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PREFACE

When this Water Research Commission funded project on a
"Hydrological Investigation of Rural Catchments in Natal with
Specific Reference to Flood Events" commenced in the Department
of Agricultural Engineering at the University of Natal in
Pietermaritzburg in 1979, neither the project's staff nor its
Steering Committee anticipated that the hydrological focus of the
early 1980's was, in fact, going to be on drought. By the same
token that water resources managers adapted to changed
circumstances, so the Steering Committee of this project was also
supportive of changes in emphasis and encouraged new directions
as the situation or the experience gained in the course of this
project demanded it.

While constantly focussing on the major areas of the
proposed research, namely the further development of the SCS
hydrograph technique for Southern Africa, the hydrological
classification of Southern Africa's soils and the development of
new hydrological models, the course of time saw, for example,
soil/nutrient loss and soil moisture deficit subprojects deferred
to subsequent projects and costly annual land use surveys given a
reduced priority. On the other hand, the Steering Committee
requested a depth-duration-frequency study of medium to long
duration rainfall originally undertaken for Natal (in a previous
project) to be extended to the entire country, furthermore
supported Professor J.K. Mitchell's input into distributed
modelling and initial abstraction research while he was in the
Department on sabbatical leave from the University of Illinois
and, spurred on by the drought, encouraged the development of the
ACRU model from a monthly to a more detailed multi-purpose and
multi-soil-layer daily hydrological and agricultural model with
application far wider than had originally been the intention.

A project of this duration and scope can only be completed
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with the collaboration of many institutions and individuals,

whose inputs I should hereby like to acknowledge gratefully,

namely,

the Water Research Commission for funding this project,
the Steering Committee for their support of this project,
various academic and administrative departments of the

University of Natal in Pietermaritzburg, particularly the
Computer Centre,

the staff who over the years collected and processed field
data, especially Messrs. J.J. Pretorius, J.S. Mbatha,
V. Freestone and Mesdames E. Ortmann, K. Wiercx and
R. Richardson,

the members of the Department of Agricultural Engineering
who helped prepare this document, namely Miss W.J.George
as editorial assistant and Mesdames K.M. Temple, J. Whyte,
J. Moolman and B. Gaydon,

Mr M.C. Dent, who managed the computing system and who
supervised the project for seven months in 1980 while I
was undertaking hydrological research on this project in
the U.S.A.,

Mr W. Reynolds and staff of the Agrometeorology Section of
the Department of Agriculture, Cedara for meteorological
data, and

the colleagues, named elsewhere, who contributed to various
chapters of this report and to the computer programming.

R.E. Schulze
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HYDROLOGICAL MODELS FOR APPLICATION TO SMALL RURAL

CATCHMENTS IN SOUTHERN AFRICA :

REFINEMENTS AND DEVELOPMENT

R.E. Schulze

EXECUTIVE SUMMARY

BACKGROUND

In June, 1979 a five year research project entitled
"Hydrological Investigation of Rural Catchments in Natal with
Specific Reference to Flood Events" commenced in the Department
of Agricultural Engineering at the University of Natal in
Pietermaritzburg, through funding from the Water Research
Commission. The findings contained in this report are the
culmination of the major research thrusts of this project. From
the aims and motivations which were set out in the original
research proposal and through the guidance and decisions of this
project's Steering Committee, focus was placed on three areas
of research. These were

(i) the further development of the SCS curve number method,
of determining flood hydrographs, particularly for
application of this design technique in Southern
Africa,

(ii) a classification of Southern Africa's soils into
units of similar hydrological response for use in
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hydrological models developed here or adapted for use

locally, and

(iii) the development and testing of other hydrological
models for eventual general application to small
catchments in Southern Africa.

These three areas of research therefore also form the three
sections into which this report has been divided. The three
sections consist of 16 chapters and an appendix. The first eight
chapters have been written as separate units and the ensuing
eight chapters all concern the development of a new multi-purpose
model, namely the ACRU model. The major research aims and
research findings are highlighted in the chapter summaries which
follow.

SECTION A : REFINEMENTS TO THE SC5 MODEL FOR IMPROVED PERFORMANCE

Chapter 1

The standard SC5 stormflow equation has been derived as

Q = ( P - U 2 f o r P M
g a

a

in which

Q = stormflow (mm),

P = rainfall (mm),
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Ia = initial abstractions before stormflow begins,

= cS (with 'c' a coefficient), and

S = potential maximum retention of the soil, i.e. an
index of maximum soil moisture deficit related to
soil properties, land use and moisture status.

