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ACRU : BACKGROUND, CONCEPTS AND THEORY

FOREWORD

BACKGROUND

The Water Research Commission (WRC) has
funded three successive research projects into small
catchments hydrology in the Department of
Agricultural Engineering at the University of Natal,
Pietermaritzburg. Valuable hydrological experience
has been gained from these projects, which have

focussed research effort towards the development,

“improvement and adaptation of applied hydrological

models for southern African conditions,

The research project which has now been completed,
entitled "Applied Hydrological Process and
Modelling Studies for the Determination of Water
and Sediment Yield", had as its major objective the
development, adaptation and testing of lumped and
distributed hydrological models, at user level, for
application in southern Africa, to provide output for
decision makers in terms of runoff, sediment yield,
soil water content and water utilization by different

land uses.

Much of the fieldwork associated with the model

‘development and the data used for model

verification was obtained from research catchments
at Delock /Ntabamhlope and Cedara. The project’s
final report was by way of four separate documents,

VIZ,

a review of data, infermation and research
associated with the DeHoek/ Ntabamhlope
hydrological research catchments, (published

as a Department of Agricuttural

Engineering internal report), similarly

a review of data, information and research
associated with the  Cedara research
catchments, (also published as an internal
report),

a volume documenting the background,
concepts and theory of the ACRI
agrohydrological modelling system (i.g. this

volume) and its companion volume,

the User Manual on the ACRY modelling
system, '

SUMMARY

As the title implies, this volume comprising 18
chapters provides the wuser of (he ACRU
agrohydrological modelling system with the necessary
background, concepts and theory in order to
understand what they are doing and why, when
applying the model or when making input decisions
with the ACRU User Manual. In Chapter 1 the
aims and philosophies of agrohydrological modelling
are outlined, with particular attention paid (o
considerations and philosophies in developing the
ACRU system. The modelling system’s concepts as
well as water budget and modular structure  are
presented in Chapter 2, with emphasis on features
of ACRU as a distributed model, on the ACRL
Menubuilder and the model’s computerised decision

support systems. In essence ACRU is a
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* multipurpose and
* multilevel (i.e. able to operate at different
levels of sophistication according to available
input or required output)
daily soil water budgeting modelling system
developed as an aid to objective water
resources related planning, along
deterministic (i.e. non parameter optimising)
lines and which can be
used at a point or on lumped or on
distributed (heterogeneous) catchments,
simulating, with risk analysis
various elements of

- streamflow and peak discharge

- reservoir yvield

- sediment loss and reservoir siltation

- irrigation water supply and demand

- crop yield analyses and

- impacts resulting [rom changes in land

use/management as well as changes in
climate

and
all of this in a vser friendly mode through
an interactive Menubuilder which contains
different options and pathways, with default

values available and built-in "error traps",

Components of the agrohydrological system are
outlined in the next nine chapters. Chapter 3, on
rainfall, highlights the importance of accurate point
and areal rainfall estimation in hydrological studies,
stressing the dilemma of short data sets, approaches
to infilling missing rainfall information, the pros and
cons of using synthetic daily rainfall and the role of
the Computing Centre for Water Research in

providing rainfall data for southern Africa.

In the chapter on potentiai evaporation (PE),
and ACRUs

procedures in estimating daily A-pan equivalent PE

reasons, problems, surrogates

are given, followed by the description of the various
equations for PE available within ACRU, As for
rainfall, sources of information on PE estimation for

southern Africa are provided.

Chapter 5 outlines hydrological aspects of soils, with
descriptions of the decisions and procedures in
ACRU regarding soils input, for both adequate and
inadequate soils information being available to the
modeller. In the section on soils information in
southern Africa, the binomial soil classification, soil
parameter equations and the application of Land

Type information are discussed.

Since a major influence on hydrological response
occurs through vegetation and land use, Chapter 6
examines the various options in.4CRI of estimating
canopy interception and estimating maximum
evaporation from a crop by direct and indirect as
well as simple and more complex means, before
focussing on routines involving soil water extraction
by plant roots. The reduction of mavimum
evaporation by plant stress, either because of water
deficiency or because of excess water, is under the

spotlight in Chapter 7.

Chapters 8, 10 and 11 discuss, respectively, the
techniques employed in ACRU of estimating
streamiflow . (stormflow and baseflow), simulating
peak discharge and modeiling sediment yield, all on
a day by day, storm event by event basis with the

emphasis on  soil water budgeting as the driving

force of runoff and associated peak discharge and

sediment responses.
Chapter 9 is devoted to describing the computational
sequences of the soil water budget processes and

interactions.

The two chapters, 12 and 13 elaborate on the
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irrigation routines available in.d CRU, with irrigation

water demand modelling procedures and options,
including the different modes of scheduling available,
being described in Chapter 12. The irigation water
Supply aspects incorporated in the model are
described in Chapter 13. These aspects include
options for modelling irrigation water supply for
design purposes, as well as via abstractions from a
reservoir or from streamflow or from a combin-
ation of the two or from outside sources, with the
model accounting also for conveyance, storage, field
application and return {low losses, and furthermore,
containing routines for more complex inter- and

intra-catchment water transfers,

Since irrigation (and other) water supply
presupposes water stored in a dam, Chapter 14
describes the daily reservoir yield routines imbedded
in ACRU. The model considers the standard
reservoir  yield analysis components such as
evaporation losses, inflows, transfers, abstractions,
normal flow and seepage, but additionally, contains
an option for a surface area to capacity relationship
being computed internally when no reservoir basin
survey results are available, and also a reservoir
sedimentation routine by which the capacity of the

dam can be reduced on an event by event basis.

With ACRU being "driven" by daily soil water -

budgeting, this forms the foundation for including
options in the model for estimating crop vield on a
season by season basis, Tmbedded within ACRU at
present (Chapter 15) are phcnology'basedsubmodels
for. primary productivity, maize, winter wheat and
sugarcane.yicld estimation, Like the irrigation water
demand routines, these are products of another

WRC funded project, but already reported here,

In order to assess the performance of a model, it has

to contain appropriate statistical routines and to use

it for design and planning, various types of risk

analyses have to be undertaken. The theoretical’

backgrounds to these are presented in Chapter 16,
A multipurpose model such as ACRU can only be
used with confidence if it is known that its output is
realistic. For this reason Chapter 17 is devoted to
a series of verification studies ranging from those
on “imternal" components of the mode] (such as
canopy interception and the soil water budget) to
"external” output of streamflow volume from lumped
and distributed catchments and peak discharge, as
well as verification studies on modelling the impact

of an actively growing forest on a streamflow time
series.

Finally, chapter 18 consists of a detajled sensitivity
analysis of output from ACRU tq input into the
model, pointing the way to those components in
ACRU requiring further research in future because
hydrological responses may be highly sensitive to
these variables.
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CHAPTER 1

HYDRQLOGICAL MODELLING AND ACRU : AIMS AND PHILOSOPHY

R.E, Schulze

1.1 HYDROLOGY AND AGROHYDROLOGY

Hydrology, according to the World Meteorological
Organisation (WMO, 1974), is the science which
deals with the processes governing the replenishment
and depletion of the water resources of the land
areas of the earth. As such, hydrology revolves
around understanding and describing rigorously the
various components of the terrestrial hydrological
system with the objective of producing sufficient
information in the proper form for rational decisions
in planning, design and operation of water resources

developments (Yevjevitch, 1969),

Agrohydrology, on the other hand, seeks to evaluate
the influence of available water on the agricultural
potential, with the objective of promoting a high
efficiency for the use of the water. This available
water may, on the one hand, be the precipitation
which falls and is utilised in sitw for dryland
(rainfed) agriculture, in which major objectives
would be a maximisation of infiltration and a
minimisation of runoff and attendant soil loss
through sound agricultural management practices.
On the other hand, the available water may be that
catchment runoff stored in reservoirs or rivers and
utilised by irrigators practising total, supplementary
or deficit irrigation as an insurance towards higher

and less variable production,

As such, agrohydrology should be seen not merely
as a branch, but rather as an extension of the

terrestrial hydrological system, when it comes to

production  information for planning - and

management of water resources in the broader
sense,

ACRU is an agrohydrological modelling system, in
which the more convenlional field of hydrology is
integrated and interlinked with agrohydrology in
terms of the forcing functions and responses of the
various components which make up the terrestrial

hydrological system.

L2 THE TERRESTRIAL HYDROLOGICAL
SYSTEM

The terrestrial hydrological system, within which the
agricultural component of plant water utilisation also
belongs, falls into the category Dooge (1986) lerms
a ‘"complex” system with some ‘“degree of
otganisation’. The major components of this system
may be depicted diagrammatically as a catchment
system in plan and cross-sectional view and also as
a canonical, cascading series of interrelated
subsystems  (Figure 1.2.1), The “organised
compiexity” in Figure 1,2.1 is both the basis and the
source of our problems in hydrology and agro-
hydrology, for we are dealing with a system
characterised by large temporal and spatial
fluctuations, irregularities and discrepancies which
occur more or less regularly through a series of
dynamic, non-linearly lagged responses  with
feedbacks in the subsystems, Agrohydrological

processes can be analysed on the basis of cquations
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of soil physics, plant physiological response and

hydrautics, but the high degres of spatial variability

in a field or catchment of any size poses serious

questions of parameter specifications. Indeed, one

concurs readily with Dooge (1986), that clements of

Murphy’s Law are evident in the (agro)hydrological

system, viz. if it can go wrong, it will! This complex

system, which forms the foundation of agrohydro-

logical modelling, has important characteristics

worthy of note, which are listed below.

£

* There are no

The system attempts to produce insights rather

than specific solutions.

The system is too complex to take the narrow,
wiilitarian perspective that the (agro)hydrological
cycle is "one big hydraulic machine where all
water is driven by forces of gravity or friction”
and whatever does not fit into this framework is
treated “cavalierly” as "losses" or as errors "settled
by -assumptions" or fudged (perhaps an
appropriate Eerm for calibration by curve fitling?)

"to give reasonable results” (Klemes, 1986).

The serious agrohydrological practitioner should
counsider the system in its entirety and not
become bogged down by some isolated detail

within the system.

The system is more complex than we can
observe, measure or make assumptions about,
with any discrepancy "corrected” (Klemes, 1986)
in one place likely to show up in another.

‘quickfix”  solutions to
agrohydrological modelling of this system if our

modelling is taken seriously.

1.3 AGROHYDROLOG[CAL SIMULATION
MODELLING : WHAT IS IT?

An agrohydrological simulation mode] providcs
a way of transferring knowledge from a measured
or study area to an area where objective decisions
and information are needed for planning,

management and design,

It provides a quantitative expression of that which
is being observed, analysed or predicted.
A model can be any calculation scheme to provide

needed technical information,

Models can therefore range from simple formulae
to complex digital computer programmes which
may require many years of effort in assembling

data lor effective use.

A model behaves like the prototype system, in
this case the agrohydrological system, with regard
to certain selected variables and can be used to
predict probable responses when some of the
sysfem parameters or input functions, e.g. those

related to land use or management, are altered.
L4 REASONS FOR MODELLING THE
AGROHYDROLOGICAL SYSTEM

The types of technical hydrological and

'. agrohydrological information needed for water

resources management and utilisation include -

* volume of water available from a catchment area,

* quality of water in terms of sediment yield,

ATt -3




distribution of water in time and space in terms

of quality and quantity,

correct sizing of reservoirs, e.g. for irrigation

purposes,
the rates of siltation of the reservoirs,
* peak discharge estimates,

response of the various agrohydrological systems
to changes such as upstream afforestation or

irrigation or construction of reservoirs,

estimation of crop yields under dryland (rainfed)
or irrigated conditions or improved tillage

practice,

selection of the most appropriate mode of

irrigation scheduling, or

* risk analysis associated with the above,

With such a wide range of agrohydrological
information needs, modelling not only assists in
"solving" problems in terms of water resource and
agricultural production management but helps, inter
alig, (o

* identify areas in which information is lacking,
both in the
agrohydrological system,

mode!l itself and in  the

* stimulate new ideas in modelling which can lead

to improving the model’s efficiency,

conveniently synthesise large amount of data
(although this does not recessarily mean a more

accurate model is produced),

make better use of existing data sets which ean
yield required planning information and thereby
conserve finance associated with the high expense

of obtaining good quality data taday,

allow prediction of events, including “extreme”
events such as flood or drought magnitudes or
plant stress durations/severities, to enable better

decisions to be made,

possibly lead to a better understanding of the
system,

enhance the research methods used to improve

tke level of water use efficiency,

instigate rescarch into alternative water and

agricultural resources,

estimate the effect water or agricultural resources

management users

upstream  has on  the

downstream, or

deliver results in a less technical way for laymen
and decision-makers to understand (James and
Burges, 1981},

1.5 CONSIDERATIONS IN THE DEVELOPMENT
OF THE ACRU MODELLING SYSTEM

Having established that an agrohydrological model
is an excellent tool for assisling in objective
management decisions, but that it has to simplify a
highly complex natural system, the points below list
considerations and philosophies which went towards
the development of the ACRU modelling system,
The philosophies reflect largely on the experience
and background of 4ACRU s developers and, as such,

an element of subjectivity is inevitably evident. The

AT1 -4



points discussed wore not all preconceived - in fact,
a number of considerations crystallised when the
model had alteady been under development for
several years,

* The model should be process oriented, le. it
should explain cause and effect in sequential,
non-linear terms for both the above-ground and

below-ground agrohydrological processes,

¥ Most rainfall (91% in southern Africa’s case)
manifests itself as evaporation from and through
the soil and major differences in runoff, irrigation
demand aund crop yield response to rainfall are
influenced, and to some extent even controlled,
by soil water status. The model should therefore
simulate the soil water budgeting and total
evaporation  {ie. "actnal evapotranspiration")
processes realistically, since these processes may
be considered the "heart" of the agrohydrological
system (Kovacs, 1986).
#
By implication an agrohydrological model should
be what Eagleson (1983) terms a Physical
conceptual model; conceptual, ¢.g, in that it
conceives of a one, two or even three
dimensional system in which important processes
and couplings are idealised, and physical to the
degree that, for example, the ability of the soil to.
store and transmit water is represented explicitly
and that vegetation water use, for example, is
simulated using variables which would be
observable if the agrohydrological systém met the

idealisations made.,

This, in turn, implies that such a model not be a
parameter fitting/optimising model but that
parameters should be replaced rather by
variables, ideally estimated entirely from

physical features of the catchment. Model
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calibration by parameter optimisation and
parameter transfer from nearby catchments or
agricultural research sites may be an unfortunaig
modelling necessity, but it remains a dangerous
agrohydrological practice since, inter  alia,
apparent similarities in climate, soils, vegetation
or agricultural practice do not necessarily imply
similar parameter values. Also, the length of
calibrationrecord is crucial to parameter stability,
Furthermore, eatchment or regional scaling
problems and variations can play havoc with
parameter values often derived at a point or from

a small area and agrohydrological extrapolafion

of event magnitudes or conditions beyond the

range of those used in parameter determination
may lead to questionable results, Klemes (1986)
states that the assumptions in assigning parameter
values sometimes "borders on arrogance”, and if
a model has many parameters one may as well

"guess the answer”,

Objective functions in model verification should
include conservation of means and deviations and
goodness of fit around the 1:1 relationship
between observed and simulated data, not only
of the end product of a simulation (usually runoff
or irrigation water demand or crop yield), but also
of the various intemal state variables, i.e. Lhe
components of the model simulated en route (o
the "final” estimations. These include interception
losses, soil water status and total evaporation
(i.e."actual evapotranspiration”) under varying
conditions. Models should be verified for a wide
range of agrohydrological regimes, including
humid areas, sub-humid and arid areas with a
variety of land uses, for normally expected as well
as for more exireme condilions important in

agrohydrological design.
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The model should keep mudiiple regression
functions, to a minimum, for these are artefacts
of the data from which they were developed and
may obscure cause and effect, and can give
acceptable answers sometimes for the wrong
reasons and cannot be used in extrapolative

mode.

Such a model as conceived in the above points
has to have been developed in accordance with
systems theory in that one initially has to
disintegrate (decompose) the agrohydrological
system into its component subsystems (e.g.
atmosphere, land surface, vegetative, unsaturated
and saturated zones) and then has to aggregate
(recompose) the subsystems by reconstructing
"broken" interconnections. The agrohydrological
modeller must, by necessity, interface with
scientists from neighbouring disciplines, including
process hydrologists, engineers, agriculturalists

and systems experts.

By implication a complex agrohydrological
modelling system is beyond the field of expertise
of any one scientist. A team approach to model
development is therefore vital, with different
members of the team specialising in different
aspects/components of the model construction

processes.

The model, while having to make simplifying

assumplions, must reflect realistically the
complexities of the agrohydrological system.
Simple models have often been shown to give
answers as successful as those given by complex
models  under

"average"  agrohydrological

conditions. ~ When extrapolating to "new"
situations a complex model is, however, more
likely to give realistic simulations. Models which

are conceptually too simplistic are unlikely,

-
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therefore, to be satisfactory to use for land use
related hydroiogical pradiction.

Model users need to be trained. Complex
models, like large passenger jets, are "flown by
the trained pilot, not by the passengers who
merely want to arrive at a destination”. Untrained
model users are considered a "dangerous species”
and through their sometimes cavalier use of input,
and lack of understanding of agrohydrological

principles, can bring discredit to a model.

The model developer, while of necessity having
to make his model accessible to a wide range of
users, must, however, not fall into the trap of
necessarily wanting to oversimplify the usability
of a complex model, from which multi-million
dollar decisions may be made, to the extent that
anyone can play hydrological scenario games with

it without proper interpretation of output,

The moedel should, however, be structured such
that it does not remain the elitist domain of its
developers but that il can be used by other
trained scientists in the fields of hydrology and
water resources by rendering the model input
user friendly, partic'ularly by use of front end
input  menus which include input screening
defaults to prevent subsequent misinterpretation
(N.B.: "garbage in gives garbage out"), The advent
of agrohydrological model development along the

lines of expert systems is exciting,

User oriented models should ideally be applied
by a range of users. Many users, however, tend
to change components of a model or add routines
often without verifying output against observation,
and  [frequently ‘“violating” basic tenets/
philosophies upon which the model was founded.

Far this reason users should be accredited as

~




such, should keep in touch with the model
developers, but only the model developers should
effect changes to the model.

The many subroutines which make up a
modelling system should have compatible levels
of complexity, since it must be remembered that
in any systems chain its strength depends on the
weakest link. A modelling system of the 1980s
and 1990s invariably "borrows* many ideas and
even entire subroutines from other models. The
procedure of "mixing and matching kydrological
subroutines should be approached with duc

circumspection, however,

Model structure must be modular, so that
improved or new subroutines can be "hooked on”
without major  structural repercussions

throughout the main program.

User models (in contrast to more purely research
models) must be developed to maximise the use
of available input data. In southern Africa, for

example, data are readily available from over

9000 rainfall stations with daily values but fewer

than 100 rccording raingauge stations have
"clean” record of long duration. The aim should
therefore be for user models to basically use daily

rather than monthly or hourly time steps.

Input data, particularly in the 3rd world situation
where today most agrohydrological decisions are
needed, frequently restrict a model's usability
because of the high level of sophistication of data
required by conceptually sound models. The
maodel should therefore be able to accommodate
various options of model input according to data
availability, with alternative pathways provided
depending on the detail of input information

available (e.g. on soils, canopy characleristics,
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peak discharge formulations,  potential
evaporation, planting dates, Crop growth curves
or lengths of phenological periods) and the

complexity of the problem to be solved.

* The production of a user manual for a model

should not signify the end-product of a piece of
research, but rather the beginning of a fruitful
interaction with users, who, with both feet planted
firmly in the real world of practical decision-
making, eventually are the ones who will make
most useful sugpestions for improvements,
refinements and additions, A major modelling
effort must therefore be an ongoing process, with
periodic model updates and continuing contact
through, for exampie, update bulleting with all

accredited users of the model.

Hydrological impact of land use and management
is dynarmic in nature, in that an area’s land use
may change over time - either gradually over
several years (eg as a forest grows) or intra-
annvally (e.g. when seasonal crops are grown) or
abruptly (e.g, with Lhe clearfelling of a forest,
construction of a reservoir or an irrigation
scheme). A sound model must accommodate
dynamic change by incorporation of input
information describing the changing nature of
land wse or management over time, or
alternatively changing levels of sophistication of

climatic inpul data.

© A soundly conceived model should have the

option of simulating agrohydrological response
cither at 2 point, or over a catchment with
relatively homogeneous characteristics; i.e. as a
lumped model, or over a heterogeneous arca in
which the arcal variations in characteristics {e.e.
soil types, land use, slope or rainfall) are

accounted for in distoibuted models, in which




case the area is subdivided into relatively
homogencous and hydraulically linked cells each
with their unique non-lincar responses.

*

Agrohydrological responses to land use/
The model

should therefore also be multipurpose and

management are multi-facetted.

versatile  with options for, and relevant
combinations of, a variety of output such as daily
or monthly or annual water and sediment vield,
irrigation  demand/supply, soil water status,
transpiration losses, reservoir yield, plant stress,

crop yield, etc.

While it goes without saying that a multipurpose
modelling system is usually developed in a single
country (the SHE system is a notable exception)
and is probably used most frequently in the
country of its development, a model should be
structured for application universally, in both
hemispheres for a range of agrohydrological
conditions. Routines should therefore be generic

rather than location specific.

The model becomes a better decision-making
tool still if it includes risk analyses, be they

probability distributions or frequency analyses.

The model must be applicable as an advanced,
structured, teaching tool for students who
become the next gencration of agrohydrological

decision-makers,

[t is upon the above considerations that the ACRU
agrohydrological modelling system, the concepts and
structure of which are described in the next chapter,

was developed.
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CHAPTER 2

ACRU : CONCEPTS AND STRUCTURE

R.E. Schulze, G.R. Angus and W.J, George

2.1 HISTORICAL PERSPECTIVE

The ACRU model has its hydrological origins in a
distributed catchment evapotranspiration-based study
in the Natal Drakensberg (Schulze, 1975). The
acronym ACRU is derived from the Agricultural
Calchments Research Unit within the Department
of Agricultural Enginceting of the University of
Natal in Pietermaritzburg. The agrohydrological
component of ACRU first came to the fore during
research on an agrohydrological and agroclima-
tological atlas for Natal (Schulze, 1983). Since then
the model has developed, through co-operation of
colleagﬁes and graduate students, and through
generous  funding of the Water Research

Commission, to iis present status.

The first user documentation was published in 1984
(Schulze, 1984) and subsequent to that a series of
papers and reports zipplying constantly updated and
more sophisticated versions of the model have been
published in the international and southern African
literature, the major papers on developmental
aspects being an overview by Schulze (1986}, a paper
on its application as a dynamic simulator of
alforestation effects on runoff (Schulze and George,
1987) and a synthesis on its current status by Schulze
(1988). Other than in scuthern African countries the
model has been lectured on in the UK, USA,
Canada, Chile, Hungary, Portugal and Switzerland.
Model output has been verified widely on observed
data from southern Africa and the USA (Chapter
17). ACRU has been used extensively for decision-

making in southern Africa and to date the mode! has
been used internationally in  research and
applications in Naniibia, the USA, Swaziland,
Lesotho, Botswana and in Chile,

2.2 CONCEPTS OF THE ACRU/ MODEL

Based on the philosophies and considerations

“outlined in Chapter 1 the ACRU agrohydrological

modelling system (Schulze, 1984; 1986; 1988) is
centred around the following aims (Figures 2.2.1 and
2.2.2)

* It is a so-called "physical conceptual” model,

* Itisamudti-purpose model, outputting (with risk
analysis) either

- runoff  elements  (e.g, stormflow,
baseflow, peak discharge at daily,
monthiy or annual level),

- reservoir  yield  analysis (overflow,
reservoir status, abstractions, transfers),

- sediment yield analysis (daily, monthly,
annual; reservoir deposition),

- soil waler status and total evaporation
(i.e. "actual evapotranspiration”),

- irrigation water demand (for different
crops, scheme efficiencies, modes of
scheduling),

- irrigation water supply (from streams,
reservoirs and combinations),

- effects of land use changes (gradual or
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abrupt), or
- seasonal crop yields (maize, sugarcane,

winter wheat - dryland or irrigated).

The model uses daily time steps and thus daily
climatic data, thereby making optimal use of
available data. Certain more cyclic, conservative
and less sensitive variables (e.g. temperature,
crop coefficients) which may have to be input at
monthly level are reduced to daily values in
ACRU by Fourier Analysis. More sensitive intra-
daily variables may be input at daily level and
disaggregated synthetically in the model,

The ACRU model revolves around daily-

multi-layer soil water budgeting and the model
has been developed essentially into a versatile
It has

therefore been structured to be highly sensilive

total evaporation model (Figure 2.2.2).

to land use changes on the soil water and runoff
regimes, to effects of supplementary watering by

irrigation and to the onset/degree of plant stress.

ACRU has been designed as a multi-level model,
with either multiple options or alternative
pathways, (or a hierarchy of pathways) available
in many of its routines depending on level of
sophistication of available input data for the type
of output required. Thus, for example, potential
evaporation, inlerception losses, soil water
retention constants, maximum (Le, "potential’) as
well as total cvaporation ("actunal
evapotranspiration”), leaf area index, peak
discharge equations, reservoir storage:area
relationships or the length of phenological
periods in crop growth, all may be estimated by
various methods according to the level of input
data at hand (an example of a decision path
which may be followed when sclecting the

method for estimating potential cvaporation is
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given in Chapter 4),

An important option in areas of complex land
uses and soils is that ACRU can operate either
at a poinf or as a lwmped or as a
semi-distributed  cell-type model. In distributed
mode each cell can generate individually

requested and different output (Section 2.5).

The model includes a dynamic input option to
facilitate land use or management changes over
time, be they long term/gradual changes (e.g.
forest growth,

urbanisation, expansion of

irrigation scheme) or abrupt changes (c.g.
clearfelling, fire, construction of dam/irrigation
scheme, or land management strategies, such as
new tillage practices), changes of an intra-annual
nature (e.g. crops with non-annual cycles) or
changes in the nature of climatic input data. A
dynamic input file is then accessed each year
with the new variable inputs, eg. crop
coefficients, root méss clistribuﬁan, planting
dates, soils properties (for new tillage practices).
An éxampla of the application of the dynamic
nput option is given in the ACRU User Manual
(Schulze and George, 1989).

ACRU can be operated with the ACRU
Menubuilder, which prompts the user with
unambiguous questions, leading the user into
inputting, for example, complex distributed
catchment information easily and containing
decision

alternative paths as well as

preprogrammed  decision  support  systems.
These features facilitate rapid and simple input
to complex land use interactions, and include
built-in defoult values and eror traps. The
ACRU Menubuilder (Section 2.6) is thus
structured along the lines of an expert system.

A flowchart example of a small section of the



(AR

LOCATLONAL | | CATCHMENT| [CL IMATIC [HYDROLOGICAL | [LAND CHANGE] [AGRONOKIC

INPUTS

SOILS] |RESERVOIR! |LAND USE __mm_oi._.oz m:mmri h [RRIGATION DEMAND
SOIL WATER BUDGETING \ POINT vs., LUMPED DYNAMIC TIME
O_ummn,._,:uz}r TOTAL EVAFORATION ¥ vs. DISTRIBUTED <+ vs.

Zobmw MODELL ING vs. G.l.S. MODES ANNUAL CYCLIC CHANGES
SIMULATION ' ¥ ¥ ¥ v v ¥
OPT1ONS \ RUNOFF RESERYOIR SEDIMENT IRRIGATION; [IRRIGATION LAND USE CROP

COMBINAT [ ONS COMPONENTS STATUS YIELD DEMAND SUPPLY {MPACTS YIELD
] ! I 7 | I
DAILY
0uT- MONTHLY
ANNUAL
RISK ANALYSIS
TC._. SRAPHICAL
I
¥ ¥ ¥ ¥ v ¥
Stormfie Qutfiovs: Sedi i Application From: Gradugl change Primar
m_u_mﬁ _ +| _ ﬁ mpr:aqu ¢=2mlw2 ME_,_MW”:E_ "___Hmnhnn _ H reserveir .ﬂ”::”_” nmgmm _”__.cmzmzi:
' Design Flow ~ rermal flow Reserveir - on demand - river Total Haize
Peak Disch - seepa iltatie ~- fized cycle =~ river aad evaporali Hinter Wheat
OBJECTIVES /| [iiroprarne ™| |7 toerete, ool | 110100 - defieit Ssernaie | Tittage | e
- generation interbesin irrigotion Returan flows practices - drylead
OOKTOZMZ%M - routing tronsfers Hellands - irrigated
: EVD Anaiysis ) - pratitjloss

Figure 2,21

The ACRU agrohydrological

modelling system : Concepls
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Menubuilder in Chapter § illustrates the methods

by which soils information may be input in a
distributed catchment, part of which has adequate
(Le. detailed enough) soils information and a part

of which does naot,

23 GENERAL STRUCTURE OF ACRU FOR
WATER BUDGETING

Budgeting by partitioning and redistribution of soil
water is depicted in Figure 2.2.2. That rainfall
and/or irrigation application not abstracted as
interception or as stormflow (quickflow or delayed),
first enters and "resides’ in the topsoil horizon.
When that is "filled” to beyond field capacity the
remaining  waler  percolates ‘ into the subsoil
horizon(s) as saturated drainage at a rate depending
on soil texture and horizonation properties. Should
the soil water content of the bottom subsoil horizon
of the plant root zone exceed field capacity,
saturated vertical drainage/irrigation recharge into
the intermediate /groundwater store occurs, from
which basellow is generated. Unsaturated soil water
redistribution, both upward and downward, also
occurs but at a considerably slower rate than water
movement under saturated conditions dependent,
inter alia, on the relative wetnesses of adjacent soi
horizons in the root zone. Evaporation takes place
from previously intercepted water as well as from
various soil horizons simultanecusly, cither
separately as soil evaporation (from the topsoil only)
and as plant transpiration (from all soil horizons in
the root zone) or combined, as total évaporation.
Evaporative demand on the plant is estimated, inter
afia, according to its stage of growth and the roots
are assumed to absorb the water from the soil water
in proportion to the distribution of root mass density
within the respective soil horizons, except when

conditions of low soil water content prevail. Under

such conditions the relatively wetter horizons provide
higher proportions of soil water to the plant in order

to obviate plant stress as long as possible.

It is vital in land use and crop yield modelling to
determine at what point, in the depletion of the
plant available water reservoir, plant stress may be
assumed to actually set in, since stress implies the
necessity to irrigate and also may imply a reduction
in crop yield. In modelling terms, the onset of stress
may be expressed as the critical soil water content
at which total evaporation, E, is reduced to below
the vegetation’s atmospheric demand, ie. its
maximum evaporation, E_, formerly termed
"potential evapotranspiration”.

Experimental evidence shows that E may be
approximated to E_ until a certain fraction of
maximum (profile) available soil water to the plant,
PAW, is exhausted below which a reduction of E

sets in.

Recent research (reviewed, for example, by Slabbers,
1980) shows that this fraction of available soil water
varies according to atmospheric demand and the
critical leal water potential of the respective
vegetation, the latter being an index of the resilience
of the vegetation to. stress- situations,  The
implications of stress 'settin-g in at such different
levels of soil water content are significant in terms
of total crop evaporation and crop production

modelling,

The generation of stormflow in ACRU is based on
the premise that, after initial abstractions, the runoff
produced from rainfall is a function of the soil water
deficit from a critical response depth of the soil.
The soil water deficit antecedent to a rainfall event
is simulated by multi-layer soil water budgeting, The

critical response depth has been found to depend,
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inter aliag, on the dominant runoff-producing
mechanism.  This depth is therefore generally
shallow in more arid areas characterised by
eutrophic (i.e. poorly leached and drained) soils and
high intensity storms which would produce
predominantly surface runoff, and decper in high
rainfall areas with dystrophic (highly leached,
well-drained)  soils  where interflow  and
"push-through” runoff mechanisms predominate,
Not all the stormflow thar js generated is same day
response; stormflow is therefore split into quickflow
(ie. same day response) and delayed stormflow
(Figure 2.2.2), with this "lag" is dependent, inter alia,
on soil properties, catchment size and the drainage

density.

24 ACRU AS A DISTRIBUTED MODEL

Being a daily time step model, ACRU does not
account for the temporal variability within individual
storm events; however, the distributed version of the
ACRU model has the ability to take account of the
spatial variability not only of rainfall, but also of land
uses and soils to provide a more accurale
representation of where, within the catchments, the
hydrological responses are occurring and with what

magnitude,

2.4.1 Catchment Discretisation

ACRU makes use of a cell-type discretisation to
subdivide the catchment, where each cell is a
subcatchment. Cell boundaries are defined by
making use of large scale orthophotos or
tepographical maps. If the effect of land usc
changes on outflow from g catchment is to be
investigated, then the cell boundaries should be
so defined as to obtain a high degree of

homogeneity of vegetation type, Holwever, this
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may then often be achieved at Lhe expense of,
say, homogeﬁcity of soil 1ype. Likewise, il the
cell outlet is selected af 4 point where hydrolo-
gical information is required, e.g. at the inflow
or outflow of a reservoir, then this information
is likely to be obtained at the expense of {say)
vegetation homogeneity, because in such a case
the ecell boundary would be defined uniquely by
the selection of the location of the cell outlet,
irrespective of the subcatchment’s soil and
vegetation characteristics.  The process of
delineating cell boundaries is thus largely
subjective and dependent on the particular

purpose of the modelling exercise.

Cell models are semi-distributed models in the
way in which the catchment ig depicted as an
assembly of interconnected units of area. Each
such unit is represented in the model by a cell,
which is a lumped representation of that area,
The interconnected layout of cells within a
hypothetical catcchment can be represented by an
inter-cell flow diagram as in Figure 2.4.1, which
reflects the major stream paltern of the

catchment,

Two types of cells can be tdentificd from Figure
2.4.1, viz. exterior cells and interior cells, Anp
exterior el has a portion of its boundary as a
commen boundary with the main catchment and
the outflow [rom an exterior cell is assumed to
be independent of all the other cells, An interior
cell has cne or more upstream cells and the
outfiow from an interior cell may include

contributions from upstream cells,

When analysing interior cells it is important that
the runoff contributions from u pstream cells have
been determined previously and are available for

consideration in runoff determination of internal



Figure 2.4,1

Cell-type discretisation of hypothetical catchment for the distributed version of the ACRIS

model: (a) Delineation of cell boundaries (b) Layout of cells {Angus, 1987)

cells. Itis therefore important that the sequence in
which cells are analysed is defined accurately. By
applylng 2 simple numbering system to the cell
layout in Figure 2.4.1, each cell is allocated a
number greater than that allocated to any of the
cells upstream of its position. The model analyses
cach cell in ascending numerical order, thereby
ensuring that outflow informaticn from upstream
cells is always available when analysing any internal
cell downstream. This information is conveyed to
the model by means of a-menu, L.e. a file containing

input information for the model,

2.4.2 Inter-Subcatchment Runolf

The lumped model’s soil water budgeting routine
is performed on a point scale with all units
expressed inmm. Stormflow and baseflow, which
together make up streamflow, are thus also
expressed in mm. In orde;r to direct outflow to
downstream  cells, the streamflow depth
calculated by the model has to be converted to
a volume (m®) because each subcatchment may

have a different area,
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The presence or absence and the identity of
upstream subcatchments are determined by
interrogation of the menu, The method of
directing streamflow between cells is illustrated
in Figure 242. An explanation of the
abbreviations follows:

A represents the area of Cell 1 (km?),

4 represents the streamflow depth
generated with Cell 1 {mm),

qll~ represents the equivalent depth of
streamflow distributed over that entire
portion of the catchment upstream of
the outlet to Cell i {(mm), and

Q) represents the total volume of

streamflow leaving Cell 1 (m?).

Daily streamflow depths (q;) are calculated for
cach cell and should upstream cells exist, then g,
is converted to a volume by multiplying by the
catchment area Aq. This value is added to the

upstream  streamflow volumes and becomes




Figure 2.4.2

outflow Qq from the cell, or should a reservoir
exist, first becomes inflow to the reservoir and
after a reservoir vield analysis, then becomes
outfiow Q. Qq can also be expressed as an
equivalent depth of streamflow {q,") over the
cntire catchment upstream of the outlet to Cell
L

Equivalent streamflow depth is a useful method
of expressing streamflow since high or low
streamflow producing regions can be identified
within a catchment, As rainfall i also expressed
in mm the proportion of rainfall that becomes

streamflow is easily determinable,

243 Qther Features Of ACRU Ag A
Distributed Model

* A feature of the ACRU distributed model
is that each subcatchment, while nested
within  other up- and downstream
subcatchments in transmitting water, also
perates as a unique, individual catchment,
Therefore  individually requested input
information pathways can be used on
different subcatchments and individual and

different output can be requested for each
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Method of directing streamflow to downstream cells in ACRY (Angus, 1987)

subcatchment. Thus, for example, one
could request crop vield and sediment
vield from Cell 1 with only a risk
analysis of monthly streamflow, whilst
requesting an irrigation requirement
analysis, reservoir yield risk analysis and
daily water budget printout from the

next subcatchment,

In a series of re-runs of the ACRU
distributed model, which may becorme very
computer time consuming, changes may
occur or sensitivity tests may be required for
only  certain subcatchments,  without
necessitating re-runs of all cells in the entire
catchment. This facility exists in ACRU and
is explained in the 4CRL User Manual
(Schulze and George, 1989).

In, for example, a series of complex multi-
irrigated subcatchments, irrigation water
may all have been abstraited by upstream
users, requiring downstream irrigation users
to "invoke” watcr releases from an upstream
reservoir as dralt - a "facl” which the
simulation only "finds our" after having

cascaded  through a  aumber of



subcatchments downstream. For such cases
a "loopback" option can be operated in
ACRU, by which complex transfers of water
(other than natural streamflow) between

subecatchments ars handled.

Distributed modelling makes high demands
this end a

incorporating Decision

on data inputting. To
menubuilder,
Support Systems, has been developed for
ACRU. This is described in Section 2.6,

2.5 THE ACRU MENUBUILDER

Distributed models require intensive soils, vegetation
and climatic data and the collection and inputting of
these data is both time consuming and laborious,
Once the data have been collected, the information
must be assigned (o each cell on an area-weighted
basis. The need has thus been identified for a
systemn which al.ltomatically weights these data for
each cell according to their relative proporfions

within each cell,

It is to this end that the ACRU Menubuilder has
been developed. The 4CRU Menubuilder operates
in an interactive mode as a "front-end” program to
ACRU with prompts guiding the user. The first-time
or inexperienced user can select the optional HELP
facilities available. The input information is entered

directly into a file ready for input to ACRU.

The Menubuilder can automatically extract pre-
programmed soils and vegetation “look up"
information in the form of default values, should
detailed information on (hese variables not be
avai‘lable. For most of the more important soil or
vegelation input variables to which values are being

assigned to a cell, the user then has the option of

selecting either default values or enlering sub-

catchment-derived values,

A series of screening rests (error traps) has been
included in the ACRU Menubuilder which check
input data for validity and authenticity, Depending
on the severity of the input error either a warning
Or an error message will be issued. If a warning
message is issued, the program will continue
running; the vser is mercly made aware of the fact
that the input data should be checked, However,
when an error message is issued the program
requests that the data be re-entered until such time

as the input data are deemed acceplable,

The Menubuilder program and various information
bases form part of the ACRU Decision Support

System which is discussed in the following section,

2.6 COMPUTERISED .DECISION  SUPPORT
SYSTEMS

261  Background

One of the major problems facing hydrologists
simulating runoff on catchments with complex
land use patterns or with distributed models is
thie extensive input information base required for
the execution of the models. Hill, Singh and
Aminion (1987) state that the two basic data
acquisition problems experienced in hydrological

simulation are that
existing information cannot generally be
used in the format in which they were

acquired, and

existing information are rarcly sulficient.
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This sentiment was echoed by Arnold and
Sammons (1988) and resulted in their formula-
tion of the concept of Decision Support Systems
(DSS) to aid in selecting inputs to distributed
hydrological models at large catchment scale.
Besides the obvious advantage of reducing the
time spent on collecting, analysing and adapting
information to the format required by the
respective models, they also believed that the
development of a more user-friendly interaction
between the model and its user could reduce the

gaps between model availability and model nge,

With the development of a distributed version of
the ACRU model for use on either large or
complex catchments and the resultant increase in
bulk information requirements the same
philosophy as expressed by Hill et a/, (1987) and
Arnold and Sammons (1988) has been employed
in the development of computerised DSS with
regard to land use and sojls information for
ACRU.

262 Structurgs OF A Decision Support
System : _The Example Of The
Land Use DSS In ACRL

The land use information base is an integral
component of the ACRU modelling system,
various components of which are illustrated in
Figure 2.6.1. The ACRU/ Menubuilder provides
for an interactive data and information input
system which prompts the user for information,
gives instructive explanation via a HELP facility,
supplies default values where required, screens
parameters according to pre-defined limits and
finally outputs the information in an ACRU
lormat menu which forms part of the input dala
base to the 4CRU model. The Menubuilder has

the ability to function in both lumped and
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distributed mode and it is when ermployed in the
latter mode on large catchments with many sub-
catchments that the data entry system is most

useful,

The ACRU land use information base for use in
southern Alrica, to date, contains relevant
information (frsm various sources) on over 50
land uses on a month-by-month basis, This
information has becn collated from practical
applications of the model in research studies and
represents some of the more common land uses
encountered. Each land use is numbered and it
is on the basis of this number that the
Menubuilder interrogates  the land yse
information file, encounters the required land
use number and retrieves the relevant
information to assign representative values to
each sub-catchment on an arca-weighted basis,
The land uses are not confined to only one set
of values per crop type. For example, from
Table 2.6.1 it can be seen (hat the data base

contains input information on majze for different

- planting dates, lengths of growing scason and

locality, ~ Although this is stll far from a
complete data set, it is easy enough to update
the information therein merely by the model
developers’ appending additional information to
the land use data base.

In addition Lo input information op various crop
types, the information base also contains
defaulted input values on natural vegetation such
as  grasses, wetlands, exotic free species,
indigenous forests, pastures and urban and peri-
urban land uses, However, with regard to urban
and peri-urban land uses it must be cautioned
that ACRU i, at its present status, essentially a
catchment model for rural land uses and its

application should be restricted to catchments



where urban settlements represent only a small onthe crop coetficient then.4CRI would contain

area, less than, say, 20% of the total catchment, an internal mechanism to derive the values of the
\ From Table 2.6.1 it is evident that up to four former from the latter (Chapter 6). The monthly
. types of vegetation input information may be vegetative information on crop coeflicient and for
I specified for each-land use type, These are the LAL read in direct or derived internally, is
i crop coefficient, Leaf Area Index, interception subsequently transformed into appropriate daily
N loss (mm per rainday) and fraction of root mass values within ACRU by Fourier Analysis.
density in the topsoil horizon, all input variables
of land use used by ACRU and which are The land use information base as a component
described in Chapter 6. If information on one of of the DSS has as a primary objective the
' these input variables is not available for a specific decrease in time and money spent during model
o land use this is flagged with -1.00 in the first input preparation by improving the cffectiveness
i column of the monthly values. This code is a of user/model interface and technology transter.
- signal to the Menubuilder that the information Hopefully this will serve ultimately as an aid to
J - should be derived by alternative means within the bridge the gap between model developers and
Menubuilder. For example, if the information ~ practising engineers and hydrologists, the
base does not contain Leaf Area Index for that eventual model users.

particular land use but it does have information
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Figure 2.6.1 Components of the ACRU Decision Support System and their relationships in the ACRU

modelling system
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CHAPTER 3

RAINFALL,

R.E. Schulze, M.C. Dent and N.W. Schifer

Rainfall is the fundamental driving force and pulsar
input behind most hydrological processes and,
because it is the most variable hydrological element
(Hamlin, 1983), an accurate estimate of areal rainfall
is the basic input to catchment rainfall-runoff models
(for example, Hall and Barclay, 1975; Corradini,
1985).  Rainfall-runoff models are particularly
sensitive to the rainfall input and errors in rainfall
estimates are amplified in runoff simulations. This
implies that the success of hydrological simulation
studies depends to a large extent on the precision
with which the rainfall data are observed and

processed in a model.

Hydrological models such as ACRU have become
increasingly more complex and have reached a high
level of performance in that the physical processes
can be portrayed realistically. However, the same
does not apply to the sampling and processing of the

rainfall data that drive the model.

