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Abstract

The ability to simulate, on a continuous basis, the peak flow rate, runoff volume and hydrograph from a catchment is important in planning,
design and operation of hydraulic structures and the solution of a wide range of problems associated with water use. The ACRU modelling
system, developed originally essentially as a small catchments daily time step hydrological model, is being applied increasingly in
distributed mode to larger complex catchments where the river network plays an important role in transporting the water to the catchment

outlet.

The assumption in the ACRU model that stormflow generated on a particular day passes the catchment outlet on the same day is valid for
small catchments, but is not necessarily true of large catchments. Thus a flow routing submodel has been incorporated into the ACRU model
which enables continuous hydrograph simulation to improve the temporal distribution of the simulated flow. Verification of the submodel
has taken place on the Ntabamhlope wetland in Western Natal and on the catchment upstream of Henley Dam in Natal.

Introduction

The ability to simulate, on a continuous basis, the peak flow rate,
runoff volume and hydrograph from a catchment is important in
planning, design and operation of hydraulic structures and in the
solution of a wide range of problems associated with water use.
In Southern Africa, commonly used techniques for predicting the
runoff hydrograph shape include the unit hydrograph, the
kinematic and the time-area methods (Campbell et al., 1986).

An advantage of applying any of these methods in a spatially
distributed model when simulating the runoff from a large
heterogeneously responding catchment, is that such a catchment
can be subdivided into relatively homogenous response units,
thus accounting for the spatial heterogeneity, rather than
operating simply a spatially lumped model. The ACRU
modelling system (Schulze, 1989), which uses a Southern
African modification to the SCS technique to generate daily
stormflow and was developed originally essentially as a small
catchments daily time step hydrological model, is being applied
increasingly in distributed mode to larger, complex catchments
where the river network plays an important role in transporting
the water to the catchment outlet.

The assumption in the ACRU model that stormflow generated
on a particular day passes the catchment outlet on the same day
is valid for small catchments, but is not necessarily true of large
catchments. Thus when the ACRU model is applied in
distributed mode on large catchments, the temporal distribution
of streamflow passing the catchment outlet does not reflect the
translation of the hydrograph taking place through river reaches
and reservoirs encountered en route to the catchment outlet.

The development and verification of a flow routing submodel
which has been incorporated as an option in the ACRU model,
and which enables continuous hydrograph simulation and flow
routing to improve the temporal distribution of the daily runoff
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generated by the ACRU model, is outlined in this paper. Results
of verifications of the flow routing submodel undertaken on the
175 km? catchment upstream of the Henley Dam in Natal, as well
as on the Ntabamhlope wetland in Western Natal, are presented.

River reach and reservoir flood routing

Several methods have been developed for routing floods in
reservoirs and rivers. These methods may be classified broadly
as either hydraulic or hydrologic routing techniques (Viessman et
al., 1989). Both techniques use the principle of conservation of
mass. Hydraulic techniques are more complex and were
developed for spatially-varied systems using an equation of
motion, customarily the momentum equation. Hydrologic routing
techniques, which use a conceptual approach, are typically
simpler techniques developed for spatially lumped systems
(Wilson and Ruffini, 1988).

The hydraulic methods generally describe the flood wave
profile more adequately when compared to hydrologic
techniques. However, practical applications of hydraulic methods
are restricted because of their high demands on computing
technology as well as on quantity and quality of input data
(Singh, 1988). In addition, investigations by, inter alia, Price
(1974), Porter (1975) and Hdromadka and De Vries (1988) have
shown that the less data intensive hydrologic techniques perform
generally as well as the hydraulic techniques. Thus the simpler
and less data intensive hydrological routing techniques were
implemented as an option in the ACRU modelling system.

The Muskingum method for channel routing is the most widely
used hydrologic routing technique (Wilson and Ruffini, 1988).
Cunge (1969) related the parameters required for the Muskingum
method to physical characteristics of the channel system by
noting similarities between the Muskingum method and the
numerical approximation of a diffusion wave model. Thus the
Muskingum-Cunge flow routing method, although classified as a
hydrologic method, gives results comparable with the hydraulic
methods. In using physically based estimates for model
parameters, the Muskingum-Cunge method operates in
accordance with the ACRU modelling philosophy and was thus
considered suitable for incorporation, as an option, in the ACRU

ISSN 0378-4738=Water SA Vol. 19 No. 3 July 1993 263



modelling system. The storage indication (modified-Puls) routing
method was selected for routing flow through reservoirs.