The SCS equation for peak discharge rate, qp

qp = 0,2083 AQ
D/2 + L

is given by

where

A = catchment area (km^),

D = effective storm duration (h), and

L = catchment lag, i.e. response time (h)

Chapter 2

Following the publication by Schulze and Arnold in 1979 of a
manual on the SC5 method for use in Southern Africa, this now
internationally recognised technique has also become a standard
method for small catchments1 hydrological design in Southern
Africa, primarily because the method is simple, uses daily
rainfall input and because graphical solutions are possible.

Despite its simplicity the SCS model has been found to yield
generally acceptable results. It was, however, hypothesized that
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the method's predictive performance of stormflow and peak
discharge rates would be improved markedly if the estimates of
components S, Ia, L and D could be refined. This was a major task
of the project and was approached with a research philosophy
revolving around:

(i) keeping the basic SCS equations intact (to maintain
the user's confidence in the method),

(ii) making use only of simple, readily obtainable
climatic, soils, topographic and land use information
(for widespread potential application of the model in
its refined state),

(iii) application of realistic, proven soil moisture
budgeting techniques and

(iv) aiming at improving model performance for a wide range
of environmental conditions. Hence hydrological data
from humid to arid regions of Southern Africa and the
U.S.A. were used for model testing.

Chapter 3

The variable 'S' was conceptualized as a soil moisture deficit. S
was estimated by daily moisture budgeting techniques using a two-
horizon soil profile, with simple above and below ground
vegetation factors incorporated to model evapotranspiration.
Results from 20 catchments in seven hydrologically contrasting
locations of the U.S.A. showed marked improvements in stormflow
simulations when goodness of fit statistics were compared with
those using the conventional SCS method of estimating S. It was
further established that in more humid areas the antecedent
period to be considered in stormflow simulations should be longer
(30 days) than in more arid areas (5-10 days). This research was
undertaken while on sabbatical leave in the U.S.A.
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Chapter 4

Conventionally initial abstractions of rain falling on the
catchment before stormflow begins, have been expressed as

Initial research on data from W.R.C. catchments in Natal showed
that the coefficient 0,2 was too high generally (0,05 was
recommended) and that it varied with the
catchment's antecedent moisture status. The hypothesis that the
coefficient was influenced further by physiographic factors
(e.g. the catchment's area, drainage density, slope or stream
order) as well as by climatic factors (e.g. antecedent moisture
and rainfall amount, intensity or duration) was substantiated
and multiple regression equations were developed for estimating
the coefficient of Ia, which improved stormflow estimates
significantly.

Chapter 5

In the SCS peak discharge rate equation, a catchment's response
or lag time, L, remains a constant, estimated only from invariant
physiographic factors (hydraulic length, retardance and slope).
Marked improvements in lag time and consequently peak discharge
estimates were achieved for both single and incremental
hydrographs when rainfall and moisture status characteristics
were used in predictive equations. A new, generally applicable-
lag equation for use on unguaged catchments was proposed.

Chapter 6

Since the SCS model uses only daily rainfall input, but the
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distribution of rainfall intensities is of primary importance for
hydrological design on small catchments, regional synthetic
rainfall distributions are used in the SCS peak discharge method.
To date, the two rainfall distributions developed for the U.S.A.
have been used locally. Research on data from a W.R.C. project on
digitized rainfall data illustrated that peak flows in Southern
Africa could be underestimated by up to 50% when distributions
from the U.S.A. were applied. Four new synthetic rainfall
distributions have therefore been proposed for use in Southern
Africa and these are considered to yield more realistic design
peaks in Southern Africa than has hitherto been the case.

SECTION B : HYDROLQGICAL CHARACTERISTICS OF SOILS IN SOUTHERN
AFRICA

Chapters 7 and 8

Soil is a prime regulator of a catchment1s runoff response, for
it is the soil which absorbs, retains, redistributes and releases
rain falling on it. Southern Africa's soils have been classified
pedologically into 41 soil forms, which in turn have been divided
into 501 recognisable soil series. Based primarily on physical
properties of the various horizons making up soil profiles, each
of the 501 soil series was classified for hydrological modelling
purposes into runoff potential groups, into interflow potential
classes, soil textural classes and (by assigning profile clay,
distribution models to each series) into water retention groups
for wilting point, field capacity and porosity of the top- and
sub-soils.
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SECTION C : DEVELOPMENT OF THE ACRU MODEL

Chapter 9

The ACRU model for application to small catchments, using readily
available daily climatic data, is being developed specifically
for Southern Africa as a conceptual physical and multi-purpose
model. The basis of the ACRU model revolves around multi-soil-
layer moisture budgeting, which lays the foundation for the
model's versatility in being able to simulate

(i) runoff (storm- and baseflow),

(ii) supplementary irrigation requirements, as well as

(iii) seasonal crop yields (for selected crops).

