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Abstract

The Watershed Resources Management (WRM) model is a process-based, continuous,
distributed-parametcr watershed model incorporating conservation structures. Hydrologic
processes on the watershed are modelled by finite differences of the mass, momentum
and energy conservation cquations. Physically-based empirical cquations arc also cmploycd.
Component program modules have bcen developed for Initialization, Timing, Rainfall-
event, Ponded-infiltration, Runoff, Saturation-runoff, Kinematic-flow, Conservation-struc-
tures (terraces), Grass-waterways, Hydraulic-structures (reservoirs), Culvert, Evapotrans-
piration-event, Baseflow, Upland dry-period soil-moisture accounting, and Dual clement
dry-period (Subsurface-latcral) flow. Unrestricted spatial and temporal distribution are
built-in. A Main sub-program maintains thc sequence of system integration in consecutive
operation of components.

WRM is applicable at the basin scalce, in planning, forecasting and operational hydrology;
in design flow estimation; to the study of environmental impacts of land-use changes, and to
soil and water conscrvation planning. Its modular design makes it flexible and adaptable.

Keywords: Watershed; Water management; Water runoff control; Hydrologic modclling;
Simulation modcl, calibration; Decision support system

1. Introduction

Betson and Ardis (1978) observe that one reason the science of hydrology
is retarded is its traditional appendage to hydraulics. Hydrologic work, having
been centred around hydraulics, has generally precluded the air-plant-soil complex.
Hydrologic modelling requires the hydrologic cycle to be treated as a determinate
system, or at least a definable system. In this regard, no model or modeling approach
has been universally established.

According to Klemes (1982), the development of an adequate causal theory of
hydrologic processes may be much more demanding than that of the theory of

0168-1699/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved.
SSDI 0168-1699(95)00011-9
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relativity or the quantum theory. The problem of scale in modeling spatial and
temporal variability is highlighted by Wagenet (1988), who suggests recognition
of domains of macroscopic and microscopic behaviour. Ferreira and Smith (1988)
highlight model balance as necessary for reasonable results and for meeting specific
model application goals. They also considered the problem of the “measured
data myth”, whereby model results are questioned because of a lack of match
with a particular set of measured data. There are uncertainties to be recognized
in measured data due to scale, precision, lumping, recording and interpretation.
DeCoursey (1988) notes that, in order to maintain computational integrity, there is
a need to balance space and time scales in hydrologic modeling. Haan (1988) and
Wagenet (1988) stress the need to specify confidence intervals on model output to
inform on the risks involved in using them, and as a basis for model evaluation.

Much of recent research has been concerned with the provision of the large
amounts of data required by physically-based, distributed parameter models (Abbott
et al., 1986). The sophistication of field studies still lags behind that of modeling
and the problem of scale remains, with most measurements being made at the
point scale. On the other hand, model parameter values are required at the scale
of watershed discretization. Potentially, remote sensing techniques can provide, on
a cost-effective basis, large amounts of spatially and temporally distributed data
which are integrated areally at a variety of scales. But this potential is yet to be
realised, because, currently, models have structures which are incompatible with
the characteristics of the data provided. Also, the understanding and usefulness of
spectral data is yet to be achieved. However, some progress has been reported in the
linking of models to Geographic Information Systems (Hodge et al., 1988; Wolte
and Neale, 1988).

Examples of current process-based, distributed parameter models include AN-
SWERS (Beasley et al.,, 1980), CREAMS (Knisel, 1980), SHE (Abbott et al., 1986}
and AGNPS (Young et al., 1987). However, no model is known that represents both
mfiltration-excess and source-area runoff, as may occur at different locations on the
watershed. Apart from SHE, the models are not capable of continuous simulation
at the basin scale. But even SHE does not represent infiltration-excess runoff, soil
eroston and related sediment transport, which may be important on agricultural
watersheds. Also, hydraulic and conservation structures are not represented in most
of the current models, and some of their component and process representations
need to be updated as a result of fundamental research.