Muskingum-Cunge river reach routing

The linear Muskingum method models the storage at time=n in a
river reach as given in Eq. .

S, = K[XI,+(1-X)Q,] D

where:

storage in river reach at time =n (m*)

inflow to river reach at time = n (m*s")

outflow from river reach at time = n (m*s”)

the storage time constant for the reach (s)
dimensionless weighting factor that varies between
0and 0,5.

RN~
I}

In physical terms K is considered as an average reach travel time
for a flood wave, and X indicates the relative importance of I and
Q in determining the storage in a reach. Typical values of X for a
river reach range between 0,0 and 0,3, with a mean value near
0,2 (Chow et al., 1988; Viessman et al., 1989).

Thus, from Eq. 1, the change in storage over time interval At is
given in Eq. 2:

Sinary Su=KIX1 1y +(1-X)Qr y)-KIXL,+(1-X)Q.] )
The Muskingum equation as given in Eq. 4, is derived by

equating the finite difference form of the continuity equation (Eq.
3) with Eq. 2.

(1(n+1)+1n) (Q(n+l)+Qn)
SinanSe = At - At 3)
2 2
where:
At = routing interval
Opey = CII(n+I)+C21n+C3Qn 4)
where:
-KX + 0,5 At
C= —————— )]
K-KX +0,5 At
KX +05At
CG= ————— (6)
K-KX +0,5 At
K-KX +0,5 At
CG= — )
K-KX + 0,5 At

The computation of negative outflows (Qg,,,) in Eq. 4 is avoided
if the limits on At given in Eq. 8 are adhered to (Viessman et al,,
1989).

2KX < At < 2K(1-X) (8)
Compliance with Eq. 8 gives rise to conflicting requirements

(Bauer, 1975). The smaller the value of At, the closer the finite
difference approximation of the continuous hydrograph.
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However, Eq. 8 requires the value of At to be large relative to the
value of the wave travel time, K. This conflict may be solved by
subdividing the reach into appropriate subreaches and routing the
fiow through a series of subreaches.

The accuracy of the method relies on the accurate estimation
of parameters relating channel storage volume to inflow and
outflow rates (Wilson and Ruffini, 1988). If observed inflow and
outflow data are available for the reach, a reverse routing
procedure may be implemented which solves Eq. 1 for K by
assuming different values of X until an optimum solution is
found (Chow et al., 1988). In the absence of observed flow data,
either the wave travel time down the reach may be estimated and
a default value of X assumed, or the physically based
Muskingum-Cunge method may be used for parameter
estimation, as shown in Eqs. 9 and 10.

1 4o
X =—(1-——) ©)
2 S,c Al
where:
g, = reference discharge per unit channel width (m’-s"-m™)
S, = dimensionless channel bottom slope
¢ = wave celerity (m-s")
= mV
m = constant, depending on channel dimensions
V = reference velocity (m-s™)

Al = routing reach length (m)

Al
K = —
c

(10)

A problem in implementing Eq. 9 is deciding on the reference
velocity and hence reference discharge to be used in the
calculation. Wilson and Ruffini (1988) have suggested using Eq.
11 to calculate the reference flow rate.

1
Q0= Qb"'? (Qp‘Qb) an
where:
0, = reference flow rate (m*s™)
0, = peak flow rate (m'*s™)

Q, = base flow rate (m’s™)

Reservoir routing by the storage indication method

The storage indication method of routing flows through a
reservoir involves solving the continuity equation as given in Eq.
12, where the unknowns for a particular routing interval are
written on the left hand side of the equation, in conjunction with
a storage-discharge relationship for the reservoir.

2S(n+1) 2Sr|

+Qpety = Lyt (—— ~ Q)
At At

12)

Eq. 12 is solved in a step-wise manner, using a storage indication
relationship (25/At + Q vs. () as an aid in the solution.