Because of the sensitivity of runcff to rainfall (his
chapter therefore discﬁsses those aspects of rainfall
to which important consideration has to be given
when applying ACRU and expecling realistic results.
Aspects discussed are

* the effects of rainfall varialion on runoff,

*  problems associated with rainfall estimation at a
point,

* considerations regarding the spatial distribution

of rainfall over a catchment,

the dilemma of appropriate rainfali record
length,

the pros and cons of applying synthetic rainfall

in agrohydrological simulations, and

sources of rainfall data in southern Alrica.

3.1 EFFECTS OF RAINFALL VARIATION ON
RUNOFF '

According to Hamlin (1983), rainfall is the most

variable hydrological element and has a fundamental

effect both on the catchment response and the
catchment processes themselves, The rainfall-runoff
process is non-linear. Hence, errors in the rainfall
input to a model will limit the possible accuracy of

the simulation results. The effect of rainfall input

- on rainfall-runoff moedelling has been rescarched

extensively. Results of the work in the USA by
Lumb {1969} show that an increase of 10% in the

rainfall input to some hydrological models produced

~an increase of 35% to the streamflow. The

literature abounds with such examples. While an
in-depth sensitivity analysis of input : output
rciationships in ACR{/ is made in Chaptcr 18,
Figure 3.1.1 shows thal for a research catchment
under current land uses at Cedara in Natal a 20%
underestimation of rainfall may lead to a 41%

decrease in silnuiatcd runcff, while for a 20%
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RUNOFF (%)

RAINFALL 19%)

Figure 3.1.1

The variation in mean annual runoff using various incremental changes of actual rainfail data

as input to the ACRU model for Cedara catchment U2M16

overestimation simulated runoff may be out by over
30%. '

* Considerable deficiencies in raingauge measurement
can oceur (¢.f. 3.2.2) and point underestimations of
20% occur frequently (Boughton, 1981). The
conversion of point to areal rainfall can also result
in errors of between 10% and 20%, increasing to
60% in mountainous catchments (Hall and Barclay,
1975). The fact that a majority of gauges is usually
found at lower elevations of a catchment generally
leads to an under-estimation of the areal rainfail;
hence these errors are likely to compound rather
than cancel each other. '» order to stress the

importance of the rainfall input infc the ACR{/

modelling  system, the

accuracy of poiat

measurement of rainfall is therefore considered next.

32 PROBLEMS ASSOCIATED WITH
RAINFALL ESTIMATION AT A POINT

ACRU, in attempting to maximise critical data
available for hydrological modelling, uses daily
rainfall input.  Rainfall data recorded daily in

southern Africa, for example, are obtainable from

the Computing Centre for Water Rescarch (Section
3.7) for in excess of 9 QOO stations. While this
suggests a highly adequate network, several factors

need to be borne in mind,

3.2.1 Sample Size

The actual sample of measured rainfall is
minute. A standard 127 mm diameter raingauge,
for example, takes a 0.00000001267 sample per
km? and, except in very few (usually research)
areas, raingauge networks of that densily do not
exist. What is therefore being sampled as the
primary input into.4CR(/ is a minute fraction of
the catchment's rainfall represented by the
sample, which, in addition, may not even be an

accurate measure of rainfall at thay point,

322 Accuracy Of Point Rainfall Measurement

A raingauge s essentially an obstacle (o
windflow. It is therefore incorrect to assume
thar a gauge reading represents the acqual
rainfall at the site since rainfall is usually
associated with a wind component. Potnt rainfall

amounts are therefore essentiaily only indices of



the true rainfall, due to catch deficiencies caused
by the aerodynamic interaction of rainfall, wind,
the gauge itself and local/regional topograpky.
Not only are thers systematic errors in the
sampling accuracy of the gauges, but oversights
also occur due to misreading the gauged
amounts, faulty instrumentation and to the
particular measuring technique adopted. The
main factors that may affect the accuracy of the
rainfall estimation at a point are depicted in
Figure 3.2.1. The quantity of rainfall feaching

level ground is thus invariably greater than that

recorded by the gauge - an inherent ervor in
gauge sampling which is geuerally ignored, Wind
is the primary cause of inaccurate sampling
(Helvey and Patric, 1983) and under-catch is a
resuit of the wind flow causing turbulent eddies
around the gauge orifice which deflect the rain
drops. Allerup and Madsen (1980) estimated
that wind accounted for about a 159 deficiency
from an exposed gauge and this acrodynamic
catchment deficiency has been found by
Larson and Peck (1974) 10 be approximately

0.6%.km™! windspeed,

Geometry, height
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Allerup and Madsen (1980) found that surface
adhesion of the water either in the funnel or
receptacle and subsequent evaporation amounted
to about 4% of annual rainfall, these losses
varying from 0.2 mm to 0.4 mm per rainday,
errors small enough per se, but nevertheless

tending to accumulate,

Catch deficiency could be reduced, by shielding,
and Schulze (1975) has found that at Cathedral
Peak in the Natal Drakensberg, a Nipher-type
windshield decreases catch deficiency by an
average of 9.2%. Placement of the raingauge
closer to the ground than the standard orifice
height of 1.22 m in order to reduce Lurbulence is
not ssen as a viable proposition in southern
Alrica, which is characterised in many regions by
largely convective rainfall producing mechanisms
which could cause insplash. Using again
Cathedrat Peak as an example, Schulze (1975)
showed that catch deficiency of the standard
gauge decreased by 7.3% on average when the
gauge orifice height was only at 0.3 m, but the
greater rain cateh difference when compared with
an adjacent standard gauge in summer, must be
attributed largely Lo insplash associated with large
raindrops from convective storms. The classic
South African study on influences of gauge
clevation, protection and inclination probably
remains that of De Villiers’ (1980), who showed
catch dilferences due to gauging techniques of up
to 31.9% for different

meteorological site,

gauges at  one

Furthermore, the rainfall received on the ground
not only depends on the angle of incidence of the
falling drops, shown by Schultz (1981) to be a
function of wind speed and drop diameter, but
also on the slope and aspect of the ground
Thus the

surface. discrepancy  between

"meteorological” rain catch (i.c. measured by a
vertical raingéuge) and "hydrological" rain catch
{ie. with the raingauge perpendicular to the
slope face) may be as high as 4-11% on different
aspects when rainfall is associated with storms
moving in predominant wind dircclions, as
Schultz (1981) has shown for the casteen Orange

Free State, for example,

While ACRU contains the Facility to apply month
by month correction factors to gauged rainfall,
the model does not account per se for the
problems of unrepresentative rain catch, as
outlined above. It neither contains a corrective
equation for "true" rainfall as a (unction of
meteorologically measured  rainfall, slope
gradient and aspect, average storm direction and
angle of inclination of rainfall. This section has
merely highlighted that the primary input in a
hydrological model is already a poorly sampled
point index rather than an absolute value, and
that before t-hG spatial representation of rainfall

over a catchment has even been considered.

3.3 CONSIDERATIONS REGARDING THE
SPATIAL DISTRIBUTION OF RAINFALL
OVER A CATCHMENT

The problems associated with the spatial variation
in rainfalt and errors in calculating arcal averages
and their effect on simulated runofl have been
considered by many researchers.  In South Africa,
for example, Hughes and Beater (1987) have
compared the performance of a lumped and a semi-
distributed model. Their results indicated that a
lumped model performs as well as a semi-distributed
model when the rainfall input is relatively uniform
spatially; however, the semi-distributed model was

superior when the rainfall was areally heterogencous.
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Dawdy and Bergmann (1969) indicated that the use
of a single rainfall record as a lumped input can at
best predict the peak discharge of a catchment with
a standard error of the order of 20%. The use of a
non-representative set of raingauges can also result
in poor runoff predictions as Beven and Hornberger
(1982) have shown conclusively, These points and
results highlight the importance of preserving the
spatial rainfall input and incorporating ideally some
sort of distributed rainfall input into models like
ACRU to lead to accurate runoff simulation, even
when the total rainfall depth at a gauge is considered

not to be in serigus error.,

The most important considerations in determining
areal rainfall rely on the quantification of the Factors
which influence the spatial distribution of rainfall,
especially with physiographic characteristics of a
catchment. Mountain ranges, local topography and
other phyéiographic features, as well as the
prevailing  synoptic  conditions  influence  he
occurrence and the spatial distribution of rainfall,
The variations of rainfall with altitude, slope, aspect,
exposure, stecpness or arcal location have been
investigated  widely, particularty using multiple
regression techniques, and for southern Africa have
been documented, inter alia, by Whitmore (1972),
Schulze (1979), Hughes (1982) and Dent, Lynch and
Schulze (1988). '

Rainfall over an area may vary considerably due to
even relatively small differsnces in  altitude.
Boughton (1981), for example, found a rainfall
gradient of some 310 mm per 100 m rise in altitude
occurring near Brisbane, Australia.  Whitmore
(1972) stressed that elevation with respect to a base
level rather than altitude would give a better
indication of the role that relief plays in the
distribution of rainfall. The escalation in rainfall

with rising altitude was explained by Duckstein,

Fogel and Thames (1973) to be the resull of an
increase i the volume per event as well as an
increase in the number of even(s which become rain-

bearing,

Even small terrain featureg may play an important
role in enhancing rainfall, According Lo Storebo
(1976), relatively small hills of the order of 50 m
above the general ground level may cause an
increase of 25% to 50% in rainfall amounts by
causing the formation of low fevel feeder clouds with
droplets too small for independent rainfall, but large
enough to be coalesced by rain falling from above.
Thus, an appreciable variation in rainfall especially
under frontal systems over relatively small arcas may
oceur,

Continentality, L.e. a measure of the distance intand
from a coast or the position of a site with respect to
the source of moisture, was found by Whitmore
(1972) to account for 22% of the varintion in MAP
in the southwestern Cape. .The lurther infand a
moisture laden air mass must travel, the more likely
it is that the precipitable water will be reduced due
to the orographic effect of previous upiiftings. The
bias in the areal distribution of the rainfali on
windward and leeward stopes is illustrated well by
Schulze (1979) in Figure 33.1 for the Natal
Drakensberg.

Another important consideration in (he spatial
distribution of rainfall is aspecl, particslarly in
association with dircction of rain bearing wind,
Furthermore, because of the marked seasonal
variation in rainfall type in southern Africa, with
predominantly frontal systems occurring in winter
and convective storms in summer (Whitmore, 1972),
it must be stressed that these two systems will not
necessarily be alfected by the same topographic and

meteorological conditions. Frontal systems arc far
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ore extensive and uniform than the isolated
convectional systems, Hence, rainfall type is another

factor influencing the areal distribution of rainfall,

It is aspects such as the above that require careful
forethought in data preparation when applying
ACRU, particularly in 4 physiographically
beterogensous catchment, or when using the
distributed version of the model or when using
rainfall data non-representative  of the e
catchment’s rainfall. The latrer may be either
because the gauge is located nea-representatively, or
the network is distorted, or the record lengths of
daily rainfall are not long enough and possibly from

a non-representative time series,

34 THE DILEMMA OF MINIMUM
RAINFALL RECORD LENGTH FOR
HYDROLOGICAL MODELLING

341  How Long s Long Encugh?

This vexing question is a crucial one modellers
ask themselves in the context of hydrological risk

analysis and planning, even more so when using
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The rainfall:altitude relationship along a cross section of the Natal Drakensberg (after

a multipurpose daily model such as ACRU
where, for example, in irrigation or crop yield or
reservoir anmalyses it is intra-monthly rainfall
distributions (i.e, daily rainfall totals and their
interactions with the soil and plant environments)
rather than merely monthly totals of rainfal] that
are important,

Little research has been undertaken on "how
long is long enough" regarding daily rainfall
data sets used in hydrological risk modelling
(Knisel, Renard and Lane, 1979). Considerable
work has, howsver, been published on suggested
minimum leagth of record regarding statistical
stability of annual and monthly rainfail totals,
and that may be taken ag a guideline to

minimum record lengths appropriate for use with
the ACRL model,

If, for example, a minimum 40 vear annual
rainfall record were selected for an ACRU

simulation run, that duration would at the same
time

* satisfy any bias which could be induced by
short (say 10 years) record lengths being




influenced unduly by a particularly wet or
dry speil of years cspecially whers, for
example, in southern Africa "quasi® periodic
fluctuations with approximately 20 year
oscillations have been reported by many
researchers (see review by Tyson, 1987),
because a 40 year period would- then
encompass at least two such "cycles', A 40

year record length would, furthermore,

satisfy the international agreement of using
a minimum base period of 30 years, as

discussed by Dunne and Leopold (1978).

Figure 3.4.1 illustrates the distribution of rainfall
stations in southern Africa with record lengths
exceeding 40 years, Most regions within
southern Africa appeur to have an adequate
network of stations with long records. I is in
certain eritical areas such as Lesotho (a major
source of future water resources for South
Alfrica) and the Independent and National States
(where rural development schemes require

planning) that there appears a dearth of stations
with long records.

i

Figure 3.4.1

L i Il L L ' L

The distribution of rainfall stations in southern Africa with record lengths exceeding 40 years

of observed data {Source : Computing Centre for Water Research)
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However, the minimum usable record length will
also vary regionally within southern Alrica, On
the premise that variability of rainfall is generally
higher in areas of low rainfall (Schulze, 1983) and
that the use of short term records can bias
estimates of MAP significantly, semi-arid areag
are likely to require longer record lengths for

hydrological risk analysis than wetter areas.

In order to establish regional minimum record
lengths of MAP in southern Alrica, Dent, Lynch
and Schulze (1988) produced a map with 24
regions in which record lengths required to
ensure that the mean of annual rainfail estimates
were within 10% of a long term mean in 90% of
years. A method of "moving windows” at 5 year
intervals to a 40 year period was used. This is
described in Dent Lynch and Schulze, (1988).
Figure 3.4.2 shows the eastern parts of southern
Alrica to require a minimum of 15 years’ record
for a relatively "stable" MAP while parts of the
semi-arid regions in the west require & minimum
of 30 and up to 35 years’ record for meaningful
estimates of MAP.

It is surmised that for a daily model such as
ACRU the ideal minimum record lengths
required be double those for MAP as given in
Figure 3.42, with a S0 year record being
acceptable in those regions where 2 suggested
minimum record length for MAP is 25 years and
over. Where stations with shorter records than
the suggested minimum are used with ACRU for
expediency sake, a sensitivity test of output
should ideally be undertaken using the closest
appropriate station of acceptable length and

relevant interpretation be made,

However, the question as to whether or not

length of record is crucial depends also on the
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problem to be solved by the simulation, as the

case study below illustrates.

342 On The Sensitivity QI Qutpul From

Simulated Irrigation Walter Demand To

Rainfall Record Lenpth: A Case Study
With Apparently Anomalous Results

A case has been made in Section 3.4 flor the
use of relatively longer rainfall recards in more
arid areas. This is certainly the case when using
a model such as ACRU 1o provide (say) realistic
risk analysis of monthly summations of daily
simulated flows or design values of annual
maximum daily stormflows using extreme value

distributions,

Furniss (1988) has, however, shown that in the
amalysis of irrigation water demand shorter
records may give relatively more  accurate
simulations in semi-arid arcas than in more
humid areas when compared with simulations
from long duration rainfall records. He
compared the following with long record lengths
in simulations of irrigation demand, viz,

* 210 year daily rainfall record (which is the
minimum length Green in 1985 had
recommended [or use in irrigation demand

analyses) and

a five year daily rainfall record (since about
40% of stations in southern Africa have
fewer than 10 years’ tecord).  Monthly
rather than seasonal values of irrigation
requirements were selected because within
a season there may be periods of high or
low irrigation demand which may dictate the
design of an irrigation project (Furniss,
1988).



Figure 3.4.2

Regian na,

15 ro. of years

Record lengths required to ensure that the mean of annuval rainfall are within 10% of the

long term mean in 90% of years (Dent, Lynch and Schuize, 1988)

Results for irrigated maize from Robertson
(33°50°8; 19° 54°E, MAP 254 mm) and Cedara
(29°32'S; 30°17E, MAP &390 mm) Indicate
clearly that in higher rainfall areas, where
supplementary rather than rotal irrigation is
practised, long rainfail records are needed in
order for a planoer to attain a higher measure of
certainty in water use (Figure 3.4.3, ¢t Cedara).
In areas of lower rainfail, where virtually total
irTigation is practised, it is not as necessary to
obtain rainfall records as long and a shorter
peried would simulate irrigation demand with
ﬁearly the same degree of certainty as would the

longer records (Figure 3.4:3, c.f. Robertson).

This case study illustrates an apparent anomaly
and shows length of record to bhe a criterion
dependent on the use te which a simulation is to

be put.
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343 Other Problems Gf Importance To

Hydrological Modelling Associated With
Rainfall Records

Apart from errors of rainfall measurement at a
point and over ar area and those induced by
using short records, users of ACRU must be
made aware of the following problems:

* The standard rainfail day begins and ends
at nationally determined times, in southern
Africa it is 08:00. In recerding the previous
day’s rainfail at 08:00, many characteristics
of individual storm events which may be
occurring at that time may be lost for non-
recording gauges read daily. This may lead
tomisinterpretationsandunder-simulations,
particularly of the more crucial "extreme"

events and in long duration events.
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The vast majority of rainfall stations are run
by volanteers and it is possible for fuman
errofs 1o occur in reading and recording
rainfall, There is no objeclive means of
checking for such errors. Schulze (1979)
found that at certain stations in the
Drakensberg, for example, it became quite
obvious by careful manual perusal of the
rainfall records when the operators’ annual

leave was taken.

Errors in transposing data into computer
compatible form also occur. - The South
Alrican Weather Bureau, for example,
cautions against such errors and it claimed
93-98% accuracy in the data acquired from
them (Schulze, 1979).

Extreme events are of primary concern in
hydrological modelling. In an analysis of
eventsinsouthern Africa recording in excess
of 200 mm per day, Dent, Lynch and
Schulze (1988) found that of 3500 such
events on the official data files only 1300
cotld be accepted beyond any doubt when
careful checking was undertaken against
concurrent daily rainfall at nearby stations,
and the remaining 2200 so-called extreme
events had to be considered as being
suspect, often the result of a keying-in

gremlin,

In many high lying areas fog may play a
major role in hydrological response. Fog
contributions are not recorded by standard
raingauges. Schulze (1979) reviews the
contribution of fog measurements by special
fog interceptors, and reports that in many
areas so-called fog catch may in fact excesd

total rainfall recorded.

3.5 MISSING RAINFALL RECORDS AND
APPROACHES TO INFILLING MISSING
DATA

A major problem in the application of daily rainfall
driven models such as ACRU remains that of
missing data for a station’s records. For conlinuous
daily water budgeting it is desirable 1o have an
unbroken daily rainfall record for ACRY individual

years have to be "complerc”,

351 How_ Serious ls The Missing Data

Problem?

Dent, Schulze and Angus (1988), in analysing
daily rainfall data from 712 southern African
stations with iong-records, conducted a study to
ascertain what fraction of (he 1otal daily rainfall
record at those stations was missing, and in
addition how many of those missing _data
occurred in short sequences of less than 4

consecutive days (Table 3.5.1).

Results show that all stations in this particular
analysis had some missing data, The missing
data problem is thus a serious onc, Ninety-five
percent ol stations had less than 14% data
missing, but less than 2% of the missing data
occurred in short sequences. 11 is disconcerting
to note thal 50% of the stations had as much as

4% missing data, invariably in longer sequences,

Methods of infilling daily rainfall data thus have
to become part of the armoury of using a model
suck as ACRU effectively and some methods
available are discussed below. Further details of
the application of the mcthods are given in the

ACRU User Manual (Schulze and George, 1989).
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Table 3.5.1

Schulze and Angus (1988)

Amount of missing daily rainfall at 712 stations in southern Africa in a study by Dent,

Percentage of Stationg 100 95 90 75 50 25 5

Amy length sequence of

missing data (%) 48 14 10 6 4 3 1

Short sequences (<4 days)

of missing data (%) 41 2 0 0 0 0 0
3.52 Methods Of Infiiling Missine Data For 1988) :

ACRU When Using Southern African
Data Bages

Other than manual infilling of missing data from
nearby stations, two auvtomated methods are
available through the CCWR for users in
southern Africa for infilling gaps in the daily
rainfall record at stations on the CCWR’s
southern African data files,

* The more sophisticated and scientifically
correct method developed by Adamson
(1987} involves the use of cbserved
concurrent daily data from Fve automatically
scanned/selected nearby stations in order to
synthesise records where they are missing,
These synthetic records, which are weighted
by an inverse distance technique, preserve
the sequence of wet and dry days and
therefore compare realistically with the

records at nearby stations for the same day,

A second method makes use of a 12-

parameter synthetic rainfall generator
developed by Zucchini and Adamson (1984),
with parameters available for 2550 daily
rainfall stations for southern Alfrica. In this
method the synthesis of missing data pro-

ceeded as follows (Dent, Schulze and Angus,
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() A complete year of syathetic daily
rainfall data was generated using the
technique developed by Zucchini and
Adamson (1984),

(i) The observed daily rainfall record was
" then scanned for missing data and the
approprizte day of vear from the year of
synthetic daily data in (i) was used to
replace any rﬁissing daily value,
Onee used, that day of the year in the
synthetic record was labelled as such.
(v) Ifsucha’used” day of year was required
again at the station under consideration
then a complete new year of synthetic
daily rainfall data was generated (so as
10l 1o re-use any particular synthetic
rainfall value) and steps (i) and (iii)

repeated.

This method, which was ysed by Dent, Schulze
and Angus (1988) in 4 study determining crop
water requirements for irrigation planning in
South Africa, does not account lor correct
probability of weliwet, wetdry or dryudry
sequences in Lhe case of g single day’s missing
record. However, in replacing missing data by
this technigue the record far (he lirst day of the
synthetic sequence does not take cognizance of

the previous day’s rainfail,



J6ON THE USE OF SYNTHETIC DAILY

RAINFALL DATA IN ACRIT

The 12-parameter synthetic daily rainfall generator
developed for 2550 stations in southern Africa by
Zucchini and Adamson (1984) has been mentioned
above. For users of the model in southern Alrica

these parameters are available through the CCWR,

36.1  Advantages Of Using Synthetic Rainfall -
Information In Models Such As ACRU

A major advantage of using synthetic rainfall
information is that the parameter sets for an
entire region-or subcontinent and the technigues
to automate its application in models such as
ACRU, are suitable for use on micro-computers,
Daily soil water budgeting and hydrological
modelling for planning purposes is thus now
possible, for examp.le in southern Alrica, without
the need to store and maintain a large and
cumbersome observed daily data base. The daily
rainfall records may be generated as and when
required. The problems of missing data and
short data sets are also not present when using
generated data. This removes two of the largest
obstacles in the path of the widespread adoption
of daily water budget modelling technigues for

a range of applications.

3.6.2 Comparison Of Output From Observed vs
Synthetic Daily Rainfall Using ACRU : A

Case Study

Dent, Schulze and Angus (1988) conducted tests
at 17 stations in southern Africa with widely
diverging climates to ascertain the effect on
simulated  total  evaporation (ie. "actual

evapotranspiration”) and runoff by employing an

AT3-13

entirely synthetic daily rainfall set versus
observed rainfail data both using the ACRU
model. Selected output from four rainfall
stations, viz. Nieweberg (winter rainfall region),
Diepdrif (arid Karoo region), Durban (summer
rainfall, coastal region) and Karina (summer

rainfall, interior region} is shown in Table 3.6.1.

Results display close association between
statistics of total evaporation and runoff from
ACRU simulations when using  observed vs
synthetic daily rainfall for a range of soils and
land uses at the stations, with results generally
diverging only at the 95 percentile {approxi-
mation the 1:20 year eveat). Application of
synthetic ~rainfall is thus seen to hold
considerable potential for use in agrohydrological
planning exercises, circumventing many of the
problems associated with observed daily rainfall

data sets,

3.63 A Note Of Caution On The Application
Of Synthetic Daily Rainfall In Models

The potential for using synthetic rainfall
sequences with the ACRU model having been

indicated, it is necessary to sound a strong note

- of caution that synthetic daily rainfail is not the

panacea to the hydrologist’s data problems,
Synihetic data sets, when re-used, are not unique,
cannot reproduce discrete or extreme events as
an historical time series, nor can they mimic
short or longer term (secular) sequences of wet
or dry periods, Their main application is thus
restricted to producing sets of statistics useful to
long term planning and decision making only,
and not to mimicking historical sequences and

their hydrological responses.
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] 3.7 SOURCES OF RAINFALL DATA FOR
i ’ USE IN SOUTHERN AFRICA

’ 3.7.1 The Computing Centre For Water Research

The most readily accessible source of daily
rainfall data for southern Africa is the Computing
Centre for Water Research (CCWR). The
CCWR was established jointly by the Water

- .

Research Commission, ISM (Pty) Ltd (formerly
1 IBM) and the University of Natal and is Jocated
i ; at the University of Natals Pietermaritzburg
campus. It acts as an informalion dissemination

system for bona fide users in the broad field of

R

water related subjects. Researchers can request
data remotely through ong of several national
: computer networking facilities. One of the major
aims'of the CCWR is to link researchers to
available data banks in southern Africa. In order
y to become a CCWR user, contact should be

made with :
The Manager, CCWR,

Pietermaritzburg 3200,

synthetic data sets. Details are given in the
ACRU User Manual (Schulze and George, 1989).

3.7.3Maps /Images Of Mean Annual And Median
Monthly Rainfall For Southern Africa

In order to make appropriate corrsctions from
point to areal (catchment) rainfall, long term
spatial distributions of rainfall need to be known.
For southern Africa these distributions have been
determined by the Department of Agricultural
Engineering in a comprehensive study of rainfal]
statistics by Dent, Lynch and Schulze (1988).
For any specified catchment area, either maps at
ahy requested scale of MAP and/or Median
Monthly Rainfall or gridded point values at 1
minute of a degree latifude/longitudc may be
obtained through the CCWR. Their detailed
application to making decisions regarding rainfall
input to ACRU is explained in the ACRU User
Manual (Schulze and George, 1989).

F O Box 375, 3.8 CONCLUSIONS

South Africa. - Rainfall is the major driving force to responses in

J ' the agrohydrological system. This chapter has

372  Daily Rainfall Data ‘ therefore highlighted the importance of accurate

rainfall input te ACRU by examining the problems

The CCWR collates daily rainfall data files from inherent in obtaining realistic daily rainfall estimates

- several primary sources throughout southern  under the premises that

Africa, for example, the South African Weather
Eureau {which operates the major regional *
raingauge network), the State Departments of
Agriculiure and of Environment Affairs, the
South African Sugar Association and private *
individuals. CCWR’s furiction is that of updating
data files periodically, i.e. it does not operate as *
a data bank per se. Daily rainfall may be

requested in an ACRL format for observed or
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one should not accept rainfal data with blind

faith at face value
in a model "garbage in" results in "garbage out"

agrohydrological response is probably more
sensitive to rainfall than to any other nput {c.f,
Chapter 18).
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CHAPTER 4

POTENTIAL EVAPORATION

R.E, Schulze

4.1 THE CONCEPT OF POTENTIAL
EVAPORATION

In the discussion of the basic concepts of the ACRU
agrohydrological modelling system, it was described
as being essentially a total evaporation (i.e. "actual
evapotranspiration”) -based model (c.f. Chapters 1
and 2).  Total evaporation, E, is "driven" by
maximum  evaporation, E, (ie. “potential
evapotranspiration"), the forcing function of which
is, in turn, polential evaporation, E,.  Since
evaporation is by definition the conversion of liquid
water Lo vapour at an evaporating surface and the
vertical transport of vapour into the atmospheric
boundary layer (Ward, 1975), Ep may be considered
an "atmospheric demand”, dstermined by climatic
variables such as net radiation, wind and vapour

pressure deficits, or their surrogates. The accurate

estimation of daily EP is viewed as vital in the ACRU -

model, particularly when gimulations are performed
in regions such as southern Alrica, where an
estimaled 91% of MAP is returnsd to the
atmosphere by total evaporation (Whitmore, 1971),
as against a global averags of 65-70% (Ward, 1975).

42 THE DAILY A-PAN EQUIVALENT AS
REFERENCE POTENTIAL EVAPORATION IN
ACRU

42.1  Reasons For Selecting Tlia A-Pan As A

Relerence For Potential Evaporation

Estimales

There are many methods of estimating E
ranging from complex physically-based equations
to simple measurements and even simpler
surrogates based on single variables such as
temperature. These methods all yield different
answers under different climatic conditioné, and
a reference potential evaporation, E | (with its
inherent advantages and defects) therefore hag
to be selected as that potential evaporation
against which all other methods must be adjusted

- appropriately.

For the ACRU model the daily American Class
A evaporation pan amount has been selected as
reference potential evaporation. Reasons for its

selection are as foligws :
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*

The American Class A evaporation pan is,
universally, the most common evaporation
pan in usage, having been adopted as the
standard

cvaporation pan since the

International Geophysical Year 1957/8.

When operated properly it is accepted as a
reasonably reliable, inexpensive integrator
of the Ep process over time and it is used
commonly as a reference for potential

evaporation (Green, 1985).

In southern Africa, where to date the
ACRU model has been used most frequent-
ly, crop coefficients, relating consumptive
water use of the plant /soil continuum under
different growth stages to a reference
potential evaporation, have been tried and

tested most widely against the A-pan.

Physically elegant methods of estimating E.,
such as the universally accepted Penman-
based methods (e.g. Penman, 1948), make
high demands on input data, including net
radiation, wind and vapour pressure
deficits). These data are not yet available
from many stations in southern Africa,
particularly not in developing areas. On the
other hand there is often at least a
rudimentary, if physiographically biased,
network of A-pans.  Physically-based
cquations such as Penman’s can thus only
be used where relevant data are available,
and at those locations should, in fact, be

used in preference to A-pan data.

4.2.2 Problems Associated With A-Pan Data

problems. Some problems are listed below

*

The spatial distribution of A-pans in
southern Africa, for example, is such that
they are found generally at dams, extsting
irrigation schemes or in areas of low relative
relief where commercial agriculture is
carried out. These sites are not always
representative either of areas where water
resources assessments are required (i.e. in
higher altitude areas, where runoff
production may be a prime concern) or of

developing areas in the third world,

According to Smith (1975) the extrapolation
of evaporation pan data from its measure-
ment at a site to other locations is a "very
hazardous procedure”. Green (1985) also
discusses errors which could be incurred
when extrapolating A-pan data and at the
University of = Zululand’s  hydrological
rescarch catchments a dense network of
pans has yielded inexplicably variable results
(Hope and Mulder, 1979) due to influences

of local climate.

Research by Bosman (1987) has highlighted
proper pan installation and micro site-
conditions, both of which can cause readings
from adjacent A-pans to vary significantly by

over 20% in the long term,

A-pans may or may not be screened (to
prevent, for example, animals drinking from
the pans). Screening suppresses evaporation
losses {rom the pan by 5-15%, the suppres-
sion depending on the mesh size of the

sereen (Bosman, 1988). Public records of

Use of the A-pan as a refereace for potential pan evaporation seldom indicate whether

evaporation estimations is not without its or not the pan is screened.
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Other errors may be due to possible
accumulation of dirt/algae in the pans or to

advection.

Pan data are nowadays vsually assumed to
be those from a Class A-pan, whereas they
may have been derived from other gvapora-
tion taunks with different physical properties
(e.g. the Symon’s tank), thus requiring a
regional and seasonal dependent conversion

to A-pan equivalents (c.f. Section 4.4).

The A-pan’s physical dimensions and
exposure to the atmosphere render its
readings to often be unrepresentative of
atmospheric demand, due to heat storage in

the water contained in the pan.

It becomes evident from the above discussion on
problems associated with the A-pan that not all
data obtained through existing networks are
necessarily accurate. Great care should therefore
be taken in checking the A-pan data for
reliability, and if need be many pans’ data may
have o be rejected (Clemence, 1986). It is
therefore necessary to consider surrogates of A-
pan evaporation, which when calibrated against
pan data under experimental conditions, may
vield equivalent evaporation information which
may, in fact, be extrapolated with greater
confidence to locations where no evaporation
measurements are available than poor A-pan

data could have been.

423  The Use Of Temperature Information

As A Surrogate For Estimatine Potential
Evaporatign

A number of reasons may be advanced for using

temperature information as a surrogate for

estimating daily A-pan equivalent evaporation :

* Temperature, while closely associated with
the solar energy forcing function in the
evaporation process, is less susceptible than
pans to measurement errors or effects of

local anomalies in micro-climate.

There are, in southern Africa, more than
twice as many temperature stations as
evaporation stations. The distribution of
temperature stations is, furthermore, more
even spatially and the network covers a
wider range of altitudes and physiographic
zones than that of A-pans (Schulze, 1985).

Temperature information may be extra-
polated to unmeasured locations more
readily than evaporation pan information by
use of multivariate techniques, ncluding, for
example, trend surface analysis (Schulze,
1982) and ' regional lapse rate-based
equations (Schulze and Schéfer, 1989),
becausc of the close association of
temperature  with altitude and other

physiographic factors.

A problem which then remains is the selection
of appropriate temperature-based cquations for
a given problem or region, should A-pan data

not be available or be deemed unreliable,

4.3 DECISIONS AND PROCEDURES IN ACRU
REGARDING POTENTIAL EVAPORATION
ESTIMATES

ACRU, being a multilevel model designed to
accommodate different levels of available climatic

input, contains options for a number of methods,
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using both daily and monthly input, to estimate the
daily A-pan cquivalent, E;. A decision chart of an
illustrative (rather than computationally sequential)
hature on  potential evaporation estimaltion

techniques for ACRE/ is depicted in Figure 4.3.1.

[n this essentially sell-explanatory diagram it may be
seen that where only mounthly mean climate or
temperature information is available, the menthly
mean equivalent evaporation is converted by Fourier
Analysis to daily mean pan equivalents, which are
corrected to yield mean daily A-pan equivalents,
These generated mean daily values are, in turn,
"perturbed” to give a more realistic actual daily
estimate of A-pan equivalent by adjusting according
to whether or not it was a rainy day (suppression o
0.8 of value) or a "rainless" day (enhancement to 1.05
of the mean value), Verification of the 0.8 and 1.05

adjustment coefficients is discussed in Chapter 17,

44 METHODS FOR ESTIMATING  A-PAN
EQUIVALENT POTENTIAL EVAPQORATION

A number of methods are available in ACRU to
estimate poteatial evaporation, as illustrated in
Figure 43.1. These methods are discussed in (his

section,

441 The Penman (1948) Equation

The Penman equation, of which there are many
variants, is g physically-based  combination
equation (i.e, combining energy budget and

turbulent transfer approaches),

Over 40 years after its origin it remains a most
clegant equation and is, universally, the most
widely verified and cited standard E, equation.

The version of the Penman equatlon as used in
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ACRU, Ep (mm.day™) is given by

Bo = GhR, +E)/@, + 1
in which
R, = net radiation (in mm equivalents)
= Rsc ) Rl
where
R, = effective shortwave radiation
= (1-nR
with
I = reflected shortwave radiation

(vsually 005 to 008 for an
evaporation pan)
and

Ry = incoming shortwave radiation.

ACRU contains two options for calculating R,
[{ locally observed radiant flux densities (i.e. R,
in MJ. m™) are available these are used, with the

MJ.m™ converted to mm equivalents of water,

ie,

R, = 03979166 R,

Where radiant flux densities are not measured,
R has to be estimated by an Angstrém- -type
equation using

R, = extraterrestrial radiation,
= computed in ACRU in mm
equivalent by equations combining
latitude and declination (the latter
as a function of the date within a

year)

and observed sunshine duration, such that

Ry = R,(a+ b.n/IN)
with
% = actual (observed) sunshine duration
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(h) for the day or
N = maxmum hours of sunshine on a
completely cloudless day, and input
month by month into ACRY for g
given latitude using tables provided
in the ACRY/ User Manuyal {Schulze
and George, 1989)
aand b = coefficients relating to atmospheric
transmissivity,includingcloudiness,
with typical values provided in the
User Manual, but
0.24, if defaulted in 4CRU

»
f

and

o
1l

0.53, if defavlted in ACRU,

Net longwave radiation, R, is estimated from a

Brunt-type equation by

Ry = (098)(817 x 107)(T, + 273.16)*
(0:36 - 0.08¢,°)(0.1 + 0.9 n/N)/
(39.73 - 0.057T,)

in which the first bracketed term represents
longwave emissivity, the second and third terms
the Stefan-Boltzmana constant, the fourth term
absorption by water vapour, with

T, mean  {daily or monthly) air
temperature { ° C)

and

[]

ey actual vapour pressure {(hPa)

and the fifth term denoting backscattering by
clouds. The sixth bracketed term {the divisor)
converts the equation to mm equivalents

evaporation.

Actual vapour pressure €4 is expressed as

ey = ¢, RH/100
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where
€ = saturated vapour pressure (hPa),
calculated by Tetens’ equalion as
6.11 x 10(7.5 T,/(2373 + T,))
while

RH = mean relative humidity (daily or
monthly), per cent
= defaulted to 509 if unknown.

The E, term is the turbulent transfer term, in
which

B, = 035V, (1+01u/1609

Va4 = vapour pressure deficit
' = 0.75(e, - ¢,) and .
U = windrun at 2 m height (km.day}),

The term 4/ is the ratio of the psychrometric
constant and the slope of the saturated vapour
pressure curve, and is a dimensionlesg weighting
factor used in the Penman equation, expressed
by Schuize (1975) as

Yy = 000223136 T2 + 0.0281431T, +
0.704861. '

ACRU contains two options for running the
Penman equation, viz. a daily and a monthly
option, depending on the availability of input
data.

442  The Linacre (1977:1984) Equations

Clemence and Schuize (1982) compared six
commonly used temperature based equations for
the estimation of potential evaporation, including
the Thorrthwaite and Blaney-Criddle equations,

and found from lysimeter studies undertaken



under diverse climatic conditions that for maize,
wheat, sugarcane and soybeans, the equation
proposed by Linacre (1977) proved to be superior
to the others. This equation is a function of
lemperaturs,Iocationaivariablesandparameters,
yetit contains, according to Linacre (1977), much
of the generality and universality of the Penman
(1948) equaticn. Linacre (1977) approximated
the Penman {1948) equation by "disaggregating"
it and relating its components to temperature
variables or replacing them with equivalent
expressions  or  approximations involving
temperature values alone, The outcome is an
empirical formula, simple to use, but with a basis
which is physical encugh to be of general use,
"with sufficient accuracy for many practical
problems and unusually modest demands as

regards input data" (Linacre, 1977, p. 410),

For pan equivalent evaporation (mm.day'l)
Linacre’s (1977) equation gives the potential

evaporation rate as

Ep = 700 T,/(100-) + uy(T,-T,)
(80 - Ta)

where

T, = T, + 0.006 A

T, = mean air temperature ("0
= (Tmax + Tmin)/2

Ay, = altitude (m)

¢ = latitude (degrees) and

m with

W = wind factor (with a default value of
15, regional adjustments to this
wind factor being discussed in the
next section)

(T,-Ty) = difference between air and dew
point temperature, appraxmated by
= 0.0023A ) + 037, + 0.53R,, +
035R;,.- 10.9in ° C for (T,-Ty) >

4°C '

AT4 -7

in which
R, = the mean daily or monthly range
of temperature (°C) and
Ry, = the difference between the mean

temperature of the hottest and

coldest months of the year (°C).

Apart from the altitude, latitude and the regional
wind function applicable 1o a location, all the
variables in the equation are obtained from
maximum and minimum temperatures. The
equation has been tested with temperature and
pan evaporation data from 24 widely scattered
stations in Natal by Schulze (1983) and found to
yield markedly more reliable simulations of A-
pan values in all months of the year when
compared  with  other temperature-based
equations commonly in use, viz, Thornthwaite
(1948) and Blaney and Criddle (1950).

The 1977 version of the Linacre cquation was
based on the assumptions that the net radiation
is half the global radiation and in s original
form it incorporated an average windspeed
function (expressed through the factor up).
Linacre (1984) therefore revised his equation,
claiming greater accuracy for open water surfaces

with the equation as follows -

Ep = (650, T,/(85-¢) - s6 +
(5+4,,0.(T,Ty)] / (80 - T,)
where
Yms = average daily windspeed (m.s™!) and

defaalted in ACRI to 1.5 mst,

For unknown local windspeeds (in which cage
defaulted to 1.5 ms™), the 1984 version of the
Linacre equation was found to yield better

simulations of A-pan equivalent evaporation than




the 1977 version,

In the ACRU model the 1977 version of the
Linacre equation, while expressed as mm.day!
in the equation, can be used only with mean
monthly temperature data. The value of pan
equivalent evaporation is thus first multiplied by
the number of days in the respective month
before further adjustments are made by Fourier
Analysis to reconvert to a daily valye taking
cognizance of different lengths of months. The
1984 version can be invoked either as a direct
daily estimator when daily temperature values
are known, or an indirect daily estimator, via the
mean monthly temperature/Fourier Analysis

route,

443 The Linagre (1977) Equation Modified
For Use In Southern Africa

Despitcsimu]atingdailyA-panevaporationbcttar
than  other temperature-based  equations,
estimates by both Linacre equations were not
considered to be sufficiently accurate enough for
general usage in southern Africa and the need
for local calibration was recognised. Such a need
for local calibration has been reported by many
eminent researchers and Dent, Schulze and
Angus (1988) review their ideas, Thus, for
example, Cuenca (1982) maintains that poor
prediction may be expected from temperature
based methods in certain climatic zones if
regional calibration is not made and that this

holds true for every commonly used method.

In a study by Dent, Schuilze and Angus (1988) it
was decided to adjust the equation using two
variables which are meaningful physically, viz.
daylength and windspeed, A daylength correction

was applied to the radiation related term as
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indicated in the Linacre {1977) equation, that it
became

D,(700 T.,)/(100 - ?)
where
D, = daylight hours/12.

This daylength correction resulted in a marked
improvement in the scasonal distribution of

mean daily A-pan evaporation values.

The wind factor U (ACRU variable name
LINWIN), which was given a default value of 15
by Linacte (1977) and for which Schulze (1983)
had already made regional and seasonal
adjustments for Natal, was adjusted by Dent,
Schulze and Angus (1988) for more generalised
use in southern Africa. Injtial adjustments were
made according to the monthly mean wind
velocities for each month at stations within or
near the major wind regions depicted in Figure
441 These regions were delimited by
considering proximity to the coast and major
topographic features,

The monthly mean wind velocities for Cape
Town, Durban, Kimberley, Middelburg (Cape
Province), Germiston, Pretoria and Piet Retief
obtained from SAWR (1965) were used initially
to generate monthly values of u;.

The monthly wind velocities in each region were
then adjusted, within acceptable physical limits,
until the mean and median of the residuals as
well as the kurtosis of the {requency distributions
of residuals in each month and for each region
were considered acceptable. In most instances,
the general seasonal wind patterns presented by
SAWB  (1965) remained largely unaltered;
however, the scale of the adjustment from these



Figure 4.4.1

Table 4.4.1

Delimitation of major wind regions in southern Africa (after Dent, Schulze and Angus, 1988)

Monthly values of the Linacre (1977) wind factor, v, for seven wind regions in southern
Alfrica (after Dent, Schulze and Angus, 1988)
Wind Factors for the Wind Regions
Wind
Region Jan Feb  Mar  Apr May Jun  Jul Aug  Sep Oct  Novy Dee
1 10.2 7 G5 9.0 8.9 3.7 9.0 114 134 13.8 12.8 0.8
2 176 137 131 124 122 121 150 194 208 211 2190 192
3 10,9 9.7 9.5 9.2 8.9 89 102 .116 141 143 131 11e
4 124 112 105 9.7 97 102 112 135 156 157 153 150
5 276265 219 200 189 182 D7 197 226 258 273 270
a 173 160 43 134 146 168 182 190 189 185 185 188
7 160 146 144 138 13.8 143 146 160 185 200 204 17.5
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patterns did vary from region to region. Table
4.4.1 gives the values of u which were estimated
by the above procedures. In the ACRU model
these values are in a data statement and they are
invoked by the variable LINWIN, which has a
value identical to that of the region in Figure
44.1,

The application of these wind factors resulted in
the pan equivalent evaporation residuals from
more than 70 per cent of the evaporation stations
used in the study by Dent, Schulze and Angus
(1988) to lie between + 1 mm.day™ for almost
all of the 84 region months contained in the

analyses.