2. Model development

2.1. System conceptual framework and model structure

The infiltration-excess theory of runoff is based on a maximum intensity at which
rainfall can enter the soil at a particular time, after Horton (1933). Rainfall in excess
of this infiltration capacity results in overland flow. This concept is valid in areas
of infrequent high-intensity rainfall, and where soils are poorly developed and/or
vegetated.

=N R
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Fig. 1. Part of the hydrologic cycle affecting streamflow (after Vandenberg, 1985).

On the other hand, the saturation or source-area theory of runofl is based on the
storage capacity of the soil. All rainfall is infiltrated until soil storage is filled, and
subsequent rainfall causes overland flow. The concept is valid in areas of frequent
low-intensity rainfall, and where soils are well developed and vegetated. Ishaq and
Huff (1977a,b), and Chorley (1978), give details of the hydrologic properties of
source areas.

e |

T



198 C.C. Mbajiorgu | Computers and Electronics in Agriculture 13 (1995) 195-216

The hydrologic cycle was considered as a set of storage reservoirs, between which
water transfers take place at rates governed by physical laws. The physical laws
relate the water transfer between adjacent reservoirs to their physical state. Thus,
if transfer functions are known, the changing state of the system can be tracked
through time; by a “system of double book-keeping, provided entries to the ledger
are made at frequent enough intervals that the state just after the transfers have
been entered provides the basis for calculating the transfer rates during the small
time interval until the next entry is made” (Vandenberg, 1985). An illustration of this
system is made m Fig. 1, where storage reservoirs are represented by rectangular
boxes and transfer functions by triangles indicating direction of transfer.

Fig. 2 shows a schematic of the adopted spatial structure of the Watershed
Resources Management (WRM) model, after Abbott et al. (1986). Spatial distribu-
tion of watershed parameters and hydrologic responses is according to watershed
discretization, in the horizontal by an orthogonal grid network of elements and
vertically by a column of layers at each element. Watershed drainage pattern is
established from the possible flow directions leaving elements: directly out of the
sides or out of the corners, as illustrated in Fig. 3. Grid spacing can be varied across
the network and spacing in the vertical can be varied with soil type, vegetation type,
and location on the watershed.

Mbajiorgu (1992) gives a comprehensive, rigorous and state-of-the-art theory
of hydrologic process modeling, as employed in the WRM model. Also, both the
infiliration-excess and source-area concepts are employed, but on different parts of
the watershed. In discretising the watershed into elements or cells, the elements
which contain the stream channel constitute the ’source area’ and are referred to
as dual elements, Fig. 4b. The remaining (upland) elements constitute the area of
infiltration excess. During a prolonged rainfall event or a rainy season, the source
area may enlarge to include elements adjoining the dual elements. Fig. 4a and b
show the details of processes modelled in upland and dual elements, respectively.

2.2. Mathematical representation of processes

The WRM model is process-based, in that hydrologic processes of the water
balance are modeled by finite difference formulations of the partial differential
equations of mass, momentum and energy conservation. Physically-based empirical
relations are also used. The process equations employed to represent the system are
given independently by the following sources:

(1) Canopy interception storage, by Horton (1919)

(2) Evapotranspiration, by Holtan’s model as presented by Saxton and McGuin-
ness (1982) with related information from Doorenbos and Pruitt (1977)

(3) The infiltration model is the Green-Ampt equation, as solved by Chu (1978)
for unsteady rainfall, with parameters estimated and management-practices effects
incorporated according to Rawls and Brakensiek (1988), Brakensiek and Rawls
(1988) respectively

(4) Saturated subsurface flow, as described by Kirkby (1975) — linear reservoir
model — with time constant parameter estimated by Williams et al. (1984)
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Fig. 2. Spatial structure of the European Hydrological System, SHE (after Abbott ct al., 1986).
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~.