The ACRU model has been structured such that the soil moisture
and runoff regimes are highly sensitive to land use changes.

Chapters 10 to 14

The five chapters which follow describe the input information
which is used in the ACRU model, explaining why the input is
required and what the computational procedures or options are in
applying the model. The descriptions pertain to locational input
requirements, rainfall data specifications, the estimation of
potential evaporation by various methods (all Chapter 10), soils
as well as vegetation/land-use information (Chapter 11), runoff
simulation (Chapter 12), supplementary irrigation requirements
(Chapter 13) and inputs required for the estimation of maize or
sugarcane yields (Chapter 14).
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Chapter 15

The ACRU model has a number of options by which simulations may
be presented or assessed. These output options include summaries
at daily or monthly level of data on the status of moisture
budget components, statistical packages in regard to design
values of simulated runoff and irrigation requirements, summaries
and frequency analyses of crop yields, plotting routines to
compare observed and estimated runoff and a statistical analysis
of the model's performance.

Chapter 16

The performance of the ACRU model was tested on 1977-1983 daily
data from W.R.C. catchments U2M18 (Cedara), V1M28 (DeHoek), W1M16
and W1M17 (Zululand). Monthly runoff totals were modelled
successfully on initial runs i.e. without calibration, yielding
r2 values ranging from 0,984 to 0,972 and values of the
coefficient of efficiency, E, ranging from 0,922 to 0,975 on

grassland catchments. On the steep, forested catchment U2M18,
p

monthly simulations were less successful, with r = 0,693 and E =
0,509. The model's performance on the daily level varied, but
suggestions are made which are expected to improve daily
simulation to an acceptable level.

RECOMMENDATIONS FOR FUTURE RESEARCH

A number of recommendations for future research emanate from the
findings of this report. These may be divided into two broad
headings.

(a) Design Stormflow and Peak Discharge Rates for Small
Catchments in Southern Africa
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The SCS has become an accepted method recommended for use in
Southern Africa by, for example, the National Transport
Commission. In this report refinements to the model for more
generalized use in Southern Africa have been proposed in regard
to curve number adjustment for antecedent moisture conditions,
the estimation of the coefficient of initial abstraction, an
improved lag time equation and new storm rainfall distribution
curves. These refinements need some further testing on data which
have only now become available, before they can be incorporated
into a revised SCS manual for Southern Africa, which, it is
suggested, should be at two levels, namely, a more detailed
version for the professional engineer and a simpler version for
field use.

Furthermore, it is recommended that research be undertaken to
determine design runoff from small catchments by considering
jointly the probabilities of rainfall and antecedent moisture
conditions. Conceptually such an approach is sounder than the one
assumed at present, namely that a design runoff of a given
recurrence interval is produced by a design rainfall of the same
recurrence interval, with other variables such as antecedent
moisture introduced as "average" values. This proposed approach
would have to be tested and verified on W.R.C. as well as other
catchment data and if successful, could be applied to data from
over 2000 Southern African rainfall stations for the production
of a user manual on design runoff from small catchments.

(b) Further Development of the ACRU Model

The ACRU model as presented in this report is only a first
version of the model. As a first step to further refinement the
model needs to be tested on catchments with diverse environmental
conditions (for example, the Ecca, Cathedral Peak or Southern
Cape catchments). There is, to date, also no dynamically
structured user model for Southern Africa which assesses effects
of afforestation on runoff, and this presents a major challenge



(xxix)

to further model refinement. Examination of the model's
performance on W.R.C. research catchments also indicates that, in
some way or other, storm rainfall distribution will have to be
incorporated into the model.

By virtue of its structure the ACRU model lends itself to being a
'carrier' for sediment and water quality models - a further field
which requires development. Effects of water utilization and the
attendant influences on water resources by crops other than maize
and sugarcane need to be examined. Such research would have to
include refinements to the soil moisture redistribution processes
by testing model performance against available lysimeter data.

