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Table 1. Model performance evaluation criteria in flood prediction
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Plotting log(P;) against log(P,)based on Equation (8)

Is the resulting loop close

to a straight line? Yes

Assigning the slope of the line to m

4

Estimation of the nonlinear
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K, and m) using the SOLVER
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v

Calculation of the rate of change of storage volume over time using
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Calculation of the cumulative storage based on Equation (12)
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Calculation of the outflow discharge based on
Equation (13)

Figure 1. The methodology used in this study for the Muskingum flood routing approach
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Figure 2. The graphical method for estimating the parameters of the Muskingum model: (a) linear and (b)
nonlinear (Wilson flood data)



Table 2. Estimation of linear and nonlinear Muskingum model parameters using graphical compared to
SOLVER tool (Wilson flood data)

Nonlinear Muskingum Linear Muskingum
Method /Parameter
SOLVER Graphical Graphical
0.23 0.39 27.58 K
0.26 0.28 0.30 X
2.05 2.16 - m
120 === == Observed outflow data

s Calculated outflow (linear Muskingum)

100
Calculated outflow (nonlinear Muskingum)

80

60

Flow rate (m?/s)

40

20

0 20 40 60 80 100 120 140

Time (hours)

Figure 3. Observed and computed outflow hydrographs of the linear and nonlinear Muskingum model using
graphical methods (Wilson flood data)
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Table 3. The evaluation criteria of the linear and nonlinear Muskingum model using graphical and
solver methods (Wilson flood data)

Nonlinear Muskingum Linear Muskingum L.
Method /Criterion
SOLVER Graphical Graphical

65.17 7912.89 9854.58 SSQ
3.57 16.51 16.17 MAD
108.88 359.68 447.94 MSE
10.41 18.97 21.16 RMSE
7.55 41.57 30.60 MAPE
1.00 0.63 0.72 R(XY)
0.96 0.35 0.19 NS
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Figure 4. The graphical method for estimating the parameters of the Muskingum model: (a) linear and
(b) nonlinear (River Wye)



Table 4. Estimation of linear and nonlinear Muskingum model parameters using graphical compared
SOLVER tool ((River Wye)

Nonlinear Muskingum Linear Muskingum
Method /Paramete
SOLVER Graphical Graphical
4.96 0.81 11.10 K
0.36 0.25 0.63 X
1.18 1.44 - m
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Figure 5. Observed and computed outflow hydrographs of the linear and nonlinear Muskingum model
using graphical methods (River Wye)
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Table 5. The evaluation criteria of the linear and nonlinear Muskingum model using graphical and
solver methods (River Wye)

Nonlinear Muskingum Linear Muskingum o
Method /Criterion
SOLVER Graphical Graphical
4280.32 6998.97 18619.23 SSQ
11.63 15.29 22.57 MAD
225.28 368.37 979.96 MSE
15.01 19.19 31.30 RMSE
11.04 15.27 17.18 MAPE
0.99 0.98 0.94 R(XY)
0.97 0.95 0.86 NS
_D.44 -1.54 -2.87 MAE
0.21 0.23 0.36 ERR
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Figure 6. The graphical method for estimating the parameters of the Muskingum model: (a) linear and (b)
nonlinear (Karun river)



Table 6. Estimation of linear and nonlinear Muskingum model parameters using graphical compared to
SOLVER tool (Karun river)

Nonlinear Muskingum Linear Muskingum
Method /Parameter
SOLVER Graphical Graphical
36.61 27.83 10.14 K
0.01 0.001 —-0.60 X
0.82 0.90 - m
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Figure 7. Observed and computed outflow hydrographs of the linear and nonlinear Muskingum model
using graphical methods (Karun river)
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Table 7. The evaluation criteria of the linear and nonlinear Muskingum model using graphical and solver
methods (Karun river)

Nonlinear Muskingum Linear Muskingum
Method /Criterion
SOLVER Graphical Graphical
331849.66 564494.35 663242.18 SSQ
44.50 44.41 51.20 MAD
3992.34 3997.79 6837.55 MSE
63.18 63.23 82.69 RMSE
13.21 13.25 19.47 MAPE
0.98 0.97 0.97 R(XY)
0.99 0.98 0.62 NS
15.40 2.20 -241.16 MAE

0.20 0.17 0.24 ERR
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Abstract

Flood Routing is one of the fundamental topics in water resources system management and flood control engineering.
The Muskingum model is among the most well-known and widely used hydrological routing methods. In the nonlinear
Muskingum method, three parameters must be estimated: the storage coefficient (K), the weighting factor for inflow and
outflow (), and the exponent of the storage term (m). In contrast, the linear Muskingum method only involves the first
two parameters (K and y), making it simpler with one less variable. This research focuses on presenting a simple graphical
method for estimating the parameters of the nonlinear Muskingum model. To assess the accuracy and reliability of the
proposed graphical method, results were compared with those obtained from Excel's SOLVER tool, which is considered
a more precise technique. The graphical method was applied to three flood events. The results showed that the parameters
derived using the proposed method were very close to those estimated using SOLVER. Notably, across all flood events,
both the performance criteria and hydrographs indicated that the graphical method for the nonlinear Muskingum model
outperformed its linear counterpart in terms of accuracy. Furthermore, comparisons between observed peak discharge
and the estimated peak discharge revealed that, in all cases, the nonlinear Muskingum model provided values closer to
the actual recorded data than the linear model. For instance, the Nash-Sutcliffe Efficiency (NSE) values obtained for the
Wilson, Wye, and Karun flood events were as follows: Wilson Flood: 0.19 (linear graphical), 0.35 (nonlinear graphical),
0.96 (SOLVER); Wye Flood: 0.86 (linear graphical), 0.95 (nonlinear Graphical), 0.97 (Solver); Karun Flood: 0.62 (linear
graphical), 0.98 (nonlinear graphical), 0.99 (SOLVER).

Keywords: Graphical method, Flood Routing, Linear Muskingum, Non-linear Muskingum.



