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ABSTRACT 
In this paper, the first objective is to study the capabilities of spreadsheets for performing 
Muskingum flood routing in complex hydraulic systems considering computation and 
optimization facilities available in spreadsheets. This is achieved by using Microsoft Excel 
spreadsheet to perform multiple-reach Muskingum flood routing in a river for which the 
observed inflow and outflow hydrographs are available and its storage-discharge relationship 
is highly non-linear. The second objective is to study the effect of multiple-reach routing and 
piecewise linearization of the hydraulic system on the accuracy of flood routing computations 
by selecting different number of reaches. It is shown that a significant change in sum of the 
square of the deviations between observed and computed outflows (SSQ) is observed while 
the number of reaches changes from one to two. Then, SSQ changes gradually with 
increasing the number of reaches. In general, it is concluded that multiple-reach Muskingum 
flood routing can be recommended as an alternative for non-linear Muskingum models, 
considering its simple calibration and computation procedure, which can be easily performed 
in tabular form in spreadsheets. 
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1 Introduction 
 
It is a common practice for hydraulic 
engineers to route floods through rivers. 
Flood routing methods have a wide 
spectrum of sophistication. In general, two 
different approaches, called “hydraulic 
routing approaches”, in more sophisticated 
side of the spectrum, and “hydrologic 
routing approaches”, in less sophisticated 
side of spectrum, are used to route floods 
through river reaches. In its complete one-
dimensional form, hydraulic routing 
methods solve full dynamic equations of 
flow called Saint-Venant equations by 
applying appropriate initial and boundary 
conditions. Numerical methods are 
required to solve Saint-Venant equations 
in a distributed way and therefore 
application of hydraulic routing methods 
needs a large amount of data about 
geometry, slope and roughness of the 
channel. On the other hand, hydrologic 
routing methods use storage continuity 

equation and a second equation that relates 
storage in the channel reach to inflow and 
outflow. Although hydraulic routing 
methods provide more accurate results 
compared to hydrologic routing methods, 
the selection of the best method depends 
on many factors such as the amount and 
quality of available data, available budget, 
importance of the project and safety 
requirements. 

This paper focuses on Muskingum 
method as one of the most frequently used 
hydrologic routing methods, applicable to 
single reach and multiple-reach channels, 
and introduces tools and methods that 
improve the accuracy of the method 
without increasing the complexity of the 
conventional procedures. 

The paper begins with a background of 
the problem. This includes a review of 
linear and non-linear Muskingum 
methods. Then, capabilities of Microsoft 
Excel spreadsheet is introduced which 
offers excellent calculation and charting 
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facilities related to routing in complex 
river systems. This is continued by using 
Microsoft Excel to rout floods through 
multiple-reach rivers as a case study. This 
is done by using available data in the 
literature. Conclusions made from this 
study are the last section of the paper. 
 
 
2   Background 
 
The Muskingum method was first 
developed by McCarthy (1938) for flood 
control studies in the Muskingum river 
basin in Ohio. In linear Muskingum 
model, as one of the simplest forms of 
hydrologic routing methods, spatially 
lumped form of continuity equation, as in 
Equation 1 and a linear storage-discharge 
relationship, as in Equation 2, are used to 
route the flow. 
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in which St, It and Ot are simultaneous 
amounts of storage, inflow and outflow, 
respectively, at any time t.  K and x are 
lumped routing parameters which are 
expected to capture flood-propagating 
characteristics of the channel. K is 
considered as the average reach travel time 
and x the coefficient used to weigh the 
relative effect of inflow and outflow on 
reach storage. If K and x are known for a 
channel reach, then routing is performed 
using Equation 3, which is obtained by 
substituting Equation 2 in Equation 1.  
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in which the variables C1, C2 and C3 are 
routing coefficients given by: 
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where It is inflow discharge at time t, It-∆t 
is inflow discharge at time (t-∆t) and Ot-∆t 
is outflow discharge at time (t-∆t) and ∆t is 
time step. Once Ci coefficients, which sum 
to unity, are determined, Equation 3 can be 
used successively to find outflow 
discharge at any time, Ot. 