[n addition to net radiation and a wind function
potential evaporation is furthermore sensitive to
vapour pressure deficit. The term (T, - Ty) in
the Linacre equations provides an index of
vapour pressure deficit and hence any adjustment
to the u factor should be considered an
adjustment to the vapour pressure deficit as well,
because the two terms are multiplicative. Hence
the u, factor is, in strict terms, a pseudo wind

function adjustment.

1t is recognised that the wind regions depicted in
Figure 4.4.1 are rather broad and that further
refinement of these boundaries and the
consequent further adjustment to the wind factor,
both temporally and spatially, is possible. The
possibilities in this direction for future more
detailed research are interesting. One of the
reasons for not pursuing the investigation during
the study by Dent, Schulze and Angus (1988) was
the thought that some of the stations produced
a poor it because the Class A-pan evaporation
data were not good or that local anomalies

existed. Hence, it was deemed undesirable for
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finer adjustment to take place wuntil the

evaporation data had been investigated further.

444  The Thornthwaite (1948) Equation

This universally applied procedure, which has
been found generally to underestimate Ep in
southern Africa (Clemence and Schulze, 1982),

equates

) A
EP = 16(1D'TH/A|1]) 'Dt
(mm.mo™)
in which
T, = monthly mean air temperature ("0,
Ap = annual heat index, calculated by

summing the 12 monthly mean
temperatures as
12

= = (Ta/5)1.514

i=]

A= 049 + 00179 Ay - 0.000077 A 2 +
0.000000675 A,*
D, = daylengthcorrection factor to adjust

for latitude and wonth in the

Thornthwaite equation.

The 12 values of D>, are inpul into the 4ACRL
model. Monthly values for various latitudes arg
given in the ACRU User Manual (Schulze and
George, 1989). '

44.5  The Blaney and Criddle (1950) Equation

This standard method, particularly useful with
irrigation  scheduling, vields fair to good
estimates of potential evaporation in southern
Alrica (Clemence and Schulze, 1982). In this

simple equation



el
i

. (0.142T, + LO95)(T,+17.8) . Dy,
(mm.mo™) '
where
Dy = daylength correction factor for the
Blaney and Criddle equation to
adjust for latitude and month,

Again, monthly values of Dy, for respective
latitudes are given in the ACRY User Manual by

Schulze and George {1939),

44.6  The Evaporation Pan Options

The evaporation pan input to ACRU may be
read in as monthly values, in which case data are
read in through the dynamic input file or as daily
data. Three notes of caution on evaporation pan
data are sounded,

*  The evaporation pan may be screened. This
has to be determined, and if it is screened
the appropriate correction factor according
to the screen’s mesh size has to be applied,
as outlined in the ACRU User Manual
(Schulze and George, 1989) and illustrated
in Figure 4.4.2,

*  The original pan data may be from a non A-
pan. This would usually be the Symon’s(S)
tank, which was the evaporimeter used as
the original standard in southern Africa,
Typical seasonal adjustments from S- to A-
Par equivalents are illustrated for southern
Alfrican zones in Figure 4.4.3, with the zonss
depicted in Figure 4.4.4,

Daily pan evaporation data from various

institutions and networks reed to be

checked carefully before use. Experience_

has shown data to contain many gaps, for

which daily means from the ‘good” days of
arespective month may be substituted, and
also accumulations of pan data over two or
more days, usually weekends, which would
then have to be disaggregated into realistic
daily values,

45 THE IMPORTANCE OF ACCURATE
POTENTIAL EVAPORATION INPUT IN ACRU

In arguing the case for accurate estimation of
potential evaporation in soil water budgeting models,
it is often stated that E is a conservative climatic
parameter. Dent, Schulze and Angus (1988), for
example, analysed over 100 000 daily pan evapora-

" tion values in southern Africa and found that 67%

of the ratios of four day means to monthly means of
pan evaporation were within 20% of unity. Many
awthors argue that errorg incurred in soil water
budget studies result from poor estimates of rainfall,
stormflow or drainage beneath the reot zone, and
not from poor E, input and that
in view of this and of the appreciable
uncertainties in measuring rainfall ir is obviously
inappropriate to strive for high accuracy in
determining the amount of ¢va poration” (Linacre
and Till, 1968 p. 180),

This hypothesis gained credibility in a study by
Calder, Harding and Rosjer (1983) who showed that
the inclusion of sophisticated evaporation equations
such as those by Priestley-Taylor, Penman or Thom.
Oliver gave no improvement in the estimation of soil
water deficit under dryland  conditions when
compared with the monthly mean Svaporation or a
simple sinusoidal distribution. Farther, Johns and
Smith (1975) tested the accuracy of size published
functions for deriving potential evaporation ang
found that computed deficits in a soil water budget
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were very similar, despite the wide range in values
of the E,, functions used. They ascribed this to what
they termed "strong negative feedback influences"
existing in soil water systems, i.e. an over-estimation
of potential evaporation (under dryland conditions)
will produce an overestimation of soil water deficit
on that day. However, this will result in a partially
compensaling decrease in  estimated  total
evaporation from the plant-soil system for the
following day, thereby reducing the total estimated
soil water deficit. ‘This partially compensating effect

will also work in the reverse direction.

Contrary to the above arguments, the illustrations of
Figure 4.5.1 indicate clearly, however, the necessity

for accurate estimates of the daily A-pan evaporation

. equivalents, 'In comparing monthly totals of E for

dryland conditions using the wnmodified Linacre
(1977) equation for potential evaporation in 4 CRU,
to E estimated using observed daily A-pan values, it
may be seen that comparisons of E output are close
n semi-arid areas such as Vaalharts but differ
markedly by approximately 30% for Cedara. Such
differences due to systematic error in potential

evaporation estimates by, for example, the Linacre

(1977 approach are significant and signal the

necessity Lo estimate Ep as accurately as possible,
particularly in more humid areas, when simulating
crop yields and also when simulating soil water
budgets under irrigated conditions, where negative

feedback mechanisms are not, as a ruie, operational,

4.6 DETERMINATION OF TEMPERATURE
VALUES FOR SURROGATE A-PAN
ESTIMATES

Experience with the ACRU model shows that the
number of occasions that simulations have to
estimate

daily  potential  evaporation using

temperature-based methods necessitates accurate
esiimates of maximum, minimum and mean

temperatures at points where they are not measured,

4.6.1  SourcesQf Temperature Information In

Sonthern Africa

* Daily values as well as monthly means of
maximum and minimum lemperatures are
available for over 1200 stations throughout
southern Africa from the CCWR, It should
be noted that a number of the stations have
short  records and, because of the

physiographic uniqueness at some of the
stations (e.g. exposed or in deep valleys), the
temperature records may appear anomalous

in a regional context,

* Schulze, Maharaj and Lynch (1989) have
recently completed a major study of monthly
means of daily maximum and minimum
temperatures for southern Africa, The

divided into 11

temperature regions and for sach region and

subcontinent  was

month  stepwise multiple  repression
equations of mean, maximum and minimum
temperature were developed using altitude,
fatitude, longitude, distance from coast and
a physiographic valley index (with cross-
products) as variahles. Temperature
information on a month by month basis for
means, maxima and minima is stored as
gridded images covering southern Africa,
with the temperature estimates available at
1 minute of a degree latitude /longitude
resolution.  This information may be
obtained from the Department  of
Agricultural Engineering at the University
of Natal, Pietermaritzburg, through the

CCWR,
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Monthly estimates of total cvapora'tion, E, using the unmodified Linacre (1977)

for potental evaporation vs monthly E summations using observed daily A-pan

equation

values at

Vaalharts and Cedara (after Dent, Schulze and Angus, 198])

4.6.2 Temperature Corrections For Altitude

The deperdence of temperature on altitude is
well documented, and for southern Alrica has
beer reviewed by Schulze and  Schafer (1939).
Table 4.6.1 shows that in southern Alrica
temperature lapse rates {(-°C/1000 m) vary

regionally as well as intra-annually and also
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between maximum and minimum values (Schulze

and Maharaj, 1989). The regions referred to are

ilfustrated in Figure 4.6.1.

In order to accommodate such  variable

temperature : altitude relationships and o
estimate a catchment’s temperatures from values

at a nearby station, the following equations are



Table 4.6.1

Regional lapse rates in southern Africa for monthly means of daily maximum and minimum
temperatures (Schulze and Maharaj, 1989)

Lapsc Adiabulic lapse rate for mean monthly maximum temperaturas ('C‘.]DODm‘l)
Rate
Region Jan Peb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean SDEV
1 ~+.90 5,10 -1.98 -5.64 -5.59 612 -5.79 =532 -1,39 -3.96 X -
2 Gp 0K A a3 i a1 38 05 g g R 5 o
3 287 A9 Ad sk 52 552 sss i 43 A8 smo am J4s g
4 -3.63 -8.62 -6.86 -6.20 -3.34 4.7 55 ~4.37 -5.61 -6.29 217 -3.10 -6.37 1l53
5 Q7085 am L2 25 2% =0 079 | s 051 00 07 0M g3
& N = | N ! r Y. 233 A a8 s a0 152
7 Tae Mo a0 A aSL 4w 4w 5 oa ol I A
8 -3.86 ~.08 -4.16 -3.70 -3.39 -3.47 -3.04 225 -2.18 -1.82 -2.43 <301 —3'12 0.75
9 582 -8.16 0SS0 726 S8 726 68 a4 494 5w 422 450 0.96
10 M & 210 13 L9 431 23 e oo 06 017 07 04 21
i 086 080 .19 2T A& 326 25 g9 090 117 6S3 s 2
Lapse Adiabatic lapse rate for mean monthly minioum femperaturag ('C.IOOOm'])
Rate
Regfon Jan Feb Mar Apr May Jun Jut Aug Sep Ort Noy Dec Mean SDRV
1 -1.68 472 136 4,87 ~4.55 +4.15 4,30 -4.28 432 - 426 - 445 448 -“448.  03s
2 -1.96 -5.19 -39 4583 -5.99 «6.18 -5.66 <546 -5.23 -5.30 ~5.43 -3.27 =349 0.34
k] -1.86 -5.07 -5.24 5.5 -5.68 -5.59 548 -5.39 <5.30 .85 -1.99 =91 -5.26 031
4 -1.54 ~1.70 -357 <214 - .33 -1.26 -1.%0 -1.57 -1.05 ~2.66 -394 =74 =277 142
5 =11 -+.04 -3.60 447 4.15 -4.89 445 -3.87 -4.05 -1.68 382 <397 4.27 0.68
6 =205 -2.02 -2.62 -3.03 -34d6 -4.28 -1,11 -3.62 «3.25 «1.53 274 -2.43 =317 . 067
T -3.66 =396 -4L00 <396 -5.22 445 -5.53 =17 -3.76 =332 -3.36 -3.07 ~4.08 0.76
8 -227 251 -A57 2341 33 -331 -3.49 2986 20 -1.59 164 -1.97 <2.59 6.7
¢ 1.6 -8.36 -8.18 ~8.18 -5.23 9,18 -4.25 6,33 548 2,16 S166 142 432 1.98
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Figure 4.6.1

30°

4%

Delimitation of temperature lapse rate regions in southern Africa (Schulze and Maharaj,
1689)
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used in ACRU :

Trxe = T + Lina(Aine - Ajgp) /1000
and

Tome = Ton + Lon(Ame - Apm) /1000
in which

Ty and
Thne = monthly mean estimates of daily
maximum and minimum
temperatures (°C) for the mean
~ altitude of a catchment,
T, ..and

nxec

Tyne = monthly means of daily maximum
and minimum temperatures {° C)

for a nearby control temperature

station,

A = altitude (m) . of the control
temperature station,

A= meanaltitude {(m) of the catchment

- for which temperature is to be
estimated from the control station,
Loy = regional dry adiabatic lapse rate for
maximum temperature, defaulted
to -6.5°C (per 1000 m) in the
absence of regional values, and
Lin = regional dry adiabatic lapse rate for
minimum temperature (default
input -6.5°C).

4.7 CONCLUSIONS

In a total evaporation-based modelling system such
as ACRU the need for accurate estimates of the
forcing function, potential evaporation, are required.
This chapter introduced the daily A-pan value as the
reference Ep for use in ACRU. However, problems
with [requent lack of A-pan data necessitate a variety
of other methods for estimating A-pan equivalents

to be used, and different methods and levels of

sophistication are described. Since many of the A-
pan surrogate estimates of E, are (emperature
based, sources of temperature information are also

discussed.
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CHAPTER 5

SOILS

R.E. Schulze

51 THE ROLE OF SOIL PROPERTIES IN
HYDROLOGICAL MODELLING

In hydrological assessment, be it in terms of flood
peaks, flood volumes or water yield, a vital role is
played by the processes occurriag in or on the soil.

It is the capacity of soil to

*  absorb
*  retain and

*  release/redistribute

water that is a prime regulator of the response of a

catchment, and the soil is the medium in and

through which many other hydrological processes

operate.

Soils data are often wused in hydrological
computations by "lumping" the characteristics of

many soils' found within a catchment (o derive an

average areal pdarameter. A catchment is not, -

however, a "lumped" system in regard Lo :soils, and
pronounced differences in magritude and sequence
of hydrological processes may be observed within a
catchment. Cognizance of spatially homogeneous
soil units with respect to hydrological response is
thus very important in determining  overall
magnitudes of a variety of hydrological processes
taking place within a heterogenecus catchment at

any given time,

Soils information relevant to hydrological modelling

is, however, not always readily available at the detail

required; it may have to be implied or derived from
non-hydrologically based soil classifications. This
chapter, after outlining which soils variables are
required by the present version of ACRU and
describing procedures/decisions to be followed in
inputting  soils information  into the model,
therefore, also focusses on the availability of directly
or indiréctly derived soils information, with

particular reference to southern Africa,

5.2 SOILS INPUT REQUIRED FOR THE

ACRU MODELLING SYSTEM

In regard to soils input requirements, the user is
reminded that ACRU operates for general use (in
the present version) with two "active" horizons in
which rooting development and hence soil water
extraction through evaporation and transpiration can
take place. Amounts of soil water at three critical

soil water retenlion constaats, viz, at

* porosity, PO,
* field capacily, FC and

* permanent wilting point, WP,

have either to be known or be inferred for cach of
the two active soil horizons (Le. PO1,PO2..). These
soil water retention constants (with units m.m! by

volume) may be defined as follows :

* Porosity, PO, is the percentage so0il volume

occupied by voids, and as such contains the
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*

maximum possible soil water storage. At PO soil
is therefore saturated, The matric potential at

saturation is 0 kPa.

Field Capacity, FC, is the soil water condition
reached when water has been allowed to
percolate naturally from the soil yntil drainage
ceases and the water remaining is held by
capillary forces that are great enough to resist
gravity. FC is often described as being the wet
limit of the soil water available freely to plants.
This theoretical definition has drawbacks when
applied to soils in a natural enviropment and FC
can be described as the soil water content below
which the hydraulic conductivity is sufficiently
small for redistribution of moisture due to
hydraulic head to be ignored. A definition in
terms of matric potential is diffienlt owing to the
fact that FC may vary with texture, but it is
traditionally taken (o fail somewhere between
-5 and -33 kPa. In this document a value of -10
kPa is used as the matric potential representing
FC.

Permanent Wilting Point, WP, is taken as the
dry, ie. lower, limit of water available to plants,
At the stage of permanent wilting point, WP, the
hydraulic conductivity is so low that water cannot
move to the roots fast enough, even over short
distances, and no water is available for
transpiration. As such WP is assumed to be a
soil parameter which it is not strictly, as it
depends also on the plant as well as on the depth
of the root system at which the plant is trying to
extract soil water. In this document the matric

potential at WP is taken to be -1 500 kPa.

Using these definitions one can define plant

available water, PAW (m.amh), ag

PAW = FC . WP,

Amounts of soil water are, for modelling purposes,
functions of, inter atia, soil texture and respective
horizon depths. What are therefore further required

are

* the texture class (of which 11 are used in
ACRUY of the soil (variable name ITEXT),

*the depth (in m) of the topsoil  horizon
{designated by DEPAHO in ACRUY and

*the depth (in m) of the subsoil horizon
(DEPBHO).

Soil water amounts in excess of WP value are
available to plants for transpiration and hence
growth processes. Soil water amounts in excess of
FC are available for so-called "saturated” drainage,
the daily rates of drainage being dependent on a

response fraction of the excess water

* from the top- to the subsoil horizon, designated
ABRESP in ACRU, and

* from the subsoil out of the active root zone,
given variable name BFRESP in ACRU.

These response fractions depend, inter alia, on
textural conditions. Soil water between FC and WP
may be redistributed (as so-called "unsaturated”
drainage) upwards or downwards, at rates
depending, inter alia, on soil water gradients. The
ensuing section of this chapter expounds on where

and how these input variables are derived.

Hydrologically the concept of a multi-layered soil
system is sound, as quickflow responses are

considered in ACRY ag being highly dependent on
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physical properties and soil water status of mainly
the topsoil horizon {or part of it), while the bulk of
the active soil water store and also the release of
water for baseflow are dependent on properties and

soil water status of the active subsoil horizon(s).

5.3 DECISIONS AND PROCEDURES IN ACRU
REGARDING SOILS INFORMATION

4CRU having been designed as a smufi-feve! maodel,
onc of the inputs where multiple pathways are
available (depending on the level of sophistication of
available input data) is soils information, Decisions
and procedures in ACRU regarding soil textural and
depth input is best illustrated by way of an example,
illustrated in Figure 531, The frst soils related
decision to be taken is on the so-called "adequacy"

or "inadequacy” of available soils information.

53.1 Decisions _And  Procedures In
ACRU With _Inadequate  Soil
Texture And Depth Information

If soils information is sketchy or considered
"inadequate”, only three items wiil be requested
of the user by the ACRU Menubuilder (Figure
53.1, ieft hand option).

* The first is the number of different soil
texture  classes  identified within  the
catchment (or subcatchment if ACRU is run
in distributed mode). Zones of identical
lexture class within the catchment need not
be contiguous, and should be grouped
together, as only the number of different
classes, and not the total number of Zones
is required,

*  Secondly, for each of the number of classes
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present, the tevture class is designated and
the percentage of the catchment’s area that
class covers, is given (NB. Percentages must
add up to 100%!). For sach of the 11 major
soil texture classes ACRU contains
preprogrammed default (i.e. typical) values
for the soil water retention constants used
in the model, viz, WP, FC and PO.

These constants and the percentages covered
are then used ina Decision Support System
of the Menubuilder to prepare an area-
weighted set of soil water retention values
for the soils of that catchment. The default
soil water retention constants are given in
Table 53.1. For example, in Figure 5.3,1
the catchment would contain

Clay : 38%, i.e. texture class no. 1
Sandy loam : 529, i.e. texture class no. 5

Loam 1 10%, i.e. texture class no, 2.

It should be noted that when the “inadequate”
soil information option is invoked, no distinction
is made between soil water retention values at
PO, FC and WP of the top- and subsoil horizons.

* The third requirement relates to the mum
ber of different soil depth classes found in
the (sub) catchment, whereupon cach depth
class present has to be designated together
with the percentage of the catchmenl’s areq
it covers. Thus, for example, in Figure 5.3.1,
two depth classes were identified, viz.
Depthclass 1:ie. very deep soils, 90%

3 :le very shallow soils, 10%.

These default depth classes refer to the top-and
subsoil  horizon depths, and the values
preprogrammed into ACRU are given in Table
532,
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Table 5.3.1

Default soil water retention constants preprogrammed in ACRY

ACRU With Adequate Soil Texture
And Depth Information

The term "'adequate“ is a relative one when
referring to soils information, Tn the context of
the structure of ACRU it implies that for both
the upper and lower horizons respective soil
depth and values of retention constants need to
be known. An example is provided by the right
hand option in Figure 5.3.1. Effects of gradual
or abrupt textural change with a soil profile can

thus be accounted for. The various methods of

AT5 -5

Texture Class WP FC PO
Number Texture Class (m.my (m.m™h (m.m
1 Clay 298 416 482
2 Loam A28 251 464
3 Sand 050 112 430
4 Loamy sand 068 143 432
5 Sandy loam .093 189 443
6 Silty loam 121 272 493
7 Sandy clay loam 159 254 402
8 Clay loam 195 312 468
9 Silty clay loam 190 335 473
10 Sandy clay 228 323 423
11 Silty clay 253 350 480
Table 53,2 Default soil depth values preprogramined in ACRL/
Soil Depth Depth {m) of Horizon
Number Soil Depth Class
Topsoil Subsoil
1 Very deep 0.30 0.80
2 Deep - D25 0.50
3 Moderately shallow 0.20 0.20
4 Shallow 0.15 0.15
] Very shallow 0.10 0.10
6 Impervious (e.g. rack) 002 0.02
532 Decisions _And _Procedures In deriving "adequate” input for ACRU from soil

maps and published pedological information jg

described in the next major section.

533  Area-Weightine The Soil Texture And

Denpth Information

Once the Menubuilder has been provided with
its requested input, internal computations are
performed for either "inadequate"” or "adequate”

information ‘to give, from each of the

© subcatchments within the catchment, area-

weighted values of




* topsoil depth

* subsoil depth
* WP, FC, PO for the topsoil and
* WP, FC, PO for the subsoil

which are used in subsequent water budget

computations,

54 SOURCES OF SOILS INFORMATION IN
SOUTHERN AFRICA FOR USE IN ACRU

In order for ACRU to simulate the major
agrohydrological processes occurring within the soil
profile, accurate estimates of the soil water retention
constants PO, FC and WP, particularly the latter
two, are required. This section provides the
background and methods (o these estimates. Since
much of the hydrological soils information in
southern Africa derives from the current “official"
soil classification, this is first described briefly but

from a hydrological perspective.

5.4.1The Southern African Binomial Svstem Of

Soil Classification Into Forms and Series

Soil, as the medium in which hydrological
processes occur, has a heterogeneous character
by virtue of its horizonation, which controls rates
of water redistribution, both vertically and
laterally. Horizons formed under given genetic
conditions tend to be reproduced over and over
again, with their organization resulting in
generalized master horizons (MacVicar et al.,

1977}, This concept is illustrated in Figure 5.4.1.

The specific properties of master horizons led to
the recognition in the southern African binomial

system of soil classification (MacVicar er al.,
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1977) of diagnostic horizons (Figure 5.4.2). In
the diagnostic. horizon concept a grouping of
pedological features is recognised. For example,
organic carbon content, colour, structure,
thickness or expansive properties distinguish the
five diagnostic topsoil horizons. On the other
hand, cluviation, gleying, colour variegations,
concretions, redistribution of clay materials,
differential weathering, podzolisation or lack of
development are used to categorize the 15
subsoil diagnostic horizons recognized in

southern Africa (MacVicar ef al., 1977).

The grouping of specific kinds and sequences of
diagnostic horizons has resulted in the concept
of the soil form, of which 41 have been described
to date. These soil forms have been further
subdivided into 501 soil series (MacVicar et af.,
1977), thus giving a two-level naming of the soil
into form and series; hence the binomial
classification. Criteria used to distinguish series
within forms include soil texture (clay c‘{)ntent,
sand grading), base status in terms of leaching,
calcareousness, soil reaction (pH), surface
physical properties, colour of the B horizon,
consistence of the B horizon, surface wetness and
topography. An example of the binomial system
with selecled ACRU-related information is given
in Table 5.4.1.

At series level no depth limits of the various
horizons are set. Depth of horizons, or the slope
or topographic position of the series and other
local properties, which are most important to
hydrological response, cannot be generalized but
must be determined in siti and added as a
further descriptor of the soil serics, namely, the
soil phase. Figure 5.4.3 illustrates the above
concepts.



Figure 5.4.1
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Hydrologically, the division of soils into
diagnostic horizons, with their attendant
properties and subdivisions, is important. This
15 so because they constitute the vital
heterogeneous scil stores within, between and
along which important hydrological processes can

take place (arrows in Figure 5.4.3).

542 Estimation Of Wilting Point And
Field Capacity When $oil Form
And Series Information Is Available

In southern Africa soil classification in the field
is by soil form and series, or by groupings/
associations of form and series. This subsection
outlines the background to estimating WP and

FC from form and series.

Percentage clay and heace its distribution within
a soil profile is a major determinand in
estimating soil waler retention  constants,
Schulze, Hutson and Cass (1985) identified five
clay distribution models for southern Africa.
From Figure 5.44 it may be gleaned that clay
distribution

* Model 1 displays an increase in percentage
of a ctay down the soil profile {e.g. Avalon,
Shortlands forms),

Model2 has clay content remaining constant

with depth (e.g. Dundee, Mispah forms),

Model 3 shows an abrupt and increasing
clay content transition, which can oceur in
three degrees of abruptness (e.g. Estcourt,
Sterkspruit forms),

* Model 4 reveals an indented clay content

ATS5 -8

distribution with depth, and

* Model 5 represents the mirror image of

Model 3 (e.g. Nomanci, Glenrosa forms).

Details of soil genesis and other characteristics
of these clay distribution models are pravided by
Schulze et al. (1985). '

These models refer only to the distribution, with
depth, of clay, and not to the percentage of clay
present in the soil. To each clay distribution
model Standard Binomial System classes of clay
content of the B2 horizon (Figure 5.4.2) were
therefore assigned, such that typically (ie.
except for Model 3, see Schulze ef al., 1985) clay

class
* a= 0-6% clay
* b= 6-15% clay
* ¢ = 15-35% clay
* d = 35-55% clay
* e = >35% clay

Each of the 501 soil series of the 41 soil forms
found in southern Africa was then classified by
clay distribution model/class as outlined above
(e.g. clay distribution model/class 1 or 5a, ete.).
This is illustrated by way of the examples given
inTable 54.1. The complete table with relevant
hydrological information for all 501 soils series
appears in the ACRU User Manual (Schulze and
George, 1989).

By assigning clay percentages to topsoil and
subsoil horizons using certain criteria and
assumptions (which are detailed by Schulze et
al., 1985) for each clay distribution model/class
and utilising equations developed by Hutson
(1984} and Schulze ef al. (1985), estimates of soil
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Figure 5.4.3 Hierarchical classification of soils for hydrological application in southern Africa (Schulze,
1984)

Table 5.4.1 Exampie of hydrological classification of soils for use with ACRU

Clay Typical S5CS
Soil Code  Soll Distribution Textural Interflow Soil
.| Form Series Model/Class  Class Potential Grouping

KROON- Kd 14 Mkambati Je SLm/SClLm XX C/D

STAD Kd 10 Rockiands 3h LmS/SLm XX C/D
Kd 15 Slangkop Je LmS/SClLm XX C/D
Kd 12 Swellengift 3b S/SLin XX C
Kd 18 Ultspan 3h SCILm/SC! XX C/D
‘Kd 21 Umtsntweni 3c LmS/SCILm XX - C/D
Kd 11 Velddrif 3b LmS/SLm XX C/D
Kd 19 Voiksrust 3k SCl/CL XX D

LAMOTTE Lel0  Alsace 2a Lms X A/B
Lt 21  Burgundy 2a LS XX B
Lt 14  Chamond 2b SLm X AfB
Lt 22 Franschhoek 2a LmS XX B
Lt 25 Hooghalen 2b SLm XX B
Lt12 Lamotte 24 LmS X A/B
L1l Laparis 2a Lm§ X A/B

LONG- Lo 30 Tayside la S XX C

LANDS Lo 31 Vaalsand 1 SLm XX C
Lo 26 WVasi la Lm§ XX C
Lo 11 Waaisand 1b SLm AxX C
Lo 12 Waldene lc SCILm XX C/D
Lo 13 Wicterton 1d SCl XX C

MAGWA Ma 12 Frazer le Cl 0 A/B
Ma 11 Magwa 1d SCl 0 A/B
Ma 10 Milford 1c SClLm 0 A

MAYO My 10 Mayo 3¢ SClLm 0/X C
My 11 Msinsin 5d SCl O/X C/D
My 21 | Pafuri 5d scl Q/X /D

L My 20 Tshipise 5e SCl O/X C
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Figure 5.4.4 Clay distribution modefs for southern Africa (Schulze, Hutson and Cass, 1983)
Table 542 Estimates of soil water content {©) at WP and FC by clay distribution model and class
Schuize et ai., 1985)
© at Wilting Point, WP (m.m™)| © at Field Capacity, FC(m.mn™)
Clay

Distributicn Topsoil Subsoil Topsail Subsoil
Model/Class WP1 WEP2 FC1 FC2
la 064 065 158 AT
b .083 .091 180 201
c 112(.127) 158(.211) 213 277
d 173(.226) 226(.320) 282 354
e 231(.320) 265(.383) 348 398
2a 067 062 162 168
b 089 084 187 193
c A38(.169) . 133(.169) 242 248
d 202(273) - 197(273) 315 321
e 250(.352) 245(.352) 370 376
3a 067 084 162 193
b 067(.054) 110(.132) 162 222
c 067(.054) 142(.185) 162 259
e 088(.091) 133(.169) 187 248
h 133(.169) 181(.247) 242 303
k 202(.273) 245(.352) 315 376
~ Sa 067 057 162 156
b 089 068 187 175
c 138 092 242 202
d 202 124 315 239

( ) Bracketed values refer to unstable soiis.
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Distribution modef 4 is not found in southern Africa

(after




waler coutent (8) at FC and WP were made for
each clay distributior model/class. Table 5.4.2

summarises this information,

When deriving FC and WP for ACRU by this
method the following steps are thersfore
involved:

*  From fieldwork or soil maps, determine soil

form and series.

Obtain the clay distribution model and class
for the scil form/series from the table in the
ACRIJ User Manual.

* Read off @ at WP and FC values (m.mhy
for tepsoil and subsoil horizons from Table
542 (also given in the ACRU User
Manual).

* Where unstable soils are encountered (ie.
soifs  with vertie, prisma-, pedo- and
gleycutanic horizons, as in Figure 5.4.2) the

bracketed values in Table 5.4.2 are used,

343 Texture _Classes  Of  Southern

African Soil Series

Generalised values of retention constants are
trequently given for soil texture classes and the
"inadequate” soils information option in ACRL
makes use of this premise (Section 5.3.1). Since
a silt content around 10% may be assumed for
most of southern African soils (Hutsen, 1984),
and since the binomial system of soil
classification groups soil series by classes of clay
content, each soil series may be grouped, in
general terms, into a texture class, if the middle

value of the clay class is assumed to be
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representative. By chis approach the 501 s50il
series identified in southern Africa wereg placed
in texture classes, using the South Alrican texture
triangle given in MacVicar ef ai. (1977), on the
following basis: |

Series in the 0-6% clay class : loamy sands,
éxcept those with coarse sand fraction
designated sands, then
6-15% clay class
15-35% clay class
35-55% clay class - sandy clays

¢ sandy loams

¢ sandy clay loams
>55% clay class : clays

The texture classes of the 501 soil series are
listed in the ACRU User Manual {Schulze and
George, 1989) and selected examples are given
in Table 5.4.1.

544  Estimation QOf Wiltine Point And Field
Capacity When Laboratory Analvsis OFf

Spil Is Available

Particle size analysis in a laboratory divides the
soil fraction into

* per cent clay, Cl {<2tm diameter)

* per cent silt, Si (2-20um diameter)

* per cenf sand,. § -(>20um-diameter)
while further analysis may give

per cent organic carbon, C

division of the sand fraction into COATSE,
medium and fine classes and

* bulk density, £, (Mg.m™).

Research by Hutson (1984) from a large
southern Alrican data base provides the user of

ACRU with the following equations  for




estimating @ at WP and FC from laboratory
analysis of soils :
(a) For stable soils :
Bwp = 0.0602 + 0.00322 Cl + 0,00308 Si -
002607,
Bpc = 0.0538 + 0.00365 Cl + 0.00554 Si
+ 0.03037,

(b) For unstabie soils, water retention at WP
(only) changes
¥ for vertic soils ;
Owp = 0.0293 + 0.00606 CI + 0.00285 Si
+ 00384 C

* for prisma-, pedo- dnd gleycutanic soils
Bwp = 0.01616 + 0.0052 Cl + 0.00222 Si

Further details on these regression equations are
in Schulze er al. (1985).

wn
R
L

Estimation Of Wiltine Point And
Field Capacity When Only Clay

Percentage Is Available

If any single one of the soil fractions From
laboratory analysis were the only one known, it
would be the clay percentage of a soil. Since
clay content is also the primary characteristic
used in the binomial soil classification (MacVicar
et al., 1977) a number of regression equations for
the estimation of soil water retention constants
have thus been developed based on percentage
of clay only. Schulze et al. (1985), following
intensive laboratory analysis by Hutson (1984),
made a number of quantitatively based
simplifications on silt percentage, bulk density
and organic carbon characteristics, and expressed
the equations given in Section 5.4.4 to the
following, based only on clay as the dependent

variable :

AT5-12

(a) For stable topsoils ;
Bywp = 00572 + 0.00322 CI
Opc = 0.1506 + 0.00365 Cl

(b) For stable subsoils :
0.0520 + 0.00322 C!
0.1567 + 0.00365 Cl

fl

Bwp
O

C

(¢) For unstable soils water retention at WP
{(only) changes

* for vertic soils
Owp = 0.1077 + 0.00606 Cl

* for prisma-, pedo- and gleycutanic soils
Owp = 0.0384 + 0.00522 Cl

346  Estimation Of Porosity Values

Soil water content at so-called "poresity”, ie. at
saturation (PO) is highly variable within a given
soil texture class (Hutson, 1984). The southern
African data base on PO values is, furthermore,
not extensive (Hutson, 1984). For this reason
literature derived values of PO by texture class
are suggested for use in ACRU. These have
'already been tabulated in Table 5.3.1. By
implication, no distinction is made in this version
of ACRU between the soil water content: of
topsoils and subsoils at PO, i.e. PO1 = PO?2.

547  On The Application Of “Land Tvpe"
Information In ACRU

In South Alrica the Sail and Irrigation Research
Institute  (SIRI) of the Department of
Agriculture and Water Supply, in endeavouring
to inventorise natural factors that determine
agricultural potential systematically, initiated the

Land Type surveys (SIRI, 1987) with the aims of




* delineating  relatively uniform terrain
form/soil pattern/climate areas, known as
Land Types, at 1:2500 000 scale {NB. with
fieldwork at 1:50 000)

¥ defining each Land Type and

analysing, in-depth, soif profiles within Land
Types.

Results of this survey, which eveniually will cover
all of South Africa, are published as analyses for
different regions and are completed as
* ' a memoir containing tabulated Land Type
information, accompanied by

* aland Type map (with cxplanations).

An example of part of a Land Type map i
illustrated in Figure 5.4.5.

The tabulation for each mapped Land Type
contains information, infer alia, on
* climate parameters (rainfall, evaporation,

temperature, frost)

area, slope, slope length, slope form and
mechanical limitations of the crests, scarps,
midsiopes, footslopes and valley floors which

are present

soil forms/series and land classes present,
including soil depth, their positions in the

landscape and their proportions they oceupy.

A page of typical tabulated Land Type informa-
tion is illustrated in Table 5.4.3.
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While not intended as a hydrological data
inventory, the Land Type series nevertheless has
tremendous potential for kydrological decision

making through models such as ACRL/.

What remains to be done by the user of ACRU
is to be able to “translate” this information to
ACRU required and compatible input. In doing
so, the following steps are followed (use Tables
543 and 5.4.4 as a guide)

* With reference to the percentapes given in
the "total" columg, all groups of soil series
(including rocks) covering more than 5% of
the Land Type are identified (Table 5.4.3)
and listed (Table 5.4.4), Soil series <5% of

‘the area are lumped and their most typical

characteristics used in the next steps.

Also listed are typical texture class and the
percentage area covered by each series, or

groups of series (Table 5.4.4 columns 2,3).

- From tables and suggested input values
described in this chapter and given in the
ACRU User Manual, clay distribution model
and class, PO, FC for top- and subsoil, WP
for top- and subsoil and saturated response
fractions ABRESP and BFRESP (Section
3.5 of this Chapter) are assigned to each
series.  In entering values for BFRESP,,
cognizance must be taken of the information
given under the last column of the Land
Type table, viz. "Depth limiting material®
(Table 5.4.3).

A median total depth for each series may be
inferred rom the soil profile’s "depth
columu. This is then split into a topsoil and
subsoil depth, a topsoil depth of 03m being
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Table 543 An example of tabulated Land Type information (SIRI, 1987}

LANDTIFE/EAND TYPE : Ae23 Voorkamez{kaarte) en opperviaktes/Occurrence (maps) and areas: Inventaris deur/Inventory by
RLIMAATSONE/CLIHATE ZOHE : 5835 2328 Praetorial{B100hal 2428 Nylstroom{9220ha} J L Schoeman

Cpperviakte/Area : 17320ha - : Hodale profivle/Modal profilas
Bersamde oppervliaite onbeskikbasr vir landbou Pi380

Eat{mated area uvnavsllahle for agriculture 1 100hs

Terrelneenhedd/Terrain unit : 1 3 4 H] Totaal/Total Klel-inhoud Tekstuor Dispte-
% van landtlpe/Y of land Eype H 30° 30 13 5 Clay content Tegture beparkende
CGpperviattesAreaihat H 3196 B&LO 2398 B&d materias)
Melling/Slope (%) ; a-z i-3 o-1 o-3 Depth
Hellingslengte/Slape length tm) H 300-1000 &00-2000 100-300 J0-200 % limiting
HellingsvormsSlope shape : Y . Y x X ' makerial
HMDO.HB1 (ha? 4 3437 . 4393 i949 847 g>:12% o
H BCra2x 12744
HBZ-MB% (hal H 1909 214635 . &30 [+ 4374
Grondseries of landklasse Diepte HB: x ha b4 ha Z ha x ha ha “ A E B21 Har Kias
Soil rariee or land classes Depth T Class
{mm} H
Rots/Roch 4: B 260 5 433 5 130 B23 4.7
Shorrochs Hu3s 430-1300+0: 40 2078 40 3444 30 7TR 6322 J6. 3 12-23 13-30 B Fi/coSsie—BaCllm so;katR
Portsmouth Hu3D,
Hangano Hu33 £00-1200+ 30 1329 20 1732 3zy1 12,0 10-15 ID-41% B Imflis/coSe~Salm sor R
Mispah HsiD,
HiipFontsin M1, H
Trevanian 0317 200—- 330 3: 2% 1299 20 1732 20 320 assy 20.3 10-z0 A LmFi/coSa—Salam Rrhpiic
Lindley va4qi, H
Swartiand Bwdi 200- 400 O: iQ B&s 13 370 30 240 1514 88 15-30 3%-30 B meSaCl, Cilm.C}1 vp
Jorin{ Dads, H
Lesutonsein Dals > %00 O: 3 433 195 3yo 30 260 . 1083 & 3 20-30 20-33 B §i{/meSaClbm * Rikas
Slbasa Hell 300~ 430 O: 3] 350 10 87 478 2.8 13-20 33-45 A me/coSalm sp
Weenen Bod4l, Bonhuim Hodl > 200 ©: 40 250 2&0 1.3 30-43 30-4% A meSaCllLm-SaC1 so

Tar verdufdzliking van hlerdie taobel kyk LANDTIPE-INVENMTARIS tinhoudzopgawe !}

Terrelntipe/Tarrain type : A2
For an explanation of this table, consult LAND TYPE INVENTORY (table of contents})

Terreinvormskets/Tarrain Form sketch

CGeologle: Skalfe. grintsteen er szndzteen van die @rocp Eccas sliksteen, sandsteen en skeliw
van dig Formasls H11ununpu..nvkn=<a»nh:n Karoo) MNebograniet (Suilte Lebpowal}.

3 i H
eEOmp= . _A45s, 3 2,454,323

Shale, grit and ssndstone of the Ecca Groups siltstone, ssndstone and shale of the

Geology:
Irrigmsie Formatlon. Karao Hequencer Nebe granite (Lebowa Sulte).
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clay 025 sandy clay loam : 0.50

loam © 050 clay loam : 040
sand : 080 silty clay loam  : 035
loamy sand : 0.70 sandy clay ;040
sandy loam : 0.5 silty clay ¢ 035

silty loam  : 0.45

Southern African soils are hydrologically
complex, and are characterised by hydraulic
discontinuities because of their heterogeneous
horizonation. Where gradual or abrupt changes
toward finer textures take place between the top-
and subsoil horizons, therefore, for example in
clay distribution Models 1 and 3, BFRESP should
be reduced. Similarly, where stonelines clay- or
other hardpan layers occur in a soil profile,
ABRESP and/or BFRESP should be reduced
accordingly. The "Interflow Potential" column of
Table 5.4.1 (and in the ACRY/ User Manual, for
all series) provides a good guide to ABRESP and
BFRESP reductions, with no reduction - "no
interflow potential” and substantial reductions for
"high interllow potential" soil scries. Poor
subsurface drainage (i.c. low BF RESP) can result
in waterlogging, which will cause a reduction in

crop vield,

552 Unsaturated Soil Water
Redistribution

Unsaturated soil water redistribution downiwards
can take place slowly from the top- to the subsoil
horizon at soil water content below FC on the
condition that the topsoil horizon is relatively
wetter than the subsoil horizon. Redistribution
is dependent on the soil water gradient between
the top- and subsoil horizon and the *head” of

water (Le. amount of waler in the topsoil
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horizon). The rate of downward redistribution
in ACRU is set at the product of 2% of topsoil
horizon soil water content and the gradient, the
latter being expressed as the fractional difference
between the percentages of soil water content in

the top- and subsoil horizon,

The magnitude of redistribution o a given day,

Dy, {mm) is thus expressed as follows in 4CR
U

Dy = 0020,48,,/6,, - O20/Ote2)

in which
818y, =volumetric soil water contents
(mm) of topsoil and subsoil

horizons on a given day
©e1,Op = soil water contents of tép— and
subsoil horizons (mm) at their

respective field capacities.

Upward redistribution, which may be likened to
a capillary movement, takes place when the
subsoil horizon contains a higher relative soil
water fraction than the topsoil. The driving
forees for upward redistribution are the same as
for downward redistribution, but the rate of
movement against gravity is reduced in ACRU to
1% of the subsoil horizon soil water content in
calenlations, Thus the magnitude of upward
redistribution on a given day, D, (mm), is

expressed as follows in ACRIJ
Dba = 001 92\!(@2\'/9&2 B 81\1/@&1)'

The values used in rhe above equations have
been derived from the literature (for example,
Knizsel, Baird and Hartman, 1969; Stone, Horton
and Olson, 1973),




5.6 CONCLUSIONS

* Inregard to southern Africa the binomial system
(MacVicar ¢t al, 1977} is the "official’ soil
classification at the present stage. It is
imperative, therefore, that modellers using
ACRU in southern Africa not only acquaint
themselves, but in fact become fully conversant
with this detailed classification as it also forms
a basis on which Land Type information may be
used in ACRU.

classification for southern Africa is under way,

(Research on a revised soil

but the binomial system will remain the working

basis for some years to come).

* The

distribution models and of soil water retention

information on texture classes, clay
constants derived by the methods described in
this chapter is not absolute. It will be revised as
field experience is gained or further laboratory

analyses on soils are undertaken.

This chapier gives generalized information on

soils. In situ examination of soils properties in

the catchment and attendant laboratory analysis,

both necessary for in-depth understanding of the

spatial and temporal variations of
agrohydrological processes on a catchment or
irrigated field, remain very necessary for the
modeller wishing to use ACRU successfully,

* For

information for input into ACRU has its roots in

southern African users derivation of

three seminal documents, viz. the binomial soil
classification by MacVicar et al. (1977), the
estimation of hydrological soil properties of
South African soils by Hutson (1984) and the
Land Type memoirs/maps under the general
MacVicar, Grateful

acknowledgement is expressed to these two

editorship  of

eminent soil scientists and their teams of

collaborators for having supplied the sound basis
upon which soil hydrological decisions can now
be made for the ACRU model.

5.7 REFERENCES

HUTSON, J.L. (1984). Estimation of hydrological
properties of South African soils. Unpublished
Ph.D, Natal,

Pictermaritzburg, Department of Soil Science

thesis. University  of

and Agrometeorology. pp. 232.

KNISEL, W.G., BAIRD, R.W. and HARTMAN,
M.A. (1969). Runoff volume prediction from

climate data. Water Resources Research, 5, 84-
94,

MACVICAR, CN, DE VILLIERS, IM,
LOXTON, R.F.,, VERSTER, E.,
LAMBRECHTS, I.J N, MERRYWEATHER,
F.R.,, LEROQUX,J, VAN ROOYEN, T.H. and
HARMSE, H.J.von M. (1977). Soil classification

Alrica.

Department of Agricultural Technical Services.

- a__binomial system for South

Soil and Irrigation Research Institute, Pretoria.
pp 150.