Furthermore, having been tested on catchments with soils which
respond diversely to the runoff process, it has become clearly
evident that lumped hydrological models, in which catchment
physical and response characteristics are averaged, will not give
us all the answers we require when the effects of land use on
water resources are to be assessed. It is seen as imperative that
hydrological researchers in this country adapt models (such as
the ACRU model) into distributed models or alternatively develop
new ones, specific to the uniqueness of Southern African soils
and land use practices.

It is therefore recommended that the above proposals be
researched in a further project in order to render this user-
orientated model more versatile than it is at present and. for the
model to be used with greater confidence for a variety of
decisions in the field of water resources management in Southern
Africa.
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REFINEMENTS TO THE SCS MODEL

FOR IMPROVED PERFORMANCE



CHAPTER

THE SCS STORMFLOW AND PEAK DISCHARGE MODELS

INTRODUCTION

In the early 1950s the Soil Conservation Service (SCS) of the
United States Department of Agriculture (USDA) developed a
procedure for estimating stormflow1) volumes from storm rainfall
on small agricultural catchments (<8 km^). This procedure,
namely the SCS Curve Number Method^), was designed to use, as
input, total daily rainfall (thereby largely ignoring rainfall
intensity) in the estimation of peak discharge rates.

The algebraic and hydrologic relationships between storm
rainfall, catchment characteristics and the storm hydrograph
response are detailed in the so-called NEH-4, i.e. the SCS
National Engineering Handbook Section 4 - Hydrology (USDA-SCS,
1972) and in the SCS manual for use in Southern Africa (Schulze

1) The term "stormflow" is used in Chapters 1 - 6 of this report
in preference to "runoff" because runoff carries the
connotation of overland flow rather than the combination of
flow processes that occur in a catchment, when it responds to
a storm event.

2) In this report the expressions "equation", "procedure" and
"model" are used to denote the SCS "method" when used in that
context.



and Arnold, 1979).

This first chapter introduces the 5CS stormflow and peak
discharge models by deriving the SCS equations and explaining
briefly the concepts upon which this technique was developed. The
aim is to provide some background to the standard SCS model and
the research which has been conducted \n the past five years on
four major components of the irodel in order to improve the
model's performance in Southern Africa and elsewhere.

THE SCS STORMFLOW MODEL

Stormflow volume is computed on the basis that the actual amount
of stormflow occurring in relation to the potential stormflow
depends on the infiltration which can still occur (after
stormflow has commenced) relative to the soil's moisture deficit.
Thus, according to the model's original developers,

Q = F Eq. 1
Po S

where

Q = accumulated stormflow (mm),

Pe = accumulated effective rainfall i.e. potential
stormflow (rrm),

F = accumulated infiltration frorr. the time at which
stormflow commences (mm) and

S = potential maximum retention of the soil (mm), i.e.



Since

and

an index cf maximum soil moisture deficit.

P - I; Eq. 2

F

where

- Q Eq. 3

accumulated storm rainfall (mm), and

initial abstractions (mm) before stormflow begins,
consisting mainly of interception, infiltration
and surface storage,

Equation 1 can.be written

for P I. Eq. 4
(P - U + S

In order to eliminate the necessity of estimating both Ia and S,
the SCS used limited data from small experimental catchments to
express Ia in terms of S by the empirical relationship

I: = 0,2S Eq. 5

thus simplifying Equation 4 to the ccmironly used

(P - Q.25)2

P + 0,8S Eq. 6



Equation 4 has a conceptual basis since, as the soil moisture
deficit decreases, so the stormflow approaches the effective
rainfall amount. The potential maximum retention, S, is related
to soil surface and profile properties, vegetative cover/
management practices and antecedent moisture characteristics, and
is transformed into an index of catchment response to rainfall,
or curve number, CN, ranging frorr 0 to 100 by means of the
equation (when metric units are used)

CN = 25400 Eq. 7
S + 254

Values of CN for various hydrological soil-cover complexes are
listed in tables (for exairple, by Schulze and Arnold, 1979).

Curve Numbers for "average" soil moisture status, designated
CNjj, are assigned to a catchment. These "average" curve numbers
are increased if soil moisture status of the catchment is wet
(CNJJJ) or reduced if it is dry (CNj), then transformed to a
value of S (by applying Equation 7) and used together with a
rainfall amount to estimate stormflow (Equation 4 or 6).