Implementation of flow routing submodel in
ACRU

The flow routing submodel would only be invoked when the
ACRU model is applied in a distributed mode to a catchment.
The daily stormflow generated by the ACRU model is
disaggregated by using the SCS unit hydrograph (Schmidt and
Schulze, 1987) and one of four regionalised rainfall distribution
patterns calculated by Weddepohl (1988). Thus the daily rainfall
amount is distributed according to the rainfall distribution type,
divided into shorter durations so that 5,5 time increments equal
the catchment lag time and incremental triangular hydrographs
are computed and summed to give the stormflow hydrograph.
The daily amount of baseflow generated by the ACRU model is
then added to the storm hydrograph, assuming a linear change in
baseflow rate over the day which ranges from the baseflow rate
generated on the previous day to baseflow rate generated on the
current day. These concepts are illustrated in Fig. 2 for two
nested subcatchments with a reservoir located in the downstream
subcatchment as shown in Fig. 1.

Figure 1
Schematic catchment layout nd node numbering

As illustrated in Fig. 2, the streamflow hydrograph at the
outlet to Catchment 1 (node 1) is formed by adding baseflow to
the stormflow hydrograph, which was generated using
incremental triangular hydrographs. The streamflow hydrograph
generated for Catchment 1 (node 1) is routed through
subcatchment 2 to node 3, which is the inlet to the reservoir. The
hydrograph routed from node 1 to node 3 is then added at node 3
to the streamflow hydrograph generated for the land portion of
subcatchment 2. The combined hydrograph at node 3 is then
routed through the reservoir to the outlet from Catchment 2
(node 2).

River reach routing

Three parameter estimation options are available to the user for
river reach routing and these are outlined briefly below.

® Single reach routing: User input At, K and X
Flow is routed through a single reach, using user-defined
values of the routing period (Ar) and the Muskingum
parameters (K and X).

® Multiple reach routing: User input At, K and X
Flow is routed through a series of subreaches in order to
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Hydrograph routing at nodes 1, 2, and 3

comply with requirements stipulated by Eq. 8, using user-
defined values of At, K and X. Thus the number of subreaches
used is calculated as shown in Eq. 13.

K

At

NREACH = (13)

where:
NREACH = number of sub-reaches.

Thus for each subreach K = At, with the routing time being
adjusted if necessary for routing through the last remaining
subreach.
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® Multiple reach routing: User input Af and channel dimensions
Flow is routed through a series of subreaches in order to
comply with requirements stipulated by Eq. 8, using user-
defined values of the routing period (Af), channel geometry
and channel slope. Equations 9 and 10 are used to estimate the
Muskingum parameters (K and X) using Eq. 11 to define the
reference flow rate. Equation 13 is used to calculate the
required number of subreaches.

If the downstream subcatchment contains a reservoir, the
hydrograph is routed through the reservoir before it becomes
inflow to the next subcatchment.

Reservoir routing

The spillway discharge relationship used is given in Eq. 14
(Chow et al., 1988).

&)

0=C,BH (14)

where:
O = flow rate over an uncontrolled spillway (ms™)
C, = dimensionless coefficient of discharge, input by the user
B = width of spillway (m), input by the user
H = depth of storage above spillway crest (m).

The reservoir surface area:storage relationship used in the
ACRU model may either be input by the user based on a basin
survey or a default idealised surface area:storage relationships
may be selected (Schulze, 1989). Using the selected surface
area:storage relationship, the relationship between storage and
depth of flow over the spillway is obtained by calculating the
surface area for a particular depth, and then using the surface
area to calculate the storage above the spillway crest. By
combining Eq. 14 with the derived storage:depth relationship, an
exponential equation is fitted to the storage indication curve
(2S/A+Q vs. Q) and Eq. 12 is then solved in a sequential step-
wise manner to route the flow through the reservoir.

Results and discussion of verification studies

The flow routing submodel described above was founded on an
event-based routing model developed and verified by Caldecott
(1989). Initial verification of the continuous hydrograph
simulation submodel incorporated in the ACRU model has taken
place on the Ntabamhlope wetland in Western Natal and on the
175 km? catchment upstream of the Henley Dam in Natal.