Application of Equation 3 depends on 
estimating correct values of K and x in a 
river reach. Different methods have been 
used for determining Muskingum routing 
parameters, x and K. If Muskingum 
method is related to convection-diffusion 
model, then the parameters can be 
expressed in terms of hydraulic and 
morphological characteristics of the 
channel reach (Singh, 1986; Cunge, 1969). 
On the other hand, if the method is 
considered to be a black-box model, then 
its parameters can be estimated from past 
flood hydrographs through reach using 
calibration methods. Singh (1986) gives a 
comprehensive review of different 
methods. These methods include least-
squares method, method of moments, 
method of cumulants, direct optimization 
method and graphical method. Although 
other methods can be easily carried out in 
a desk computer, the commonly used and 
textbook suggested procedure for 
determining the value of x is graphical 
method. This method consists in choosing 
x, in a trial and error procedure, such that 
the loop resulting from the plot of St 
versus xIt+(1-x)Ot becomes as close to a 
straight line as possible. The slope of the 
straight line fitted through the loop gives 
K. Although this approach has been used 
for decades, it is time consuming and 
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prone to subjective interpretation. 
Furthermore, the visual judgment may not 
correctly identify the best among several 
nearly collapsed loops when all may 
appear acceptable (Mohan, 1997; Yoon 
and Padmanabhan, 1993). Yoon and 
Padmanabhan (1993) developed computer 
codes to estimate the best routing 
parameters, x and K, by minimizing the 
deviations of data from regression line in 
storage–weighted flow plane. Routing 
parameters, x and K, can also be 
determined by minimizing objective 
functions such as Equations 5 or 6, which 
give a direct measure of difference 
between observed and computed outflow 
hydrographs (Samani and Shamsipour, 
2004; Mohan, 1997). 
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where SSQ is the sum of the square of the 
deviations between observed and 
computed outflows, SADQ is the sum of 
the absolute value of the deviations 
between the computed and observed 
outflows and N is the number of recorded 
data. Optimization techniques must be 
used to find the best x and K values in this 
case. Constraints can also be applied to the 
optimization procedure by considering 
reasonable ranges for x and K. 

In natural channels it is not 
uncommon to realize a non-linear storage-
discharge relationship. Under these 
circumstances, formulation of the linear 
model can be modified to account for non-
linearity by writing 
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where m and n are fitting parameters 
which are expected to capture the non-

linearity of the system. Advanced 
parameter estimation techniques are 
required to calibrate the parameters in non-
linear Muskingum models (Mohan, 1997) 
and to compute outflow hydrograph. It 
seems that these models are not frequently 
used in engineering practice because they 
do not appear to have significant 
advantage to offset their complexity. 
 
 
3 Multiple-reach Muskingum flood 

routing using spreadsheet 
 
Immediate performance of sequential 
calculations, non-linear optimization tools 
and charting facilities available in 
Microsoft Excel makes it an excellent 
software for performing flood routing 
calibration and calculations even in 
complex hydraulic systems.  

Equation 3 shows that calculations can 
be conducted successively by copying 
formula from one cell to adjacent cells in 
any spreadsheet worksheet. Equations 5 
and 6 indicate the need for optimization 
software to calibrate routing parameters 
for any type of objective function subject 
to constraints. Powerful linear and non-
linear optimization tools are also available 
in Microsoft Excel under the name 
“Solver” which can be used to calibrate 
routing parameters. 