SCHULZE, R.E. (1984). Hydrological models for
application to small rural catchments in southern

Africa : Refinements and development. Water

Ressarch _Commission, Pretoria, Report
63/2/84. pp 248 and Appendix.
SCHULZE, R.E. and GEORGE, W.J. {1989),

ACRU:  User Manual. University of Natal,
Pietermaritzburg, Department of Agricultural

Engineering. ACRU Report, 36,

SCHULZE, R.E., HUTSON, J.L. and CASS, A.

ATS5 - 18



(1985). Hydrological characteristics and
properties of soils in southern Africa 2 : Soil

waler retention models. Water SA, 11, 129-136.

SIRI (1987). Land Type Series. Department of
Agriculture and Water Supply, Soil and Irrigation
Research Institute, Pretoria. Memoirs on the

Agricultural Natural Resources of South Africa,

STONE, L.R., HORTON, M.L. and OLSON, T.C.
(1973). Water loss from an irrigated sorghum
field, I, Water flux within and below the root
zone, IL. Evapotranspiration and root extraction.

Agronomy Journal, 63, 492-497,

AT5- 19




CHAPTER 6

VEGETATION AND LAND USE

R.E. Schulze, W.J. George and G.R. Angus

6.1 COMPONENTS OF YEGETATION AND LAND
USE IN HYDROLOGICAL MODELLING

Vegetation (designating, in this chapter, natural
vegetative cover) and land use (implying anthrop-
ogenic influence through cropping, including
plantations, as well as agricultural practices such as
irrigation and tillage operations) play a significant
and dynamic role in the plant and soil evaporation
processes. This is particularly true in the case of
agricultural crops, which are sown following land
preparation, may be irrigated then grow, may suffer
water deficiencies and finally are harvested, all with
considerable variation temporally and geographically
to water usage (Schulze, 1984). Research in the past
(wo decades has therefore placed far more emphasis
than before on evaporative losses with incomplete
canopies or limited water supply. With regard to
hydrological modelling vegetation and land use

process may be grouped functionally into
(a) above ground factors, concerned with

canopy interception losses
consumptive water use by plants
shading of the soil, thereby separating total
evaporation into
- evaporation from the soil and
- traaspiration from the plant
¥ protection by the plant/litter cover against

erosion, and

{b)below ground factors, concerned with

* plant root distribution

* root water uptake, and

* the onset of plant stress.

This chapter elaborates on the first three factors of
above ground factors (the fourth factor being
discussed in Chapter 11} and the [first two of the
below ground factors (the third factor being the
theme of Chapter 7). General background is
provided in cach section of the chapter and detail is
then focussed on the mamner in which 4ACRY

routines apply the principles involved.

6.2 CANOPY INTERCEPTION LOSSES

6.2.1 Canopy Inferception Processes

Interception, Y, is the process by which
precipitation is "caught” by the vegetative canopy,
stored temperarily on the-canopy surfaces as
interception storage, I, and then redistributed,
Important to hydrological modelling s the
interception foss, I, ie. the portion of the
precipitation which, alter interception, does not
reach the ground because it is retained by the
aerial portion of the vegetation to be either
absorbed by it or returned to the atmosphere by
evaporation, E;. Interception loss may be viewed
as the difference between gross and net

precipitation (P, and P, respectively), ie.

I, = Py - P, (all in mm)
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or, alternatively as the sum of interception

storage and evaporation of intercepted water, Le.
II = IS + Ei'

After a day with rainfall, a portion of non-
evaporated intercepted water which is stored on
the canopy surface, I, may be approximated to
I, by

L = 05]

following experimental evidence by De Villiers
(1975) and Rutter and Morton (1977).

A most important role in estimaling interception
loss, is that played by climatic parameters.
Interception loss : gross rainfall relationships
have been established frequently, in southern
Alrica, for example, by Schulze, Scott-Shaw and
Nanni (1978) or by De Villiers (1982) (Figure
6.2.1). Equally important are evaporation rates
during a rainfall event (for example, De Villiers,
1982) and the rainfall intensity and duration
relationships to I which several researchers have
reported. In Southern Africa both Schulze ef ai,
(1978) and De Villiers (1982) have produced
such relationships showing that higher rainfall
intensities result in higher interception losses for
a given duration; also that I increases with
duration for any given intensity category. Such
intensity : duration : interception relationships
cannot at this stage be considered for ACRU,
however, because ACRU uses daily totals of

rainfall only,

Early researchers on the interception process (for
cxample Horton, 1919} already relate I to canopy
factors such as Leaf Area Index and for southern

Alfrica De Villiers (1975) expressed interception
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loss per rainday in terms of a “density value®
derived as the quotient of mean annual
precipitation (MAP) to mean annual
temperature (MAT), This density value (Figure
6.22} is analogous to an expression of
interception being a function of biomass or
vegetation density, in that for a given rainfall,
interception loss is assumed to decrease with
increasing temperature as aridity sets inj or
increase with decreasing temperature until
temperatures become so low that less biomass
is produced and the I, curve flattens or even
reverses rather than continuing along the stippled
line in Figure 6.2.2. Alternatively, for a given
temperature, interception loss would increase
with rainfall because a denser vegetal cover is

assumed.

6.2.2  Rainday Interception Losses On A
Month By Month Basis In ACRU

Initially the only method in 4CRU of estimating
interception loss values per rainday involved
inputting typical values of I, for each month of
the year in order to account for differences in I,

with stage of growth or dormancy.

6.23  Rainday Interception Logs Estimates In
ACRI/ By The Von Hovningen-Huene

Method

That a relationship between I, and LAY exists has
already been mentioned in Section 6.2.1. Von
Hoyningen-Huene (1983) conducted extensive
research with a number of agricultural crops
(including maize, wheat, oats, sugarbeet) and
their interception loss (mm.rainday) as associated

with gross rainfall, Pg, and LAL. He developed

pra
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Figure 6.2.2 De Villiers’ relationship between interception loss and climatic factors for different

vegetation types (after De Villiers, 1575)

the following equation, viz.
I = 030 +027P, + 0.13LAI- 0.013P,
+ 0.0285P_LAI - 0.007 LAT>

This equation is considered to give physically
more realistic estimates of I, than the monthly
input method of Section 6.2.3. It can, however,
only be used when LAT is known or estimated
(Section 6.3). It has also been found that the
equation is “stable” only for gross daily rainfall

amounts up to 18 mm.  When the equation is
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invoked in 4CRY, any rainfalls exceeding that
threshoid are taken as 18 mm for the sake of I
esimations,

While developed from data for agricultural crops,
this equation has been found to perform well on
Pinus panila (Chapter 17} and as such it may be
deduced that the WVon Hoyningen-Heune
approach has potentially widespread application.

It is, therefore, encouraged as the I, estimator in
ACRU,




6.2.4  Enhanced Wel Canovy FEvaporation

From Forests

Intercepted water stored on the plant canopy
from a previous day’s rainfall is evaporated back
to the atmosphere using up the energy available
from potential evaporation (E,) tirst, before the
remaining Ep is used in PET and AET processes.
In the case of forests this stored water is
evaporated at rates well in excess of available net
radiation and potential evaporation, inter alia,
because of advection (Calder, 1982) and low
aero-dynamic resistances (Rutter, 1967) of wet
forest canopies. The literature provides a range
of values of the rates by which wet canopy
evaporation exceeds the potential rate, usually
around 1.5 - 2.0, but increasing with forest growth
to values of 3 and higher (Holmes and Wronski,
1981; Calder, 1982). The following (conserva-
tive) estimate of enhanced wet canopy evapora-
tion rate, E,, has therefore been incorporated
when ACRU is simulating evaporation processes

under forest conditions, viz.

E, = E_ (0.267LAI + 0.33) for LAI>27

where
E. = A-pan equivalent reference
evaporation {(mm)
LAI = leaf area index

implying wet canopy evaporation to proceed, for
example, at 1.67 times potential evaporation for
LATI =5,

On a day following a wet day the remaining
potential evaporation, remaining after wet canopy

evaporation has taken place, is then available for
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the transpiratfon process from the dry canopy.

6.25  Sources OfInformation On Interception

Loss Values For Use In Southern Africa

The major source of interception loss
information for use with 4CRU under southern
Alrican conditions derives from the seminal work
on interception by De Villiers (1975). Table
6.2.1 summarises suggested interception loss
values for agricultural crops and veld types by
stage of growth, and respective values would then
be assigned to a given month of the year when
used in ACRU. Estimates of interception loss
per rainday for natural vegetation have been
derived by Schulze (1981) from information
extracted from De Villicrs. On a regional basis
these 1, estimates are shown for southern Africa
in Figure 6.2.3. The ACRU User Manual gives
a further and more detailed tabulation of I
values for natural vegetation based on

Acocks’(1975) vegetation classification.

63 MAXIMUM EVAPORATION FROM A CROP

("POTENTIAL EVAPOTRANSPIRATION")

6.3.1 Evaporation From Vegelated Surfaces:

Concepts And Terminology

Terminology on evaporation from vegetated
surfaces is frequently used loosely or maybe
misinterpreted. This subsection on concepts and
terminology follows closely on recent proposals
by Monteith (1985), Wright (1985), De Jager,
Van Zyl, Kelbe and Singels (1987). All units are

in mm.day..



Table 6.2.1
Villiers, 1978: 1980)

Selected values of crop and grass interception losses for

use in southern Africa (after De

{Schulze, 1981)

* Total Evaporation. The total evaporation,

E, from a natural vegetative surface is

defined as
E =E + E
with

E, = evaporation from the sub-stomatal

cavities of leaves
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| ‘ Sugarcane Hyparr-
Stage of Growth Maize | Wheat | Sunflowers Waste | Themedg henia [ Aristida
; Erect | layer | tiandra hirta | congesta
R Early vegetative 0.30 0.30
Late vegetative 0.40 1030 0.60
' Culm/Piping 1.00
Flowering 0.80 | 1.40 0.80 220 140 1.00
o Seed development 130 1 1.40 1.40 1.60 1.60 0.80
; Complete ripe 110 | 130 130 L60 ;2,00
Dry ) 120 (.40
i r |'=' T T T T ;lu_:" T T T T_Ts' T T T T -;_m,—r—1—-|_._
- AEY |
i
5 .25 25"
; S '
g - '—. : ¢ Intormetion ertractrd Mom
| EV dn Viees  {1975)
i L L0 ' L I ztn‘ L4 1 1 el L 1 1 L L J""j
Figure 6.2.3 Estimates of interception loss {mm per rainday) for natural vegelation

in southern Africa

transpriation
and

s =  evaporation from the surface of

the soil,

The term "total evaporation” is synenymous
with the term “actual evapotranspiration”,
By implication neither E, nor E_ need to be
at their maximum rate,




*

*

Maximum Evaporaiion from a Given Crop.
This term replaces the commonly used term
"potential evapotranspiration”. It oceurs
from a specific crop surface in a given
growth stage when soil water is capable of

meeting atmospheric demand of the day.
Ey =B + En

with

E,= maximum (previously "potential™)
transpiration when soil water is
capable of mecting atmospheric
demand, and

Egp = maximum (previously “potential”)
soil evaporation, again when the soil
water is capable of mecting

atmospheric demand.

Under such conditions of soil water status

E,, may also be expressed as

where
E, =a reference evaporation

Kem =a  dimensionless mean crop

T
coefficient for a particular crop
growing in its various stages, under
conditions of no soil water limita-
tions with soil surface conditions

at an average welness.

Reference  Maximuum Evaporation, E,
Reference evaporation has been defined in
several ways, for example, as the maximum
evaporation from a short grass surface (De
Jager et af., 1987, Doorenbos and Pruitt,
1977) or the evaporation from alfalfa

(Wright, 1982), in both cases lysimeter
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based and supplied with adequate water,
covering an extensive area growing actively
and completely shading the ground. In
ACRU the selected reference evaporation is

the daily A-pan equivalent evaporation.

Froblems arise in applying literature derived
values of the crop coefficient to a pan-based
E_to give realistic values of E,, because E,
from alfalfa, grass and A-pans are different,
From a diagram by Wright (1985) it has
been calculated that

E.(pan) ~ 1.103 E_ (alfalfa)
E (pan) ~ 1.190 E, (FAO - Doorenbos
and Pruitt, 1977)

In ACRU there is thus a need for great
caution when using mean crop coefficients
from the literature.  Because A-pan
reference evaporation is used in.ACR U, Ko
values based on an alfalfa reference will
have to be divided by 1.10 and K., values
taken, for example, from a standard
reference by Doorenbos and Pruitt (1977)
will have to be divided by 1.19 to approxi-
mate an A-pan based maximum evaporation

(i.e. "potential evapotranspiration”),

632  The Crop Coefficient, Kem

The K., provides the dependent relationship of
maximum evaporation for a given stage of plant
growth and phenology under conditions when
soil water is capable of meeting atmospheric
demand and surface wetness of the soil is
"average”. One can re-arrange the equation for
"maximum  evaporation”, given previously, to

express K, as



Kem = Em/Er

which gives the ratio of maximum evaporation of

a crop at a given stage of growth to reference

evaporation,

If reference is made to Figure 6.3.1 and to
; Wright (1985) it may be scen that K., comprises
of the mean of a

¥ basal crop coefficient, K.,

i * of a crop coefficient at a given soil water
condition which may be very wet (and
immediately following a day with raiofall or
irrigatior) or soil water limited, viz. K and
i ' * of K, and K, relative coefficients related
respectively to relative soil water and surface

soil wetness.

From its definition and from Figure 6.3.1, it can
be implied thac K., applies when transpiration
acd soil evaporation arg treated as one entity
and not as separate components. This option
is designated EVTR=1 in ACRU, When
transpiration and soil evaporation are split and
computed separately (Section 6.3.1) the pathway
in ACRU is via EVTR =2 (Schulze and George,
1989).

633  Determination Of Values Of Crop
Coefficients For Southern Alfrica

Iu the frequently cited international literature on
crop coefficients (e.g, Doorenbos and Pruitt,

1977) K, is given either

*  for percentiles of a prowin season
g

*  [for calendar months

*  for intervals of calendar days

or * for clearly defined growth stages,

I GENERALIZED CROP CURVE
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(a) Insouthern Africa, the generic international

FAQ model by Doorenbos and Pruitr
(1977}, shown diagrammatically in Figure
632, may be used to estimate crop
coefficients for seasonal crops. For this
model

* reference -Kcm values for the initial
growth stage, the mid-season stage and
at harvest/maturity are given, as are,

furthermore,

the durations (in days) of the initial,
crop development, mid-season and late
stages of growth (obtainable from local
tables or from tables in Docrenbos and
Pruitt, 1977).

* When used in ACRU the values of K.

cm

{b) The most

from Doorenbos and Pruitt {1977) will
have to be divided by 1.19 to equate
them to A-pan equivalent reference PE.
common source of K
information for southern Africa is, however,
Green (1985). He tabulates (either by
calendar day interval, or as percentiles of
the growing season, or by calendar month)
K. values derived for use with the A-pan
reference evaporation for different crops,
planting dates anrd regions in southern
Africa. An example tabulation is shown in
Table 6.3.1; the ACRU User Manual
(Schulze and George, 1989) gives a more
complete tabulation of K information for

southern Africa taken mainly from Green.

g REFERENCE Kem %
e @8 / / z
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Figure 632 The FAO generic method for estimating crop coefficients (after Doorenbos and Pruitt, 1977)
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Table 631 An example of A-

Green, 1985)

Crop : Beans

pan referenced crop coefficients derived for use in southern Alrica (alter

Region and Length of Days after Crop
Planting Date Growing Season FPlanting Coefficient
Orange Free 140 days G- 35 0.3
State; 36- 65 0.7

66 - 90 0.6
November 1 91 - 140 0.5
Transvaal: W 3 150 days 0- 30 0.3
and Middleveld 31- 60 0.7

61- 90 0.6
October 15 91 - 150 0.5

6.3.4 Problems Associated With The Crop variations of numbers of calendar days

*

Coefficient Concent

The major shortcoming of the use of Ko
In estimations of evaporation is the lack of
K., information on natural vegetative
surfaces such as grasslands, macchia and
bushveld, whick often cover large tracts of
catchments. Use then has to be made of
those few lysimeter-based values derived by
Snyman, Opperman and van den Berg
(1980) for different succession stadia of
veld,

The assignment of K., by intervals of
calendar days is common, Despile
regionalization of K.n to account for
climatic differences (for example, Green,
1985; Dorrenbos and Pruitt, 1977; Table
6.3.1), this does not accoun: for locai
climatic variations and differences between
seasons for any one locality. Therefore a
conceptually sounder and more accurate
method of determining K. based on a
measure of that part of the climatic

environment which is largely responsible for
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within growth periods, viz, temperature, is
being developed more and more with the
-growing degree day (GDD) concept. Such
a GDDIK,, relationship, for example, has
been developed lysimetrically for use in
ACRI{ with sugarcane (Hughes, 1980; Figure
6.33). The ACRU maize vield model
(Chapter 14) therefore also has its K DOt
specified by time period, but rather it is
generated from year to year and location
tolocation by a generic relationshi p between
Kem and GDD (Domleo, 1989; also Chapter
15). Such refinements to K., variations are
not yet routine in this documentation of

ACRU at this stage other than for maize.

6.3.5 Relationships Beitween Crop Coefficient

And Leaf Area Index

Leaf Area Index may be defined as the plani-
mefric area of the plant lsaves relative 1o the soil
surface area, the LAI as a determinand of
gonsumptive water use by plants as well as of
shading of the soil, protection of soil [rom

€rosive raindrop impact and interception (c.f.
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Figure 6.3.3 A K. - growing degree day relationship for sugarcane (Hughes, 1989)

the Von Hoyningen-Huene LAI : P, : I relation- This equation was derived by Angus (1987) from
ship in Section 6.2.4) is conceptually sound. LAI information given by Kristensen (1974). While
information is, however, not as common as Kem this equation is considered generally applicable
information. A number of researchers have, to all crops, a word of caution must be noted,
however, related K, to LAL Thus Ritchie since it was developed only from grasses, barley
(1972), for example, developed the relationship and sugar beets. As such, the above equation

should be used with caution on other vegetation
K., = 071 LA™ - 02 for LAI<30. types. In applying the above equation in ACRU
a maximum K of 1.05 is assumed because

Kristensen’s (1974) graph is asymtotic to the line

Research by Kristensen (1974), for example, has representing K.\ = 1.07 and the above equation
shown that K. approaches 1.0 as LAI - becomes uareliable in that region (Angus, 1987);
approaches 3. This is illustrated in Figure 6.3.4, furthermore the lower limit of K estimated by

this equation in ACRU is 0.2.
Since K, values are frequently known, but

ACRU requires LAI values, for example, for 6.3.6Estimation Qf Total Evaporation In ACRIS
estimations of interception on an event basis and By Considering Transpiration _And_Soil
transpiration (when the option EVIR = 2 is Evaporation Separately, Using LAI

used, which splits transpiration and soil

evaporation), LAl is estimated from the ACRU uses an adaptation of the Ritchie (1972)
Kristensen (1974) relationship in Figure 6.3.4 as submodel when computing transpiration and soil
evaporation separately. While this section

LAT = In ( (K, - 1.0932)/-0.07947) considers maximum evaporation (ie. "potential
-0.6513 evapotranspiration") the discussion which follows
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in this particular sub-section also describes
equations of Ritchie’s (1972) for estimation of
total evaporation {i.e. “actual evapotrans-
piration"}. In 4CRU the energy available for the
soil evaporation and transpiration processes is
taken as the daily A-pan equivalent evaporation
minus that energy used up first by the

cvaporating previously intercepted water.

- (a) Following a minimum threshold of rainfall,
- maximum ("potential”) soil evaporation is
given by Ritchie (1972) as

B =F, g0d4LAl

Relationships between Kem and Leaf Area Index (after Kristensen, 1974)

available at the surface, and is thus equal to

maxintum ("potential’) soil evaporation, i.e,
ES = Esm

When the accumulated soil evaporation

exceeds the stage one upper limit, the stage

two evaporative process commences. Stage

ore upper limit is estimated with

UL, =

wherz

g(as _ 3)0.-12

UL, = stage one upper limit (mum)

sm = By (mm.day™hy &; = soil evaporation parameter
where _ dependent on  soil  water
E,; =residual A-pan equivalent transmission  characteristics
evaporation (mm.day"i), after (with values of @, related to
evaporation of previously texture  class, which are .

intercepted water

"Actual” soil evaporation, E,, is calculated
in-two slages. In the first stage soil

evaporation is limited only by the energy
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preprogrammed in ACRU).

Stage two soil evaporation, E (mm.day) is
predicted by
Ey = a (%5 (p)0s




with
t = number of days since stage

two soil evaporation began,

Effectively, once stage two is reached, soil

¢vaporation thus declines very rapidly.

(b) Maximum (i.e. "potential®)  plant
evaporation, i.e. transpiration, is computed
in ACRU by the Ritchie (1972) subroutine
as follows :

E,. = (Eri.LAI)/S‘ forO<LAI<3  and
E.,= E,- E, for LAI>3

When soil water is lHimited

B, = E,,{(Soil Water Content)
where
fSWC) is discussed in Chapter 7.

The sum of (ranspiration and soil
cvaporation cannot exceed E,; for a given

day.

6.3.7 Procedures Utilizing Crop Coefficients
And LAIL In ACRYUJ

Through the ACRU Menubuilder 12 monthly
mean values of K are input. These are
converted internally in ACRU o 365 daily values

by Fourier Analysis. The daily K., is then

1]
converted to a daily value of LAI by the
Kristensen (1974} curve expressed as the
equation by Angus (1987), as given in Section
6.3.5. The LAI can then be used in computations
of transpiration, soil evaporation and interception
loss, if so desired. Daily K. for a given crop at
a given growth state is used to calculate

maximum evaporation for that crop (Le. is
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"potential evapotranspiration™. If the ACRU
maize yield submodel is requested, Ko 18
computed internally year by year according to
daily temperature regimes by a X_:GDD
relationship.

6.4 SOIL WATER EXTRACTION BY PLANT

ROOTS

6.4.1The Complexity Of Water Uptake By Roots

Root distribution within the soil profile and the
processes of water uptake by roots are complex
subjects, made more difficult, for example, by
soil horizonation and layers which may be
impermeable to root penetration.  Roots
development may be assumed to be lincar with
time, but the root mass may be distributed
exponentially throughout the entire root zone at
any time (De Jager, Van Zyl, Kelbe and Singels,
1987). At night water may move through the
plant from roots which were in wet soil and
exuded from roots which were in dry soil, to the
extent that dry soil could supply a high
proportion of its transpiration needs in this way
{c.g. Baker and Van Bavel, 1986).

It has been hypothesised that roots in the topsoil
may take up the water available to them first,
until a stress level is reached in the topsoil,
belore soil water is withdrawn from the lower
soil zones (e.g. Baier and Robertson, 1966) and
also that the lower zone roots do not extract
water down to the same water contents as in the
case with the upper zone roots. In fact Ritchie,
Burnett and Henderson (1972) contend that the
lowest soil water content to which roots can dry
the soil gradually increases with depth until

finally the minimum soil water content at depth



may be close to field capacity.

The distribution of roots, and hence its extraction
p.attsrns may be distorted by impermeable layers
such as plough or other hard pans, the presence
of water tables, and may be "controlied" by man,
for example, with different tillage practices or by
frequent shallow irrigations which concentrate
root growth in the upper soil zone.
The result is that a range of complexities of root
growth/distribution/extraction models exist (in
Southern Alrica, for instance, models by De
Jager et al, 1987 or Bennie ef al., 1988).
However, Taylor’s and Klepper’s (197,8 p. 120)
conclusion still holds, viz, that

"all models of water uptake by root systems

contain assumptions that are not strictly

valid for everyday field situations",

This is undoubtedly true; models such as ACRU
therefore have to make a number of simplifying
assumptions regarding its routines for root

distribution and the uptake of water by roots, -

6.42 Concepts Of Root Water Upfake
Emploved In ACRIJ

In the ACRU model, soil water extraction takes
ptace simultaneously from both soil horizons and
in proportion to the assumed active rooting
masses within the respective horizons, In the
present version of ACRU no extraction from the
intermediate groundwater zone takes place
because this zone is assumed in this model to be
at greater depth than the active root zone. The
variable ROOTA describes the fraction of active
roof mass in the topsoil horizon, It varies
seasonally; hence 12 typical monthly values are
required. The corresponding fraction of roots in
the subsoil-horizon is (1-ROOTA). The fraction

of roots in any one horizon has o account for
the effect of genetic and environment factors on
transpiration, factors such as winter dormancy,
semescence, spring regrowth, planting date,
growth rates or impeding soil properties. Typical
values of ROOTA taken from the literature are
incorporated in the land use Decision Support
System of ACRU (Chapter 2). When plants are
not under stress, it is the fraction ROOTA which
determines to a large extent at what rates
differential drying of the soil takes place in the
respective  horizons. During  periods  of
senescence or when no aclive root extraction
takes place (for example, in bare fallow or
ploughed situations), the ROOTA [raction is set
at  1.00, designating that effectively  soil
evaporation from only the topsoil layer and not

transpiration takes place.

On the premise that "roots look for water, water
does not lock for roots", a routine has been
added to 4CRU whereby if the subsoit horizon
is not stressed, but the topsoil horizon is, the
subsoil’s contribution to total evaporation will be
enhanced beyond that computed for its roof mass
fraction; similarly, if the subsoil horizon is
stressed but the topsoil horizon not, the topsoils
contribution to E is enhanced, This routine is

described more fully in Chapter 7,
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CHAPTER 7

TOTAL, EVAPORATION

("ACTUAL EVAPOTRANSPIRATION")

R.E. Schulze

T.1INTRODUCTION

In the introductory Chapter 1 which outlines
considerations and philosophies upon which the
ACRU modelling system was structured, it was
already stated that most rainfall is transformed into
eévaporation cither [rom the soil or through the plant.

So dominant is total evaporation in the soil-plant-

almosphere continuum in southern Africa that

Whitmore (1971) estimates 919 of rainfall to
evaporate again, Major differences in runoff,
irrigation demand and crop yield response are
influenced, and to some extent even controlled, by
soil water status. One of ACRIs majpr aims is,
therefore, to simulate the soil water budget by
accounting realistically for the total evaporation
processes, since these processes are the "heart” of

the agrohydrological system (Kovacs, 1936).

Total evaporation (E) may equal or be less than the

maximum  evaporation (E,, ie.  "potential
evapolranspiration”). E can be less than E, either
when soil water has been depleted or when there is
an excess of water in the soil profile. Total
evaporation from a multi-layered soil also responds
to sell regulatory mechanisms when certain sojl
horizons are relatively wetter than others, The
above-named aspects are discussed in this chapter
in the context of routines in ACR{ and many of the
aspects involved revolve around the concepls

embodied in Figure 7.1.1,

72TOTAL EVAPOQ RATION UNDER
CONDITIONS OF WATER DEFICIENCY

When a plant experiences water stress E < E .
The water status of a plant is dependent largely on
the soil water content of the root zone and on
atmospheric demand. The atmosphere places an
evaporative demand on the plant and the roots
absorb the water from the soil water reservoir.
When the reservoir becomes depleted the roots
cannot absorb the waler at a rate sufficient to meet
demand, plant stress sets in and the plant loses
turgor. Subsequently, physiclogical and metabolic
processes are alfected (for example, leaf emergence,
leaf extension, photosynthesis rates) and rates of
plant growth are reduced. As a result the crop
coelficient can reduce, as is shown in Wright's
{1985) generalised diagram in Figure 6.3.1 as well as
by Hughes’ (1989) illustration for sugarcane (Figure
7.2.1).

It is vital in land use and crop yield modelling to
determine at what point in the depletion of the plant
available water reservoir (ie. the soil water content
between FC and WP) plant stress actuaily sets in,
since stress implies the necessity to irrigate and also
a reduction in crop yield, In modelling terms, this
problem may be expressed as the critical soil water
content below which total evaporation E is reduced

to below the atmospheric demard, i.e. E..
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Experimental evidence shows that E equals E,, until
a certain fraction, ', of maximum (profile) available
soil water to the plant, PAW, is reached (Figure
7.1.1).

depends, inter alia, on the remalining water and the

Below this fraction the reduction of E

atmospheric demand, E_. Under natural conditions

the reduction of E, from point °f to zero at WP, is
curvilinear. Its representation as a linear reduction
in Figure 7.1.1 is a simplification introduced into
ACRU for computational simplicity. Furthermore,
under natural conditions and only in a topsoil

horizon with little vegetal cover, the reduction of E
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would not continue to zero at WP, but to an E/E
ratio of approximately 0.2. The reason is that bare
topsoil can "dry" to below the -1500 kPa generally
associated with the lower level of root soil water
extraction (WP).

The classical literature of the past two decades has
frequently attributed differences in P to soil texture
properties.  Authors (for example, Dunne and
Lecpoid, 1978) would give the 'P-value of clays
around 0.9, that of loams at 0.5 and that for sandy
soils around 0.2, implying that the high retention of
soil water by clay caused "stress" at relatively high
soil water contents already while sand evaporated at
near maximum (atmospheric demand) rates until

soil water content was close to WP,

Others, potably irrigation modellers, maintain
simplistically that stress sets in at a more or less
fixed soil water content irrespective of plant, soil or
atmospheric demand, Usually it is suggested that
under irrigation, soil water content should not be
allowed to be depleted beyond f = 0.5 (for example,
Green, 1985), particularly during the vegetalive
growth stage. In the grain filling stage a suggested
value of °P wouid be 03, a val.ue also found by
Meyer and Green (1980) to be applicable to wheat
in southern Africa. Schulze and George (1989) in
the ACRU User Manual list ' values for certain
crops, as specitied by Green (1985) for different

conditions/reglons in southern Africa.

Recent research, reviewed by Slabbers (1980), shows
that ' may vary according to atmospheric demand
(E) and the critical leaf water potential, ’gD?r , of
dilferent crops, the latter being an index of the
resilience of crops to stress situations. Many other
authors had found similar relaticnships, incer aiia,
Denmead and Shaw (1962) in a classic study, Baier
and Robertson (1966) and Eagleman (1971).

Slabbers (1980) derived *P as

£ =094 + 026 /5,
1

where

cap = critical leaf water potential as given
1

by Slabbers (1980) in negative bar
(negative because of suction). One bar
= 100 kPa. !

Using the above equation with critical leaf water
potentials for different crops, the wide variation of
'P, also for different E., is demonstrated in Table
7.2.1. The table illustrates clearly that more resilient
plants (e.g. maize) can extract more soil water out
of the profile than rapidly wilting plants (e.g.
sunflowers) before they are in a water deficient
stressed condition; also that on hotter days with
higher E_, stress will already occur at higher soil
water contents. The Implications of stress setting in
at such different levels of soil water content are
highly significant in terms of total evaporation and

crop preduction modelling,

It should be noted that Slabbers’ (1980) equation
was derived empirically, Under certain conditions

a negative value of P, which is a physically

meaningless answer, may be oblained by the

equation.  Such negative answers are defaulted
internally to 0.05 in ACRU.

A question frequently posed is how sensitive soil
water and crop response are to accurate esiimates
of ' Under dryland conditions the effect of a
decreasing E/E | ratio is to introduce an apparent
coaservatism into soil water budgeting,  This
conservalism is due largely to the negative feedback
mechanism which begins to operate in a soil water

budget model such as ACRU when E/E. < L The
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Table 7.2.1 The effects of critical leaf water potential and maximum evaporation on the fraction of
available soil water, 'F, at which stress sets in
Critical Leaf E. E,
Crop Water Potential
(-bar) (mm.day’l) f (mm.day'i) f

Maize -17 6 .20 4 0.00
Lucerne -14 6 033 4 0.03
Grass -10 6 0.51 4 0.29
Sunflowers -75 6 0.62 4 0.45

mechanism has been discussed, inter alia, by Johns
and Smith (1975) and by Calder et a/. (1983). When
E/E, < lthe negative feedback mechanism ensures
that, if E is overestimated in one period, then in the
next period the soil water is underestimated, which
in turn produces an underestimate of E/E, and
hence a reduction in the soil water depletion in that
period. The mechanism also works in the reverse
direction if an initial underestimation of E is made.
The modelling mechanism is thus self compensating,

i.e. it has a negative feedback,

In addition E is limited at the upper end by stomatal
action and at the lower end by soil water being
unavailable below WP. Johns and Smith (1973)
found that when the appropriate value of 'f was
used then the simple linear decline of E/E , as
illustrated in Figure 7.1.1, was generally as good or
better than other more complex curvilinear functions

for expressing the relative decrease of E.

The purpose of irrigation is to try and ensure that -

E does not decline below E, by providing the
correct quantities of water when it is needed.
Considerable amount of water can, however, be
saved by applying water at "correct” 'P values under
conditions of supplementary irrigation and deficit
irrigation, and Ponnambalam and Adams (1985) cite
water savings of up to 509 for this reason alone‘:. In

crop yield modelling realistic estimation of °P is also

vital, particularly in those phenological periods when
the plant’s yield reduction is highly sensitive to stress
(Chapter 15).

73TOTAL EVAPORATION UNDER
CONDITIONS OF EXCESS WATER

While considerable research has been conducted to
determine the response of crops to deficient soil
water levels, less has been donc to gain a better
understanding of plant responses to excessive soil
water conditions. A routine for estimating this effect
is included in ACRU. The problem of excessive soil
water is one that centres around deficient aeration,
ie, annoxia, In ACRU reduced transpiration rates
are only assumed as a result of excessive soil water
if the soil water content remains above field capacity
for a period exceeding one day. The one-day period
is considered critical for maize, for example, by
Ritter and De Beer (1969), The overall excess soil
water stress relationship to be used in the 4ACRU
modelling system is depicted in Figure 7.1.1. The
linear relationship of the £/ E, decline between ficld
capacity (FC) and porosity (PO) expresses the
reduction in E, and hence yield, due to annoxia.
= 03
when soil water content is at porosity, following
Dijkhuis and Berliner (1988).

This dechine is set at a maximum of E/E,
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74 SOIL WATER STRESS RELATIONSHIPS
WHEN SOIL EVAPORATION AND PLANT
TRANSPIRATION ARE COMPUTED
SEPARATELY

In Chapter 6 (Section 6.3.6) the Riichie (1972)
submodel, which splits soil evaporation and
transpiration and models them separately, has
already been described, also for conditions of
E<E.. The description will therefore not be
repeated in this chapter,

7.5 ADJUSTMENTS TO TOTAL EVAPORATION
FOR DIFFERENTIALLY WET SOIL
HORIZONS ’ )

ACRU operétes on the premise that "roots look for
soil water, soil water does not look for roots”, In the
compuiational procedures, therefore, once soil water
contents of the respective soil horizons have been
adjusted, following evaporative extractions of the
day, a further refinement to E is applied horizon by
horizon when cne of the horizons experiences water
deficiency siress (E<E,) while the other does not
(E = E,).

Under such conditions 4 CRU has been programmed
for the unstressed horizon to contribute mors to E
than computed by its proportion of root mass
available for transpiration (ACRU  variable
ROOTA), conditional upon the plant’s being in a
phase of active growth (i.e. a minimum of 10% of
the roots are in that hotizon). This
‘compensational”, additional evaperation by the
unstressed horizon is made up of 0.5 times the
difference between E and E., of the stressed

horizon,
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CHAPTER §

SIMULATION QF STREAMFLOW

R.E, Schulze

8.1 INTRODUCTION

In the ACRU model the generated streamflow (also
designated  runoff) comprises  baseflow  and
stormflow, with the storm/flow component consisting
of a quickflow response (Le. stormflow released into
the stream on the day of the rainfall event) and g
delayed stormflow response. Bascflow is derived
from a groundwater store which is recharged by

drainage out of the lower active soil horizon when

its water content exceeds field capacity. In a purely
diagrammatical depiction, these components are
iltustrated in Figure 2.2.2, to which reference should

again be made while reading this chapter,

8.2 ESTIMATION or STORMFLOW
YOLUME

3.2.1 Estimation Of Stormflow Volume

By The 8¢S Liquation

“The Soil Conservation Servics (8CS) of the
United  States Department of Agriculture
developed a procedure for estimating stormflow
volumes from small catchments, This SCS
procedure, designed to use daily rainfall input as
the driving mechanism, has been adapted for use
in southern Africa (Schulze, 1984; Schmidt and
Schulze, 1987). The concept of the SC§
stormflow routine is based on the principle that
the runoff potential is, inter afia, an inverse

function of the soil’s relative wetness,
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The Soil Conservation Service (United States
Department of Agriculture, 1972) and Schmidt
and  Schulze (1987) derive the following
stormflow equation from "initigl" principles, viz.

(P - Ta)?
= P "-I&a o S for P> Ia
where

Q = stormflow volume {(mm)

P = daily rainfall amount (mm)

I, = initial abstractions (mm) before
stormflow commences, and eonsist-
ing - mainly  of interception,
infiliration and depréssion storages

5 = potentialma}dmumreteution(mm),

which is equated to the sojl water
deficit,

In order to eliminate the necessity of estimating

both T, and §, I, may be expressed in terms of
S by the empirical relationship

I = c§

where

¢}
|

coelficient of initiaj abstraction,

The stormflow equation thug becomes

(P-c8)?
T P+S(l-g




8.22 Conceptual  Deviations  From And

Refinements To The SCS Stormflow
Equation In ACRU

Notable exceptions to the original SCS stormflow

equation are made in ACRU,

*

Interception  as a store is abstracted
separately before the commencement of
potential runoff-producing rainfall, and is
not part of ihc initial abstractions as in the
SCS model.

The coefficient of initia! abstraction 1is a
parameter which can change from month to
month in ACRU, dependent on vegetation,
site and management characteristics. The
default value of the coefficient in ACRU is
02 and not 0.1, which was the value
suggested by Schmidt and Schulze (1987) in
a design manual for southern Africa, for
which a conservative stormflow estimate was
sought. The coefficient can increase to (say)
0.3 immediately after ploughing when
surface roughness is high, or under forested
conditions, and reduce to (say) .05 to 0.15
under conditions of soil compaction or in
peri-urban situations.  Schulze, George,
Arncld and Mitchell (1984) related the
coefficient ¢’ to physiographic factors
(catchment area, slope, stream order,
drainage density) and climatic factors
(rainfall amount, intensity, duration and
antecedent  soil water status) with
multivariate  equations. These gave

regionally improved estimates of stormflow,

but no universally applicable equation for ¢’

was found; hence these equations ars not

presented here for gencral use.

AT8 -2

* The potential maximum retention of the
soil, 8, is conceived as a soil water deficit,
calculated by the multi-layer soil water
budgeting techniques of A CRU (c.f. Chapter
9). The soil water deficit is taken as the
difference between water retention at
porosity and the actual soil water content
just prior to the rainfall event, i.e. after total
evaporation for the day has been abstracted,
The assumption is made in ACRU that a
rainfall event occurs at the end of a

computational day and not at the beginning
of the day.

The critical soil depth for which the soil
water deficit, S, is calculated for runoff
generation is a variable in the . ACRU model
in order to attempt to account for different
dominant runoff-producing mechanisms
prevailing in catchments and for different
infiltration rates. This variable is designated
SMDDEP in ACRU. For example, a catch-
ment with predominantly short vegetation
which is shallow-rooted would use the soil
water delicit equivalent to the topsoil-
horizon depth in estimations of stormflow.
On the other hand, on land use with a dense
canopy cover which can dissipate the
rainfall’s energy and/or has deep litter/
organic fayers or highly leached soils,
resulting in relatively high infiltratibility, the
critical depth of the soil water deficit S may
be deeper than the topsoil-horizon because
stormtlow on such catchments may be
perceived as being produced more by a
"push through” (translatory) mechanism. An
example of the latter was found in
simulations by Schulze and George {1987)
at Cathedral Peak (MAP = 1400 mm)
where a SMDDEP of 04 m gave best
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results, In more arid areas, on the other
hand, where soils are skeletal and may have
developed salt crusts, Dunsmore, Schulze
and Schmidt (1986) have shown SMDDEP
= 0.1 m to give best results in simulations,
the indication being that under such
conditions overland flow would have been
the dominant runoff- producing mechanism,
Figure 82.1, based on experience with
ACRU simulations, gives suggested values
of SMDDEP according to climatic,

vegetation and soils characteristics.

The gencrated total stormflow response may
be rapid (mainly same-day response) or
slow (with the generated stormflow
contribution spread over several days) at a
catchment’s ocutlet.  Soils with a high
interflow potential (¢.f..4 CRU User Manual,
Chapter 7) would respond rapidly, aswould
small and/or steep catchments when
compared with relatively larger ones and/or
ones with gentler gradients, Similarly,
catchments with dense vegetation are likely
to respond slower than those with sparscr
vegetation, all else being equal. For this
reason another deviation from standard SCS
procedures is incorporated in the ACRU
model, viz. the inclusion of a stormflow
response  coefficient (a fraction < 1),
expressed by the input parameter QFRESP,
which controls the "lag" of the delayed
stormflow by discharging on the specified
fraction of stormflow on the day of the
event,  The remaining stormflow is
‘retained" to the next day, when again the
fraction QFRESP of the rc;maining
stormfiow is discharged as stréamﬂow,

Please note that this parameter, which acts
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as a decay function, controls ouly the timing of
stormflow over one or several days and not the
amount of Q)

Estimation OFf Baseflow In ACRU

In regard Lo baseflow generation, two response
coefficients are applied in ACRL.

* The first relates to the drainage rate of

waler out of the bottom subsoil-horizon
store, when its soil water content exceeds
field capacity, into the intermediate/ -
groundwater store, While this respdnse rate
BFRESP (Chapter 5) is intuitively slower for
heavy textured than for light textured soil,
no readily available data are at hand as yet
in southern Africa to propose definite
response rates for different soil textures or
degrees ofimperviousness, Suggested values
of BFRESP for soil texture classes are given
by Schulze and George (1989) in the ACRU
User Manual.

The second response coefficient concerns
the baseflow release of water from the
intermediate/groundwater store into the
stream. This coefficient is likely to depend
on factors such as geology, topography and
catchment size. No research has beon
undertaken with the model to date to
determine the magnitude of this variable,
COFRU, but from experience of simulations
on many small catchments, 2-5% per day
(ie. COFRU = 0402 - 0.05) are suggested
as starting values. By implication baseflow
"release” at a given percentage per day from
the groundwater store acis as a decay
constant,
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Figure 8.2.1 Suggested values of the critical stormflow response soil depth, SMDDEP (m), according to
climatic, vegetation and soils characteristics

*

Experience has shown that the baseflow SCHMIDT, EJ. and SCHULZE, R.E. (1987).

release "decay” is not constant. Thus, when Flood volume and peak discharge from small
the groundwater store is large, ie. exceeds catchments in southern Africa, based on the SCS
100 mm, COFRU is enhanced by a factor technique.  Water Research Commission,
of 1.3 in ACRU, while when the ground- Pretoria, Technology Transfer Report. 31/87.
water store is low, ie. less than 15 mm, pp 164,

COFRU is reduced to 0.8 of its impact

value, SCHULZE, R.E. (1984). Hydrological models for

application to small rural catchments in southern
Africa: Refinements and development. Water
Research Commission, Pretoria. Report
Computational procedures and sequences relating to . 63/2/84. pp 248 and Appendix.

runoff components are discussed in Chapter 9,

SCHULZE, R.E, and GEQRGE, W.J. (1987). A
dynamic process-based user-oriented model of
8.3 REFERENCES forest effects on water vield.  Hvdrological
Processes, 1, 293-307.
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SCHMIDT, EJ. (1986). Antecedent soii SCHULZE, RE. and GEORGE, W.J. (1989).

moisture in  design stormflow estimation, ACRU : User Manual. University of Natal,
Uriversity of  Natal, Pietermaritzburg, Pietermaritzburg, Department of Agricultural
Department of Agricultural Engincering, ACRU Engineering. ACRU Report, 36.

Report, 23, pp 110.

ATE - 4



SCHULZE, R.E,, GEORGE, W.J., ARNOLD, H,

and MITCHELL, JK. (1984). The coefficient
of initial abstraction in the SCS as a variable. In:
Schulze, R.E. (1984), Hydrological models for
application to small rural catchments in southern
Alrica: Refinements and development.
University of Natal, Pietermaritzburg,
Department of Agricultural Engincering, ACRU
Report, 19, 52-81.

UNITED STATES DEPARTMENT QF

AGRICULTURE (1972). National Engineering
Handbook, Section 4, Hydrology. USDA Soil
Conservation Service, Washington DC, USA.