(5) Overland and channel flow, by St. Venant equations with finite-difterence
formulation of kinematic approximation as presented in Chow et al. (1988)

(6) Reservoir routing model as described in Watt et al. (1989)

(7) Soil erosion and sediment routing models as presented by Foster et al. (1981),
with overland-flow transport capacity estimation by Finkner et al. (1989); channel-
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Fig. 5. lNlustration of next-event and fixed-increment time advance mechanisms in simulation.

flow transport capacity estimation by Ackers (1988); and, soil erodibility parameters
estimation by Liebenow et al. (1990)
(8) Terrace-channel flow and grass-waterway flow by kinematic model as present-
ed in Chow et al. (1988), with related information from Schwab et al. (1981), and
(9) Culvert flow, as described in Schwab et al. (1981).

2.3. Continuous simulation time advance

Considering rainfall as one type of hydrologic event, and evapotranspiration
as another, occurring between rainfall events, a dynamic mechanism was used to
advance simulation time between events as well as during an event. In discrete-event
simulation, the next-event time advance mechanism is used by which advance is from
the time of one event to the time of the next event and periods of inactivity are
skipped over. However, for continuous simulation the fixed-increment time advance
mechanism is applied. This mechanism regularly updates system state variables at
fixed time increments.

Fig. 5 illustrates the two time advance mechanisms, both of which are employed
in the WRM model. In the figure, ¢ is time, s represents the start of an event, and 4
is the duration of an event in which a condition may occur at ¢. The next-event time
advance is used to determine start-times of events, while the fixed-increment time
advance is used during cach event (with increment size depending on event type).
With rainfall and evapotranspiration, the two event types, consecutively interspaced,
the duration of an event corresponds to the difference between its start-time and
that of the next event.

3. Model components

The modular fayout of the WRM computer program is shown in Figs. 6(a),
(b) and (c¢), in which each title-subroutine calls all subroutines below it. The
Main subprogram is for system specification and control. It calls the four subrou-
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MAIN PROGRAM

‘ INITIALIZATION ROUTINET

END SIMULATION
TIMING ROUTINE
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Fig. 6. WRM model layout (a) Main subprogram, (b) Rainfall-event routine, and (c) Evapotrans-
piration-event routine.
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Initialization Routine
1. Set Simulation Clock = 0
2. Initialize System State
and Statistical Counters
3. Initialize Event List

Timing Routine
1. Call the Timing Routine MEN Betir ine tlhe
2. Call Event Routine i ext Event Type |
o 2. Advance Event
ime

Event Routine i

1. Update System State
2. Update Statistical Counters
3. Advance Simulation Time

no

Report Generator

1. Compute Estimates of
Intereat
2. Print Report

|

Fig. 7. Main subprogram.

tines, Initialization, Timing, Rainfall-Event and Evapotranspiration-Event, which
are grouped as lst Order Routines. Other subroutines are called from the event
modules. Subroutine titles named in the model layout, Fig. 6, are cited in their
respective logic flow charts shown below.

Fig. 7 shows the logic flow chart of the Main subprogram. Simulation starts with
the Initialization subroutine, driven by a parameters/watershed input data file, which
sets watershed/system specifications and the simulation clock; initializes system state
variables and statistical counters; reads and/or computes parameters, and reads the
events start-time list. Then the Timing subroutine determines event type, and sim-
ulation time-advance parameters and variables. In either of the event routines, two
operations take place: (1) updating of system state, and (2) gathering information
about system performance and updating of statistical counters. Essentially this is a
repetitive calculation for a number of simulations that correspond to the number of
time intervals in the duration of an event. Each event routine has two nested (FOR-
TRAN statement) DO loops. The outer loop repeats calculations for the required
number of simulations. The inner loop repeats calculations, during each simulation

B R |
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( start )

Input: Antecedent Velues of System
Variabies before 1st Ralnfail Event

Input: Model Parameter Values; Watershed
Elements Data; Impoundment/Structures
; Specification; Events List and Data

Compute: Green—Ampt Parameters,
Soil Erosion Paramaeters and
other Watershed/System Parameters

Simulation Time = 0

Next Event = 1

(Events Numbered 0dd for
Ralnfall, Even for ET)

Start~Time of End Event

(Type 3) = Reqd. Simulation
Period

return

Fig. 8. Initialization subroutine.

interval, for the number of elements in watershed discretization. Calculations in the
inner loop represent the heart of the model where the process equations are imple-
mented. The Rainfall-event routine is driven by a breakpoint rainfall input data file,
and the Evapotranspiration-event routine by a pan-evaporation mnput data file.