THE SCS PEAK DISCHARGE MODEL

The SCS calculation of peak discharge rate is based on a standard
unit hydrograph, which is considered to be an average
characteristic of small catchments and which is invariable, given
a certain pattern of rainfall. The peak discharge of the
hydrograph is proportional to the runoff volume. It is therefore
possible to calculate the peak discharge from any runoff volume.

The SCS model uses a dimensionless unit hydrograph developed
from a large number of natural unit hydrographs. This standard
unit hydrograph, which has 37,5% of the'total volume under the



rising limb, can be approximated by a triangle to give a
triangular unit hydrograph, provided the same proportion of the
total volume is under the rising limb.

The triangular unit hydrograph is a practical representation of
stormflow with only one rise, one peak and one recession. It has
been very useful in the design of soil and water conservation
measures and discharge rate estimations for spillway and channel
capacities. Its geometric shape which can easily be described
mathematically, is shown in Figure 1.1.

The proportion of volume under the rising limb to the total
volume may be expressed as a ratio of the time to peak (Tp) to
the time of the base of the triangular unit hydrograph (Tb)
since both triangles have a common height, qp (Figure 1.1).
Therefore,

T p

Tb

0,375

Eq. B

The total volume of the triangular unit hydrograph may be
expressed as

Q

where

1/2 qp(Tp+Tr) Eq. 9

stormflow volume (mir.),

peak discharge rate (mm.h"'')

time to peak (h), and

time of recession (h)

Solving Equation 9 for qp yields



qp = 2Q

Tp+Tr

It may be seen from Figure 1.1 that this becomes

Qp = 2Q_
(1 + 1,67)Tp

qp = 0.75Q
TP

Introducing catchment area, A, in km^, allows conversion of qp

from mir.h"^ to m^.s""', as follows {the full derivation is given
in Schulze and Arnold, 1979):

qp = Q,75 A Q
TP

ie qp = 0,2083 A Q (m^s"1) Eq. 10
Tn

It may be seen froir. Figure 1.1, that the time to peak, Tp, is
related to storm duration and lag such that

Tp = D/2 + L Eq. 11

where

D = effective storm duration (h), i.e. the duration
of the stormflow-producing part of a day's
rainfall, and

L = catchment lag (h).
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Figure 1.1 Geometrical shape of the triangular
unit hydrograph



The equation far the estimation of peak flow therefore becofr.es

qp = 0,2083 A Q (m3.s"1) Eq. 12

D/2 + L

Lag is defined as the time from the centre of mass of excess
rainfall to the peak rate of runoff (Figure 1.1) and, in SCS
literature (USDA-SCS, 1972),is related to the physical properties
of a catchment, namely, catchment slope, hydraulic length and
flow retardance. The standard SCS equation used for the
estimation of lag is

L = 1°'8(S' f 25,4) Q' 7 Eq. 13

7069 y°>5

in which

1 = hydraulic length of the catchment (m),

y = average catchment slope (percent), and

S1 = 25400 - 254
CN1

where

CN' = retardance factor approximated by the runoff curve
number unadjusted for antecedent soil moisture
i.e. C N n .

Equation 12 assumes storms with a uniform rainfall distribution.
Total storm rainfall, however, rarely (if ever) occurs uniformly



with respect to time. In order to estimate the peak rate of
runoff it is therefore necessary to divide the storm into
increments of duration and compute the corresponding increments
of runoff.

This requires storm rainfall to be distributed with respect to
time because rainfall intensity varies considerably during the
storm. Two major typical 24-hour storm distributions, Type I and
Type II, were developed from United States data for use in the
SCS mcdel and have been adapted provisionally per se for
application in South Africa. They are associated with climatic
regions. Type I maximum intensities are less than those of Type
II. The Type I storm distribution represents maritime climates
with winter rainfalls while the Type II storm distribution is
typical of the more intense storms usually generated over small
areas from summer thunderstorms which then yield higher rates
of runoff than storms with a Type I distribution. Time
distributions for the two storm types are shown in Figure 1.2.

The duration of the most intense rainfall period contributing to
the peak runoff rate is related to the time of concentration for
the catchment in question. Time of concentration, Tc, in turn has
been related empirically to catchment lag by

0,6 Tc • Eq. 14

By dividing the storm into increments of duration around the most
intense rainfall period contributing to the peak runoff rate, the
peak discharge equation for an increment of runoff becomes

Aqp = 0,2083 A AQ Eq. 15
AD/2 + L
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where

11

AQ

peak discharge of the incremental triangular

hydrograph {m^.s"1)

increment of runoff (mn) produced by the ra infa l l

of that incremental duration, and

AD duration of unit excess rainfall (h).