ATE -5




Figure 9.1.1

CHAPTER 9

PROGRAM STRUCTURE AND SEQUENCE OF COMPUTATIONS IN ACRU

R.E. Schulze and W.J. George

9.1 PROGRAM STRUCTURE OF ACRLS

The modular program structure and sequence of

computations in ACRU are illustrated by way of a

flowchart (Figure 9.1.1) .
!
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Program stracture and sequences of computations in 4CRI/
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Figure 9.1.1
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Figure 9.1.1 (continued) 4
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92 COMPUTATIONAL SEQUENCES IN
SOILWATER AND RUNOFF RESPONSE
BUDGETING

Soil water budgeting and runoff response lie at the
core of the ACRU modelling system. The
computational sequences involved in their routines
are therefore detailed separately in this Section for
a typical day with rainfall. The assumptioit is made
that plant transpiration and soil evaporation are to
be computed separately. Reference should be made
to Figure 9.1.1,

* The plant intercepted water stored from the
previous day, if it had rained, is first evaporated,
either at potential rate (according to atmospheric
demand) for most vegetation types/crops, or at
an enhanced rate if the land use is forest. The
remaising polential evaporation, Eg . becomes

available for soil water extraction.

The maximum evaporation, E_, i.e. the product
of the reference daily A-pan. equivalent
evaporation and the crop coefficient for the day,
is then apportioned to maximum soil evaporation
(Egy) and maximum plant transpiration (Eqnt-
The apportionment depends on the stage of
development of the plant, which is a function of
LAL LAI, in turd, if not input directly cither as
a monthly mean or a daily value, is derived
- internally by equation from the daily crop

coefficient, K.

The maximum evaporation available for plant
transpiration, E, , is apportioned to the different
soil layers in direct proportion to the root mass

distributions of the respective soil layers.

Soil evaporation, E, is computed from the

topsoil horizon. E_ can either be occurring at
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ma;dmum rate, Le, E, ., if a minimum threshold
of rainfall had been measured previously and F_
cccurs al "stage one" rate (Section 6.3.6), or
below maximum rate once soil water content has
dried to a "stage two" level, in which case E,

declines very rapidly with time.

* Plant transpiration, E,, is calculated next, initially

for the topsoil horizon.

- First check whether the soil water content
(®yy), carried forward from the final soil
water content of the previous day, is above
or below the plant stress fraction, °f.

- Habove, B, = E, ., for that hortzon,

- If below, E, is a fraction of E,,, for that
herizon, depending on the degree of soil
water stress and the value of *P (Scction
72). '

- Ifthe ®, is above FC and this had been the
case the previous day as well, i.c. for at ieast
one day, then E, is reduced 1o a fraction of
E,, depending on the amount of "excess"

soil water, as illustrated in Figure 7.1.1.
* 9, is reset, E, having been abstracted.

* The above procedures are repeated for the

subsoil horizon.

Thie relative soil water contents of the topsoil
and subsoil horizons are then compared, and if
one horizon is under water deficit stress and the
other is rot, compensations are made by the E,
of the wet luyer being enhanced (Section 7.3) if
it exceeds a minimum threshold of actively

growing roots.

* On a day with rainfall occurring, the stormflow-

generating routines become operational,




- Soil water deficit for the critical soil depth
related to stormflow response is determined
either for the topsoil-horizon (if ACRU’s
default value is used) or for some input soil
depth, as specified by variable SMDDEP
(Section 8.2.2),

- Initial abstractions are computed as the
product of the coefficient of initial
abstraction and the soil water deficit,

PO - 9,

- If the net rainfall (observed rainfall minus
interception loss) is less than the estimated
initial  abstractions, no stormflow is
generated, the net rainfall is infiltrated into
the soil and the delayed stormflow remain-
ing from a previously generated stormflow
is caleulated,

- IF net rainfall exceeds initial abstractiohs,
stormflow is generated by an SCS-related
equation (Section 8.2.1). This stormflow is
added to the stormflow store from a
previous event, quickflow is computed by
applying the response coefficient QFRESP
to the total stormflow store, subtracted from
the stormflow store, which is then reset for

the following day,

* Following stormflow abstractions © is reset by the
addition of effective rainfall, i.c. gross rainfall
minus interception minus stormflow (if net

rainfall exceeds initial abstractions).

© for the topsoil horizon is reassessed and il it is
above I'Cl, a proportion of the excess water

drains into the subsoil horizon, and @, is reset,

The above is repeated for the subsoil horizon,
where excess water from the A-horizon is added
and if ®, is above FC2, a [raction of the excess

water drains to below the root zone and @, of the
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subsoil horizon is reset.

* Upward and downward unsaturated soil water
redistribution  procedures (as  described in
Chapter 5.5.2) are considered next and 0, and &,

stores are reset.
* Baseflow routines become operative next,

- If no contribution is made to the baseflow
store by drainage, baseflow release is
calculated as the produet of the previous
day’s groundwater store and the coefficient
of baseflow response.

- In computing Dbaseflow release, the
coefficient of baseflow response may be
multiplied by a factor dependent on whether
the store is "full" or relatively "empty®
(Chapter 8).

- The store’s magnitude is then reset,

- If a contribution is made to the baseflow
store, in accordance with the amount of
water available from the subsoil-horizon and
its drainage coefficient (BFRESP), then this
contribution is first added to the baseflow
store before baseflow is released and the

store is resel,

* Final values of soil water storage, evaporation
and transpiration, stormflow, baseflow, quickflow
and basellow store amounts are stored, to be
used as initial values the following day, and/or
for daily/monthly/ other statistical output,
and/or to be used in subsequent water budget

related computations such as crop yield analyses.



CHAPTER 10

SIMULATION OF PEAK DISCHARGE
e i VU LEAK DISCHARGE

E.J. Schmidt and R.E. Schulze

10.1 INTRODUCTION

The estimation of peak discharge is an important
component of the ACRY modelling  system,
especially with respect to the hydrological design of
hydraulic structures. Actual measurements of peak
discharge are rarely available at the location of
concern, and estimations of design flood magnitude
are normally based on the application of methods
which represent the major processes affecting: the
runoff response of a catchment to rainfall. Peak
discharge from small catchments is related closely to
runoff volume, (Rogers, 1980; Schmidt and Schulze,
1984) and the accurate estimation of antecedent soil
water status and hence runoff volume is of primary
importance in determining peak discharge. Thus the
use of a daily runoff model, such as ACRU, which
simulates soil water status in a physical—conceptual
manner, and hence accounts for the joint association

between rainfall amount and soil water regime,

allows for a realistic representation of daily runoff -

volume and hence peak discharge,

The ACRU model can be used to estimate the peak
discharge associated with each day’s runoff volume
generated for the selected simulation pericd, The
annual maximum or partial duration series of daily
peak discharge can then be extracted and an extreme
value distribution fitted to such ¢vents in order to
quantify the expected magnitude of a flood of
selccted risk of non-exceedence, Schmidt, Schulze
and Dunsmore (1985) and Dunsmore, Schulze and
Schmidt (1986) provide verification of estimates of

design runoff volume and peak discharge using the
ACRU model and the verification is discussed in
Chapter 17,

10.2 THE SCS PEAK DISCHARGE EQUATIONS

The ACRU model utilises the United States
Department of Agriculture’s  Soil Conservation
Service (SCS) unit hydrograph concepts in order (o
compute the peak discharge from the generated
daily stormflow volyme (United States Department
of Agriculfure, 1972). 'The SCS unjt hydrograph,
which is considered tg be an average characteristic
of small agricultural catchments, has a triangular
shape with 37,59 of the total stormflow volume
under the rising limb, Typically standard unit
hydrograph convolution procedures are used to
superimpose the unig hydrographs according {o the
effective rainfall intensity distribution. However,
when using a daily model ard in the absence of
recording rainfall data, a uniform rainfall distribution
has been assumed and hence in ACRI/ a single
rather than an incrementa] unit hydrograph is used
for peak discharge computation. Should recording
rainfall data be available for use ip runoff
simulation, or alternatively should the complete
hydrograp'h be desired for routing  between
subcatchments, the sujte of programs discussed by
Caldecott (1989), which utilise the ACRY/ modelling
System, should be considered for use. An intensive
review of the developments and application of the

SCS procedures for southern Africa is given by
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Schmidt and Schulze (1987). Assuming a-single
triangular hydrograph the equation for peak

discharge, Gpr is expressed as

0.2083 A
% * pa+rL . Eq. 10.2.1
2
where
gy = peak discharge (m®sh

= runoff depth (mm)

Q

A = calichment area (km?)

L = catchment lag time (h) and
D

= effective storm duration (h).

For design storms and in the absence of information
for individual events the storm duration, D, is
* assumed equal to the catchment’s time of concentra-
tion, T,, which is related empirically to lag time, L,
as L=0.6 T, (Inited States Department of Agricul-
ture, 1972). The denominator in Equation 10.2.1
may thus be expressed as 1.83 L.

10.3 ESTIMATION OF CATCHMENT LAG TIME

The index of catchment response time, L, represents
the weighted average of the time for runoff from
each point of the catchment to reach the catchment
outlet. It can be estimated from historical
hydrographs as described by Schmidt and Schulze
(1984) or from specific catchment characteristics
such as catchment slope, hydraulic length and flow
retardance using hydraulic principles, or by means

of empirical equations.

1031 Estimation Qf Lag Time By Hydraulic
Principles

The time of concentration, T,, of a catchment is

ATIO -2

the time taken for runoff to travel from the
hydraulically most distant part of a catchment to
the point of reference. As indicated previously

L is related to T, by the equation :

L = 06T,

Time of concentration may be computed by
summing the flow travel times along the various
reaches comprising the flow path of water from
the hydraulically most distant point. The travel
time in each fow reach is determined by dividing
reach length (in m) by flow velocity as
determined from uniform flow equations (e.g.
Manning’s equation) for full flow conditions. The
time of concentration (in h) can then be

calculated from the following equation ;

n
T = v Hy,
i=1v, x 3600

Hj; = hydraulic length of reach i (m),

<
It

. flow velocity in reachi (m.s'), and

n = number of reaches,

Application of Equation 10.3.1 then provides an
estimate of L.  When the Fow phases
contributing to the hydraulically most distant
point are not defined clearly, as is frequently the
case for a catchment which does not have a well
developed drainage system, one of the following

two empirical equations can be applied.

1032 The SCS Lag Equation

An empirical lag equation, which was developed
by the United States Department of Agriculture
(1972) to represent a broad set of land uses, for

catchment areas of less than 10km? is given as



H"8 (5 + 254007 Eq. 1032
7 069 Sg, ™

L = catchment lag time (h),
H; = hydraulic length of catchment along the

main channel (m),

Sg, = average catchment slope (%), and
S' = 25400 - 254
CNII
with

CNII=  retardance factor approximated by the
runoff Curve Number for average

catchment antecedent welness,

Values for CNII are given in Table 10.3.1 for
various land wuse/land treatment classes,
aydrological soil groups and runoff potentials,
The hydrological soil group is provided for each
of the 501 series defined for southern Africa in
the ACRU User Manual (Schulze and George,
1989). Runolf potential refers to the effects of
management practices on runoff response. Thus
a management practice such as uncontrolled
grazing ﬁroducing poor veld condition will result
in high runoff potential while the use of
conservation practices such as minimum tillage
in cultivated lands will produce low runoff
potential. It is recommended that where CNII
is less than 50, a value of 50 .be assumed and
where it is greater than 95, a value of 95 be

assumed,

The hydraulic length, Hy, of the catchment is the
length of the main stream to the furthest
catchment divide, as measured from a contour
map. In the absence of a contour map H, may

be approximated by

Hy= 1738 A

where
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A = catchment area (km?)

10.3.3 The Schmidt-Schulze Lao Equation

An alternative lag equation, using data from the
USA and from southern Africa was developed
by Schmidt and Schulze (1984) and is given as

4167 8,03 1,087

where
L = catchment lag time (h),
A = catchment area (kmz),
MAP = mean annual precipitation (mm),
Sq, = average catchment slope (%), and
3o = 2-year return period 30-minute

rainfall intensity (mm.h).

Mean catchment slope, Sg;, may be determined

from the equation given below ;

5, = MNx 107
A
where

M = total length of all contour lines
withinthe catchment (m), according
to the scale of the mai),

N = contour interval (m), and

A = catchment arca (km?).

Slope can alternatively be determined by
covering a catchment contour map with a
rectilinear grid and evaluating the sl;Jpe,
perpendicular to the contour lines at each grid
intersection point. The mean catchment slope
is then determined by averaging, It is
recommerded that at least 20 points be used to

estimate mean catchment slope.

L oo A Maptt Eq. 10.3.3




Table 10.3.1 Runoff Curve Numbers CNII for sslected land use/treatment classes, hydrological soil

groups and runoff potentials (after Schmidt and Schulze, 1987)

RUNCFF HYDROLOGICAL sOlL GROUP
LAND USE TREATMENT!PRACTICE/DESCRIPTIOH PATERTIAL
(page 123 A A/B B8 B8/C ¢ C/0 D
Failow Straight rew - 77 82 85 8% @1 ?3 94
Row crops Straight row High 72 77 81 85 33 o Eal
Straight row Low &7 73 78 82 85 g7 ag
Planted on contaur Kigh 073 79 82 ai 85 83
Planted on contour Low 6% 70 75 79 g2 84 85
Conservation structyres High 6 70 74 77 B0 8% a2
Conservation structures Low 62 &7 71 75 78 &g &1
Garden crops - - 45 56 & 72 77 Ao 33
Small arain Straight row High 65 71 76 80 84 84 38
Straight row Low 43 49 75 79 33 85 87
Planted on centour High 63 &9 74 79 a2 2 as
PlLanted on contour Low 81 &7 73 78 81 g3 a4
Planted on contour - Wwinter
rainfall region Low 63 6 70 75 73 a0 &1
Conservation structurasg High 61 &7 72 75 79 a1 82
Conservation structures Low 59 &5 70 75 73 a0 81
Close saeded Straight row High 86 72 77 81 85 a7 89
egumes Strafght row Low 58 &5 72 75 a1 a4 85
ar Planted on contour High & 70 75 a0 g3 84 85
Rotational Planted on contour Low 55 &3 &9 74 78 81 a3
meadow Conservation structure High 83 48 73 77 &g 82 &3
- Conservation structurs Low 31 6D &7 72 76 7B 80
Sugarcane Straight row: trash burnt - 43 55 65 72 77 ac a2
Straight row: trash muleh - 43 5§ &6 72 77 80 a3
Straight row: < 50% cover - & 73 78 B2 &5 a7 39
Straignt row . 49 40 69 73 79 a2 84
Straight row: » 75% cover - 32 50 61 &8 74 78 80
Blanted on conteur: < 30% cover - 85 70 75 79 82 a; 84
Planted on centour - 25 46 59 &7 7% g0 a3
Planted on contour: > 5% cover - & 14 35 5¢ 70 7% 7
Pasture or - High 68 74 79 83 84 88 ap
veld (range) - Hedium 9 41 &9 75 79 82 &4
- Low 39 51 &1 &8 74 78 a0
Planted an contour high 47 57 47 75 81 as 83
Planted on contour Medium a5 46 59 47 75 80 33
Planted on contour Low 5 14 35 59 7o 7% 79
Irrigated
pasture - Low 35 41 48 57 45 s 70
Headow Low 30 045 38 &5 71 73 81
Hatural forest High 45 56 &6 T2 7Y a0 83
Medium 36 49 40 48 7 77 79
Low & 47 55 & 70 7 77
Scrub Brush - winter rainfall regien . 28 34 44 53 40 44 64
Qrenards Hlngg:e;eglon, urderstory of crop Low 39 44 53 41 66 65 71
forests/plantations High 52 62 72 77 82 @85 87
Hedium 41 53 64 49 74 77 ap
Low 30 43 S 81 &6 49 72
Urban/suburban  Qpen spaces, parks, cemeraries (75% +
land uses grggsrscgve” 39 51 61 68 74 7m 80
( -
grass cover) 49 81 69 75 79 ap 84
Commerigal/business areas 83% impervious a9 g1 92 93 94 95 9%
Industrial distriats 3 72% impervicus &1 a5 48 90 91 92 93
Residential: ot size 500ms  45% imcervious 77 &1 85 88 90 91 o3
1 000ny 384 impervious &1 49 75 80 A% a5 a7y
1350m5  30% impervious 37 65 72 77 a1 g 85
2 000ms  25% impervious 54 &3 70 75 80 &% g5
4 000m 20% impervicus 51 &) 68 75 78 82 84
Paved parking lots, roofs, atc, B 93 98 98 98 of 98
Streets/roads: tarred, with storm SeWers, curbs 98 98 93 og 98 98 o8
gravel 76 81 85 as gy 0 N
dirt 72 77 82 a5 87 83 8¢
dirt-hard surface 6 7% 8, a& g9g 9t 92
GEMERAL [SED CURVE NUMBERS
Agricul ture 83 46 &9 T 77 79 a2
Open space 36 49 &0 67 73 s 78
Forast 35 47 55 &4 79 T4 77
Disturbed land 72 77 82 as gg agp 20
Residential 81 89 75 8t 84 Bg a3
Paved i 98 95 93 98 93 ¢ og
Commerical - Industrial 8 85 g3 ap 30 91 o3
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The 2-year return period 30-minute rainfail
intensity, Tso: is related to the rainfall intensity
patterns occurring typically in a region. It may
be computed for southern Africa by multiplying
the 2-year return period one-day rainfall depth
presented in Figure 103.1 by an intensity
multiplication factor given in Table 10.3.2 for
various rainfail distribution zones. The rainfail
distribution zones as delimited for southern
Africa ars identified in Figure 10,3.2. Weddepohl
(1988) describes the procedurss used to delimit
the rainfall distribution zones, while Schmidt and
Schulze (1987) discuss in more detail the use of
Equations 10.3.2 and 10.3.3,

10.3.4 | (Qn The Selection OF An Empirical Lag

Equaticn

Itis suggested that the use of the above empirical
equations should be restricted to catchments
where hydraulic calculations of flow velocity for
various reaches cannot be made. The Schmid-
Schulze lag equation has been shown o generally
give cstimates of lag time which are longer than
those obtained using the SCS equation.
Verification studies have shown that the Sehmidt-
Schulze lag equation should be used in
preference to the SCS equation on natural
catchments with good surface cover and where
stormflow response is comprised not only of
surface runoff (e.g. in arcas of high mean annual
precipitation). The SCS lag equation appears
more suited to more arid areas of limited

vegetation cover and shallow soils.

104 SIMULATION OF PEAK DISCHARGE IN
ACRU

In the ACRU model peak discharge refers to the
highest instantaneous rate of runoff occurring during
a given day from the fotal hydrograph. It is there-
fore comprised of the peak discharge in m’s1
calculated from the day’s generated stormflow, as
given by Equation 10.2.1, superimposed on the mean
baseflow for the day in m3s7! and the carry-over for
the day of mean quickflow from the previous day’s

stormflow, also in m>s?,

10.5 PROCEDURES FOR VERIFYING
SIMULATIONS OF PEAK DISCHARGE
IN ACRU

The ACRU model facilitates observed daily peak
discharge rates to be read in via the
hydrometeorological input data file when the
variable [OBSPK is set equal to 1. Simulation of
peak discharge, i.e. when the variable PEAK = 1,
then enables verifications to be undertaken in ACRU
of the peak discharge estimates for the various lag
equation options. The pgoodness of fit statistics
discussed in Chapter 16 can then be used to assess

modelling errors and a comparison of peak

discharge rates for various risks of non-exceedence

can be made using extreme value distributions fitted
to the observed and simulated annual maximum
series (cf. Section 16.4). Examples of the
verification of peak discharge simulations by ACRU

are given in Chapter 17.

Table 10.3.2 Multiplication factors used in the detsrmination of };O

Rainfall Distribution Zone

2 3 4

Multiplication Factor 0.430

0.664 0.974 1230

ATI0 -5
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Figure 1032 Regionalisation of rainfall distributions in southern Africa (after Weddepohl, 1988)
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CHAPTER 11

SIMULATION OF SEDIMENT YIELD

E.J, Sehmidt

11.1  INTRODUCTION

Soil erosion in southern Alfrica is a serious problem
due to oue or a combination of

*  arid climatic conditions,

intense thundershower activity with inherent

high rainfall erosivity,
*  shallow erodible soils, and

*  limited vegetation cover and poor

conservation management Lechniques,

It has been estimated that the average annual
sediment load carried by southern African rivers is
approximately 100 - 150 million tonnes {Rooseboom,
1875}, The loss of topsoil and attendant crop
production potential reduction and the decrease in

the storage capacity of reservoirs, together with the

environmental degradation associated. with soil-

erosion and sediment transportation, remain one of
the major problems facing the development of the

waler resources of southern Africa,

There is as yet no simple procedurs for predicting
the sediment production from a catchment,
Complex deterministic modsls representing erosion
processes and * sediment transport: deposition
functions do exist. However, such models remain of
limited practical value owing to the requirements for

input parameters which are unobtainable other than

from a research catchment, and the reliance of these

models on calibration,

Simple empirical methods do, however, meet the
requirements for initial planning and design and in
the absence of gauged data, are the basis for most
water resources decisions. The Universal Soil Loss
Equation, USLE (Wischmeier and Smith, 1978), is
the method that has received greatest recognition
worldwide, has seen most application and is the
foundation for many other empirical equations,
including the Modified USLE (Williams, 1975). The
USLE provides for an estimate of the long term
average annual soil loss due to sheet and rill erosion.
It thus excludes the soil loss due lor concentrajed
tlow and gulley formation and requires the inclusion
of a separate term to represent the delivery ratio
which accounts for the portion of eroded soil which

leaves the catchment,

An advantage in the use of the USLE and MUSLE

equations is that components of the equations have

been researched extensively, also for southern
Alrican conditions. Smithen (1981}, for example,

investigated the areal distribution of rainfall erosivity

and Smithen and Schulze (1982) presented equations

to assist in its prediction at locations in southern
Alrica where recording rainfall data are not
available. The State Directorate of Agricuttural
Engineering and Water Supply in South Africa have
evaluated in the past, and continue to evaluate, the
erodibility of southern African soils and the effects

of conservation practices and crop cover condifions

ATIL -1




on soil loss (Crosby, Smithen and McPhee, 1981;
McPhee, Smithen, Venter, Hartmann and Crosby,
1983).
Association’s Experiment Station (Platford, 1982)
and the Natal Parks Board (Venter, 1988) have

undertaken research to improve the application of

Furthermore, the South African Sugar

the USLE as a decision tool in sugarcane farming

and in game management respectively.

11.2 ESTIMATION OF SEDIMENT YIELD BY
THE 'MUSLE’

The USLE was developed empirically from a large
data base and the component factors of the
equation, while being physical determinants of soil
loss, represent statistical and not strictly physical
interrelationships. The equation, which is valid for
estimating the long term average annual soil loss,
is not directly applicable to determining soil loss

estimates for individual storms. The USLE equation

is given as
A = RKLSCP
where
A = the computed long term average soil
loss per unit area (t.ha'l.annum'l)
R = anindex of rainfall erosivity
(J.mm. 1000 m2 1l
K = soil erodibility factor {dimensionless)
LS = slope length and gradient factor
' {(dimensionless)
C = cover and management factor
(dimensionless)
P = supportpractice factor (dimensioniess).

The rainfall erosivity factor, which is the long term
average annual product of rainfall energy and its

maximum 30 minute intensity (Ely,), may be deter-

mined in southern Africa from information
presented by Smithen and Schulze (1982). The
USLE was modified by Williams (1975), who
replaced the rainfall erosivity lactor with a runoff
factor, This modification, termed the MUSLE,
allows for the prediction of sediment yield directly,
thereby eliminating the need for sediment delivery
ratios, and is applicable for individual storm events
(Williams and Berndt, 1977). The MUSLE is
expressed as

Yo = 118 (Q.q,)"% KLSCP
where
Y = sediment yield from an individual event
(tonne)
Q = storm runoff volume for the event (m?)
and
4, = peak discharge for the event (m3.s'l).

The factors K, LS, C and P are taken directly from
the USLE. In ACRU, éstimates of Q and qp. are
obtained using the techniques described in Chapters
8 and 10. Although Q and q are highly correlated,
Q is more relaled to the detachment process while
4, is associated with sediment tfansport (Williams
and Berndt, 1577),

11.3 THE SOIL ERODIBILITY FACTOR

The soil erodibility factor, K (4CRU variable =

SOIFAC), may be estimated from a romograph

developed by Wischmeier, Johnson and Cross (1971)
with consideration given to per cent silt plus very
fine sand, per cent sand, per cent organic tmalter,
soil structure and permeability of the croding land
surface (Figure 11.3.1). With regard to southern
African soils, K- values can be assigned on the basis

of experience and field experimentation. Southern
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Figure 11.3.1
al., 1971)

The soil erodibility nomograph to estimate K-values in the MUSLE (alter Wischmeier e

Table 11.3.1 Erodibility factors for various erodibility classes

Erodibility Class

K-value

Very high
High
Moderate
Low
Very low

> 070
0.50 - 0,70
0.25 - 0.50
013 - 025
< (.25

African soils were rated according to their erodibility
by the then Department of Agricuitural Technical
Services, DATS (DATS, 1976) and approximate K
values can be allocated to each of the soil forms and
series given in the 4 CRU User Manual {Schulze and
George, 1989) in terms of the erodibility classes
given in Table 11.3.1.

measured soil erodibility factors is presented by

Further information on

McPhee et al. (1983). A welghted value of K can be
determined for a catchment area from a suitable
soils map depicting soil forms and series, The Land
Type maps published by the Soils and Irrigation
Research Institute, SIRI, of the Department of
Agriculture and Water Supply, provide a useful
source of information in this regard (SIRI, 1987).
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11.4 THE SLOPE LENGTH FACTOR

The length of a slope of land and its gradient affect
the rate of soil erosion by water substantially. Slope
length is defined as the distance from the point of
origin of overland flow to the point where either the
slope gradient decreases sufficiently for deposition
to take place or the runoff enters a well defined
natural or artificially constructed channel. Thus in
a contoured land the slope length, L, would be equal
to the distance between contours. The slope length,
expressed in m, is often difficult to estimate in the
field, but can be related to slope gradient $
(Williams and Berndt, 1977), and has been given by
Schuize (1979) as

L = 308, + 100 for § < 25%
and

L = 25 for § = 25%
where

Sq, = slope gradient in per cent.

The slope gradient factor is expressed as the mean
catchmenl slope (in per cent) and is obtained from
topographic maps. In the MUSLE equation the two
elfects, L and S, are combined into a slope length
factor, LS (ACRU variable = ELFACT), which may

be determined using the following equation

LS = [ L™ x (4308* + 308 + 0.43)
22. 6.613
where
L = slope length (m), determined by
equation or from field layout
S = slope of land expressed as a fraction

(ie. Sq,/100) and

- management.,

m = 03 for slope <0.03
= 0.4 for slope <0.05 and >0.03

= 0.5 for slope =0.05.

11.5  THE COVER AND MANAGEMENT
FACTOR

The Cover and Management factor, C (ACRU
variable COVER), is possibly the most important
factor in the MUSLE equation, due to its
considerable range the difficulties in its estimation
as well as its variation during the year. The C-factor
is made up of three subfactors to account for the
elfect of canopy, surface vegetation or mulch cover,
and residual effects, which are related to
The C-factor is thus related to
cropping history, management techniques as well as
current vegetation cover. Furthermore, C varies
during the year with cropping rotations and
operations and the natural growth patterns brought
about by the changes in season. The overall erosion
reducing effectiveness of a crop therefore depends
largely on the magnitude of the C-factor when
rainfall produces large flood volumes and high peak
discharges occur. In order to establish the
magnitude of the C-factor for a given period the
three subfactors of canopy cover, mulch cover and

residual/management effects must be quantified.

1151 Cultivated Crops

The effects of the frst two subfactors, viz.
canopy cover and mulch cover, are considered
together and in the case of cultivated crops,
values for a soil loss ratio, SR1, for any stage of
growth are obtained from Figures 11.5.1 and

11.5.2 which combine canopy cover and mulch
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Figure 11.5.1
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effects. It can be deduced from Figures 11.5.1
and 11.5.2 that mulch cover which is in contact
with the ground provides a greater protection
than a similar canopy cover, the effects of which
are related to the average fall height between

such canopy and the soil surface.

The third subfactor, accounting for residual/
management effects, is quantified using a second
soil loss ratio, SR2, and is more difficult to
assess. Il is suggested that 0.5 be used for the
second soil loss ratio for periods when the
seedbed is cither cloddy, ridged, compacted or
for the first year after a grass crop has been
pioughed in {Crosby, Smithen and McPhee,
1981).

combining effect on reducing soil loss and thus

Each of these practices will have a

a seedbed prepared following a year of lucerne
production (SR2=0.5) which is also ridged
(SR2=0.5) will
residual/management soil loss ratio of 0.5 x 0.5
or 0.25 (Crosby et al.,, 1981). The cover and

management factor, C, is the product of the two

have a combined

soil loss ratios {SR1 x SR2) and is computed for
various stages of growth . input ona monthly
or daily basis to the ACRU model,
detailed account of the C-factor is presented by
Wischmeier and Smith (1978).

A more

11.5.2  Uncultivated Land

The approach to determine C in the cases of
pastures, veld, bush and forests is far more direct.
As a general rule under these land uses the
protection afforded to the soil does not vary
significantly throughout the year and residual
effects are not marked. Wischmeier and Smith
(1978) presented a table (Table 11.5.1) which can
be used to derive average annual C-factors for
and  woodland.

permanent  pasture, veld

Adjustments can be introduced to represent
expected monthly variations on consideration of
the protection afforded at different times of the

year.

Table 11.5.2 should be used to estimate Cover
factors for undisturbed forest land {Wischmeier
and Smith, 1978).

Input of the crop management factor into the
ACRU model will depend on the nature of the
catchment land use. Monthly C-factors would
commonly be determined using the methods
described above. However, when the effects of
cultivation, crop production or other practices
{such as veld burning) are being evaluated during
which marked variations of the C-factor will
occur over a short period of time, daily C-factors
can be included in the data files (for example,
Everson, George and Schulze, 1989).

11.6  SUPPORT PRACTICE FACTOR

When sloping land is cultivated the protection
afforded by the vegetation cover is frequently
supported by conservation practices such as contour
Stabilised

walerways are a tecessary parl of each of these

tillage and contour bank systems.

practices. While minimum tillage practices, crop
rotations and controlled seedbed preparation
contribute to crosion reduction, these factors are
considered in the crop and management factor.
Cultivated land which is tilled directly up and
downslope will have a P-factor (4CRU variable =
PFACT) of unity.

contour reduces soil erosion, depending on the slope

Tillage and planting on the

of the land. Maximum protection is afforded by
Table 11.6.1

provides P-values for contour tilled lands. Contour

slopes between 3 and 8§ per cent.
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Table 11.5.1 Cover factor, C, for permanent pasture, veld and woodland! (after Wischmeier and Smith, 1978)

133

Vegetative canopy Cover that contacts the soil surface
Type and Per cent Per cent ground cover
height? cover’ |Type' 0 20 40 60  sg 95+
No appreciable 25 G 45 .20 30 042 013 003
canopy W 4524 15 091 043 oul
Grassland or 25 G 36017 .09 038 013 003
short brush W 36 20 .13 083 041 011
with average
drop fall height 50 G 261307 035 012 003
of 0.5 m W26 16 11 07 039 011
75 G 17 10 .06 032 011 003
W17 12 .09 068 038 011
Appreciable brush ! . 25 G 40 18 .09 040 013 .003
or bushes, with W 40 22 14 087 042 01
average drop [all
height of 2 m 50 G 3416 .08 038 012 003
W 34 19 13 082 041 011
75 G 28 .14 .08 036 012 .003
W28 17 12 078 040 011
Trees, but no 25 G 4219 10 041 013 003
appreciable low W42 23 14 089 042 011
brush. Average |
drop fall height 50 G 3918 .09 040 013 .003
of 4 m W39 21 .14 087 042 011
75 G 36017 .09 039 012 003
W 360 .20 .13 084 041 011

The listed C values assume that the vegetation and mulch are distributed randomly over the entire area,

Canopy height is measured as the average fall height of water drops falling from the canopy to the

ground. Canopy effect is inversely proportional to drop fall height and is negligible if fall height exceeds
10 m.

Portion of total-area surface that would be hidden from view by canopy in a vertical projection (a bird’s-

eye view),

Grcover at surface is grass, grasslike plants, decaying compacted duff, or litter at least 50 mm deep.
W:cover at surface is mostly broadleaf herbaceoug plants (e.g. weeds with little lateral-root network near

the surface) or undecayed residues or both,
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banks are more effective than tillage on the the contour bank. Table 11.6.1 also provides the

contour without contour banks, since in the P-values for lands which include contour banks.
former instance the slope is divided into For uncultivated lands the P-factor is generally
segments and substantial depasition oceurs within assumed equal to unity,

Table 11.5.2  C-factor for undisturbed forest land (after Wischmeier and Smith, 1978)

Per cent of area Per cent of area Cover
cavered by canopy of covered by litter Factor!
trees and undergrowth at least 50 mm deep
100 - 75 : 100 - 90 0001 - .00
70 - 45 85-75 002 - 004
40 - 20 70 - 40 003 - .009

1 The ranges in listed C values are caused by the ranges in the specified forest litter and canopy covers and

by variations in effective canopy heights.

Table 11.6.1. P-values for contour tilled lands and lands with contour banks {after Wischmeier and Smith,

L
1973)
Land slope Contour Contour Banks with
(%) Tilled Grassed Waterways
1-2 0.60 (.12
3-8 0.50 0.10
9-12 0.60 0.12
13-16 0.70 0.14
17 - 20 0.80 0.16
21-25 0.90 0.18
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CHAPTER 12

IRRIGATION WATER DEMAND

R.E. Schulze and P.W. Furniss

121 BACKGROUND

The irrigation requirements of plants can be

determined for a period of time

*  if the water consumption of the plant, ie. its
maximum evaporation, can be estimated for

the period,

if the amount of water from rainfall, which

replenishes soil water, is known,

if it is known how much water the soil can

hold in the active root zone, and

if it is known how much water can be
withdrawn from the soil before plant stress

sels in.

The ACRU irrigation requirements routings
incorporate the above factors and, furthermore, also
consider different modes of irrigation scheduling
which may be appropriate 1o prevailing climatic and
crop conditions, in a daily soil water budget option
which runs paralle] with the dryland catchment water
budgeting routines of the madel. In this version of
the ACRU irrigation submodels a single soil layer
of varying depth (according to crop type, growth

stage and soil properties) is used in computations.

The various irrigation water demand considerations
and options available in the 4 CRLY modelling system

are shown schematicalfly in Figure 12.1.1

122 MODES OF SCHEDULING

Modes of irrigation scheduling depend, inter alia,
on the irrigation system (i.e. equipment), the level
of management, water availability, climatic
conditions, the type of crop and its stage of growth.
Four modes of scheduling (variable name =
SCHED) are currently available in 4CR{/ and the
mode may be changed from one to another on a
month by month basis in the course of a year,
depending on crop and climatic demand or other

irrigation constrainis,

12.2.1 Lrrigation _ To Figld _Capacity
{SCHED=1)

Irrigation to field cap-acity, also referred to as
"crop demand mode” irrigation, is considered a
highly desirable scheduling strategy (Schulze,
1984) because it involves an irrigation application
only when water is actually required. This occurs
when the aclive root soil profile has reached a
critical water content level at which plant stress
is assumed (o set in, The sofl water store is then
recharged to field capacity and no more. The
intervalbetweensuccessivcirrigationapplications
is therefore variable (according to demand) and -

is thug maximised.

This strategy of irrigation application is water
elficient, with considerabie savings being effected
(when compared with, say, fixed amount/fixed

cycle time irrigation), particularly in higher
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Figure 12.1.1

rainfall areas (Furniss, Schulze and Dent, 1988).
However, high practical management inputs are
required, frst for the irrigator to acquire the
additional/variable scheduling information and
secondly, because of irregular movement of
irrigation hardware in the field

1222 Irrigation To A Planned  Deficit
(SCHED=2)

Lrrigating to a planned deficit is an application in
which the root zone soil profile is recharged
deliberately to below field capacity when in
" ACRU the threshold

Irrigation amount is therefore planned to satisfy

irrigation is reached.

a specified fraction of plant available water.

Assumptions in planced deficit scheduling

AT1Z2 . 2

Irrigation water demand considerations and options available in ACRU (Schulze, 1985)

strategies would be, inter giia, that irrigation is
supplementary to rainfall in areas where there is
a high prebability of rains falling between
application, or that there may be a finite amount
of water available which has to be optimised such

that maximum yleids are attained.

Rainfall effectivity may then be maximised and
runoff reduced. The fraction of piant available
water to which irrigation is applied varies (4CRU
variable fraction PLADEF) according to local
climatic. conditions.

Furniss (1988) has shown that this mode of
simulation can result in water savings particularly
when used as supplementary irrigation in the wet

season of high rainfall areas with deep soils,



v

R ———

However, savings in water may possibly be offset
by increased labour inputs, as irrigation in dry
spells has to be applied more frequently than
when irrigating to field capacity.

1223  IDrrigation By A Fixed _Amount
(SCHED=3)

Irrigation pumping capacity or other logistical
constraints in practice (for example, labour,

amount of piping available) somelimes enable

only a fixed amount of irrigation water to be

applied. InACRU, when this mode of scheduling
is invoked, the fixed amount (mm) is specified
(variable amount = AMTIR, mm) and irrigation
is triggered to take place "on demand", i.e. when
the stress threshold of plant available water is
reached.

1224 Irrigation By A Fixed Cycle And Fixed
Amount (SCHED =4)

In this mode of irrigation, commorly in use with
centrc pivot systems, either a preselected or
otherwise predetermined amount of irrigation
water is applied (AMTIR, mm) in a cycle length
(ICYCLE, days) which is either fixed or selected.
In ACRU this cycle is assumed to continue,
regardless of smaller amounts of rajnfall
oceurring, except that the entire cycle s
interrupted and restarted when rainfall on agiven
dayexceeds the predetermined irrigation amount,
AMTIR.

In terms of judicious use of water, this common
scheduling strategy tends to be wasteful of water
in areas of high rainfall, However, in low rainfall
areas, or in the dry season of high rainfall areas,
where effectively the total crop’s  water.

requirement has to be met by irrigation, this

method may be highly recommended because of

low management inputs required (Furniss, 1988).

Where this mode of irrigation is used in the wet -

season, particularty in higher rainfal] areas, it is
vital that appropriate cycle lengths and irrigation
amounfs be determined (optimised) for the
specific location, as these have been shown to
vary cousiderably with prevailing  climatic
condition (Furniss er al., 1988). If these inputs
are not optimised regionally, fixed eycle/amount
irrigation is not efficient in terms of waler usage

and associated leaching of fertilisers may oceur,

12.'1‘3 ’ IRRIGATION SOILS INFORMATION

- Concepts, techiniques and constants related to soil

information required by ths A CRU modelling system
have been outlined in detail in Chapter 5 and are
not repeated in detail here except where irrigation
soils information constitutes a special case or

warrants particular attention.

* In this version of ACRI/ the irrigation routines
assume the soil to comprise of single, texturally
uniform soil horizon in which root development

and hence the water budget components interact,

Soil water retention constants for irrigated soils,
viz. porosity, field capacity and permanent wilting
point, and associated profile plant available
water, effects of excess or deficient water stress
and "saturated" drainage rates, therefore all

pertain (o a single layer only,

Depth of soil in irrigation routines relates to the
naximum aclive rooting depth of the irrigated
crop, which may be considerably less than the
total depth of the top- and subsoil horizons

measured in the field or assumed in ACRLPs
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dryland soils routines (Chapter 5). 125 RAINFALL AND RUNOFF

Since a major purpose of irrigation is to
attain high crop yields by obviating plant
water stress the fraction ’P of plant available
water at which stress is assumed to set in
. generally errs on the conservative side, and
a common value for °F in irrigation routines
is 0.5 (Hensley and De Jager, 1980).

As in dryland routines, there are input

pathways for "adequatc" and “inadequate”

soil information in ACRU’s irrigation

routines. Where, in the "inadequate” soils

information option, total active rooting

depth of the crop under irrigation is not

known (ACRU variable name IRRDEP)

three categories of soil depth may be used

as defaults, viz.

~ deep irrigated soils, te. >1.0 m, and
assumed 1.1 m deep,

- shallow irrigated soils, ie. <0.5m,
and defaulted to 0.4 m, and

- intermediate depth soils, Le. 0.5 - 1.0

m, and assumed 0,75 m deep.

124 IRRIGATION CROP INFORMATION

Crop coefficients and interception losses per rainday
for irrigated crops are handled in the same way as
for dryland routines, as are all crop default options
and pathways. Details are given in Chapter 6 and in
the ACRU User Manual (Schulze and George,
1989).
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SPECIFICATIONS

1251  Daily Rainfall Correction For Irrigation

Areas

In ACRU the rainfall information used in the
irrigation water- budget is from the identical
rainfall input file as that used for the entire
catchment (or subcatchment) which would be
supplying the irrigation water either from a
reservoir - or  from  streamflow, or the
(sub)catchment within which the irrigation is
being applied. However, the catchment’s or
subcatchment’s rainfall input may not be
representative of the specific location at which
irrigation is being practised, for exarﬁple, if the
irrigation project is at one extremity of a
catchment. An irrigation rainfall correction
factor thus has be applied on a month by monih
basis to the daily rainfall read from the
hydrometeorological data file to account for
seasonal/systematic rainfall differences
encountered at the site of irrigation.  An
example of the application of this correction
factor is given in the ACRU Manual (Schulze and
George, 1989).

1252  Stormflow Generation ‘

The same principles of stormflow simulation
apply to irrigated areas as do to general
catchment areas (Chapter 8), except that from
irrigated lands the critical soil depth considered

in stormflow generation is set at 0.3 m.
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CHAPTER 13

IRRIGATION WATER_ SUPPLY

R.E. Schulze and W.J, George

13.1 INTRODUCTION

In the ACRU modeiling system water For irrigation
application may be supplied from a number of
sources, including reservoirs, streams, the
combination of streams and reservoirs or it may be
supplied from remote sources outside the catchment
in question. In the real world of irrigation, design
water supplies may be complicated further by intra-
catchment water transfers to lands being irrigated
either upstream or downstream of a source of water
supply or even by transfers of water to areas outside
the water supply area. The area being irrigated may
vary seasonally according to the crop(s) being grown
and, in certain months, no irrigation water whatever
may be demanded. Irrigation supply losses to a
system have to be accounted for, as do irrigation
return flows into the system resulting from over- or
untimely irrigation, Owing to complexitics in the
real world of irrigation water supply, such as those
summarised above, ACRL’s water supply routines
have been developed to allow for a large degree of

flexibility in simunlating real situations.

13.2 SOURCES OF WATER SUPPLY FOR
IRRIGATION

Reference should be made to Figure 13.2.1, which
depicts schematically some of the different sources
of water supply available in ACRU to an irrigation
scheme. InACRU the variable name for the source

of water supply for irrigation purposes is IRRAPL.
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1321 Irrigation Water Supoly For Planning
And Design Purposes

In the plarming and design phase of an irrigation
scheme the need may arise to determine how
much water is required for the scheme in order
to satisfy all crop water demands. For these
purposes the planning option IRRAPL =0 is
invoked and an unlimited source of water is
assumed. If the option is used to examine design
water supply to a given irrigatio-n scheme,
realistic input values also have to be given, in
preparing a simulation run, to ifrigation supply
losses such as conveyance, farm dam and field
application efficiency losses (c.f. Section 13.4).
This option would also be used in assessing

optimum crop yield under irrigation.

1322  Irrigation _Water Supply From A
Reservoir Only

If the catchment being simulated contains a
reservoir (Chapter 14), the option IRRAPL =
0is again invoked, but in tandem with a reservoir
vield analysis (and all the specifications that have
to be input for that). All irrigation demands by
the crop, plus ail supply losses (conveyance, etc),
are then abstracted from the reservoir, subject
to it’s containing water, i.e. when dead storage
levels are reached in the reservoir, no more
irrigation is supplied to the fields and the crops

may suffer yield losses due to plant stress.
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1323 Irrigation Water Supply Directly From

A River

It is a common practice for irrigators to pump
water directly out of a river onto their adjacent
fields, When this option (IRRAPL = 3) is
selected, it can satisfy only those irrigation water
demands (crop plus losses) for which the stream
has enough water at the point of abstraction.
Daily streamflow downstream from that point is
consequently reduced by the amount of daily

irrigation requirements.