After completing operations in an event routine the Timing subroutine again
determines whether to terminate simulation or to continue the cycle. The Report-
Generator routine processes model output data, as could be done by an external
program or package.

The logic low charts of WRM model subroutines are shown in Figs. 8 to 22.

4. Model synthesis

Model components are operated consecutively as described in Model Develop-
ment above, after Vandenberg (1985). This approach was used in the ANSWERS
model (Beasley et al., 1980), and is justifiable on the basis of Nash’s philosophy for
hydrologic science (Nash, 1988). In a purely deterministic model, components are
linked or coupled into a system. Such a system could hardly be integrated.

System integration in the WRM model is by solution of the mass balance equation

{1
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( start )

iVl

Current Event = Next Event
Next Event = Current Event + |
Access of Events Start-Times
from Initialization Routine

Event Routine I = ET
Compute Duration
of Event

Current
Event #
ie 0dd

Event Routine I = Rainfall
Compute Duration of Event
Compute § of Simulations
at Time Increment

Return to
Call Event
Routine i

Fig. 9. Timing subroutine.

for the distribution of flow as a function of location (x) across the watershed,
and time (¢). For each watershed element during a time interval, the continuity
equation is applied and state variables are computed from the related process
equations. Chow et al. (1988) describe a nonlinear finite-difference formulation of
the kinematic flow model, which is unconditionally stable in the explicit scheme,
as employed in the WRM model. However, a smaller time step is used during and
shortly after rainfall events, than in dry periods.

To represent interactions in the WRM model, watershed elements are numbered
from the top left corner of the map, proceeding from left to right downward. The
drainage pattern is established by designating flow receiving/outputting elements
according to topography. In this regard, the following features were used:

(1) An element under execution in a current intervai can receive inflow from
an adjoining element or elements executed previously in the preceding interval, in
addition to its basic inputs for the current interval;

(2) An clement under execution in a current interval outputs to an adjoining
element for further routing into the receiving element during the next interval.

For dual elements, the channel segment determines flow direction. By this
provision the calculation sequence, which depends on elements’ numbering, does
not affect interactions as determined by the drainage pattern.



200 C.C. Mbajiorgu / Computers and Electronics in Agriculiure 13 (1995) 195-216

start

'

Simulstion
Loop Count

Element 1
‘ Loop Count

Simulations Loop Entry

PR

Elements Loop Entry

F, = i At

Is no t
Interception .| — (Int.Cep)
= Capacity + Interception

no Interception
=iy At l"t =0
fy =40

Yyes

Interception = Capaclty;
Compute: £+ f(F);
1= Ft/At

‘Ralnfall Excems = | ¢
Pond = Cum Rainfall Excesa

Fevat = Ft + ity at bt

‘L+AL= r(Ft+ At)

Ponding Occurs During
¢————1 this Interval, Compute:
Fp.Fy = Fp' ft(Ft)

]
[cm Fonded RouUnil

l

fav= (ft + ft+At)(2
Rainfall Excess = {iy = f4q)
Pond = Cum Rainfall Excesa

. ‘ }

Fig. 10. Rainfall-event subroutine (RAINFL), continues on next pagc.
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Call Runoff Routine
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i

lﬁcxt Element Loop Entry}

no
Print I[nterval

’E,ltput to Pile/Screen

y
Adjoining Elements
System Data Transfer

|

Next Simulation
Loop Entry

Fig. 10 (continued).

