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Background and Obijectives: The relationship between rainfall and runoff
is a fundamental concept in hydrology, reflecting complex processes such
as infiltration, evapotranspiration, and water exchange between surface and
subsurface flows that ultimately lead to runoff generation. In arid and semi-
arid regions, irregular and intense rainfall events, coupled with limited
hydrometric data and the intricate structure of watersheds, pose significant
challenges for water resources management. Rivers, as vital components of
the hydrological cycle, play a crucial role in water supply, aquifer recharge,
and ecosystem sustainability, and are highly sensitive to variations in
precipitation. Advanced runoff modeling, particularly through data-driven
approaches such as machine learning and deep learning, has enabled the
identification of nonlinear patterns and the accurate prediction of
hydrological events, providing valuable tools for informed decision-
making in sustainable water resources management. Accordingly, the
primary objective of this study is to evaluate and compare the performance
of statistical and data-driven models, including Quantile Regression (QR),
Multi-Layer Perceptron (MLP), Adaptive Neuro-Fuzzy Inference System
(ANFIS), and Transfer Function (TF), in simulating the rainfall-runoff
process in the semi-arid regions of Iran.

Materials and Methods: In the present study, monthly data from
hydrometric and meteorological stations in three watersheds, Zoshk,
Dehbar, and Kardeh, located in Khorasan Razavi Province, were used to
model the rainfall-runoff process over 26 years (1997-2022). As an initial
step, the Chow method was employed to assess the accuracy and
homogeneity of the time series data. Given the temporal dependency of
monthly rainfall and runoff data, the data were structured as a time series
for further analysis. To simulate and forecast monthly runoff for the next
12 months based on rainfall data, four models were utilized: multilayer
perceptron (MLP) neural network, adaptive neuro-fuzzy inference system
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(ANFIS), transfer function (TF), and quantile regression (QR). Considering
that more recent years provide more accurate insights into current
conditions, a forward selection approach was adopted to determine the
effective number of years for modeling. Among the available years, all but
one were used for model training, and the remaining year was reserved for
validation. The performance of the calibrated models was evaluated using
three standard metrics: mean absolute error (MAE), root mean square error
(RMSE), and the coefficient of determination (R?). It is noteworthy that
statistical analyses and computations in this study were performed using R
software (quantreg and frbs packages), SAS, MINITAB, and SPSS.

Results: The analysis of the monthly trend of rainfall and runoff time
series in the three studied watersheds revealed that these basins exhibit
distinct structural characteristics. Cross-correlation analysis indicates the
presence of a lagged relationship between rainfall and runoff time series in
the three selected watersheds. Specifically, the direct effect of precipitation
on runoff was observed with a maximum lag of one month in the Zoshk
and Dehbar watersheds, while in the Kardeh watershed-due to its
mountainous conditions and the higher contribution of snow in the
precipitation regime-a maximum lag of three months was identified. The
effective number of years for modeling, determined through a forward
selection process, was found to be 17, 19, and 9 years for the Zoshk,
Dehbar, and Kardeh watersheds, respectively, providing optimal model
performance. The validation results of the models using MAD, RMSE, and
R2 indices indicate that the MLP model provides the most accurate
estimation of monthly runoff in the Zoshk, Dehbar, and Kardeh watersheds
(RMSE = 0.0032, 0.0028, and 0.0123 m3/s, respectively) compared to the
other models. Following MLP, the ANFIS model ranked second in
performance (RMSE = 0.0146, 0.0044, and 0.0186 m3/s, respectively). The
validation results further revealed considerable similarity between the
simulation outputs of the MLP and ANFIS models. After these two models,
the quantile regression approach exhibited the next highest accuracy in the
Zoshk, Dehbar, and Kardeh watersheds (RMSE = 0.0344, 0.0293, and
0.0444 md/s, respectively). The transfer function model also provided
relatively satisfactory results in identifying trends and evaluating prediction
accuracy; however, it exhibited the weakest performance among the four
models in the Zoshk, Dehbar, and Kardeh watersheds (RMSE = 0.0344,
0.0378, and 0.0510 m?3/s, respectively). Validation results also indicated
notable similarities between the simulation outputs of the TF and QR
models. Based on the coefficient of determination for the models, it can be
concluded that a substantial proportion of the variance in the dependent
variable was adequately explained by the independent variables. Therefore,
all four models demonstrated acceptable levels of predictive accuracy.