Ntabamhlope wetland

The Ntabamhlope wetland is located at a latitude of 29° 04
South and longitude 29° 39 East, at an altitude of 1 440 m above

sea level. The wetland surface area is approximately 1,8 km® and
has an upstream catchment area of approximately 34 km®.
Smithers (1991), in verifying further developments to the ACRU
wetland submodel, originally proposed by Schulze et al. (1987),
applied the ACRU model to the Ntabamhlope wetland. The
results obtained indicate that the model simulated monthly
summations of daily flow well, but did not simulate the
translation of flow which occurred in the observed daily flow. It
was concluded that the addition of a flow routing submodel to the
ACRU model would improve the temporal distribution of the
simulated daily flow.
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The model was re-run with the flow routing submodel invoked
and selected statistics of performance are presented in Table 1 for
streamflow simulation with and without the routing submodel
‘nvoked.

Differences in the simulated runoff depths with and without
the routing submodel invoked are due to the finite difference
approximation of the runoff hydrograph. The improvement in
performance of the model with the flow routing submodel
invoked is evident from the improvement in the correlation
coefficient and regression coefficient, as shown in Table 1.
Figure 3 clearly shows the effect of the routing submodel during
a period of high flow conditions.

TABLE 1
STATISTICS OF PERFORMANCE OF DAILY RUNOFF
SIMULATION FROM THE NTABAMHLOPE WETLAND BY
THE ACRU MODEL, WITH AND WITHOUT FLOOD ROUTING
SUBMODEL INVOKED (YEARS 1977-1981)

Statistic ACRU ACRU + routing
Total observed runoff (mm) 881 881
Total simulated runoff (mm) 842 854
Correlation coefficient 0,64 0,79
Regression coefficient 0,62 0,81
Regression intercept 0,17 0,08
RUNOFF SIMULATION
NTABAMHLOPE WETLAND
28
%
24
2 — OBSERVED
20 ---- ACRU

18 1 -+ ACRU + ROUTING

N

DAILY RUNOFF (mm)

DAY (31/01/81 - 28/02/81)

Figure 3
Simulated vs. observed daily values of runoff from the
Ntabamhlope wetland

Henley catchment

The ACRU model, in a typical operational type of situation, was
applied with and without the flow routing submodel invoked to
the 175 km? upstream of the Henley Dam catchment. Selected
statistics of performance of the runoff simulation are presented in
Table 2.

It is evident from Table 2 that the routing submodel had little
effect on the statistics of performance. It is suspected that this is a
result of poor quality observed data, with the majority of storm
events over-topping the gauging weir. However, an example of



TABLE 2
STATISTICS OF PERFORMANCE OF DAILY RUNOFF
SIMULATION FROM THE HENLEY DAM CATCHMENT BY
THE ACRU MODJEL, WITH AND WITHOUT FLOOD
ROUTING SUBMODEL INVOKED (YEARS 1975-1980)

W
Statistic ACRU ACRU + routing
Total observed runoff (mm) 1221 1221
Total simulated runoff (mm) 1046 1054
Correlation coefficient 0,76 0,76
Regression coefficient 0,96 0,96
Regression intercept -0,07 -0,07
RUNOFF SIMULATION
HENLEY CATCHMENT
5 .
w — OBSERVED
S .| o\ ACRU
Zz 3
E --- ACRU + ROUTING
>
g 2
[a]

00— T —— - v —~
10/2/78 12/2{78 14/2/78 16/2/78
DAY

Figure 4

Simulated vs. observed daily values of runof from the enley
Dam catchment

the improvement in the temporal distribution of the simulated
daily runoff is given in Fig. 4. .

Conclusions

It is evident from the verification studies that the effect of
invoking the routing submodel is not always apparent in the
statistics of performance. However, from the Ntabamhlope
wetland application it is concluded that the routing submodel can
be used to improve the temporal distribution of simulated daily
runoff. Further operational type of verifications are necessary
where the data are not from research catchments.

Improvement to the runoff hydrograph generated for each
subcatchment is possible by refining the 4 rainfall distribution
types currently available. In addition, the model should have an
option where, if available, digitised rainfall couid be used in the

generation of the runoff hydrograph instead of assuming an
average storm distribution type.

In the current state of development, the flow routing submodel
assumes no transmission losses from the river channel. The
addition of infiltration and evaporation losses directly from the
river channel should improve runoff simulation from catchments
where channel losses are appreciable.
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