1324  Irrigation Water Suwply From A

Combination OQf Sireamflow  And
Upsiream Reservoir

When irrigation water is supplied directly out of
a stream with a variable ﬂc;w regime, a reservoir
may be comstructed upstream as a reserve or
" insurance against the stream’s drying up or being
pumped dry (IRRAPL = 2), In such a case
ACRU assumes water to be supplied initially

from the overtlow of the reservoir to satisfy gross
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PUMPING FROM STREAM &
RELEASES FROM DAM

Simulating irrigation water supply - a schematic of options available in ACRU

irrigation requirement. Once overflow is no
longer sufficient for an irrigation scheme’s
demand, all excess requirements are released
from the reservoir, again subject to there being

water available in the reservoir.

13235 Irrigation Water Supply From OQutside

Sources

Major schemes frequently supply water from
remote sources, often hundreds of km from the
point of irrigation water demand. The irrigation
demand is estimated by the farmer or group of
farmers and a regulated amount of water is
released as a "slug” of water on a given day via
canal systems direct to the fields or into smaller
balancing dams (for redistribution by the farmer
himself), ACRU accounts for such schemes
(IRRAPL = 1, e.g. the Vaalharts Scheme) by
assuming there to be no reservoir in the
catchment under consideration. The regulated
irrigation releases are read via the daily

hydrometeorological data file.




133 RECONCILING IRRIGATION WATER
I SUPPLY WITH DEMAND

(! 133.1  Routines Involving More Complex

i Irrigation Supplies By Inter- and Intra-

Catchment-Water Transfers

In southern Africa a substantial number of

f H irrigation schemes have evolved along river
¢ frontages, where along a length of river water is
abstracted by pumping by a series of farmers,

! : A consequence is that the farmers on (he
' downstream end of the river often cannot irrigate
1‘ to full demand because the upstream farmers
' have used up all the streamflow for their own
- irrigation demands. It is ther often necessary
i i that inter-subcatchment transfers of water have
J to take place by transferring water from a dam
within the system to supply irrigation demands
either upstream or downstream of that
subcatchment containing the reservoir, In ACRY
this is known as the "loopback” option, which can
be invoked only when "first-call" irrigation water
is pumped directly from a river (IRRAPL = 3)
and the mode of scheduling is a fixed amount per
- irrigation cycle (SCHED = 4), The "loopback™

and other options are illustrated in Figure 13.3.1.

When, in the "loopback” procedure, the stream-

flow fails to satisfy total irrigation demand (i.e.
crop requirement plus losses) on a given day,
| extractions from the reservoir operate on a *first-
come - first-served” basis, where the water
requirements of the most upstream subcatchment
are satisficd first, followed in a cascade by those
subcatchments with irrigation demands Further
downstream. The only exception to this operaling
rule occurs where irrigation is practised within
that subcatchment which contains the reservoir -

that subcatchment then enjoys a "right” to water
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from the reservoir first,

1332  Water Supplies To Areas Qutside The
Catchment System

ACRU irrigation routines facilitate irrigation
water to be demanded outside the catchment in
which the water is generated or stored. Once
demanded and applied, this water is “lost" to the
catchment system and plays no further part in
the water budgets of the catchment (Figure
13.3.1).

1333 [Drrigation Return Flows

Areas under irrigation on occasion generate
"deep percolation' waters which drain out
beneath the active root zone, sither when over-
irrigation has taken place or when soil water in
the root zone is displaced downwards by rain
falting on a wet (e.g. recently irrigated) soil. In
ACRU an option exists for this water to return
to the river system as irrigation return flow,
which then supplements streamflows down-
stream. Owingto frequent over-irrigation, return
flows, with their associated leachates, may
contribute o a progressively  worsening
salinisation problem for downstream users in

irrigation schemes strung along 'a river,

1334  Timing Of And Areas Under Irrigation

Irrigation water supply may vary, depending,
inter alig, on the area under irrigated crops,
which in ACRU can be changed month by
month.  Similarly, there may be periods within
the year when no irrigation water is required (it
may even be detrimental if it were supplied), for
example in months when harvesting or land pre-

paration take place or when Crops are ripening
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Figure 13.3.1  Illustration of inter-subcatchment transfers of irrigation waters available in ACRU

Timing of irrigation demands/supplies in ACRU
are then specified month by month to account for
different planting dates, crop rotations or
demands.

134 IRRIGATION SUPPLY LOSSES
Water losses may occur between the source of
irrigation water supply and the actual crop at the

point of application.

1341 Canal Convevance Losses

Canal conveyance losses may be defined as the
fraction of irrigation water lost between water

released at a canal headworks and the water
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delivered to the farmer. These losses may he
divided into so-called
* "unavoidable" losses, made up of
- evaporation losses, usually only of the
order of 0.3% (Butler, 1980), and
dependent on the surface area of water

in canals, and

- seepage losses, estimated by Butler
(1980) to be around 15% for design
purposes, and dependent on the wetted
perimeter arca of the canal, the
condition of the canal network as well

as water table depth (Streutker, 1981);
and

* "avoidable" losses, ie. operational wastage
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resuiting from inadequate management, with
one of the most critical faults being
incorrect run times under varying climatic
and demand conditiong (9-17% losses
accorcﬁng to Reid, Davidson and Kotze,
1986), but also dependent on variations of
water delivery rates, scheme size and algal
growth.

The following Table 13.4.1, containing values
from Butler (1980), Streutker (1981) and Reid ef
al. (1986), provides a guideline of canal

conveyance losses for use in southern Africa,

1342  Balancing Dam Losses

Water supplies by canal Systems are frequently
stored temporarily by farmers in so-called
"balancing” (on-farm) dams. Tn addition to the
canal conveyance losses a fraction of this stored
water may again be lost on the farm by
evaporation and seepage. A typical balancing
dam loss fraction is around 0.1, Le. 10%.

1343 Field Application Efficiency

Field application efficiency (4 CRU/ variable
EFFIRR) is the ratio of the quantity of water
effectively irrigating the Crop root zone to the
quantity delivered to the field. Elficiencies of
various irrigation systems vary considcfably and
the water losses (i.c. I-EFFIRR) may be

accounted for by a combination of incfficiencies
in

* field equipment (e.g. non-uniform

emission from nozzies), or

management (s.g. surface runoff, tajlend
losses), or by

local climatic factors (e.g. spray drift,
evaporation),

Field application efficiency also depends to a

large degree on the irrigation system as Table
13.4.2 indicates.

Table 13.4.1 Canal conveyance losses in southern Alrica (after Reid ef al,, 1986)
Canal System Canal Conveyance
Losses
Highly efficient (high water table) Jda
Highly efficient (low water table) 22
Inefficient 32
Typical southern African scheme 24-26

Table 13.4.2 Typical field application efficiencies for different irrigation systems (

various sources)

Irrigation System

Field Application Efficiency

Travelling big guns
Centre pivot

Drip trickle and micro
Sprinkler

Flood

0,70
0.80
0.85 - 0.90
0.75
0.50 - 0.70
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13.44  Irrigation Water Reguirement As A

Fraction Of Supply, For Projects With

Extensive Canal Networks

If canal conveyance losses of 25%, balancing
dam losses of 10% and a ficld application
efficiency of 80% are assumed to be typical, it
may be calculated that the crop’s actual irrigation
water requirement would only be 54% of supply
in large schemes with canal networks. It is thus
vital for irrigation projects/systems to strive for
optimum efficiency, particularly in regions of
scarce water resources for which competition
from various sectors will become a major issue

in future,
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CHAPTER 14

RESERVOIR YIELD ANALYSIS

R.E, Schulze, E£.J, Schmidt and S.J. Dunsmore

1.1 THE RESERVOIR WATER BUDGET

The reservoir vield analysis in ACR{/ operates on
the principle of a daily mass balance in terms of the
reservoir's  water budget.  This is illustrated
diagrammatically in Figure 14.1.1, in which gains to
the system arestreamflows, inter-catchment transfers
and precipitation on to the surface, while losses are
made up of evaporation from the surface, normal
flow releases, seepage losses, overflow and irrigation
and other abstraction - all relative to the vofume of
water in the reservoir and the surface area related

to that volume.

The components of the reservoir water budget are
discussed next. Two components are highlighted and
receive particular attention, viz, the surface area :
capacity relationship when no prior surveys were
undertaken and it has to be estimated, and the
decrease of the reservoir's maximum capacity

because of sedimentation,
14.2 COMPONENTS OF THE RESERVOIR
WATER BUDGET

Throughout the reservoir water budget units are

converted to volumes per day i.e. m?,

I4.2.1  Streamflow

The major gain into the system is by streamflow,

e, both stormflow and baseflow.  When
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operating in distributed mode the total of alt

streamflow from above the reservoir becomes
inflow.

142.2  Precipitation

Precipitation falling onto the reservoir constitutes
a second gain to the system. [n ACRY all
precipitation falling onto the entire surface area
at full capacity is added, i.e. the premise is made
that when the reservoir is not at capacity, that
rain falling on the "dry" part of the reservoir is
direct runoff with no abstractions into the soil
taking place, on the assumption that the "dry"
parts are compacted and surface sealing has

taken place,

1423 Inter-Catchment Fransfers Into The

Reservoir

When inter-catchment transfers {(ACRU variable
= PUMPIN) into 2 reservoir cecur, the volumes
of water are read in on a month by month basis
and converted (o daily values, Where, in an’
historical [Imé series, transfers change from
month to month/year (o yeﬁr; such values are

input via the dynamic input file option in 4CRU.

1424 Normal Flow

Since most stréams contain, in legal terms,
"public” water, downstream users have a right to

a certain amount of water that would likely have
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Figure 14.1.1

been available as streamflow, had the réservolr
not been constructed, A “compulsory” release of
water from the reservoir, 1.e. normal flow {(ACRU
vanable = QNORM), thus has to be discharged
downstream.

There is, in South African water law, no fixed
definition as to what constitutes normal flow,
However, a commonly used rule is that it is that
amount of streamflow that would likely have
been exceeded on 70% of occasions in the month
of typically lowest flows. In order to obtain such
a value, a simulation without the reservoir, but
with a frequency analysis of the total catchment’s

runoff is first undertaken to determine a value of
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Diagrammalic depiction of the reservoir

waler budget in ACRL/

the 70th percentile of flow exceedence in the
critical montk and this valye then constitutes
normal flow in a second simulation with the

reservoir,

1423  See page

Where secpage losses can be estimaled, these
may be input to obtain a more realistic
simulation. In 4CRU seepage (ACRU variable
= SEEP) is a constant value loss, i.e. no account
can yet be taken of different amounts of scepage

oceurring at different storage volumes of the

reservolr,



1426  Evaporation Losses

With the high evaporation rates prevailing over
most of southern Africa, this constitutes a major
loss to the reservoir water budget (Midgley,
Pitman and Middleton, 1983), in some cases up
to 30% and even up to 60% (Van Ryneveld’s
Pass Dam) of mean annual runcff being lost by
surface evaporation. Reservoir evaporation takes
place from a "large” water body, thus the daily A-
pan equivalent has to be corrected to a lake
equivalent evaporation. In ACRU month by
month correction factors are input, because the
relationship between large water body and
evaporation pan varies intra-annually and also

regionally.

In southern Africa values of the lake to pan
relationship commonly vse the Symon’s tank and
not the A-pan as reference. Users therefore
have to do a double conversion, from lake to S-
tank for a region/month and then consider the

S:A pan conversion for that region/month. _

A major research thrust is currently (1989)
underway (o revise reservoir evaporation losses
and the regional conversions of lake to S-tank
evaporation ratios for southern: Alrica given
below (Figure 14.2.1) should thus be viewed as
a first approximation only, S-tank : A-pan ratios
are given for southern Africa in the ACRU User
Manual (Schulze and George, 1989),

1427 Abstractions From The Reservoir

* lmigation Demands from a Reservoir,

When ACRU is operating in reservoir and
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irrigation modes simultaneously and the
option is invoked that irrigation water is
applied within the catchment in which the
reservoir is located, and the irrigation water
is obtained either from streamflow plus the
reservoir combined or the reservoir only
(Chapter 13}, then daily irrigation demands
are absiracted out of the reservoir

automatically.

Complex Imigation  Demands from a
Reservoir, When irrigation demands can be
made from a reservoir because of require-
ments outside the catchment system, or from
subcatchments removed from the reservoir’s
own catchment, either downstream or
‘upstream, then these abstractions are treated
as a special case in the reservoir's daily
water budget and the so-called "loopback”
mode in ACRU is invoked and becomes
operative. Special instructions regarding the
details of what water demands are met from
where, are then requested from the ACRL/

nienu.

Other  Abstractions. More constant
rescrvoir abstractions, be they domestic,
irrigation or other, which leave the
catchment system, are treated in 4 CRLS by
calling a wmonth by month input of draft,
Where such abstractions follow an irregular

pattern in time, the changing values are

k input via the dynamic input file option in

ACRU. The conversion from a monthly
abstraction request to a daily value for water

budget computations is programmed into
ACRU,
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AREA ; CAPACITY RELATIONSHIPS IN

ACRU
1431 Area : Capacity Relationship When

Reservoir Has Been Surveved

When a reservoir basin has been surveyed before
its construction, a conventional area : capacity
relasionship is applied in ACRU, of the power

function type, viz.

A=

100.2. S.*

Ag= surface area of water (ha) on a giver
day

S, = storage (volume) of water (10°m?)
calculated from the previous day’s final

reservoir water budget

a’ = constant of the equation determined
from the survey

b = exponent of the equation, determined
from the survey

100= conversion, ha from km>.
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Lake : Symons-tank evaporation ratios for use in southern Africa

1432  Default Area: Capacity Relationship In
ACRU Without Reservoir Basin Survey

For small {(and even not such small) dams often
only the maximum capacily of the reservoir is
known, but not a surface area capacity
relationship. In reservoir budget computations
involving surface water evaporation the changing
surface area thus has to be estimated. The

following procedures were adopted in ACRU

* The assumption was made that the
maximum capacity was known and that both
the surface area al maximum capacity as
well as the width of the reservoir wall could
be obtained from largs scale maps or aerial/
orthophotos.

It was further assumed that the reservoir
basin had a "pyramid" shape with uniform
side slopes and longitudinal profile, as
illustrated in Figure 14.3.1.

From Figure 143.1 (a) surface area, A, at

maximum capacity



Figure 14.3.1

A, =1/2WL

)
The velume, S, of a pyramid can be estimated
by one third the product of the base area and the
perpendicular height. For the reservoir shown in
Figure 14.3.1(a) the surface area is taken as the
base area and the depth as the perpendicular

height, viz

2
I
1l

1/3 (1/2 WL).D
1/6 WD.L,

!

To caleulate the surface area for various
percentages of maximum capacity (from a

knowledge of maximum capacity, surface area at
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Dizgrammatic views of assumptions made in ACRL’s default are - capacity relationship

maximum  capacity and wall width) " the
relationships between D, W znd L must be
determined.

Referring to Figure 14.3.1 (d}

tana = 2D/W = 2d/w
and tan &

i

constant for any particular dam,
Similarly, in Figure 14.3.1 (b)

tan 8
and
tab 8

i

2L/W = 21w

it

constant for any particular dam.




Hence the relationships
D W/2 tan a
and L W/2 tan 8B

[}

Therefore, if the reservoir is x% of capacity (ie.

at "vol")
val = x/100 (1/6 W.D.L)
Le.
w.dl = x/100 W.D.L.
= x/100 W (W/2 tan at)(W/2 tan G)
= x/100 W3 (1/4 tan c.tan B)
W= x/100 W2
ie. w = (x/100)°w
Similarly
d = W/2 (x/100)"3 tan o
and 1 = W/2 (x/100) tan 8

Therefore, if the reservoir is at x% of capacify
vol = 1/6 wdl
and
ag= 1/2wl

where w and | are as derived in the equation
above and a, is the surface area at x% of

capacity.

Hence, under the simplifying assumption already
named, the surface area at any percentage of
capacity can be derived from maximum capacity,
wall width at water level at maximum capacity
and surface area at maximum capacity, all of
which are either known or may be obtained easily

from aerial photographs or orthophotos.

14.4 RESERVOIR SEDIMENTATION

Soil erosion has the combined deteriorating effect of
reducing the production potential of agricultural
lands in a catchment and increasing the sediment
load in rivers, which results ultimately, through the
deposition in reservoirs, in a reduced storage

capacity and hence shortened design life: of

rESETvoIrs.

Sediment yield from a catchment is computed in the
ACRU modelling system using the Modified
Universal Soil Loss Equation, MUSLE (Williams
and Berndt, 1977). In this version of ACRU

catchment  sediment yield and

IESEIVoir
sedimentation can only be computed for a lomped
catchment for "external” cells of a distributed system.
The MUSLE equation, which is repeated below, is

discussed in greater detail in Chapter 11.

Yo = 118 (Qqy)™* KLSCP

where

Y4 = sediment yield from an individual event
(tonne)

Q = storm runoff volume for the event (m®)

9p = peak discharge (rn3.5"1)

K =" soil erodibility factor (dimensionless)

LS = slbpe length and gradient factor
(dimensionless)

C = cover and management factor
(dimensionless) and

P =

support practice factor (dimensionless).

The simulation of runoff volume (Chapter 8) and
peak discharge (Chapter 10) on a daily time step
allows for the generation of a time series of daily
sediment yields, given the assumptions embodied in
the above equation.  Typically, information on

sediment yield is required for an assessment of the
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extent to which a reservoir of given capacity will
meet future demand. Thus an evaluation is required
of the proportion of the sediment leaving the

catchment and which is retained by the reservoir,

Generally empirical methods such as the Brune and
Churchill curves are used to provide an estimate of
the proportion of the annual sediment load trapped
in a reservoir. These methods are, however, based
on sediment surveys from large dams and are not
appropriate for use in smaller reservoirs, In
addition, a method which accounts for the scasonal
and dally variation in sediment yield and the
prevailing storage status provides for a more realistic
means of accounting for the processes resulting in

sediment deposition.

The algorithms used in the ACRU Modelling System
have been adapted from those included in the
‘Simulator for Water Resources in Rural Basins
Model" (Williams, Nicks and Arnold, 1985), The
daily outflow of sediment from the reservoir is

computed as

YOS = CO QO
where
Yos = outflow sediment yield (tons)
C, = reservoir - suspended  sediment

concentration (t.m™)

Q, = outflow volume (m?).

The suspeaded sediment concentration is equal to
the average concentration at the start of the day
{Co1) and the end of the day (Cyz). The
cencentration of inflowing sediment (Cp) can be
computed sicce Yy and Q are simulated. The final
sediment concentration in the reservoir at the end
of a day (Cy) can be computed using continuity

principles, Thus

VM Cp = VM| Cy + QG - Q.G

..... Eq. 14.3.1
where
VM, and
VM, = reservoir storage volumes at the
beginning and end of the day (m%)
Q = inflow volume (m3} and
C = concentration of inflowing sediment
{tam™,
Since
Co = Cy + Cyp
2

the equation 14.3.1 can be written as

Co = VM Cy + Q- (Q,/2) Cat
VM, + (q /2

Between storms the reservoir suspended sediment
concentration  decreases o an equilibrium

concentration according to the sediment deposition

equation
Co = (G- Cgo) exp (-ks.LDgy) + Coe
where
Cy; = sediment concentration ¢ days alter
the value of C_, is obtained (t.m™)
ke, = decay constant = 0,184
D, = median particle size of inflowing
sediment (fm) and
C,. = cquilibrium suspended sediment

concentration,

The decay content of 0.184 is such that 99% of the
lpm particles are settled within 25 days. Median
particle sizes are refated to the texture of the eroded
material in the catchment which is specified by the

soil texture input to the menu (ITEXT), The
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equilibrium .suspended sediment concentration, Ceer
is typically very low but can be measured by
sampling existing reservoirs in the area after a long
period of no runoff. 1t is assumed (o be equal to
zero in the ACRU model.

The above equations thus combine to allow a
costinuous simulation of the accumulated sediment
mass in a reservoir. Assuming a realistic density of
deposited sediment, defaulted to a typical value of
1350 kg.m™, the ACRU model allows changes in the

storage capacity of the reservoir to be determined on

an event by event basis.
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CHAPTER 15

CROP YIELD ESTIMATION

R.E. Schulze, F.B. Domleo and P,W. Furniss

151 INTRODUCTION

15.1.1 Background To Crap Yield Modelling

The most important factors affecting crop

production are:

* climatic potential ie. the optimum
interaction of rainfall and available solar
energy, whick interact (o provide the
"driving forces” for growth at a given
location,

soil properties, including depth, texture,

surface and subsurface characteristics,

climate of the respective season, through
which is expressed the degree and amount
of plant stress and which is induced by a
lack or surplus of water in the soil during

.the growing season of a crop,

*  hybrid selection, and

*  farmer technology.

For a given level of technology scasonal crop
yield fluctuations are attributable almost wholly
to climate variability. In southern Alrica it is
well known that the supply of soil water to the
plant is the most important factor in fluctuations
of crop production. The high incidence of

droughts or dry spells account for 50% of all
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maize production losses in South Africa (Gillooly
and Dyer, 1977). The severe drought of the
carly 1980s, associated with recurring  crop
failures and the necessity to import staple food,
testifies amply to this,

1512 Why Crop Production Planning?

In crop production planning a major objective is
the increase of production efficiency. In order
to achieve this, according to Schulze (1985),
decision-makers from State legislators  to
individual agriculturalists have to consider the

following:
What crop is grown optimally at a location?

What yield of a given crop might be
expected, on average, at a location?

Are the average yields of this crop above the

breakeven level of profitability?

What is the prabability of crop failure in the
short and long terms?

What factors are causing yield reduction?

To what extent would irrigation assure yields

close to the environmental optimum?

Would alternative crops be less prone to

drought-induced fajlure under dryland




conditions?

The last consideration is most important in low
potential or marginal areas. Maize, for example,
has been introduced successfully in many parts
of southern Africa. However, the occasional
good season has led farmers to plant maize in
marginal production areas without thoroughly
investigating the suitability of these environments
to maize production. The climatic requirements
of crops need to be characterised in order to
establish whether such marginal areas are

suitable for the production of certain crops.

Onee the answers to the above questions are
known, the individual farmer may proceed
confidently with planning for effective cultivation
of a crop - be it in terms ecither of maximum
yield or maximum profit per unit of ground area.
Onlythe climate remains "uncontrollable” and the
answers to many of the questions posed abave
elfectively lead to the determination of the
question of climatic suitability for specific crops.
There is a need to assess environmental
conditions and to quantify the processes of crop
growth - hence the development of crop yield
models. The goal of applying crop yicld models
varies with users and generally the models are
important tools in the determination of optimum
planting dates, risk analyses of yield, irrigation
water requirements, regional agroclimatology and

overall crop production planning,

1513 Crop Yield Models Of Differing
Complexity

Crop yteld models of differing complexity range
from simple formulae to complex physiologically-

based models. Each type of model has its
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limitations in terms of input data availability and

model accuracy,

* Simple crop yield models have the
advantage of simple, readily obtainable input
requirements, but they may face problems
with model accuracy in that there is a risk
that they are not sufficiently representative

of the physical system.

Complex crop growth models, on the other
hand, may be accurate predictors but
difficulties are involved in securing adequale
data/information for the various parameters,
The development of such models also tends
to be a relatively expensive and time-
consuming process. The process of analysis,
assembly of data, model construction and
verification takes up costly resources in the
form of skilled man hours and computer

time.

Crop production may be simulated by soil
water budgeting and total evaporation-based
models, which are sensitive to plant water
stress and are of intermediate model
complexity. The endeavour with this level
of model is to capture the approximate
response of a crop to environmental
conditions while sacrilicing certain details of
physiological processes such as photo-
synthesis and respiration.  Crop yield
subroutines in ACRU are intermediate level
submodels. The modular structure of this
modelling  system facilitates the rapid
addition of more refined subroutines of
various complexities as they become

available,



15.1.4

#*

Features Of Crop Vield Submodels Tn
ACRU

One of the problems of many crop yield
models is their empiricism and owing to this
they are often only applicable in those
regions for which they were developed. For
this reason, the emphasis in ACRU
encompasses the development of more
generic yield submodels which are not sjte

specific nor climate specific,

A second problem encountered frequently
with crop yield models is that a different,
independent model often has (o be operated
for each individual crop. InACRU all crop
yield models available are "imbedded® within
a single modelling system, using the
identical basic soil water budgeting routines,
Yield for different crops can be estimated
by “switching" from one Crop to another,
with  the ACRU Menubuilder then
requesting general crop and /or specific crop

input,

By implication, comparisons  of water
utilization by crops, as well as of risk and
the economic aspects of yields can be made
rapidly with ACRU; all this without the need
for local parameter fine tuning of differcnt

models,

The model developers of ACRU appreciate
fully tﬁe advantages as well as the
disadvantages of the "imbedded” modelling
philosophy regarding crop yield estimation,
Results from ACRU must therefore be
viewed in perspective, viz. that complex
physiology/geneties-based models would be

expected to give better simulations than
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ACRU, but that this is traded off against
rapid, possibly somewhat more robust,
results and direct comparisons possible by
the ACRU modelling system,

Crop related simulations contained in the
present version of 4CRIJ are
- primary productivity (either for a
‘generalised crop” or for natural
vegetation)
and the crops of
- maize
- winter wheaf

- SuUgarcane,

152 ESTIMATION OF PRIMARY

PRODUCTIVITY

15.2.1 General Introduction

When carrying out all agronpmic study of a
region, its agricultural productivity and/or
potential in comparison with other regions often
needs to be assessed by a general yicld model,
These productivity models are either based
directly on climatic indices, such as temperature
and rainfall, or they make wse of a soil water
budget. Of these two types of yield/productivity
models, those based on climatic indices are
relatively simple to apply. However, results are
frequently usable only for delimiting optimum
growth arcas or for regions in which they were
developed. Conversely, models based on the
soll water budget are more versatile and more
generally applicable. The basic components of
such models are :

* additions of water by precipitation {or
irrigation),




* losses of water by total evaporation, runoff

or groundwater recharge, and

the change in the storage of the plant
available water, dependent on evaporative
demand, which in turn depends on crop
canopy, crop root and crop physiological

factors.

The above concepts are "imbedded” in the
ACRU system in a generic and widely applicable
soil water budget based submodel using the
Rosenzweig (1968) equation to estimate net
primary productivity and in a submodel suggested
by Albrecht (1971) for the estimation of
percentage  of potential productivity.
Furthermore, a simpler productivity model, the
Miami model, based directly on climatic indices

is also included,

15.22  Net Primary Productivity By The
Rogenzweig Model

Total evaporation is a measure of the
simultancous availability of the soil water and
evaporative demand by the atmosphere. Being
the amount of water actually entering the
atmosphere through the soil /vegetation complex,
it is a quantifiable measure of energy flow in a
plant community. Because of the above
characteristics, total evaporation has for several
decades therefore been considered useful as a

predictor of plant production.

Rosenzweig (1968), in a major scientific
contribution, used total evaporation (Le. "actual
svapolranspiration") values from 26 environments
ranging from desert to tundra to tropical forests
topredict net primary productivity of terrestrial

plant communitics. The equation developed by
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Rosenzweig (1968) was

log,,NAAP = Lé6log,, E -1.66

in which
NAAP = net annunal above ground
productivity in g.m™ and
E = annual total evaporation in mm.

1523 Percentape Of Potential Productivity
Mode}

The net primary productivity equation by
Rosenzweig (1968) only implies, but does not
reflect any, deficiencies of soil water supply to
the plant which may conirol its vield of
productivity. Albrecht (1971), in a detailed study
of agricultural productivity and potential in the
USA, tested numerous indices relating soif water
supply to soil water demand of crops in order to
predict yields. He obtained the best estimates
of yield relative to potential productivity using
the equation

PPP = _Total Evaporation . 100
Maximum Evaporation
Whérc
PPP = percentageof potential productivity.

Being in clleet a ratio of supply to demand, low
values will usually imply long periods of plant
stress because of soil water deficiencies.
Therefore, the above equation will be able to
identify those areas which in their mean climates
are prone to dry spells detrimental to crop
production.  Furthermore, the agricultural
potential of an area can be evaluated in terms of
soil water supply to the crop in relation to soil

water demand of the crop.



1524  The Miami Model

The Miami model uses non-linear regression
equations to describe the correlation between
net primary productivity and probably the two
most common climatic indices/descriptors, viz,
annual average temperature and annual total
precipitation. It therefore differs from the
previously defined equations which are dependent
on a soil water budget. The basis of the Miamj
model, which is imbedded inACRU, is described
by Leith (1975). The equations were derived
using data from 52 locationg throughout the

world and are as follows :
NPP = 301 + 61.315-0.119Ta“) -1

for the dependence of net primary productivity,
NPP, (tonnes.ha.'l.annum'l) on annual mean air

temperature, T, (° C), and
NPP o 30(1 . 6-0.000664Pan)

for the dependence of net primary productivity
on annual precipitation, P, (mm). An upper
limit of 30 tonnes.ha.anoum™ was sel for both

equations,

-These' two equations are applied independently

at each location and that equation vielding the
lowest productivity is taken as the limiting one,
Productivity is taken as that portion of the gross
productivity which is available for harvest by any
form or meang, commonly measured as dry
organic matter synthesised per area per unit
time (Pittock and Nix, 1986). It must be
appreciated that the relatienships were derived,
in general, from undisturbed climax vegetation
data,
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The Miami model consists of equations which
are empirical generalisations on a global scale.
They therefore do not account explicitly for
variations at the mesoscale level of radiation, soil
waler status and nutrient regimes, However, as
stated by Pittock and Nix (1986) the model does
have the advantage over site-specific regression
relationships  derived from year-to-year
fluctuations in that it is valid oyer a range of
climates far exceeding that normally experienced
at a single location, 1t is thus more likely to be
applicable in evaluating impacts of climatic
change and variability outside the range of the
historical record (Pittock and Nix, 1986).

152.5 Seasonality

In order to account for areas having totally
different climatic regimes, for example, winter
versus summer rainfall areas, the starting date
for the annual cycle accumulations of total and
maximum  evaporation, or temperature and
rainfall can be controlled in ACRYY by specifying
the starting day {ISTDAY) and month (ISTMO).
Estimation of primary productivity can then be

made for this specified annual period,

ESTIMATION OF MAIZE YIFLD

1531 The ACRU Maize Yield Submodel

Using Growing Degrea Days

* The Equation. With daily temperature
information, either input per se or generated
internally in  ACRU  from monthly
temperature input, a generic phenologically
based submodel based on concepts proposed
by Jensen (1968) and Hanks (1974) and
modified such that the phenological *clock”




is driven by growing degree days (Domleo,
1989), has been developed and tested
extensively under southern African
conditions. In this model, which has to
operate with option EVTR = 2 (i.e. ACRU
has to split crop transpiration from soil

evaporation),

Yo=Y (Etl/Etmi)al

m pm

(E/Em)® . (Bia/Eqps)®™

where
Y, = seasonal maize grain yield
(thal)
Ypm = potential maize grain yield
(t.ha'l) for the season
= obtained from local information
or, if that is unknown, defaulted
to
= 0.01078 B, s (after Du Pisani,
1978)
with
EmgS = accumulated maximum evapor-
ation (i.e. “potential
evapotranspiration’,mm) from
the top- and subsoil horizons
for the duration of the active
growing season
E, = accumulated crop ("actual")
transpiration from both soil
horizons for a given growth
stage
E, = accumulated maximum tran-
spiration from both horizons
for a given growth stage
o = exponent to allow for weighting
of different growth stages
1 = growth stage 1: emergence to
flower initiation

2 = growthstage 2: flowering stage
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3 = growth stage 3: end of flowering to

maturicy.

Delimitation  of Growth Stages by
Accumulated Growing Degree Days. In
order to model maize yield successfully
using the above equation, the growth stages
in the development of the maize plant need
to be delimited such that account is taken
of regional climatic differences and season
by season as well as intra-seasonal climate/

soil water differences.

For this reason the over-generalised but

commonly used commencement of a growth

~stage by calendar day after planting was

replaced by the conceptually sounder, more
accurate and environmentally determined
growing degree day (GDD) concept. With
this concept effective heat units for maize,
between upper and lower threshold daily
mean temperatures . (10°C and 30°C
respectively) are accumulated from date of
planting and are used to delimit onset and
end of growth stages. Default values of
GDD at various states of phenological
development are given in Table 153.1.
These were derived by Domleo (1989) from
a combination of data supplied by the
Pioneer Seed Company and a relationship
advanced by Sammis, Mapel, Lugg, Lansford
and McGurkin (1985),

Determination of Crop Coefficients by
Accumulated Growing Degree Days. In
order to be physically meaningful, crop
coefficients (K, . Chapter 6) need to be
transferable to account for different climatic
conditions between vyears at a given

location,and betweenlocations with different



Table 15.3.1

Typical values of phenological states of maize related accumulated Growing Degree Days

(GDD) after planting (Domleo, 1989)

Phenological State GDD
Emergence 150
Onset of flowering 700
End of flowering 1150
Maturity 1700

climatic conditions. The concept of relating
Key to GDDs is conceptually far superior
to that of relating it to calendar data or
using a fixed crop growth curve. Such a
relationship was developed by Sammis ef a/,
(1985) and has been incorporated into the
ACRU maize yield submodel. The third
order polynomial equation of Sammis ef g/,
(1985) is shown in Figure 15.3.1, ‘The solid
line represents the “ideal’ generated growth
curve of K.\ when no water stress occurs,
while the broken line deviates from the ideal
curve under soil water stress conditions,
Note that K, need not be input in the
ACRU menu in this case.

Crop  Coefficients under Conditions of

Flant Water Stress. Determination of the -

fraction of plant available water at which
stress sets in, its relationship with crop and
atmospheric demand and the linear redue-
tion of E vs E_ for soil water content below
the fraction 'P have been discussed in detail

in Chapter 7.

In the ACRU maize yield model the Ko
GDD relationship proceeds as illustrated in
Figure 153.1 when E, = En  When,

however, the EyE, , ratio is less than unity,
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and growth is in the vegetative phase, then
the increase in "ideal” Ky is reduced to the
ratio E:E, . In other 'words, the crop
coefficient advances at a reduced rate when
the plant is under stress, When rainfall/
irrigation oceurs and soil water stress is
relieved, K, will again resume at the "ideal"
rale. When the threshold GDD for the
onsel of flowering is thus reached, ACRIPs
maize crop will flower, as it would have
under natural conditions, despite the Kem's
possibly being at a reduced value, It should
be noted that in the ACRU maize yield
model there is no reduction of K., for

stress during Howering,

Separation of Transpiration from Total
Evaporation.  The separation of total
evaporation into the soil evaporation and
Crop transpiration processes is undertaken
by the Ritchie (1972) method deseribed in
Chapter 6, This method makes use of the
leaf arca index, which is derived fram the
Keme again by equations described in
Chapter 6. By the procedures already
described, daily E, and E,, are obtained
which are used in the equation for maize
yield.




Figure 15.3.1
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1532 The ACRU Maize Yield Submodel
Using Calendar Days

An option exists in ACRU whereby phenological
stages are defined by calendar days after planting,
When applying this option, which does not
simulate maize yield as accurately as with the
growing degree concept, soil evaporation and
plant transpiration have to be considered as an
entity (EVTR = 1) and the yield equation in
ACRU becomes

Yo = YoulBy/En)™ . (E/E )%

(E3/ Em3)a3
in which
E = accumulated total evaporation (i.e.
"actual evapotranspiration”, mm)
from both soil horizons for a given
growth stage, and
E, = accumulated maximum evaporation

{i.e. "potential evapatranspiration”,
mm) [rom both soil horizons for a

given growth stage.
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Crop coefficients for maize as related to accumulated Growing Degree Days

The number of calendar days per I;henological
state vary from region to region, aecording to
climatic considerations. Default values used ig
ACRU are given in Table 15.3.2. In this option
crop coefficients have to be input into the ACRL/
menu for each month of the year. The rate of
advancement of K, from planting date until
ouset of flowering is adjusted by the model
depending on whether or not stress conditions

occurred.

1533  Other Maize Yield'Submodels In The
ACRU System

Up undl 1988 four empirical maize yield
submodels were incorporated in the ACRU
modelling system, three being based on total
evaporation and a fourth focussing on reductions
of vield due to stress in the critical flowering

period in maize.

* The Delager (1982} Submodel. This model
suggested by De Jager (1982) is a robust



Table 15.3.2 Default values of phenological states of maize by calendar days alter planting (Domleo, 1989)

#*

Phenological State Days After Planting
Emergence 10
Onset of flowering 70
End of flowering 100
Maturity 150
total evaperation-based model in which ¥ The Stewart (1977) Submode!. This model,
maize yield is expressed as developed in the USA by Stewart et a1,
(1977) estimates maize vield as
30(E,, - 100)0.45
m - 1000 Y., = 0.01845 E, - 3.0325
in which This submode! has a threshold of maize
Y =seasonal maize grain yield (tha yield at 167 mm Egs. However, the Stewart
and cquation has a steep slope, consequently it
E*‘.gS =accumulated  total evaporation predicts higher yields than the De J ager and
(mm) from the soil and the plant DuPisani{1977) submodels described above
from both the top- and subsoil in "good" years but lower yields in "poor"
horizons for the duration of the years and results in higher coefficients of
active growing season, variation of maize yield than the other two
E-based models.
From the De Jager equation it may be seen
that a threshold of 100 mm Egs is required * The Du Pisani (1978) Submodel. The Dy
for the maize plant to yield grain. Pisani (1978) submodel was developed using
data from several divergent locations in
The Du Pisani (1977) Submodel. This very South Africa and estimates maize yield by
simple model relates
Yy = P088MSD
Y, =0.0092 B
where
There is no Egs threshold in this equation; P.n = potential maize yield (t.ha'l)
consequently it computes higher vields in _ 4.575 E'”E?
dry years, but relatively lower vields in moist - 424 .4
years when results are compared with those
from the De Jager (1982) model. in which
B = accumulated maximum evapora-
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tien (mm) from the top- and




1534

kS

subsoil horizons for the duration
of the active growing season,
and
MSD = number of soil water stress days
for the critical flowering perind,
taken as 70-100 days after

planting,

When used in the ACRU system a soil water
stress day in terms of the Du Pisani (1978)
approach has been defined as occurring
when the E of both the top- and subsoil
horizons was less than 0.5 E,. Because the
exponent MSD can be high in "dry" seasons,
this has a severe effect, predicting very low
yields when the flowering period of maize

experiences stressed conditions,

In the submodels presented in Section 1533
above, maize yields are estimated by ACRU
based on work by other researchers. No
cognisance is taken of genetic factors or
other technological development which may
enhance yields. The yield estimate further-
more assumes good management and sound

agronomic practices.

Planting Date And Length Of Growing

Season

The input variables to all maize submodels
described in Sections 15.3.1 - 15.3.3 include
two options for the selection of planting
dates. The planting date (PLDATE) may
be specilied by day (ISTDAY) and month
(ISTMO), which, when input through the
ACRU Menubuilder, will remain identical
for all years of a simulation unless the
dynamic input file option is invoked, in

which case they can be changed year by

15.4

year. If, on the other hand, planting date is
unknown, a defaulted computed ‘planting
date is requested. This is caleulated within
ACRU for southern Africa

- as occurring alter October 1 (before
that, low soil temperature retards
germination at most locations), and

- .0n condition that a minimum of 25 mm
rainfall has fallen within a period of five

consecutive days after October 1.

This recommendation has been used i
practice for many years now and implies
that planting takes place after soil water
has been recharged sufficiently to ensure
that germination and some root develop-
ment take place under favourable conditions,
There is an extensive literature in southern
Africa on "optimum" maize planting dates
for different regions, related mostly to the
apparent “mid-seasbn drought" during the

critical flowering period.

Inregard to the length of the active growing
season (variable LENGTH in ACRU), this
varies between 120 and 180 days depending
on the hybrid and region, but 150 days is an

average duration in southern Africa,

ESTIMATION OF SUGARCANE AND
SUCROSE YIELDS

As carly as the 1960s, accumulated results had led

to the conclusion that a linear relationship between

crop water use (lotal evaporation) and sugarcane

yield might exist.

Thompson (1976), collating

overseas results from Hawail, Australia and

Mauritius with those from the South African Sugar
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Association’s experiments at Mount Edgecombe,
Chakaskraal and Pongola, obtained ap equation

which, when metricated, may be expressed as

Y, = 953 (E/100) - 2.36

where
¥, = annual sugarcane yield (t.ha'l) and
E = annnal total evaporation (mm).

It must be stressed that this equation estimated yield
of cane for a 12-month period and not for the
duration of a ratoon, which wili vary between 12 and
24 months, depending mainly on regional and intra-
seasonal climatic condftions. To obtain a vield for

a "crop’, the tonnage estimated (herefore has to be

. adjusted to account for the duration of a particular

growing cycle.

Similarly, an equation was derived by Thompson for

tons sucrose yielded per hectare (Y,) which gave
2
Y = 2227+ 4.841(E/100) - 0.1305(E/100)

This empirical curvilinear sucrose yield equation, the

r2

of which was not very high, should be interpreted
with some circumspection under dryland conditions
in dry years, because it can result in negative values
of Y; (because of .the high constant value in the

equation),

The implications of the above yield equations are
that approximately 9.5 ¢ cane or 1. 33 t sucrose can
be produced for each 100 mm water uuhsed in total
evaporation by the crop. For annual vield estimates
ACRU assumes a July 1 to June 30 growing seasot
for southern Africa. A default crop coelficient of 0.8
may be applied for each month of the year, following
Thompson (1977), but more detailed regional and

seasonal values of K, for sugarcane are given in the

ACRU User Manual, Total evaporation is assumed
to decline from the potential when total profile plant
available water has depleted by 60%, i.e. = 04,

Improved sugarcane vield models in ACRU are
currently being researched and jn time new

relationships will replace those given above,

15.5  ESTIMATION QF WINTER WHEAT
YIELD

Following a review of literature, a version combining
aspects of the Rasmussen and Hanks {1978) spring
wheat yield model and the Rasmussen (1979) winter
wheat yleld model (the latter developed originally
from a large data set from the Great Plains of the
USA coupled with remotely sensed satellite crop
imagery) was "imbedded" into ACRU.  Default
parameter values were determined for southern
African conditions (Domleo, 1989) and for soil water

budgeting techniques incorporated within the 4 CRU/
system.

The phenologically-based winter wheat submodel
with differentiai stress weighting incorporated into
ACRU takes the general form
Yy = pr (Ey/ Etml)m1
" (Bo/Bypn)™ . (By/ )™
in which
Y, = wheat grain yield (tha™ly
Ypw = potential wheat yield (t.haly
E, = accumulated ("actual") crop transpiration
(mm)} within a growth stage
tm = accumulated maximum transpiration
(mm) within in a growth stage
@ = exponent lo allow for stress weighting of
a growth stage

1 = growth stage 1 : emergence (o jointing
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2 = growth stage 2 : jointing to soft dough

and

(")
I

growth stage 3 : soft dough to maturity.

The determination of defaylt potential yield,
exponent values and growth stage periods for
southern African conditions was undertaken from a
data set of observed wheat yields in the Orange Free
State and Natal by Domleo (1989). Table 15.5.1

summarises fiadings of Domjeo (1989) in regard to
default values.

It is seen from Table 15.5.1 that different empirical
best fit values of the exponent are obtained in
tandem with ACRU’s water budgeting techniques,
dependent on the derivation of A-pan equivalent
information. It should be noted that in the absence
of daily A-pan evaporation data the Linacre (1984)
temperature-based  equation for evaporation
cquivalents have been used in the derivation of
exponents - this method should therefore be applied
in wheat yield simulations with ACRU. Analysis of
the exponent values shows clearly that the model
gives a higher weighting to the soil water status of

the jOi[{U..I}g-tO‘SOft dough growth stage, a critical

stage in wheal grain development,

A default potential yield of 6.9 tha'lis suggested for
use in southern Africa. This value appears to be a
maximum yield of irrigation trials conducted by the
Small Grain Centre of the Crops Research Institute
at Bethlehem, SA,

All values above should be used only if experience

does not suggest locally more appropriate input,

In this submodel the determination of maximum
{"potential") crop transpiration s performed by
starting with the winter whear crop coclficients, K,
for different growth stages (as given, for example, in
the ACRU User Manuval). The value of E,, for
winter wheat is assumed zero from planting until
emergence, increasing linearly to 0.5 K. at jointing,
then increasing linearly to 0.9 K. at heading when
maximum leaf area is attained, and then remaining
at 0.9 X, until the soft dough siage is reached.
This technique of obtaining E,  from K. was
adapted from Childs and Hanks (1975) and is
illustrated in Figure 15.5.1. Values for "acrual” crop
transpiration depend on soil water status and are

estimated by "standard" 4CRL/ routines (Chapter 7).