Microsoft Excel “Solver” uses the 
generalised gradient non-linear 
optimization code developed by Leon 
Lasdon from University of Texas at Austin 
and Allan Waren from Cleveland State 
University. Linear and integer problems 
use the simplex method with bounds on 
the variables, and the branch-and-bound 
method, implemented by John Watson and 
Dan Fylstra from Frontline Systems, Inc. 
(Microsoft Excel Help Files, 1997). With 
“Solver”, one can find an optimal value for 
a formula in one cell, called target cell, on 
a worksheet. “Solver” works with a group 
of cells that are related, either directly or 
indirectly, to the formula in the target cell. 
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“Solver” adjusts the values in the user 
identified changing cells, called adjustable 
cells, to produce results specified from the 
target cell formula. Constraints can be 
applied to restrict the values “Solver” can 
use in the model, and the constraints can 
refer to other cells that affect the target 
cell formula. In the following section an 
example is given which shows the use of 
spreadsheet to perform routing calibration 
and computations in an easier and more 
accurate way. 

Muskingum method can be extended to 
a cascade of Muskingum reaches as shown 
in Figure 1 where 2 or 3 equal linear 
Muskingum reaches are used to represent 
flow behaviour in the single reach. Starting 
from the main inflow hydrograph, this 
hydrograph can be routed up to the end of 
the first reach. Then the routed hydrograph 

at the end of the first reach is considered as 
inflow to the second reach and is routed up 
to the end of the second reach. This 
sequential procedure is repeated to obtain 
the main outflow hydrograph. The described 
procedure can be easily implemented in any 
spreadsheet. 

The data set selected here is from 
Wilson (1974). This data set has been used 
by many investigators to study about the 
level of accuracy of different calibration 
methods in linear and non-linear 
Muskingum models (Mohan, 1997; Yoon 
and Padmanabhan, 1993). The reasons for 
choosing this data set are twofold 1) because 
the data present a non-linear storage-
discharge relationship which makes the use 
of a non-linear or piecewise linear model 
necessary and 2) because the results can be 
compared with other researchers’ results. 

 
 
 
 
 
 
 
 
 
 

Figure 1 Single (a) and Multiple Reaches (b and c) for Muskingum Flood Routing. 
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4    Application, results and discussion 
 
Table 1 shows a typical form of 
computation and optimization performed 
in Excel for a two-reach problem using 
data from Wilson (1974). In row 2 of the 
table, the C1, C2 and C3 routing parameters 
are related to x and K values. C1, C2 and 
C3 always sum to unity as shown in cell 
F2. Observed inflow and outflow 
hydrographs are found in columns B and C 
while two step computed values of outflow 
are in columns D and E. Column F refers 
to (computed outflow – observed 
outflow)2 values at any time, t. The 
summation of these squared values, SSQ, 

is calculated in cell F26. The optimization 
is performed by minimizing the value in 
cell F26 by changing values in cells A2 
and B2. The C1, C2 and C3 values are 
adjusted automatically. Table 2 shows the 
x, K and SSQ values for different number 
of assumed reaches calculated by applying 
the described procedure. The results 
reported by Wilson (1974) for a single 
reach model, obtained by graphical 
method, are also found in the table. The 
difference between the results obtained by 
the two methods is evident in the table, a 
SSQ value of 606 compared to 1105. 

The results of selecting different 
number of reaches on x, K and SSQ values 
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are noticeable in Table 2. The K values 
decrease as the number of reaches 
increases. If from hydraulic point of view, 
K is considered to be the ratio of reach 
length to kinematic wave celerity (Singh, 
1986; Cunge, 1969), then the observed 
trend in variation of K is quite reasonable 
if nearly the same reference discharge is 
assumed for different reaches. x will get 
negative values as the number of reaches 
increases. There is a debate about the 
meaning of negative x values and some 
researchers argue that from point of view 
of classical hydrology, which views x as a 
measure of wedge storage, negative x 
values appear physically unreasonable. 

However, Dooge states that from the point 
of view of mathematical modelling, the 
negative value of x is the correct value 
(Singh, 1986). This idea and values 
reported in Table 2 are also in agreement 
with the equations developed from 
hydraulic approaches. SSQ becomes 
smaller as the number of reaches 
increases. A drastic change in SSQ is 
observed as the number of reaches changes 
from one to two. Then, SSQ changes 
gradually with increasing the number of 
reaches. Therefore, modelling with two 
reaches has been accepted here as 
appropriate modelling procedure. 