The WRM model outputs require a specified output interval, as different from
simulation interval, and a specified monitoring location on the watershed.

5. Summary and conclusion

A continuous simulation model of watershed hydrology requires the repetition of
system calculations over an extended period of time involving more than one event.
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Fig. [1. Evapotranspiration-event subroutine (EVAPT).
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Determine Number of Simulations
to Complete ET Duration

ISimuluUunu Loop Cnuut]

[ﬂemenu Loop Count ]
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Call ETone
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Update System Storages

Print
Interval

no

[()utput to File/Screen ]
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[Ad}olnlng Elements System Data Transfer

[Next Simulatlon Loop Entry

Fig. 12. Baseflow subroutine (BASEFL).

Both rainfall and between-rainfall processes need to be represented. Although sim-
ulation is not a real time exercise, it requires real-time data which may be measured,
estimated or assumed. To reflect temporal variability in hydrologic activity, vari-
able time scales need to be employed in continuous simulation. Also required are
distributed parameter inputs, and representation of spatial variability in watershed
characterization and system response. Additionally, to simulate management and
conservation practices, representation of hydraulic and conservation structures, land
surface treatments and vegetative cover are needed. The simulation of soil erosion
and sediment transport on the land, through conservation structures and stream
channels to deposition in impoundments, require special process-modelling consid-
erations. The WRM model has been developed to meet the aforesaid requirements.

Model components may be updated or new components added, e.g., a snow-melt
runoff module. Modular design ensures this flexibility.
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Fig. 15. Saturation Runoff subroutine (SATROF).
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start

From Current Values of Quantities
Evaluate a New Tentative Flow

4

From Tentative Flow Re—evaluate
Finite Difference Equations

Flow no
Convergence

yes

return )

Fig. 16. Kinematic flow subroutine (KMATIC).

Compute Initial Quantities for
Terrace—~Channel Flow Routing

[ Call Kinematic Routine|

Compute Terrace Flow Sediment
Transport Capacity

Evaluate Terrace Flow Sediment
Load as for Stream Channel

|

Grass
Waterway

Call Gwway Routine

return

Fig. 17. Conservation Structures (terraces) subroutine (STRUCT).
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Access Vegetal Retardance as Computed
at [nitialization and Asslgn Initial Value
of Manning's llydraulic Roughness Parameter

—!

Compute Waterway Flow Routing
Initial Quantities;
Call Kinematic Routine

Re—evaluate Hydraulic Roughness Parameter
from Computed Flow

Significant
Error

no

Compute Waterway Sediment Transport Capacity (T}
G = Inflow Sediment Load

Fig. 18. Grass waterway subroutine (GWWAY).

start

L
lEvaluale Inflow/Storage Relation ]

[Evalunte Elevation of Water Level‘

'Compute Spillway Discharge?

Re—evaluate Storage Quantities
for Next Time Increment

|

Reservoir is Sediment Sink‘

l

Fig. 19. Hydraulic Structures (reservoirs) subroutine (HSTRUC).
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Open Channel
Flow Discharge

Calculation

Pipe Flow
Discharge
Calculation

Orifice Flow
Disharge
Calculation

Slope < Neutral

yes

(return)

Fig. 20. Culvert structure subroutine (CULVT).

( start )

y

Update Soil Water Storages;
Subsurface drainages

Y

[No Overland Flowl

y

lNo Erosion/Sediment Transportl

return

Fig. 21. Upland, dry period processes subroutine (ETONE).
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Update Soil Water Storages
Compute Channel Seepage

'

Compute Channel Flow Initial
Quatities for Kinematic Routing;
Call Kinematic Routine

l

Compute Channel Flow Sediment
Transport Capacity (T):

Channel Erosion Potential (P)

G = Channel Flow Sediment Load

|

['Compute Flow Shear Stress, S

Fig. 22. Dual element, dry period processes subroutine (ETTWO).

edges the assistance of Dr. Jack R. Burney of TUNS, as well as that of Dr. Linnell M.
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