Table 15.5.1 Detault values for use with winter wheat yield modelling with 4CR(/ in southern Africa
g (after Domleo, 1989)
Exponent to be used in 4CR(/ with
Phenological | Growth Days Since
State Stage Planting Daily A-pan A-pan Equivalent by
observarions by Linacre {1984)
Emergence 15
1 0.10 0.20
Jointing 50
2 0.10 0.20
Soft Dough 80
3 0.60 0.75
Maturity 120
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STATISTICAL QUTPUT F ROM ACRU

R.E. Schulze and E.J. Schmidt

16.1 INTRODUCTION

16.1.1  Model Performance

In agrohydrology a model can only be used with
confidence if the user has the assurance that the
model output has been tested, ie. verified,
against observed data and that the model’s
"performance” has met cértain predetermined
stiatistical criteria of goodness of fit. These

aspects are discussed in Section 16.2,

16.1.2  Risgk Analysis

Models are often used in planning and design to
make objective decisions on future OCCUrrences
of, for example, flood peaks, volumes or crop
yields from analysis of historical records or from
simulations based on historical data input into
the model, Such decisions usually revolve around

* predicting the Jrequency (l.e. expected
probability of recurrence)

of a given magnitude (ie. how big,
damaging or how severe the expected
agrohydrological event would be), i.e.

a risk analysis is undertaken, with

* risk being defined as the calculable
probability of failure (Kite, 1977).
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Ideally in agrohydrology risk has to be
minimised, because the costs of failure (be they
related to peak discharge, crop production or
water supply to an irrigation scheme) are high,
both in the short and the long term. Risk
analyses in ACRU inctuds both

* frequency analysis of non-exceedence and

* ‘extreme value, ie. return period, analysis.

In both these types of analyses the simulated

values generally represent so-called

* true risk, ie. "objective" risk, based on the
assumption that the simulated values are
correct (Kite, 1977),

As a rule, values do not include an
"uncertainty" factor, i, "subjective” risk
(Kite, 1977), which would explain any
random data errors, imprecise frequency
distributions resulting from short data sels,
or non-linearity of simulated output in a
time scries (as a result, for example, of land

usé or management or climate change),

Subjective risk in ACRU is accounted for
only where (ime series changes in
agrohydrological response  have been
modelled specifically. This i undertaken by
invoking the "dynamic” input file, which can
account for gradual or abrupt changes in

agrohydrological response by changing input
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Table 16.2.1

*

in ACRU

An example of the goodness of fit statistics between observed and simulated values, as used

Statistics of performance of ACRY medel, WIMLG Zululand

A comparison of simul
for monthly values

ated and observed Hows

Total observed fiows

Total simulated flows

Mean of observed flows
Mean of simulated flows
Correlation coefficient
Students T value
Regression coefficient

Base constant for TEgr. egn.

Variance of observed flow
Variance of simulated values
Standard deviation of X values
Standard deviation of ¥ values

Coefficient of determination
Coefficient of efficiency

No systematic errors detectad

Standard error of stmulated flow

Percentage difference in standard deviation

1412.967
1415.222
39.249
39.340
986
34,077
969

137
72.656
3406.091
5549275
73.526
74.493
-1.316
972

975

LT A A A ] LI

regression line of Qg on Q
o= number of eveats (ie, daily or

monthly values) in the series.

The Arithmetic Mean, for example of
observec} flows, is given as

n
Q= (2 Q)

i=1

. The Corelation Coefficient, r, which is the

index describing the degree of association,
L.e. correspondence, between the sets of

simulated and observed values, is defined as

ro=_2Qp0) - (20(EQ)/a
JEOFE Q) /E {2Qy* /m)

Students’ ' Test is a statistic used in
conjunction with a look-up table to test the
bypothesis that ohserved and simulated

values are not significantly differant from
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one another and at what leve] of significance
this hypothesis holds true. It is expressed
as
RN )
JLO-77)

When comparing piots of observed vs
simulated values by regression analysis to
provide a line of best fit of the scatter of
points, an important characteristic of the
line of best fit is its slope (or regression
coefficient). Tn a close direct association of
observed and simulated point values the
slope, b, which represents the line denoting
the change of simulated relative to the
change of observed trends, should tend to

unity (ie. 1.0). The equation for slope is
given as ‘

b = 2(0,Q)-(= Qu}(Z Q))/n
207 - (2Q)*/n




values over time,

16.2 ANALYSIS OF MODEL PERFORMANCE

16.21  Introduction

In simulating a hydrological response the major
aims are for simulated values to “mimic”
corresponding observed values as closely as
possible on a 1:1 basis, such that in a time series
the

means of simulated values are conserved
when compared with means of observed

values; furthermore that

variances (i.e. deviations about the mean)

are conserved; in order for

simulated and observed values to show a
close association with one another, as well

as there being

no systematic error, i.e. no bias, between
simulated and observed trends and that

there is,

* statistically, no significant difference
between the sets of values at a given level

of probability.

The present version of ACRI/ can undertake such
statistical analyses of model performance either

at

daily level of output, or at
* monthly level, ie, in a daily model, for
summations in a particular month of the

daily output,
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for the following variables, viz.

* streamflow

* total evaporation and
* soil water status
- for the topsoil horizon separately
- for the subsoil horizon separately

- for the entire soil profile

and this for values which can either be

* untransformed, or

* transformed logarithmically, the latter
transformation being opted for where the
range of values is very wide or where the
relationship between simulated and observed

is curvilinear.

The statistical programs in 4CRU include some
adaptations by Schultz (1983) and Schulze (1984)
of programs first published by Roberts (1978).
The equations of the statistics used in.ACRU will
be given and explained bricfly and should be
viewed in association with the example given in
Table 16.2.1.

16.2.2  Goodness Of Fit Statistics Used In
ACRU

The following symbols are used in explanations
of the statistics used in ACRU :

= observed streamflow

[=]

= mean of the observed streamflows

= simulated streamflow

o«

O L0 Lo
!

= estimated stormfiow from the

<




streamflow, The error function F is the
difference between D and E and the closer
Fis to zero the less systematic error occurs
in the simulation. In.4CRL therefore, when
D > E a warning "Systemic Error Detected"

is printed.

16.3 RISK ASSESSMENT BY FREQUENCY

ANALYSIS

-16.3.1  Cumulative Frequency Distributions In
ACRU

Short data sets, often with skewed distributions,
for which a risk analysis s required for planning
and design purposes on a month by month as
well as an annual basis, lend themselves to

analysis and interpretation by frequency analysis,

The frcquency analysis employed in 4CRU/ is the
CFD ie. cumulative frequency distribution, or
'*ogivc". The example in Table 16.3.1 shows a
CFD in which month by month values of either
observations or simulations are tabulared against

percentites of non-exceedence, ie. against the

proportion of non-occurrences expressed as

percentages. The percentiles used, with their

equivalent approximations, are

3% : the value excesded on 959 of
occasions, Le, 19 times out of 20,
thus approximating a 1:20 year
recurrence value

10% : 1:10, i.e. worst year in 10 in the dry
rangé

20% @ L5, ie. worst year in §

33% : worst year in 3

- 50% : median (middle ranked) value of an

information series, ie. the value
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exceeded as often as it is pot
exceeded

67%  "wetlest" value oceurring once in 3
years

80% : 1:5,i.c. not exceeded in 4 years ouf
of 5

90% : 110, wettest value expected every 10
years

95% @ 1:20 "wet" year value of the statistic
being analysed.

1632 Other _Statistics included In  The
Frequency Analysis

The tables of CFDs in ACRU also include, for
cach month of the year and for annual totals
(where applicable) the means, standard
deviations and

* Coefficients of Variation {expressed as a
percentage), C,, where (for simulated runoff
values, for example)

C, = 100.(S,/Q,)

Magnitudes of the standard deviations may be
high or low, and when the ratio of § to the mean
is analysed and expressed as a percentage, a
more  meaningful comparison of relative
deviations can be made between months or

between locations by interpretations of the C,.

1633  InterpretationOf Cumulative Frequency
Distribution Tables

* In short data/information sets in which the

sample distributions are not normal because
they may contain outliers, mean values may
beinterpreted falselyasbeing representative

averages, becausetheyare highly influenced




#

Ideally the regression line should intercept
at zero. If the intercept (or base constant,
a} is positive, there is a constant term in the

predictive regression equation for simulated

values, viz,
Q; = a+bQ,

which indicates oversimulation of low
magnitudes and if it is negative, values are
being underpredicted at low magnitude.

The equation for the intercept is

Q) -bE Q)

n

The plots between simulated and observed
values are unlikely to be along a perfectly
straight line, Rather they will display a
scalter of points about a trend. This scatter
indicates that anm error exists in the
simulated values.  This finds expression
through the Standard Ermor of the
Estimate, viz.

5. = (T E O /a) (/o)

The Variances (ic. deviations) about the
means of either the observations or
simulations may be high or low and are
computed (for example, for observed values)

by the equation

v - () -0y /)
n-1

The Standard Deviation is another common
index of variations of point values aboul the
mean and is given (for example, for

observed values) by
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S, = JV,
As a measure of goodness of fit between
observations and simulations the percentage
difference between their respective standard
devigtions is examined (S, being the
standard deviation of simulated values). In
agood simulation this percentage difference,
A%S, should be close to 0%. The equation

IS
A%S= 100 (S, - S,)/S,

The variances accounted for by simulated
values are a measure of the degree of
association  between observation and
simulation, and this statistic, viz. the
Coefficient of Determination, D (ie. r?),

should tend to unity in a good ft.

D - 2Qs0)° - Z(Q-0)
E(Qo'Qo)z

A simulation may show good agreement
with observations, but the simulation may he
over- or underestimating systematically, i.c.

it may be biased. For this reason the

-. Coefficient of Efficiency, E, is included in

ACRU where

E = 3(Q,:Q) - 5(0Q,Q)
£ (Q,-0,)*

When considering D and E together, it is
possible Lo ascertain whether systematic
error is present (Aitken, 1973), the value of
E being less than D when this is so. Both
D and E will always be less than unity, and
in both cases values approaching unity

indicate accurate estimates of (say)
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streamflow, The error function F is the
difference between D and E and the closer
F is to zero the less systematic error occurs
in the simulation. In.4CRU therefore, when
D > E a warning "Systemic Error Detected”

is printed.

16.3 RISK ASSESSMENT BY FREQUENCY

ANALYSIS

163.1  Cumulative Frequency Distributions In
ACRU

Short data sets, often with skewed distributions,
for which a risk analysis is required for planning
and design purposes on a month by month as
well as an annual basis, lend themselves to

analysis and interpretation by frequency analysis.

The frequency analysis employed in ACRU/ is the '

CFD ie. cumulative frequency distribution, or
"ogive". The example in Table 16.3.1 shows a
CFD in which month by month values of either
observations or simulations are tabulated against
percentiies of non-exceedence, Le. against the
proportion of non-occurrences expressed as
percentages. The percentiles used, with . their

equivalent approximations, are

5% : the value exceeded on 95% of
occasions, i.e. 19 times out of 20,
thus approximating a 1:20 year
recurrence value

10% : 1:10,ie. worst year in 10 in the dry
range

20% : 1:5, i.e. worst year in 5

33% : worst year in 3

© 50% : median (middle ranked) value of an

information series, ie. the value
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exceeded as often as it is not
exceeded

67% : "wettest” value oceurring once in 3
years

80% : 1.5, 1e. not exceeded in 4 vears out
of 5

90% : 1:10, wettest value expected every 10
years

95% : 1:20 "wet" year value of the statistic
being analysed.

16.3.2 Other Statistics. Included In The

Frequency Analysis

The tables of CFDs in ACRU also include, for
gach month of the year and for annual totals
(where applicable) the means, standard
deviations and

* Coefficients of Variation (expressed as a
percentage), C,, where (for simulated runoff

values, for example)
C, = 100.5,/Q)

Magnitudes of the standard deviations may be
high or low, and when the ratio of S to the mean
is analysed and expressed as a percentage, a
more meaningful comparison of relative
deviations can be made between months or
between localions by interpretations of the C,.

1633 InterpretationOf Camulative Frequency

Distribution Tables

* In short data/information sets in which the

sample distributions are not normal because
they may contain outliers, mean values may
beinterpreted falsely as being representative

averages, because they are highly influenced




‘ example, daily runoff depth can be generated using

an appropriate simulation mode! such as ACRU, the-
extreme value analysis procedures can be applied to
fit an extreme value distribution to the generated
flows. Various extreme value distributions (EVD’s)
have been included in the ACRU modelfing system
and the procedures for their application and
options/alternatives of implementation are discussed

in the following section.
1641  Procedures

In order to apply extreme value analysis to a
selected hydrological response variable, there are
two methods in which the required information
may be abstracted from the original recorded or

simulated time series. These are

*  the annual maximum series (AMS) and
*  the partial duration series (PDS).

An annual series takes the largest event from
cach year of record and further analyses are
based on this sample of n values which represent
the events of "large" or “design" magnitude in the
r year record. A disadvantags is that the second
or third, ete. highest eveats in a particular year
may be higher than the maximum. event in
another year and-yet be excluded from the

analysis.

This disadvantage is remedied in the partial
duration series method in which, for example,
the n largest events in a period of n years are
extracted regardless of when they occurred as
long as they are separate from and independent
of one another. While annual maximum scries
and partial duration series are extracted using
different procedures, results from the ftwo

methods approack one another for longer return
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periods (generally >10 years),

The principles discussed above can be extended
to compute an EVD for any chosen month or
group of months so that, for example, the
expected frequency to a flood event of chosen
magnitude occurring between J uly and October
during construction of a storage dam can be
computed.

The return period and probability of exceedence
for each of the ranked events extracted using the
AMS or PDS may be computed using the
concept of probability, The assumed exceedence
probability for each valus is commonly deter-

mined using a formula of the form

p - mb
n+a
where
P = probability of exceedence
m = ranked position of the observed
value
n = total number of observations
aand b = constants,

Thus using, for example, the Weibuil formula,
which- has been recommended for usc in the
ACRU model, and in which b = D and a = 1, the
appropriate excesdence probability, P for each
of the ranked values can be computed. Having
computed P for cach event, the points can be
plotted on probability graph paper as event
magnitude versus P, which is then called the
plotting pesition, in order to mterpolate or
extrapolate to other probabilities of excecdence
by fitting a straight or curved line through the
plotted points. The return period, defined as the
average clapsed time ip years, between

occurrences of an event with 4 certain magnitude




or greater (Haan, 1977) can then be determined

as the inverse of the probability of exceedence as

T -1
P
where
T = return period
P = probability of exceedence.

16,42  Extreme Value Distributions

When fitting a relationship to the data points to
allow for extrapolation to return periods in excess
ol the record length, numerical procedures can
be applied by taking account of the properties of
the data set. The first property is the

* mean of the data set, the second the

*

standard deviation, and the third the

* skewness coefficient,

These statistics are computed using the formulae

given below, viz.

T = X {mean)
n
¢ = (X - E)z (standard
n-1 deviation)
g = nzZ (x—:'()3 (skewness
(n-1)(n-2) coefficient)
where
X = magnitude of an individual
observation
n = total number of observations
x = meanofthe sample of observations
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-]
Ii

standard deviation

skewness coefficient.

o=
]

Various mathematical distributions can be
computed in an attempt to fit the data series
accurately, using the above three properties. The
selection of the most appropriate one is generally
based on the assumptions embodicd in the
chosen distribution and the extent to which the
computed values represent the points plotted on
probability paper. Three distributions are
included in the ACRU system and are discussed
below.

* Extreme Value Type 1 (Gumbél)
Distribution
This distribution assumes a fixed skewness
coefficient equal to 1.1396. The sample
mean and standard deviation are used to
estimate the event magnitude of selected

return period using the formula :

Xp = X+ s(0.780W - 0.450)
where
Xt = event magnitude of chosen risk

to exceedence
¥ and s= meanand standard deviation of
data
Wy = standardised variate related to
~risk of exceedence given in
Table 16.4.1,

Log-Normal Distribution

This distribution assumes the skewness
coefficient to be equal to zero when the data
are transformed by applying the natural
logarithm to each value. The general form

of the equation is given as :




A = X+ s(Wp

where

i

natural logarithm of the event

magnitude of chosen risk of

excecdence
xand s = mean and standard deviation
of natural logarithm of data
Wr = standardised variate related to

risk of exceedence given in

Table 16.4.1,

Log-Pearson Type 3 Distribution

This distribution allows for a range of
skewness coefficients and is thus mare
versatile than the other two methods. As in
the Log-Normal distribution x, s and g are
computed using ths natural logarithm
transformation of each data point. The

general form of the equation is

Xp = X+s(Kp)
where
Xy = natural logarithm of the event
magnitude of chosen risk of
exceedence
Xand s = mean and standard deviation
of natural logarithm of data -
Ky = function related to risk of

exceedence and  skewness
coetficient of natural logarithm
of data.

Values of Kt can be determined from the
following equation when skewness
coclficients are between 1.0 and -1.0
(United States Water Resources Council,
1976) : '
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e o= 2 Vg s 1P -1
g 6 6
where
" Wi = standardised variate assuming
zero skewness given for the log-
Normal distribution in Table
164.1
g = skewness coefficient.

Confidence limits can be developed to
provide a measure of uncertainty in the
magnitude computed for a selected
exccedence probability. The confidence
limits for the log-Normal distribution can be
computed directly using methods discussed
by United States Water Resources Council
(1976). The 5% upper confidence limit
would thus indicate there to be a 3% chance
that the logarithm of the true value, be it a
flood depth or rainfall depth, is greater than
the value given. Conversely the 95% lower
confidence limit indicates a 5% chance of

the true value being less than that given.

1643  Joint Association Of Rainfall And

Runoff

Itis generally assumed in applied hydrology that
the T year rainfall event produces the T year
runoff response. In other words it is assumed
that the factors affecting runoff response are
invariant between events, In practice, however,
the effects of, for example, high soil water
content prior to a relatively small incident
rainfall event may result in a greater runoff
response than that for a larger rainfall event
falling on a drier catchment, The advantages of
using a continuous soil water budget model such

as ACRU, which accounts for changes in soil




Table 16.4.1

and Log-Normal Distributions

Values of the Standardised Variate (Wy) for the Gumbel A

WT
Return Period |  Exceedence
Probability Gumbel Log-Normal
T (years) P Distribution | Distribution
2 50 0.37 00
5 20 1.50 84
10 10 2.25 1.28
20 05 297 1.64
50 02 3.90 2.05
100 01 4.60 233

water status, are thus evident. The various
extreme value distributions discussed in Section
16.4.2 can therefore be applied to the generated
time series of runoff response which includes the
effects of soil water status, instead of using the
rainfall depth of chosen return period and an
assumed runoff response coelficient unrelated to

antecedent conditions,

16.4.4  Model Options

Various options are available when applying
extreme value distributions with the ACRU
model. The variable used in the analysis may be

one or more of :

" observed daily rainfall depth (mm)

%

observed runoff depth (mm)

* simulated runoff depth {mm)

*

observed peak discharge (m>s)
* simulated peak discharge (m3.s'1)

Any combination of months may be used to

extract extremes during selected seasons or

periods during the year. The annual maximum
series of the selected variable during the chosen
period of interest is extracted in order to fit onc

of the

following  three

extreme  value

distributions:

*  Gumbel
%

Log-Normal
* Log-Pearson Type 3

A plot of the annual maximum series using the
Weibull plotting position and the computed
extreme values maybe produced as an output
option. The partial duration series may be
selected in order to obtain a listing of the largest
n independent events in the n year period of
record, regardless of the year of occurrence.
These values may be compared with the listing
of the annual maximum series il consideration
is to be given to return periods of less than 10
years. A listing of the 5 largest events of the
selected variable in each year of record is
produced together with the corresponding vatues

of the other variables on the relevant date. This
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information can be used to assess the signifi-
cance antecedent soil water status plays in

catchment runoff response.
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CHAPTER 17

YERIFICATION STUDIES

R.E. Schulze (Editor)

17.1 AIMS OF VERIFICATION STUDIES IN
ACRU - R.E, Schulze

A model such as ACRU can only be used with a
degree of confidence if its output has been verified
against observed data sets. The following aims were

set for verification studies in ACR,

*The objective functions in verification should
include conservation of means and deviations,
with efficiency in the goodness of fit around the
1:1 relationship between observed and simulated
values. For these reasons, the statistics of
goodness of fit, as outlined in Chapter 16, were
incorporated into ACRU,

* In addition to verifying only the end-product of
a simulation (e.g. streamflow or final crop yield),
it is equally vital to verily the internal stgre
varigbies of the model, i.e. those components and
processes within the system which are simulated
en route to "final' estimations (e.g. canopy
interception, soil water status), If this is not
done one may well be mimicking correct final
answers for the wrong reasons, Furthermore, if

the internal state variables are simulated
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#*

realistically, the user has more confidence in
applying a model ouiside the range of climates
and Jand uses in which verifications haye been

perfermed.

Models with a wide range of application must be
verified over a wide range of agrohydrological
regimes, including tests in humid areas, sub-
humid and arid areas and with a variety of land
uses,

- Models must; equally, be verifiable for a range

of prevailing conditions within an
agrohydrological regime;, including "design"
conditions, i.e. extremes such as particularly wet
or dry periods.

Where the model does not perform up to
expectations with input data of good quality, the
model developers should set out to.check where,
within the various subsystems being modelled,
the problem may fie, that it can be addressed by
way of further research, rather than by
"massaging the data until it fits” or "tweaking

paramelers” until objective functions are met,




17.2 ON THE APPLICATION OF THE VON

HOYNINGEN-HUENE INTERCEPTION
EQUATIONFOR NON-AGRICULTURAL
LAND USES - R.E. Schulze

17.2.1  The Von Hoyningen-Huene Equation

:

Von Hoyningen-Huene (1983) developed a
curvilinear equation of canopy interception loss
per rainday for agricultural crops, which he

verified extensively in Europe. The ¢quation is

given as
L = 030+ 027 P, + 0.13 LAI - 0.013
P, +0285 P..LAT - 0.007 LAT?
in which
I, = interception loss (mm.rainday™)
P, = gross rainfall {mm)

LAl= Leaf Area Index of the crop.

In ACRU P, is the daily rainfall input and LAI
is either input or derived internally from crop
coefficients (Chapter 6), By virtue of its
curvilinear nature this equation is "stable” up lo
a rainfall of 18 mm - daily rainfall above that
amount is assumed not to induce any further

canopy interception losses.

1722 Verification

The need frequently arises to estimate canopy
interception under afforested conditions, where
its influence on the water budget may be more
pronounced than for shorter agricultural crops.
The Von Hoyningen-Huene (1983) equation was
therefore tested on a stand of Pinus patula, in
which canopy interception had been measured

and an equation for its estimation derived from
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rainfall amount (Schulze, Scott-Shaw and N&nni, °
1978). This stand of Pinug patula, at Cathedral
Peak in Natal (latitude 29°, longitude 29° E)
was aged 10 years at the time of the experiment,
with a density of 750 stems per hectare. The
LAT of the stand was estimated independently by
an experienced forest hydrologist to be 4.5,

Figure 17.2.1 illustrates the excellent fit of the
Von Hoyningen-Huene (1983) interception
estimate (large dots) against the line of best fit
for the canopy interception experiment as
derived by Schulze et al, (1978).

1723  Conclysions

From Figure 17.2.1 it may be concluded that this
equation may be used with confiderice in
simulations of canopy interception of Pinus
patula.  Care should, however, be exercised in
using the equation on other commercial forest
species, for examble, Eucalyﬁz‘us grandis,
because of their often very different canopy

properties,
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173 RAINFALL RELATED CORRECTION

FACTORS TO DAILY POTENTIAL
EVAPORATION ESTIMATES F ROM
MEAN MONTHLY VALUES - M.C. Dent

1731  Introduction

For the estimation of daily A-pan equivalent
potential evaporation (Ep), which is utilised as
the reference E; in ACRU, daily pan evaporation
or, alternatively, daily surrogate temperature data
are frequently not available, In such cases it is
necessary to use monthly means of maximum and
minimum temperature or monthly  total
evaporation data to generate daily EP from a

monthly E., as outlined in Chapter 4.

Potential evaporation, when converted from a
monthly mean to a daily mean estimate by
Fourier Analysis in ACRU gives an identical
‘recycled" value of E | for any given day of the
year in each year for which values are generated,
To introduce a realistic perturbation into these
identical daily E, estimates il was hypothesised
that suppressing the E, below the mean on
raindays and enhancing it above the mean on
non-raindays would result in more realistic daily

Ep simulations.

Since 1984, ACRU routines had enhanced non-
rainday Ep by 5% and suppressed rainday Ep by
20%, where daily E, was estimated from monthly
totals. A study was therefore initiated to verify
these correction factors for use in southern
Africa,

1732 Methodology

Daily rainfall and daily Class A-pan evaporation
records from all stations on the Department of

Agriculture and Water Supply data files in 1987
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(approximately 740 000 daily values) from sites
throughout southern Alrica, were extracted.
The mean daily evaporation value was calculated
for cach month of the record at each station,
Thereafter the actual daily evaporation for each
day was divided by the mean daily evaporation
value for that month. The above-mentioned
quotients were stored and a frequency analyses
was performed separately on the rainday
(defined as >5 mm rainfall) and non-rainday

quotients,

1733 Results

The results, which are presented as frequency
distributions in Figure 17.3.1, show that the
modal value of the quotient on raindays is
approximately 0.83 and on non-raindays is 1.05.
The median value in the case of non-raindays is
also 105 and on raindays is 0.78. The correction
factors 0.8 and 1.05 have therefore been adopted
in ACRU routines for the procedures which use
monthly mean E, to generate daily E,, estimates
for the ACRU model.

/An interesting follow up of this study would be

to investigate the distributions shown in Figure
173.1 for different scasons and geographical

regions within southern Africa.
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‘Frequency distributions of the ratio of actual daily evaporation to the means of generated

daily evaporation for raindays and non-raindays (after Dent, Schulze and Angus, 1988)
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174 SIMULATION OF SOIL WATER

CONTENT BY ACR[J
M.C. Dent and R.E. Schulze

1741 Background

Accurate estimates of soil water content by the
ACRU agrohydrological modelling system are
important for many applications, since the soil
water budget lies at the "heart" of the mode],
Runoff response to rainfall, crop yield estimates
- and irrigation requirement, for example, are all

functions, to a greater or lesser extent, of soil

water status. This section describes a verification

of ACRU’s output of soil water content under

irrigation,

1742  Methods And Dara

Observed soil moisture data were obtained from
Nel (1987) at Roodeplaat and Mottram (1986)
at Cedara. At each site the data for two
replicate experiments, viz. Plots 6 and 16 planted
to wheat at Roodeplaat and Plots 8 and 17
planted to soybeans at Cedara were used, Plot
6 at Roodeplaat and Plot 8 at Cedara were used
to first model, by a combination of ¢ priord and
manual calibration, crop coefficients and root
mass distributions of the respective crops. The
values of these variables were then used without
adjustment in the simulation of soil water content
in Plots 16 and 17. The ACRU model perfor-
mance on Plots 16 and 17 is therefore considered
a true verification of its ability to estimate soil
water status. The crop coeflicients which were
selected for a two-horizon soil profile simulation
version by A4CRU on Plot 6 at Roodeplaat were
maintained for a single-horizon profile simulation

with good results, as may be seen in Table 17.4.1.
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Data from Nel (1987) consisted of daily rainfall
and irrigatioﬁ water applications, daily A-pan
evaporation, the soil form and series (Hutton
Shorrocks) according to the‘binomial system of
soil classification for southern Africa (MacVicar
et al.,, 1977), estimates of the crop coefficient at
various growth stages and the root mass
distribution at maturity. Measurements of soil
moisture by neutron probe were given in mm soil
waler for the topsoil horizon (0- 0.9 m) and the
subsoil horizon (0.9 - 1.8 m). In the verification
study the soil water content in the profile was

modelled in two horizons which corresponded

- -with the horizons mentioned above, and also as

a single uniform horizon (0- 18 m). Values of
the soil water retention constants field capacity
(FC) and permanent wilting point (WP) were
calculated for each horizon using the methods
described in Schulze, Hutson and Cass (1985).

The data from Mottram (1986) were for 50¥-
beans grown on a complex of Hutton Doveton
and Bainsvlei Metz soil series under research
conditions in {ield Plots 8 and 17 at Cedara, The

plots experienced a number of small 1o medium

sized summer rainfall events and were irrigated

when necessary, Soil moisture was measured by
neutron probe at intervals of 0.05 m down the
sotl profile to a depth of 0.9 m. The integral of
these moisture values was caleulated and the
profile was modelled as a single layer 1.0 m
deep. This zone contained almost all the crop
raots according to Moltram {1986). Values of
the soil water retention constants FC and WP

were provided by Mottram (1986).

Irrigation water was assumed Lo enter the soil in
totality and was not reduced through runoff,
whereas the rainfall was reduced to effective

rainfall through subtraction of model estimated



Comparison of vbserved and ACRY simulated soil waler

content, vsing field plot data ai Roodeplaat and Cedara (afler Dent,

L= LTIV

Table 17.4.1
Schuive and Angus, 1988)
Wheat at Roodeplaat Soybean at Cedara
Plot & Plot 16 Plot 8 | Plot 17
Statistic . :
Single Double Horizon Single Pouble Horizon Single | Single
Horizon A B Total (A+B)|{Horizon A B Total (A+B)| Horizon Horizon
(1.8m) |(0.9m) (0.9m) ¢1.8m) (1.8) |(0.9) ¢(0.9m) (1.8) (1m) (1m)
Mean observed (mm) 333 163 170 333 336 160 177 336 317 305
Mean simulated (mm) 338 164 17¢ 343 308 140 140 317 315 307
Std. dev. observed ¢mmn) 45 33 16 45 42 34 13 42 9 8
Std. dev. simulated (mm) 46 32 18 48 44 31 17 41 12 13
Regression coefficient 1.01 0.97 1.00 1.06 0.97 6.91 1.05 0.96 1.02 1.08
Base constant (mm) 3.1 6.2 9.4 -7.8 -19.1 11.8 -25.9 9.9 -8.4 -54.08
Correlation coefficient 0.98 0.8 (.88 0.97 0.93 0.98 0.81 0.91 0.76 Q.72
Root Mean Square Error {mn) 8.8 5.4 8.8 10.3 17.0 6.4 10.1 14 .6 8.1 9.3
Maximum observed {(mm) 404 207 - 201 404 388 208 197 388 337 320
Maximum simulated (mm) - 402 210 212 417 375 203 192 375 339 329
Minimum observed (mm) 247 106 135 247 248 97 148 248 303 290
Minimum simulated (mm) 249 104 146 254 227 100 135 244 296 284
Coeff. of Determination 0.95 0.96 0.77 0.94% 0.85 0.96 0.46& 0_88 0.58 0.52
Coeff. of Efficiency G.93 0.98 0.30 0.92 0.38 0.95 -1.22 0.67 0.23 -0.38
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Figure 1741  Simulated vs observed plots of soil water content at Roodeplaat and Cedara

Schulze and Angus, 1988)
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17.5 SIMULATION OF MONTHLY TOTALS

OF DAILY STREAMFLOW FROM A
LUMPED CATCEMENT AT CATHEDRAL
PEAK, NATAL

- W.J. George and R.E. Schulze

17.51  Background

A simulation of streamflow (runoff volumes) was
performed by ACRU in lumped catchment mode
at Cathedral Peak Research Catchment TI in the
Natal Drakensberg (latitude 29 °00s, longitade
29°15E). This case study of a runoff verification
by ACRU has been extracted and summarised
from a paper by Schulze and George (1987), to
which further reference can be made for more
details. '

1752  Catchment And Hydrometsorological

Information

Catchment II faces north-northeast, is 1.949 km?
in area and has an altitude range from 1844 to
2454 m (Figure 17.5.1).  Soils are highly
leached, basalt-derived silty clays, Based on
research by Schulze (1975) on adjacent catch-
ments, mean soil depth is 0.80 m (topsoil (.20 )
and texture and field derived values for topsoil
and subsoil horizon wilting  points are,
respectively, 0.250 and 0245 m.aul, feld
capacities 0.370 and 0.376 m.m™! and porosities
0.476 and 0.491 m.m™ (Schulze, 1984). During
the period of simulation, viz. 1949 - 1954, the
catchment was predominantly under short

Themeda triandra  grassveld,

Moxithly means of daily maximum and minimum
temperatures  from  the Cathedral Peak
meteorological site (1852 m altitude), 2 km NNE
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of the catchment’s gauging weir, were used to
estimate monthly potential evaporation, ie. B,
values by the Linacre {1977) technique which is
aPenman-derivedtemperature /altitude /latitude
based E_ estimator. The monthly E_ was then
converted to daily values by Fourier analysis and
adjusted up or down according to the ocenrrence

or non-occurrence of rainfall,

Cathedral Peak Catchment IT, which has a mean
annual precipitation of 1400 mm of which 80%
falls in the summer months October to March
(Schulze, 1975), is served by three raingauges
(Figure 17.5.1). Gauge IIAM is a monthly
accumulator at 2283 m altitude while ITBR is an
autographic raingauge at 1975 m and [ICW is a
Weei::ly accumulator at 1871 m. Daily rainfall
data for 1949 10 1967 were obtained from the
digitised autographic record of IIBR, with any
missing data "patched” using information from
nearby recorders at IVCR and at the meteor-
ological station and taking account of
accumulated totals from IIAM and IICW. A
weighted daily value for the entire catchment was
obtained from long term relationships between
the centrally located gauge IIBR and maM/
HCW, with the monthly weighting coefficient
applied to daily rainfall totals at IIBR ranging
from 0.88 in July to 1.11 ir December,

Daily observed streamflow records were derived
from digitised data for Catchment IT at weir
VIMO3. Both rainfall and streamflow data were
provided by the Forestry Branch of the State
Department of Environment Affairs. Since an
afforestation programme of the catchment
commenced in 1951 the simulation was therefore
restricted to the period before the effects of the
afforestation were felt, Le, 1949 1o 1954,




250

195a°

Figure 17.5.1 Cathedral Peak Research Catchment I1 (after Schulze anq George, 1987)

1753 Results accumulations, Whjle generally Overestimating

by 5% (cf. means of 68.3 vs 65.6 mm), ACR{/

Figure 17.5.2 iltustrates the simulated vg observed underestimateg somewhat  at high flows
flows for monthly totals of daily stream flow from (regression coefficient 0.801})  while over-
Cathedral Peak Catchment IT. The Statistics of simulating at Jow flows (base constant 15.8 mm),

model performance for this simulation (Table
17.5.1) which was a first run with no adjustmenpgs 1754  References

lo variables or optimisation of parameters show

good relationships between meang (difference LINACRE, E.T. (1977). A simple formula for
<5%), and highly acceptable relationships

estimating Svaporation rates in various
between variances of simulated ang observed

climates using temperature data alone,

flows (difference 16%). The simulation explaing Agricultura] Meteorology, 18, 409-424,

over 91% of the variances of monthly streamflow
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Figure 1752 Simufation of monthly totals of daily streamflows at Cathedral Peak Catchment 1T for the
period 1949-1954 (after Schulze and George, 1987)

Table 17.5.1 Statistics of ACRL model performance on Cathedral Peak Catchment 1T for monthly totaks
of daily streamflows, 1949-1954 (after Schulze and George, 1987)

Total observed values {mm) 4721.746
Total simulated values {mm) 4520.626
Mean of observed values (mm} 65.580
Mean of simulated values (mm) 68.342
Regression coeflicient 801
Base constant for regression equation {mm) 15.806

Standard deviation of observed values (mm) 71477
Standard deviation of simulated values (mm)| 59,932

Percentage difference in standard deviation 16.152
Coelficient of Determination 913
Cosfficient of Efficiency 902
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17.6 PERFORMANCE OQF THE ACRU

DISTRIBUTED CATCHMENT MODEL
G.R. Angus and R.E. Schulze

17.6.1  Introduction

Although originally developed as a lumped model
for small agricultural catchments, increasing
demand that the model be applied to large
catchments has resulted in the development of a
distributed version of the 4CRI/ model, By
nature of its definition, a distributed model
provides information at selected points within a
catchment as well as at the catchment outlet. In
order to verify a distributed model therefore, a
catchment with nested gauged subcatchments
should be selected for verification, The Zululand
rescarch catchments, which have been well
documented by Hope and Mulder {1979), consist
of a series of nested catchments with internal
gauging weirs and it is for this reason that these
catchments were selected for verification of the
distributed ACRU model,

1762 The Zululand Research Catchments

The Zululand research catchments are situated
on the Natal coastal belt, inland of Mtunzini, at
latitude  28°29'S  and longitude  31°27E.
Although the catchments consist of five nested
catchments, only W1M1S, which has W1M16 and
WI1M17 as internal catchments, was selected for
verification purposes. The catchments are 12 km
inland from the coast with an altitudinal variation
of about 260 m within the catchment. MAP
varies by about 150 mm with the higher lying
regions further from the sea receiving an MAP
of about 1300 mm. Temperatures range from
monthly means of daily maximum and minimum

values of 30 ° C and 20.8° C in Januaryto23.6°C
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and 10.3°C ig June,

The catchments are characterised by a large
nember of rocky outcrops in the higher lying
regions and a gently urdulating region near the
gauging weir WIM15 (Hope and Mulder, 1979).
Sandy clay loam covers about T0% of the
catchments with most of the balance made up of
18% sandy clay and sandy l[oam., The upper
regions of the catchments have predominantly
deep solls ranging in depth from 0.7 - 12 m
whilst the lower regions have shallower soils,
usually less than 0.5 m.

As with rainfall and soil types, the land use is
also influenced indirectly by elevation and hence
associated climatic variations. The higher lying
regions have a large amount of mixed indigenous
forest and Ngongoni grassland whilst the lower
regions are predominantly Ngongoni grassland
(Hope and Mulder, 1979).

1763  Catchment Discretisation

A 110 000 topographical map was used to
subdivide W1M15 into 12 subcatchments or cells
(Figure 17.6.1). The subcatchment outlets to
Cells 1, 4 and 12 were selected to coincide with
the nested catchments gavged by weirs WiM17,
WIM16 and WiM15 respectively, Although
homogeneity of land use and soils within a
subcatchment is one of the objectives of
catchment  discretisation with cell-type
distributed model, this proved to be g problem
in the Zululand catchments (Angus, 1987), It
was decided to opt for homogeneity of altitude
and topography at the expense of homogeneity
of s0il types because of the spatial diversity of
soil and land use characteristics as recorded by
Hope and Mulder (1979). However,.as both soil




Figure 17.6.1

Wim16

CELL §

CELL 2

R CELL 11

and vegetation characteristics are indirectly
related to topography and elevation it was
believed that catchment discretisation based on
these criteria would ensure the highest degree of
homogeneity of hydrologically  significant

characteristics,

The areas of the 12 subcatchments are given in
Table 17.6.1. Although it would be preferable to
keep the subcatchments to a similar size, this is
not always possible, as may be seen from Table
17.6.1,

Data from daily rainfall stations 470, 530 and 501,
(Figure 17.6.1) were used as input to each
subcatchment using an inverse distance weighting

method.  Daily temperature recorded at the
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CELL 12

530
| ]

CELL 10

WiM15

MAIN CATCHMENT BOUNDARY

==+- |NESTED CATCHMENT BOUNDARIES

..... CELL BOUNDARIES

MAIN RIVER CHANNEL

A STREAMFLOW GAUGING WEIRS

] DAILY RAINFALL STATIONS

Subcatchment diseretisation of Zululand research catchments (Angus, 1987)

University of Zululand adjusted according to an
adiabatic lapse rate to account for elevation
differences, was used in the temperature-based
Linacre (1977) equation (cf. Chapter 4) as an
estimate of potential evaporation for each

subeatchment,

17.6.4  Simulation Results

Catchments W1M16 and W1M15 provide two
situations where the relative performance of
lumped and distributed versions of 4 CRL/ can be
compared. However, only the performance of
the lumped and distributed models at WiM15
will be discussed as WiM16 had major leakage
problems,




Table 17.6.1 Zululand subcatchment areas (Angus, 1987)

Sub- Areca Percentage of
catchment (kn) total area
1 0.670 4.91
2 0.785 3.75
3 1010 7.41
4 0.750 3.53
5 L7700 12.97
6 1.030 7.55
7 1570 11.50
3 1.355 9.90
9 1.385 10.15
10 1.030 7.55
11 1.010 7.40
12 1.280 9.38.
TOTAL 3.645 100.00

An analysis of daily streamflow values for the
period January 1977 until December 1081 yvielded
the results in Table 17.6.2. Only days for which
obscrved streamflow and records were flagged as
accurate have been included in the analysis,
From the results it can be seen that the total
simulated flows, which represent the sum of all
siﬁmlated flows for 1136 observations,
underestimate observed flows by about 4.0% and
9.7% for the distributed and lumped versions of
ACRU respectively.  Standard  deviation of
observed flows is more closely followed by the
distributed model than by the lumped model.
Although the correlation cosfficient gives no
indication of a markedly superior performance by
the distributed model, this is not so jn the case
of the linear regression constant and slope
coefficient.  The linear regression  slope
coetficient for the distributed model, 0.979,
approximates the 1:1 line more closely than the
lumped model coefficient of 0.817. This also
suggests that the lumped mode! will under.
estimate flows to a greater degree than the
distributed model, a supposition which is borne

out by the total of lumped and distributed flows
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mentioned previously.

The Coefficient of Efficiency suggests a greater
degree of corformity between observed and
simulated flows in the distributed  model.
However, in both cases the Coefficient of
Efficiency is less than the Coefficient of
Determination and this indicates systematic bias
in both models (Aitken, 1973).”

The analysis was extended to investigate the
relative abilitics of the distributed and [umped
versions of the ACRU model to simulate high
and low flow regimes. Low flow regimes would
oceur mostly on the recession limb of the
hydrograph and this would usually represent a
situation where baseflow contributes entirely to
the streamflow, In these cases it was found that
both the lumped and distributed models under-
estimated streamflow consistently. However, for
events of a greater magnitude, particularly on the
occasions where streamflow was in excess of a
depth of about 10 mm, both models performed
appreciably better,  This investigation was

extended to a seasonal analysis of performance




Table 17.6.2

using reliable data for the period J anuary 1977 until December 1981 (after Angus, 1987)

Statistics of perfermance of the distributed and lemped models on catchment WiM15

Distributed Lumped
Statistics of Performance Model Model
Total observed flows (mm) 1410.523 1410,523
Total simulated flows (mm) 1353.092 1273.858
Number of observations 1136 1136
Mean of observed flows (mm) 1242 1242
Mean of simulated flows (mm) 1191 1,121
Standard deviation of observed fows (mm) 4.9927 4927
Standard deviation of simulated flows (mm) 4.954 4.221
Percentage difference in standard deviation -0.005 14.337
Correlation coefficient 0.574 0.953
Regression coefficient 0.976 0.817
Base constant for regression equation (mm) -0.025 0.107
Standard error of simulated value {mm) 37.795 42974
Coefficient of Determination (.949 0.909
Coefficient of Efficiency 0.940 0.893

where once again the higher flows in summer
were more accurately predicted than low flows

in winter,

A graphical representation of monthly totals of
observed and simulated flows for the period
October 1977 until April 1979 is presented in
Figure 17.6.2. Although the period of data is too
short to identify any definite seasonal trends, it
illustrates a better approximation of peak
monthly flows by the distributed model than by
* the lumped model.

176.5 Conclusions

Although both versions of the models were found
to simulate streamflow well, the distributed
version of ACRU was found, overall, to be a
better predictor of streamflow on the Zululand
catchments than the lumped version. Besides
better performance, the distributed model is also
able to provide agrohydrological information at
various selected poiats within a catchment,

whereas a lumped model only provides informa-
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tion at the catchment outlet. A distributed
model is better able to account for spatir;ll
variations in soil, land use and climatic
nformation and is thus more likely to provide an
accurate physical description of the hydrological

processes within a catchment,
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17.7  YERIFICATIONS OF DESIGN RUNOQFF
DEPTH AND PEAK DISCHARGE
ESTIMATION BY ACRU
EJ.Schmidt, RE.Schulze and 8.J.Dunsmore

17.7.1  Introduction

One of the primary applications of hydrological
models in water resources engineering has been
for the determination of design flood magnitude.
Given suitable long record gauged data, various
statistical methods can be applied to determine
the expected flood magnitude for a chosen
frequency of non-exceedence. However, since
accurate runofl measurements are rarely
available at the location of interest, especially for
the event of "design" magnitude, one usually has
to apply conceptual/physical models which
attempt to convert the "design” rainfall into a
corresponding "design” flood of equivalent risk
of non-exceedence, by accounting for the
catchment’s runoff response characteristics
typically under assumed "average" antecedent soil

water status.