 
 
Table 1 Spreadsheet Calculations for Two-reach Muskingum Flood Routing. 

 A B C D E F 
1 x K C1 C2 C3  
2 0.0851 13.2691 0.2727 0.1236 0.6037 1 
3 T Inflow Outflow Ocomp1 Ocomp2 SQ(Ocomp2-Oobs) 
4 0 22 22 22.00 22.00 0.00 
5 6 23 21 22.12 22.02 1.03 
6 12 35 21 23.95 22.28 1.65 
7 18 71 26 32.78 24.04 3.85 
8 24 103 34 51.88 29.86 17.12 
9 30 111 44 73.13 41.21 7.76 
10 36 109 55 87.89 55.69 0.47 
11 42 100 66 95.14 69.34 11.19 
12 48 86 75 95.34 79.59 21.09 
13 54 71 82 89.78 85.15 9.90 
14 60 59 85 80.86 85.88 0.78 
15 66 47 84 70.71 82.64 1.86 
16 72 39 80 60.33 76.63 11.38 
17 78 32 73 51.01 69.02 15.87 
18 84 28 64 42.98 60.89 9.68 
19 90 24 54 36.55 53.00 1.01 
20 96 22 44 31.33 45.83 3.36 
21 102 21 36 27.51 39.61 13.06 
22 108 20 30 24.81 34.48 20.09 
23 114 19 25 22.78 30.40 29.13 
24 120 19 22 21.28 27.19 26.96 
25 126 18 19 20.25 24.72 32.75 
26    239.99 

Figure 2 shows the computed and 
observed outflow hydrographs for single 
and two-reach Muskingum models. Better 

performance of the two-reach model is 
quite evident in the figure. It is interesting 
that in this case a proper value for ∆t, i.e. 
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2Kx<∆t<K is also obtained. This has been 
violated in the single reach model, 
resulting in discharge values less than base 

flow in the initial stages of outflow 
hydrograph. 

 
 

Table 2 Routing Parameters for different Number of Reaches. 
Reaches Routing 

Parameters Single Two Three Four Five 

x  0.221 (0.25)* 0.085 -0.0815 -0.257 -0.435 

K (hr) 29.165 (36)* 13.269 8.675 6.461 5.152 

SSQ ((m3/s)2) 606 (1105) 240 182 164 155 
• The values in parentheses refer to values given by Wilson (1974). 

 
 

(a)                                                             (b) 
 
 
 
 
 
 
 
 
 

0

20

40

60

80

100

0 50 100 150

t (hr)

Q
 (m

^3
/s

)

Oobs

Ocomp

0

20

40

60

80

Figure 2 Observed vs. Computed Outflow Hydrographs for Single (a) and Two-reach (b) 
Muskingum Models. 
 
 
5 Conclusions 
 
A simple and systematic multiple-reach 
Muskingum flood routing was carried out 
using spreadsheet. The use of spreadsheet 
for such computations was highlighted by 
performing a case study on a river with 
non-linear storage-discharge relationship. 
The results from the case study showed 
that the performance of the linear 
Muskingum model can be improved by 
piecewise linearization of the hydraulic 
system without increasing the number of 
fitting parameters. Proper computational 
time step which is in agreement with the 
ordinates of observed hydrographs may 
also be obtained by this fragmentation of 
the system leading to more accurate 
results. Therefore, it can be concluded that 

multiple-reach Muskingum model can be 
considered as a simple alternative for the 
non-linear Muskingum models. As a final 
point it is worth considering that the 
computation and optimization capabilities 
of the spreadsheets can be used to estimate 
routing parameters and to route floods 
through multi-branch rivers. The 
procedure consists of adding several 
hydrographs along the river to find the 
main outflow hydrograph and is similar to 
what reported here for multiple-reach 
Muskingum routing. 
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