Conclusion: The results of this study indicated that the four models
employed, including MLP, ANFIS, QR, and TF, despite differences in
accuracy, demonstrated satisfactory performance in identifying patterns
and modeling variations in output time series based on input data.
Accordingly, these models can be considered efficient and effective tools
for predicting monthly runoff based on precipitation in the study area. No
evidence of persistent overfitting or underfitting, which could reduce the
models’ accuracy and efficiency, was observed in any of the approaches.
Nevertheless, a comparison of the evaluation metrics indicated that, in
terms of predictive accuracy, the models ranked in the following order:
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MLP, ANFIS, QR, and TF. Given the high variability of precipitation in
Khorasan Razavi Province, it was initially expected that the QR model,
designed to handle extreme values differently from average values, would
achieve superior accuracy. However, its performance was noticeably lower
than that of the MLP and ANFIS models. Although the TF model
demonstrated lower accuracy compared to the other models, it played a
significant role in identifying time lags in the relationship between input
variables (rianfall) and output variables (runoff). Moreover, the structure of
the TF model provides a suitable framework for explaining hydrological
processes and representing the influence of rainfall on runoff within a
process-based modeling perspective.
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Figure 1. Geographical location of three study watersheds in Iran: (a) Iran, (b) Khorasan Razavi Province,
and (c) the Kashafroud River Basin.
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Table 1. Specifications of meteorological and hydrometric stations in the three selected watersheds.

(o) glis,| Geographic coordinates (UTM) ool g 55 oSl ol S
Elevation (m) Y X Station type Station name Watershed

1279 4056093 740695 Climatological station Karde dam 3,8
1322 4060437 738303 Hydrometric station Karde Kardeh
1822 4023742 697023 Climatological station ~ Zoshk-Khorasan K5
1692 4023333 697026 Hydrometric station Zoshk-Khorasan Zoshk
1251 4020751 716022 Rain gauge station Hesar-Dehbar Slas
1249 4020977 715734 Hydrometric station Hesar-Dehbar Dehbar
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Figure 2. General structure of an artificial neural network in time series forecasting.
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Figure 3. Monthly variation trends of rainfall (left) and runoff (right) in the Zoshk (a), Dehbar (b), and
Kardeh (c) watersheds.
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Figure 4. Structure of the MLP neural network model in the Zoshk (a), Dehbar (b), and Kardeh (c) watersheds.
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Figure 5. Comparison of observed and estimated monthly runoff using the MLP model in the Zoshk (a),
Dehbar (b), and Kardeh (c) watersheds.
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Figure 6. Comparison of observed and estimated monthly runoff using the ANFIS model in the Zoshk (a),
Dehbar (b), and Kardeh (c) watersheds.
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Table 2. Results of Box-Jenkins modeling for the monthly rainfall time series in three selected watersheds.
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Figure 7. Crosscorrelation plot between the monthly rainfall and runoff time series in the Zoshk (a), Dehbar
(b), and Kardeh (c) watersheds.
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Table 3. Fitting Results of the TF Model to Rainfall-Runoff Data at Selected Stations.

Gol3 sme 3l

Il s (sla sl

Significant values Stk il dde parameters of the TF model )
Correlation Correlation in oils 3L e sl ad
between the rainfall ) The model fitted to the Watershed
- . the residual . . . r b
time series and the . - residual time series
k time series
residuals

0.570 0.940 (0,0,1) x (0,0, 2) 1, 2 2 1 Zoshk sij

0.680 0.890 (0,0,2) % (0,0,2) 1, 2 2 1 Dehbar s

0.800 0.940 (0,0,2) x (0,0,3) 1, 2 2 3 Kardeh o s

9.



Oled 5 (508 051/ e (sjlwde Eoiio (SB35, (b5

oo a6l S Sldde o ome 5 LS eslindd
8l Oblyy palie Hlssas 4 IS ..lisjfua&hi.a
ws gy a5 15 QR Jue Lo 5 wilale sl sl
Ol sy Ol Dbl 53 s p3yse sl

.M:L;a

@) o035
» 03
=
025
g
& 02
H
: 015
S 01
3
5 005
').
0

1 2 3 4 5 6 7 8 9 10 11 12

Month .L
—— Observed 'y —— Estimated 555

—~
~
<

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
1 2 3 4

< Uls, Runoff (m3/ s)

5

< Uls, Runoff(m3/s) &

6

Month
—— Observed s —— Estimated 31 »

wﬂgu})ﬁﬂyr\ﬁ\@d}f)s
DL c)j.]é.'sA u.i‘ (5‘)" A QR (J.LA ealeul lJ U;’)b
L+/a0 G +/v0 sbasus chile QR Jue lawl

o Sl esls Al /0 Sk Lol g
il glaSw 53 QR Jue 1 sasl slasle

0.24
0.20
0.16
0.12
0.08
0.04

0.00
1 2 3 4 5 6 7 8 9 10 1 12
Month ..
—— Observed ;' —— Estimated 555

7 8 9 10 11 I

sl

L) 65,15 5 () Hlas (@) K pul ad s 55 TF Jue b si (53,50 5 5 o3ls 6lals Sl amslie ls p0d -A K3

Figure 8. Comparison of observed and estimated monthly runoff using the TF model in the Zoshk (a),
Dehbar (b), and Kardeh (c) watersheds.
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Figure 9. Comparison of observed and estimated monthly runoff using the QR model in the Zoshk (a), Dehbar
(b), and Kardeh (c) watersheds.
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