A major limitation in design hydrology is the
assumption that "average' antecedent soil water
status can be used in design flood simulation to
produce a runoff event of recurrence interval
equal to that of the rainfall event. This
assumption is frequently adopted due to a poor
representation of the soil water component in
hydrological models and inadequate information
on associations between "extreme” event rainfall
and corresponding catchment antecedent soil
water conditions (Schmidt, Schulze and
Dunsmore, 1985).
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Extensive research as reviewed by Schmidt and
Schulze (1987) has been conducted (o investigate
the relationships between the frequency of
occurrence of a flood, its causative rainfall and
the role antecedent soil water content plays in
determining this relationship. Such research has
generally indicated that procedures to account
for the joint association of design rainfall and
antecedent soil water status should be applied

when determining design runoff response.

Numerous studies as reviewed by Dunsmore,
Schulze and Schmidt (1986) have indicated the
sensitivity of runoff models to antecedent soil
water status. Indices to account for the effects
of soil water on runoff response range from
lumped antecedent rainfall depths such as used
in the SCS model (United States Department of
Agriculture USDA, 1972) through logarithmic
depletion relationships which account for the
day of rainfall occurrence and soil water
depletion rates to soil water budget methods
using observed rainfall data and estimated
evaporation, drainage and transpiration rates,
the latter approach being commonly adopted in
continuous water vield models such as the
ACRU model.

Verification' of the ACRU mode! for the
prediction of design runoff volume and peak
discharge by accounting for the joint association
of rainfall depth and soil water status has been
undertaken by Schmidt et al. (1985) and by
Dunsmore et al. (1986). The ACRU based
estimates of runoff response were compared with
estimates obtained using the SCS model in both
studies. A summary of these verifications is

presented in the following subsections.
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1772 Design Runoff Depth Verifications

Dunsmore ¢f al. (1986), using long records of
daily rainfall and runoff data from the USA,
showed that there was fittle association between
rankings of daily rainfall and resulting daily
runoff depths, thereby indicating that the
assumption of the T-year return period flood
being the result of the T-year return period
storm, inherent in many current flood estimation
procedures, did not provide a sound basis for
hydrological design. Figure 17.7.1 presents a plot
of the storm rainfall rank, P, for a 29 year annual
maximum series of events and the corresponding
storm runoff rank, Q, for Catchment 2635 at
Coshocton, USA. The Figure illustrates how

rankings seldom correspond.

Dunsmore er @/, (1986) used the SCS and the
ACRU models to compare simulated daily runoff
depths of "design" magnitude wich corresponding
observed daily runoff depths. The SCS model
was chosen since it has been widely used
internationally and had been adapted for
southern African conditions, In the simulations
the SCS medel was applied firstly with the runoff

curve number being representative of ‘averags"

soil water status, SCS-IT, and secondly with -

adjustments being made to the curve number
according to the five-day accumulated rainfall
total preceeding the event, SCS-adj (USDA,
1972). The ACRU model utilises principles of
the SCS runoff depth estimation equation.,
However, it makes use of multi-layer soil water
budgeting routines to provide cenceptually based

estimates of catchment soil water deficit.

Simulating the runoff response to all storms

exceeding a certain threshold (20 mm per day on
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all but the arid Safford catchments, where 4
threshold of 10 mm per day was used),
Dunsmore et af, (1986) found that the ACRU
model performed better on five of the six
catchments under study. The exception was an
arid catchment (4503) on which all the methods
simulated poorly and for which adequate land
usc information was not available, Table 17.7.1
presents statistics of simulations using the various
model options. Statistical functions presented to

cvaluate model performance are :

percentage error in mean runoff depth (M)
percentage error in standard deviation of
runolf deptk (S)

* Coefficient of Efficiency (E)

* Coelficient of Determination (D).

Dunsmore et af, (1986) fitted Log-Normal
frequency distributions to the annual maximum
series of observed daily runoff {Q-OBS), and
simulated daily runoff obtained using the ACRL/
model  (Q-ACRU), SCS moda| assuining
"average" conditions (Q-SCS-II) and SCS model
using the S-day rainfall adfustment index (Q-
SCS-adj). The objective was to establish the

adequacy of the various methods to estimate

design runolf depths over a range of return

periods. Figure 17.7.2 representing Catchment
4501 at Safford, typifies the results obtained,

It was concluded that extrema runoff series
obtained with the ACRL model, utilising its soil
water budgeting procedures to account for
catchment: wetness, provided close agreement
with observed flow series and allowed for more
accurate estimates of design runoff depth than
the SCS based methods,
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Table 17.7.1 Statistics of performance of the ACRU and SCS model output for daily runoff response to
storms above a threshold (after Dunsmore, Schulze and Schmidt, 1986)

Catchment Model M S D E
Coshocton 2630 ACRU 26.9 -10.2 0.780 (1.751
SCS-adj -78.1 -45.3 0.466 0.206
SCS-11 -43.1 -27.8 0.563 0.489
Coshocton 2635 ACRU 31.3 -17.2 0.791 0.755
SCS-adj 123 -33.7 0.389 0.226
SCS-1I 296 . -0.5 0.572 0.522
Hastings 4401 ACRU -43 -5.1 0.819 0.816
SCS-adj -64.5 -254 0.568 0.370
SCS-II -329 -23.4 0.760 0.697
Hastings 4403 ACRU 15.7 4.9 0.735 0.650
SCS-adj -56.7 -7.4 0.600 0.462
SCS-11 -18.2 -0.8 0.605 0.548
Safford 4501 ACRU 52 -16.0 0.602 0.598
SCS-adj -94.1 -81.4 0.172 -0.099
SCS-11 -59.1 -47.1 0.618 0.466
Safford 4503 ACRU 70.5 1193 0.228 -2.329
SCS-adj -73.8 <338 0.103 -0.141
SCS-1I 1511 81.9 0,220 -5.837
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EXCEEDANCE PAGBABILITY %)

Log-Normal plots of maximum daily runoff series for observed datg (OBS-Q), and from

ACRU (Q-QCRU) and $CS (Q-5CS-adj and A-SCS-IT) simulations for Safford 4501

(Dunsmore ef af., 1986)

1773  Desien Peak Discharée VYerificationg

In order to determine whether more realistic
estimates of peak discharge could be made

through joint comsideration of design rainfall

‘amount and catchment soil water status, Schmidt

et al. (1985) used the USDA’s SCS hydrograph
generating technigue (USDA, 1972} to simulate
runoff hydrographs using different methods
accounting for soil water status, The ACRU

model was used to determine conceptually based

- estimates of soil water deficit and 2 comparison

was made with the SCS method using both the
five-day antecedent precipitation index to adjust
the curve number (SCS-adj) and assumed

‘average" soil water conditions (SCs-1).

To establish the implication for design flood to
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compare recorded peak discharges_ of various
exceedence probabilities with those simulated
using the three methods. Three USA catchments
with records longer than 25 years were used in
this evaluation,

Goodness of fit statistics for simulations of the
largest annual events on the UsA catchments are
presented in Table 17.7.2. The goodness of fit
statistics are the same ag discussed I Section
17.7.2 with the exception that peak discharge is
used in addition to runoff depth. Details on the
methods used and assumptions made when
simulating peak discharge are presented by
Schmidt et al., (1985).  The ACRU model
provided the best results for ] catchments,
while runoff depth was modelled more accurately
than peak discharge.




Table 17.7.2 Statistics of performance of the ACRU and SCS model for annual maximum events on USA
catchments (after Schmidt, Schulze and Dunsmore, 1985)

Catchment Model Peak Discharge
M S . D E
Coshocton 2630 ACRU -12.4 20.8 {.499 0.423
SCS-adj 713 64.2 0.167 -0.169
SCS-II 59.1 551 (0.389 0.130
Hastings 4401 ACRU -0.9 -28.6 0475 0.118
SCS-adj 75.9 111 0.330 -0.543
SCS-IT 66.7 31.2 0.324 -0.287
Safford 43501 ACRU 24,1 -12.2 0.496 0.245
SCS-adj 975 88.7 0.205 -1.129
SCS-1I 643 253 0.495 -0.037
Runoff Depth
Coshocton 2630 ACRU - -17.0 -9.4 0.620 0.483
SCS-adj 66.4 432 0.335 -0.323
SCS-11 54.9 345 0.429 -0.019
Hastings 4401 ACRU 0.3 -1.9 0.830 0.818
SCS-adj 727 299 0.561 0.034
SCS8-II 63.5 429 0.828 0.312
Safford 43501 ACRU 204 189 0.553 0.518
SCS-adj 70.4 80.7 0.036 -0.474
SCS-1I 61.5 444 0.559 0.244
CATCHMENT 2830 CATCHMENT 4401 CATGHMENT asm
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Figure 17.73  Log-Normal plots of observed and estimated peak discharge (Schmidt et al., 1985)
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Figure 17.7.3 presents the typical result obtained
when fitting the Log-Normal distribution to the
observed and simulated annual maximum series
of peak discharge. Improved estimaltes of design
peak discharge of various exceedence probabili-
ties were obtained in all cases when using the
ACRU model.

Schmidt et al. (1985) concluded that the soil
water budgeting techniques included in the
ACRU model provided more realistic estimates
of peak discharge distribution when compared
with the current SCS (echniques. It was
suggested that relationships between soil water
status and design rainfall depth be determined on

a regionalised basis for use in flood modelling,
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CHAPTER 18

SENSITIVITY OF QUTPUT TO ACRYU MODEL _INPUT

G.R. Angus
13.1 DIRECTORY a coefficient given month by month
which is used to estimate the rainfall
ABRESP = Fraction of "saturated” soil waler to abstracted by interception, detention

be redistributed each day from the storage and infiltration befors runoff
topsoil horizon, when above field commences).

capacity, to the subsoil horizon,

e.g. 0.3 is slow, typical of clays CONST

0.8 is fast, typical of sands

e.g. COIAM = 0.21s a typical value.

[

Fraction of the plant available water
in the soil at which total evaporation
Default valug = 0.5 is assumed to drop below the

BFRESP = Fraclion of "saturated” soil water to maximum evaporation.
be iedistributcd each day from the e.g. 0.4 is a typical value,
subsoil horizon, when above fisld CRLEPO = Crilical leaf water potential of a
capacity, into the intermediate/ plant, given in *-* bars, (If a value
groundwater store. is entered, then CONST = 0).
e.g. (1.3 is slow, typical of clays e.g. CRLEPO
0.8 is fast, typical of sands for maize 1 = -17(bars)
Default value = 0.5 for grass : = -10(bars),
CAY(I) = Average monthly crop coefficients, DEPAHO = Depth (m) of the topsoil horizon of

K. for the wvegetation of g the scil profile,
catchment/subcatchment (ie. the  DEPBHO

il

Depth (i) of the subsoil harizon of

It

proportion of water "consumed" by
a plant under conditions of
maximum evaporation in relation
to that evaporated by an A-pan in
a given period),

Coefficient of basellow response
(ie. the fraction of the
intermediate/groundwater  store
that becomes strsamflow on 2

particular day).

It

the soil profile,

Soil texture classes, for which soil
water refention constants efe, are
preprogrammed in the MENU-
BUILDER (If PEDDINF = 0 or
if EVTR =2)
ITEXT = 1 clay,

= 2 loam,

= 3 sand,

= 4 loamy sand,

e.g. COFRU = 0.02 = 2% per = 5 sandy loam,
day - a typical value. = 6 silty loam,
COIAM(I) = Coefficient of initial abstraction (ie. = 7 sandy clay loam,
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= 8 clay loam

= 9 siity clay loam
= 10 sandy clay, and
= 11 silty clay.

i

QFRESP Stormflow response factor for the
catchment/subcatchment (ie. the
fraction of the total stormflow that
will run off from the catchment Jeell
on the day of the event).

ROOTA(L) Fraction of active root mass in the

n

topsoil horizon, specified month by
month.

Effective depth of the soils (m) to

1i

SMDDEP
be considered to contribute to
stormflow production:

SMDDEP = 0 cffective depth is
not known and is
assumed to be the
depth of the
topsoil  horizon
(DEPAHQ), and

= 0 elfective depth is
as specified.

VEGINT(I) = Interceptionloss (mm.rainday ™) by

vegetation, given month by month,

182 INTRODUCTION AND BACKGROUND

McCuen (1973a) defines sensitivity as a measure of
the effect of change of one factor on another factor.
In terms of hydrological modelling this definition
refers to a measure of the effect of changes in model
input or model structure on model output. Thus
sensitivity analysis can provide a useful tool to the
hydrological modeller for a better understanding of
the correspondence between the model and the
physical processes being modelled (McCuen, 1973b).

This technique can therefore provide potentially

useful information in all phases of mode! develop-
ment from model formulation and calibration

through to verification and validation,

McCuen (1973a; 1973b) draws a distinction between
parameter sensitivity and component sensitivity, He
defines parameter sensitivity as a measure of the
change in output resulting from a change in a
parameter of the total system. However, the system
in its entirety is made up of a number of
components and in terms of the 4 CRU model these
components would include

* the interception loss component,

* the potential evaporation component,
* the soil water budget component,

* the irrigation component,

* the crop yield component and

* the reservoir yield component.

A sensitivity analysis of any one of these components
would comprise a component sensitivity analysis and
an analysis of this nature would prove most useful
in the formulation of a model or the addition of new
components to a model. A parameter sensitivity
analysis, however, is unable to distinguish between
the effects of each individual component on a change
in a single parameter, but rather provides an
indication of the effect of the integrated model,

comprising many components, on the model output,

A distinction occasionally drawn between a
parameter and a variable is that a variable has
physical meaning and is capable of being measured
whereas a parameler is often a coefficient, the value
of which is inferred empirically. According to this
definition, with the exception of ITEXT , all the
other input characteristics described in Section 18.1
are variables. However, for the purposes  of this

study no distinction is drawn between variables and
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paramelers  and they are both referred to s

paranmeters.

In parameter sensitivity analyss, derivi;lg the
sensitivity of a single parameter has traditionally
involved incrementing the valve of the input
parameter and determining the resulting change in
owiput or the change in an objective function
representing the output. However, determining the
sensitivity of each paramater of a multiparameter
system in a complex model involves an excessive
amouut of computer time (McCuen, 1973a). This,
coupled with the inadequacy of a mathematical
framework for sensitivity analysis of complex models
has tended to limit the use of sensitivity analysis as
a design criterion for hydrological simulation models
(McCuen, 1973b).

The usefulness of the sensitivity analysis described

in this chapter is not as an aid to model verilication
or model formulation, but rather as a tool to provide
guidelines for the compilation of input parameter
information bases for the Decision Support System
(DSS) discussed in Chapter 2. Weddepchl (1983)
conducted a sensitivity anatysis on the ACRL model
using the Zululand research catchments and this
study is extending his analysis to include other model
parameters and to present the results in graphical
form, It is envisaged that the results of this study
will provide guidelines as to the degree of accuracy
of parameter estimation required in the compilation
of information bases for the DSS. Thus, in
collecting the information, those parameters to
which the simulations are most sensitive will require
greater accuracy in determination, either through
measurement or through a literature search, than

less sensitive parameters,

183 APPROACH TO PARAMETER
SENSITIVITY ANALYSIS

183.1 A Review OF Sensitivity Studies On
Complex Models '

For simple, explicit models it is possible to take
derivatives of the output with respect to input
and express the sensitivity as explicit functions,
However, as models become nore complex,
sensitivity is more easily expressed in the form
of relative changes, graphs and tables rather than
functions, This was the approach adopted by
Lane and Ferrcira (1980) in investigating the
sensitivity of the CREAMS model, They
recognised the main shorteomings of this method

as

the fact that because parameters are varied
individually, complex interactions are
difficult to detect and

alarge number of sirulation runs and hence

computer time is required.

Lane and Ferreira (1980) conducted their
sensitivity analysis on three componenls of
CREAMS, namely

* the hydrological component,

* the erosion/sediment yield component and

* the chemistry componeat of the modsl,

They selected base values For input parameters
for each component of the model and performed
an iniljal base run, the output of which was used

by subsequent incremental runs to compare out-
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put sensitivity, The relevant input values were
varied by +50%, +25%, -25% and -50% subject
to the actual realistic values of these parameters
and the sensitivity of the output was classed as
significant, moderate, slight or none. The
classification was based on the change in output
caused by a +50% or -50% change in input

parameter where

0% change in output equals a class none,

*  less than 10% change in output equals class
slight,

* between 10% and 50% is moderate and

*  greater than 50% is significant.

They took pains to emphasise, however, that
results are site specific and they suggest ‘that
users should perform similar exercises for

particular applications,

Rogers, Beven, Morris and Anderson (1985)
performed a sensitivity analysis on the Institute
of Hydrology Distributed Model (IHDM). The
IHDM is a physically based distributed model,
with parameters that can, in principle, be derived
[rom experimental work or estimated a prior.
As such the model can be used to predict
streamflow in ungauged catchments or the
hydrological effects of land use changes in gauged

catchments,

Rogers et al. (1985) limited their study to surface
flow roughness and soil properties. They found
the model to be particularly sensitive to Chezy C
value and saturated hydraulic conductivity. They
used the hydrological peak as a measure of
sensitivity for five storm periods and presented

their results in graphical form,

Bathurst (1986) conducted a sensitivity analysis
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of the Systeme Hydrologique Europeen (SHE)
model in order to determine the accuracy with
which parameter sets for physically-based
distributed catchment models must be prepared
and calibrated. He conducted the analysis on
two streamflow hydrographs for a catchment in
Wales. He found the model to be most sensitive
to soil and flow resistance cocfficients and least
sensitive to vegetation coefficients. He thus
concluded that the former shoutd be evaluated
by point measurement and a few representative

sites and the latter from literature,

Bathurst (1986) defined an arbitrary ranking
system based on the objective functions defined
in the analysis in order to attempt to-compare
input sensitivities. This he believed to be
maderately successful. However, he stressed that
further research was needed to delineate likely
ranges of various catchment parameters for

different soils, land use and catchments

topography.

The approach adopted in this study has drawn
from these previous studies those aspects which
would be most suited to the ACRU model, its
developers and its users. These will be discussed

in detail in the following section.

1832 Approach To Sensitivity Analysis Of The
ACRU Model

The investigation conducted by Lane and
Ferreira {1980) was a very extensive study
including most of the major components of
CREAMS. The sensitivity analysis of the 4CRU
model has, however, opted for a more intensive
approach focussing rather on the core of the
ACRU model, viz. the daily soil water budgeting

routine, Al the other components are
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dependent on the soil water budgeting
component and thus a clearer insight into the
sensitivity of this routine will provide information
on the driving mechanism of the other

components,
*  Site Selection

Owing to the time and computer intensive nature
of this study it was decided to confine the injtial
sensitivity analysis to one site only, namely
Cedara in Natal. Once the most sensitive input
parameters have been identified from this study,
further investigations into the sensitivity of the
model to. those input parameters at other
locations under different climatic conditions
should be undertaken.

Cedara  was  selected  because of the
comprehensive meteorological data available.
This station was, furthermore, used by Furniss
(1988) to investigate the sensitivity of estimated
irrigation water requirements from the ACRIS
model to climatic inputs. This station was also
used by Dent, Schulze and Angus {1987) to
investigate the sensitivily of the ACRU model to
daily and monthly mean temperature based

evaporation estimates.

The Cedara metearological station is sitated at
29°32°S and 30° 17E at an altitude of 1067 m,
This analysis was conducted with 22 years of daily

 rainfall and A-pan data. Cedara has a MAP of

about 840 mm and the standard deviation of

annual precipitation is about 130 mm.

*  Climatic Input Data

Daily rainfall and A-pan data from J anuary 1960
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untii November 1982 was used as the basic
climatic input data for this analysis, Crop water
demand was estimated using A-pan data and
monthly crop coefficients. These were the only
measured data used as input to the maodel, the
output of which is used as base values for
comparative purposes. All the other soils, tand
use and runoff input parameteis were realistic

generalised values,

Having defincd the base input to the model, the
model was run using these base values as input
and the output was stored to be used as a base
set against which output from incremental
change to input in' subsequent runs was to he
compared. Daily rainfall values were varied
within the range +50% to -50% and output from
each incremental changed compared to the base
output. The same procedure was followed
varying daily A-pan values by the same
incremental range as rainfall and keeping all

other input constant.
* Soil Input

‘The base seils input and their range of variation
appear in Table 183.1. The soil texture selected
as a base texture is a sandy clay loam and soil
water retention constants for the various textures
are given in Chapter 5. The ratio DEPAHQ :
DEPBHO al 1:2.25, has been kept constant for
varying soil depths to eliminale the possible
influence that changes to other input parameters,
which may be physically plausible, could have on
output. For example, for a total soi} depth of 0.1
m it is highly unlikely that the majofity of roots
will be found in the topsoil horizon, however, in
order to determine the influence of changes in
soil depth only on output, this physiological

inconsistency must be accepted.




Table 18.3.1 Base soil input parameters and their range of variation

Parameter Base Range of Variation

ITEXT
DEPAHO (m)
DEPBHO (m)

1,2,345, 6,8,9, 10, 11

0.031  0.046 0063 0,092 0154 0231 0.308  0.462 0615
0.069  0.104 0.137 0208 0346 0319 0.692 1038 1385

ABRESP 0.10 020 030 049 .60 070 0.0 0.90

BFRESP 3.10 0.20 0.30 0.40 0.60 G.70 0.80

CONST

CRLEPO

SMDDEP, ie. the critical depth (m) of soil for * Land Cover Parameters

stormllow generation, has been set to the depth

of the topsoi] horizon throughout the sensitivity Month by month base values for CAY, VEGINT
analysis on g0l depth. The two response factors and ROOTA are presented in Table 18.2.2,

governing the vertical redistribution of o] water,
viz. ABRESP and BFRESP, have been set equal
to a base value of 0.5, which would be typical of

These values are considered representative of 3
‘catchment with g combination of jand covers,
typically veld, pastures and a summer crop. The

2 sandy clay loam. Tpe 0.4 base value for representative monthly CAY and VEGINT input
CONST is typical of dryland conditions, The - parameters have beep subjected to 4 total of 12
sensitivity of the more sophisticated Slabbers incrementa changes, ranging from .50 o
(1980) approach to the onset of stress (Chapter +50%. The monthly values for the extremes of
7) has been investigated for a range of eriticgl the incrementa] changes are presented in Tabje
leaf water potentials, CRLEPQ, These resulgs 1832. ROOTA fepresents the total magg of
are, however, compared to the resyjtg obtained - roots in the topsoil horizon, The monthly base
from holding CONgT equalto 0.4 and CRLEPO values for ROOTA indicate that from July 1o
per se has not been ysed as a base value, A September, 959, of the root masg occurs in the

discussion of the results of this analysis as we]]

as the results for climate, land use and runpff

parameter variations are Presented in Section is obviously 1009, of roots in topsoil horiz
183,
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Table 183.2

Base values and their range of variation for land COver parameters

Parameter J F M A

Base Values and The Extremes Bounding incremental Varation

M J 1 A S o] N D

CAY BASE | 080 080 070 040
-509% 040 040 035 020
+50% | 110 110 105 0.0

VEGINT BASE | 100 100 080 070
-50% 030 050 040 035
+50% | 150 150 120 105

ROOTA BASE | 080 080 080 035
-50% 040 040 040 043
+58% | 084 084 084 091

050 040 040 040 045 055 0.65 075
025 020 020 020 020 027 033 028
075 080 060 060 060 083 098 110

060 050 050 030 050 070 080 0.90
030 025 035 025 025 035 040 0.45
0% 075 075 075 075 1.0% 120 135

090 095 095 095 055 090 085 0.80
045 047 047 047 047 045 043 040
095 100 100 100 100 096 091 0.84

value of +5.8%. Thus the upper extreme is
bounded by physical constraiats to an increase in
the base value of 5.8%, Lkowever, in order to
remain constant with changes to base values of
other land cover parameters, the lower limit
represents a -50% change in the base values. At
this lower limit the bulk of the root mass occurs
in the subsoil horizon, From Table 183.2 it can
be noted that the model imposes certain
restrictions on some input parameters in order
By ACRU
‘convention” the maximum value for CAY is 1.10

to screen for realistic values.
and the minimum value js 0,20,
*  Runoff Parameters

The sensitivity of four input parameters namely,
SMDDEP,COFRU, COIAM and QFRESP was
investigated and their base values and range of
variations ars prescated in Table 18.33. It
should be borne in mind that the two soil horizon
depths are maintained at their base values for all
changes in runoff parameters. COIAM is an
array of 12 monthly values of coefficients of
initial abstraction utilised by the SCS equation for
stormflow generation, In this investigation the
values are kept corstant throughout the year for
each incremental change in COIAM. COFRU

ATIE -

and QFRESP control the rate of subsurface
drainage release: and quickflow  response

respectively,

1833 Mode! Qutput

Having discussed the input parameters and how
they were varied about base values, the next step
is to discuss the model response to changes in
input. Streamflow can be regarded as an integrat
result of all the processes occurring within the
water budgeting component of the .4 CRL/ model,
Thus streamflow and the components of which
it is comprised, viz. baseflow and quickflow, have
been selected to test the sensitivity of model
response,  Streamflow is possibly the most
important output from the model, particularly
with regard to water resources maragement.
Changes in quickflow indicate the sensitivity of
the upper region of the soil profile to land use,
soil and runoff parameter changes.  Whilst
baseflow is an integrator of the movement of
water through the soil profile. By considering
baseflow, quickflow and streamflow in
comjuncticn, a realistic appraisal of the
interactive processes ocewrring within the system

can be made,

7




Table 18.3.3 Base values and their range of variation for runoff response parameters

Parameter | Base

Range of Variation
Value

SMDDEP | 020 | 005 010 115 020 025 030 040 0.50
COFRU 0.02 | 0005 0010 0015 0020 0025 0030 0060 0.100
COTIAM 0.20 ] 0.05 0.10 015 020 025 030 050
QFRESP | 0.50 0.05 0.10 015 020 0.0 1.00

In view of the ACRY/ modelling system’s being
used increasingly often in the field of crop yield
simulation, an additional output from the model,
namely, total evaporation has been investigated
since many crop yield models are driven by the
total evaporation process. Although for most
agricultural crops the major contributor to total
evaporation would be the (opsoil horizon, for the
purposes of this study both (he top- and subsoil

horizons have been considered,

18.4 RESULTS

184.1  Selection Of Objective Function

The estimation of parameter sensitivity requires
a measure of the change in an output function
represeated by an objective Function, The choice
of the specific objective function is subjective.
However, the sefection of an objective function
is a very important decision and thus the funetion
selected should reflect the intended hydrological

characteristic adequately {McCuen, 1973a),

For the purposes of this study, where the
intention has been to present the results of this
sensitivity analysis in graphical form, it has been

decided to adopt the percentage change in
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accumulated output over the entire period of
record as the objective function. This can be

represented by

PC

I
Mz Mz
= [

f

A

2

iy

2

O
=
&
=

'y

where
PC = per cent change in output
O; = output from a particular change in
input parameter

Qpase,; = output from the base input and
N

1!

number of years of data.

A single input parameter is varied at a time and
a value for PC determined from the change in
output using the objective [unction defined
above. The input parameter is varied over a
range of values, revealing an associated range of
values for PC. A number of oulput parameters
are investigated with each change in input

parameter, namely

streamflow, which consists of

stormflow and

* baseflow,

evaporation (E) from the A-horizon and

E from the B-horizon.
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Thus for each change in input parameter, five
resultant changes in output parameters have been
recorded.  These results can be presented in

graphical form on the same set of axes to allow

for comparison. It must be emphasised that

these values represent per cent changes in
absolute base output values, A large per cent
change in a base value may not necessarily
represent a large change in the absolute value of
that base value, particularly if the base value is
small. For example, using the base input data set
to the ACRU model at Cedara, it was noted that
stormflow and baseflow contributed 70.3% and

29.7% respectively to sireamflow. In (his

* instance the absolute base values differ greally,

If a change of input to the model resulted in a
10% change in the base value of accumulated
baseflow, an equivalent absolute volume change
in stormflow only represents a 4.1% change in
the base value of accumulated stormflow, Thus
when comparing per cent ckanges to base values
of stormflow and baseflow it must be borne in
mind that a greater per cent change in baseflow

than stormflow need not neeessarily mean a

greater change in absolute accumulated volume,

Having obtained output values for the range of
variations in input as deseribed ix Section 1832,
these resulls are subjected to a spline inter-
polation technique in order to fit a curve o the
output data. These results are presented in the

sections following,

18.4.2  Sensitivity Of Output To Climatic Input
Changeg

Both daily rainfall and daily potential evaporation
input data were varied through a range of from
+50% to -50% of the original data set and the

results are presented in Figure 18.4.1 and Figure
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18.4.2 respectively. In these two figures and all
those following (with the exception of those
depicting. CRLEPO) the intersection of the
curves at the point 0% change in parameters for

both axes, corresponds to base condition.

From both figures it can be seeq that basefiow
is the most sensitive of the output parameters
investigated with respect to climatic input data,
Stormflow appears to be largely unaffected by
variation in potential evaporation input data but
is substantially more sensitive to variations in
rainfalt,

Figure 18.4.1 indicates that the higher the rainfall
the closer the relationship between accumulated
streamflow and accumulated rainfall approaches
linearity. In this region of approaching lincarity,
the gradient of the curve, being steepest, implies
that a greater portion of rainfall becomes
streamflow under higher rainfall conditions than

in lower rainfal] conditioug..

Baseflow, stormflow and streamflow for the base
data set were then considered separately for
those years having less than the median annital
rainfall and years having more than the median
annual rainfall of 793 mm, For the lower rainfall
years it was observed that baseflow and storm-
flow contributed 17.3% and 82.7% of stream{low
respectively. However, for years with rainfall in
cxcess of the median annual rainfall, this
proportion of contributions tg streamflow
changed to 34.8% baseflow and 65.2%
stormflow. Thus the ratio baseflow:stormflow
changed from 1:4.8 to 1:1.9 from dry years to wet
years. For the entire period of record (ie.
considering wet and dry years together) of
rainfall data used in thig study the same ratio is

1:2.4. Tt can thus be seen that although baseflow
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represents a smaller portion of streamflow at
Cedara (using base input data), the rate of
increase in baseflow with increased rainfall has

a significant effect on streamflow.

Figure 18.4.3 provides for a direct comparison
between the effect of changes in rainfall and
potential evaporation input on streamflow.
Clearly strecamflow estimates by the ACRU mode]
are much more sensitive to rainfail input
variations than potential evaporation input
variations. Also, streamflow simulations appear
to be more sensitive to underestimates of

potential evaporation than to overestimations

thereof. This trend is reversed in the case of -

rainfall,

1843 Sensitivity Of  Output  To  Soils
Parameter Changes

For the purpose of this sensitivity analysis the
ratio DEPAHO : DEPBHO has been kept
constant i 1:2.25 throughout the range of
variation of soil depth. . The effective depth of
the soil profile contributing to stormflow,
SMDDEP, has been assumed to be equal at
DEPAHO. From Figure 18.4.4 stolrmﬂow and
hence streamflow was observed to be highly

sensitive to total soil depths, particularly shallow

soils. For total soil depths in excess of 1.0 m the

gradients are less stecp indicating that output

parameters are less sensitive in this range.

Soil depth variation has a more consistent effect
on stormflow than it has on baseflow. The
shallower the soil, the shallower the effective soil
depth (DEPAHO) available for stormflow
generation and hence the greater the amount of
stormflow. However, the influence of soil depth

on baseflow is less simple. In very shallow soils
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a large portion of rainfall becomes stormflow
and orly a small amount of water percolates
through the soil profile. As a result, there is
very little soil water potentially available for
baseflow generation, As soil depth increases
stormflow decreases, subsurface soil  water
content thus increases and hence the storage
potential available for deep percolation also
increases. Thus from an initial shallow depth.
baseflow increases with increasing soil depth
uatl a soil depth of about 1.1 m. For soils
deeper than this, an increase in soil depth
actually leads to a decrease in baseflow. The
probable reason for this is because the subsoil
horizon is becoming so large that it in fact rarely
reaches lield capacity and the downward
movement of soil water from the subsoit horizon
to the groundwater store is dependent on the
subsoil horizon’s being above field capacity. The
subsoil horizon in turn, is replenished when the
topsoil horizon reaches saturation, However, the
topsoil horizon is also increasing its water
holding capacity and hence less water is moving
vertically from the topsoil to subsoil horizon,
thereby reducing the degree of saturation of the
subsoil horizon and hence also the amount of
water entering the groundwater store which

releases baseflow.

The movement of water through soils is highly
dependent on soil texture. A sandy clay loam
has been selected as an "average" soil and has
been used in the menu as the base soil texture,
The ACRY model was run for the other ten soil
textures described in Chapter 5 and the change
in streamflow resuiting from these soil textures
is represented by the asterisks in Figure 18.4.5.
The soils ranging from sand (o silty loam are
arranged on the X axis in order of ascending

plant available water, It can be seen that sandy
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Table 18.4.1 R:

clay loam representing the base texture bas an
asterisk on Y = zero line, representing the base
streamflow. With the exception of clay, all the
other soils follow the basic trend whereby soils
with a smaller water holding capacity (FC minus
WP) have increased streamflow and soils with a
greater water holding capacity have a reduced
streamflow over a period of time.

An analysis was done to determine the most
important soil water retention properties affecting

streamflow.  In the regression analysis the

following parameters were fiited as independent
varigbles and are listed in ordér of ascending
sensitivity

= field capacity,

X1

X2 = porosity minus field capacity,
X3 = wilting point,

X4 = porosity and

X5 =

plant available water (field capacity
minus wilting point).

These results ars presented in Table 18.4.1.

Althoughthe R* values for the univariate models
appear to indicate (hat streamliow is most
sensitive to plant available water, where two
variables are fitted to regression equations, the
interaction between variables appears to detract

from the unique sensitivity of stream flow to plant
available water,

A R? value of 0.907 was cbtained for the five
combinations of four independent variable
modsls as well as for a regression mode] using
all five independent variables.

The sensitivity of various output parameters to
changesin ABRESP and BFRESP are represent-
ed in Figure 18.4.6 and Figure 18.4.7 respectively,
The scale of Y-axis has been kept the same in
both Figures to allow for a direct comparison of
the sensitivity of ACRU model output to
ABRESP and BFRESP., 1t is clear that tha
model output considered is substantially more
sensitive to ABRESP than to BFRESP.,

~

values for regression models with per cent change in streamflow as the dependent

variable and soil water retention properties of 11 soil textures as independent

variables
Number of independent Independent R?

variables variables

1 X1 0.006
1 X2 0.008
1 X3 0.027
1 X4 0.252
1 X5 0.503
2 X3,.X2 0.152
2 X1,X2 0.305
2 X1,X4 0.305
2 X4,X2 0.305
2 X4,X3 0.391
2 X4.X5 0.521
2 X5,X2 0.803
2 X1,X3 0.874
2 X3,X5 0.874
2 X1L,X5 0.874
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Figure 18.4.6

Figure 18.4.7

Figure 18.4.8
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Figure 18.4.8 considers the sensitivity of
streamflow only to changes in ABRESP and
BFRESP. Although streamflow is more sensitive
to ABRESP than BFRESP, (he degree of sensi-
tivity is negligible when coimmpared with ifs
sensitivity to soil properties such ag total soil
depth and soil texture,

The final two parameters considered in the soils
sensitivity analysis are CONST and CRLEPQ.
They both control the rate of actual evaporation
as a function of plant available water. The
influence on output of changes in CONST and
CRLEPQ are represented in Figures 18.4.9 and
18.4.10 respectively. The base run used the
parameter CONST and not CRLEPO in order
to control the rate of evaporation of water from
the soil profile.

Figures 18.4.9 and 18.4.10 indicate that CONST
and CRLEPO are directly related with the only

difference perhaps being the limit of their ranges,

1844  Land Cover Parameters

The land cover parameters investigated are CAYY,
VEGINT and ROOTA. Figure 18.4.11 represents

the sensitivity of the ACRU model output to . -

changes in month-by-month values of CAY.
Once again baseflow appears to be very sensitive
to CAY.* Evaporation appears to be virtually
insensitive to CAY values in excess of the base
values. However, for values of CAY less than
the base values, all output parameters appear to
have steeper gradients indicating greater

sensitivity,

In Figure 184.12, the same Y-axis as in Figure
18.4.11 has been maintained and from this it is

apparent that the model output is relatively
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insensitive to VEGINT. The reason for this is
that, although VEGINT reduces the amount of
effective rainfall entering the soil profile, it also
satisfies a certain amount of the atmospheric
evaporalive demand, hence reducing the amount

of water being evaporated from the soil profile.

The relative influences of CAY and VEGINT on
streamflow can be inferred from Figure 18.4.13.

~The degree of sensitivity of streamflow to CAY

decreases with increasing CAY. For values of .
CAY in excess of about 309 greater than base
CAY, there is little change in streamflow,

The range of variation in rooting distributions is
tabulated in Table 1832 and the sensitivity of
Selected output parameters to ROOTA is repre-
sented in Figure 18.4.]4. Stormflow is largely
unaffected by changes in rooting distributions,
though baseflow is more sensitive to ROOTA.
The lower limit of the X-axis, -509, represents
an annual average value for ROCTA of 0.43.
The upper value of the incremental variation,
+5.8% represents an annual average value of
0.93 for ROOTA. Thus the rooting distributions

range fron_l about 43% to 93% roots in the

topseil horizon. These two values represent a
wide range of reoting distributions and within
that range the gradient of the various curves

remain fairly constant,

Evaporation from the subsojl horizon is
noticeably insensitive (o rooting distribution,
particularly in the range where the majority of
roots arc in the topscil horizon, Thig is as
expected because of the fact that evaporation
from the subsoil horizon is directly proportional
to the amount of roots in that horizon and if a
scarcity of roots in the subsoil horizon means

that evaporation from (hat horizon will be low.
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18.4.5 Runoff Parameters

The input parameters controlling runoff which
have been considered in this section are
SMDDEP, COIAM, COFRU and QFRESP. Of
these the model has been found to be the most
sensitive to SMDDEP and COIAM. Figure
18.4.15 represents the influence of changes in
SMDDEP on selected ACRU output parameters.
The opposing effect which low values of
SMDDEP have on stormflow and baseflow are
similar to the trend encountered in the analysis
on soil depth. This oceurs for the same reasons
as those stated in the soil depth analysis,
However, the contribution of baseflow to
streamflow continues to increase with increasing
SMDDEP, whereas previously as seen in Figure
18.4.4, its contribution diminishes with increasing
total depth,

In both instances, the contribution of stormflow
to streamflow decreases steadily throughout the
range of inprut parameter changes. The probable
reason for the difference in baseflow conlribu-
tions is that in this case the depth of the subsoil
horizon, DEPBHO, remains «. stant with
increasing soil depth, whereas in the soil depth
-analysis DEPBHO increased. Thus, with a
decrease in stormflow there is an associated
increase in effective rainfall infiltrating the soil
profile. The topsoil horizon will thus be wetter
and more likely to reach saturation and hence the
vertical downward movement of soil will be more
pronounced. This results in a welter subsoil
horizon and thus a larger amount of water will
move through to the groundwater store and

hence become baseflow.

It is interesting to observe that, for values of
SMDDEP in excess of 0.25, there is little change
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in evaporation from either horizon and also little
change in streamflow. In fact, evaporation from
the topsoil horizon is largely unaffected by
changes in SMMDEP perhaps only with the
exception of SMDDEP values less than 0,10.

Like SMDDEP, COIAM is a parameter used in
the SCS-based equation governing the generation
of stormflow. From Figure 18.4.16 it can be seen
that stormflow increases with decreasing
COIAM, Conversely, baseflow is reduced at low
COIAM values due to the larger proportion of
rainfall being converted to stormflow and hence
less water infiltrating the soil profile. This trend
is reversed as COIAM increases and hence

stormflow decreases.

These converse relationships between baseflow
and stormilow tend to reduce the sensitivity of
streamflow to COIAM. It is likely that in
regions of lower rainfall where baseflow is a less
significant portion of streamflow, that streamflow
will be more sensitive to COIAM than has been
observed at Cedara. The relative influences of
COIAM and SMDDEP on streamflow are illus-
trated in Figure 18.4.17. Quite clearly simulated
streamflow at Cedara is more sensitive to
SMDDEP than to COIAM. This is particularly
the case for values of these two parameters less
than 0.25. For values greater than 0.25,
streamflow is relatively insensitive to both
SMDDEP and COIAM,

An investigation of the sensitivity of the same
selected outputs to QFRESP and COFRU input
revealed that the output is highly insensitive to
these two parameters. In both cases varying the
input parameters over the ranges described in
Section 18.3.2(e), the largest change in output

parameter was less than 0.5%.
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18.5 DISCUSSION AND CONCLUSIONS

It is opportune to stress once again that the results
of this analysis are specific to locations with similar
climatic conditions to those encountered at Cedara.
This should be borne in mind particularly when
considering the sensitivity of baseflow to various
nput parameters. Baseflow represents a fairly large
proportion of total streamflow simulated at Cedara.
However, in many lower rainfall regions of southern
Africa this is unlikely to be the case. Hence in
regions where baseflow is less significant, it may not
be necessary to consider the sensitivity of the ACRU

model to inputs affecting baseflow.

Daily rainfall and daily A-pan input values were
. varied and output from the model was found to be
sensitive to both these inputs. Baseflow was the
most sensitive output amongst those investigated.
The model appears to be more sensitive to rainfall
than to potential evaporation and a 10% change in
ratnfall was found to produce a change of about 30%
in streamflow. This illustrates the importance of
reliable rainfall data in the use of the 4CR{/ model

for water resources assessments.

Of the soil parameters, the ACRU model appears to
This is

particularly so for soil profile depths of less than 1

be most sensitive to total soil depth.

m. For soil depths deeper than 1 m, the gradients
of the curves in Figure 18.4.4 are far less steep than
for shallower soils. For example, a change in soil
depth of 0.9 m from 0.1 m to 1 m results in a 184%
change in streamflow. However, a change in soil
depth from 1.0 m to 1.9 m results in only a 31%

change in streamflow.

In comparison to soil depth, soil texture has less
elfect on streamflow. The range of variation

between the highest runoff producing soil texture,

sand, and the lowest runoff producing texture, silty
loam, is 47%. It is somewhat unexpected to observe
that sand is the soil texture yielding the greatest
amount of runoff. It was observed that the single
most important factor influencing the amount of
streamflow simulated by the model, is plant available
water.

Baseflow is relatively sensitive to ABRESP, but
The model is

generally less sensitive to ABRESP values greater

streamflow substantially less so.

than 0.5 than it is (o values less than 9.5. The model
is rather insensitive to BFRESP,

The ACRU model produces similar results for
CONST and CRLEPQ. The CRLEPO value of -
12 is similar to the base CONST value of 0.5,
Streamflow is also less sensitive to CONST and
CRLEPO than soii depth.

In considering land use inputs to the model, model
output was found to be sensitive to both CAY and
ROOTA, but rather insensitive to VEGINT.
Streamflow appears to be less sensitive to CAY
values greater than about 0.67. However, no such
region of particular sensitivity could be identified for
variations in ROQTA,

Of the four parameters controlling land use,
SMDDEP is the most sensitive, followed by
COIAM. Qutput streamflow volumes generated by
the ACRU model are, however, very insensitive to
COFRU and CRLEPO. If the objective function had
been sclected to be sensitive to the timing of
streamilow, then COFRU and QFRESP may have
proved to be more sensitive than this study has
found them to be. Streamflow is most sensitive to
SMDDEP and COIAM in the range 0.05 to 0.20,
This study has demonstrated the usefulness of

sensitivity analysis as a tool for obtaining an
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understanding of the complex interactions between
components of the ACRYU model. Tt has assisted in
the identification of input parameters to which
model output is sensitive and this is of importance
when collecting input information for the
formulation of a DSS. This study has identified
which input data need to be collected with due care
and deliberation and which data are less important

in terms of the effect they have on mode! output.
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