLP COs3
0.93095(0.79(0.98|099|094( 012 | 0.13 0.27 0.24 0.20 0.40 RBF
0.99 | 0.98 | 0.85 | 1.00 | 1.00 | 0.96 | 0.45 | 0.55 2.92 1.04 1.32 3.94 | ANFIS
0.97 | 0.95]09110.99|099|098| 055 | 0.78 2.03 1.78 2.31 3.06 MLP SAR
0.98 | 0.96 | 0.9310.99|0.99|098| 058 | 0.71 1.72 1.55 2.16 2.64 RBF
0.99 | 0.98 | 0.74 | 1.00 | 1.00 | 0.92 | 1.84 | 254 | 12.18 3.02 3.89 14.93 | ANFIS
0.98 | 0.95|0.85(0.99|099|096| 222 | 3.59 7.92 4.36 6.61 11.39 MLP %Na
0.96 | 0.92 | 0.85[0.99 098|096 | 212 | 4.24 8.13 5.90 8.56 11.46 RBF
0.61 | 0.65 | 0.07 | 0.86 | 0.88 | 0.26 | 0.23 | 0.20 0.37 0.35 0.32 0.54 | ANFIS
0.61 | 0.66 | 0.10 | 0.87 | 0.89 | 0.33 | 0.24 | 0.22 0.35 0.35 0.32 0.53 MLP Ca
0.64 | 055|0.13]10.88|0.85|039| 021 | 0.21 0.34 0.33 0.37 0.52 RBF
0.74 1 0.80 | 0.15[0.92 | 0.94 | 0.41 | 0.29 | 0.23 0.47 0.40 0.35 0.73 | ANFIS
0.73 0731029092 |092|065| 030 | 0.26 0.40 0.41 0.41 0.66 MLP Mg
0.77 | 0.78 | 0.30 | 0.93 | 0.94 | 0.66 | 0.26 | 0.25 0.40 0.38 0.37 0.66 RBF
0.97 | 0.95 | 058099 | 099|085 048 | 0.40 2.23 0.96 1.31 3.50 | ANFIS
0.95|0.90|059]098|097|078| 061 | 0.60 2.16 1.28 1.71 3.79 MLP Na
0.92 {094 059098 |098|0.78| 049 | 0.43 2.16 1.66 1.35 3.78 RBF
0.90 | 091 | 0.74 ] 0.97 | 0.97 | 0.92 | 0.10 | 0.10 0.21 0.14 0.14 0.24 | ANFIS
0.84 {081 |079[095|094|094| 012 | 0.14 0.19 0.21 0.22 0.22 MLP K
0.87 | 0.85|0.800.96|095|094 | 014 | 0.16 0.18 0.18 0.19 0.21 RBF
0.98 | 0.94 | 0.58 | 1.00 | 0.98 | 0.85 | 0.32 | 0.28 1.62 0.54 1.03 2.63 | ANFIS
0.74 1 0.86 | 0.59 1 0.92 | 0.96 | 0.77 | 0.55 | 0.46 1.58 2.15 1.55 2.86 MLP Cl
0.88 1091 |059]097|098|0.78| 046 | 0.36 1.57 1.45 1.21 2.85 RBF
0.77 | 0.69 | 0.26 | 0.93 | 0.90 | 0.59 | 21.49 | 26.42 | 40.13 | 31.68 | 36.87 | 57.04 | ANFIS
0.73 1069 | 0.290.92|0.91 | 057 |2298 | 2492 | 38.33 | 34.18 | 36.45 | 56.96 MLP TH
0.77 | 0.70 | 0.30 [ 0.93 | 0.91 | 0.59 | 21.19 | 22.89 | 38.19 | 31.46 | 35.78 | 56.46 RBF
0.26 | 0.16 | 0.05 | 0.61| 051|030 | 0.17 | 0.18 0.19 0.24 0.25 0.27 | ANFIS
0.25|0.24 | 0.05|0.64|067|031| 017 | 0.17 0.19 0.24 0.25 0.27 MLP PH
0.34 | 0.27 | 0.08 | 0.71 | 0.66 | 0.36 | 0.16 | 0.16 0.18 0.23 0.24 0.27 RBF
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0.98 | 0.99 | 0.67 [ 1.00 | 1.00 | 0.89 | 49.47 | 41.56 | 234.02 | 86.30 | 83.11 | 364.98 | ANFIS
0.97 1098 | 0.67 [ 0.99 | 0.99 | 0.84 | 57.98 | 47.51 | 225.14 | 113.00 | 92.80 | 396.34 [ MLP EC
0.98 | 0.97 | 0.66 [ 1.00 | 0.99 | 0.84 | 42.46 | 32.00 | 228.32 | 82.19 | 111.05 | 397.22 | RBF

0.99 1099 | 0.56 [ 1.00 | 1.00 | 0.84 | 32.94 | 25.68 | 160.14 | 44.23 | 42.79 | 244.77 | ANFIS
0971094 057099098 |0.75]36.92 | 42.14 | 152.18 | 68.20 | 105.59 | 268.99 [ MLP TDS
0.98 1094|059 (0.99 | 099 | 0.86 | 27.53 | 31.47 | 143.40 | 52.59 | 87.37 | 238.86 | RBF
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