Figure 1.3 illustrates how the ordinates of the individual
incremental triangular hydrographs (with each incremental
hydrograph being displaced one incremental duration, D, to the
Tight for each successive time increment) are added to produce a
composite hydrograph, using the principle of.superpositioning.

With this background to the so-called "standard" SCS model, the
next chapter examines the applications of this rrodel and the
research philosophies this author believes should be adhered to
when undertaking component research in order to improve the
performance of the model.
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This has motivated the need for an alternative method, which
should be simple to use computationally or graphically, should
have a sound hydrological basis, rely on factors which have
classes of relatively fine resolution and may be applied in small
catchments on a subcontinental scale. For this reason the 5CS
hydrograph generating technique for estimation of stormflow
volumes and peak discharge rates in catchments of 8 km2 or less,
and slopes not exceeding 30%, was selected.

STATUS OF THE SCS TECHNIQUES

The rationale behind the selection of the SCS technique was
strengthened by the facts that in the past 20 years the SCS
method had become an accepted and established model for stormflow
estimation on small catchments and that the procedure was "used
internationally - perhaps several million times annually"
(Hawkins, 1980), often as a method recommended by institutions
and government agencies (for example, by the states of Maryland
and Michigan in the U.S.A.), or as a method the results of which
are accepted in court judgements (for example, in the state of
Pennsylvania) and as a method being tested and used widely not
only in the U.S.A., but also in France, Germany, Middle Eastern
and African countries.

USE OF THE SCS TECHNIQUE IN SOUTHERN AFRICA

Developed by Mockus and others over the past three decades,
originally for the U.S.A., this method was first proposed for use
in Southern Africa as an alternative to the rational formula over
20 years ago by Reich (1962). More recently it has been tested in
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Southern Africa at research catchment level by Cousens (1976),
while Hiemstra and Frances (1978) have used the SC5 method in
conjunction with runhydrograph theory and Gibson (1981) has
applied the SCS method to large catchments.

A major breakthrough in promoting the use of the SCS technique in
Southern Africa was the publication of the first edition of a
user manual by Schulze and Arnold in 1979, adapted for local use.
Response to the manual resulted in the SCS method's becoming part
of the hydrological armoury of engineers and its being
recommended as a standard technique by, for example, the National
Transport Commission of South Africa and the Natal Provincial
Administration.

Simultaneously, weaknesses and overgeneralizations in the model
have become exposed. It became, inter alia, the task of this
project to research various components of the SCS model with the
view to possible improvements and generalizations in order that
an eventual further/new edition of the manual could incorporate
findings at user level. Subsequent chapters report on these
research findings.

REA5QN5 FOR THE WIDESPREAD USAGE OF THE SCS METHODS

The reasons for its widespread usage are numerous :

(a) The equations are simple - if the basic premises of the
equations given in Chapter 1 are accepted, it requires only
one parameter, S, to be estimated and that parameter
(through the CN) integrates catchment characteristics
pertaining to soils, land use and moisture status.

(b) The assignment of CN from the many and varied land use and

soils categories tabulated and described in NEH-4 (USDA-
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CHAPTER 2

THE SCS TECHNIQUE : APPLICATIONS AND RESEARCH PHILOSOPHY

THE NEED FOR A VERSATILE SMALL CATCHMENTS MODEL FOR USE IN
SOUTHERN AFRICA

There is frequent need by agricultural and civil engineers, as
well as by others, for hydrological data as an information base
in planning, design and management of water resources systems.
Indeed, in the case of hydraulic structures, many thousands of
designs are made annually in Southern Africa for structures
costing millions of Rands. Since actual measurements, for example
of stormflow and peak discharge rates, are rarely available for
small agricultural or periurban catchments, these hydrological
data have to be generated or be estimated.

Estimations of peak discharge rates from small catchment areas in
Southern Africa are usually still effected by the use of the so-
called rational formula, along with other simple, empirical
formulae and the unit hydrograph. The popularity of the rational
method results largely from its simplicity and frcm the fact
that, on average, the method over-estimates, thus giving an
inherent safety factor. Nevertheless, there is much variability
in the accuracy of prediction, resulting mainly from the usage of
broad classes of the coefficient of catchment imperviousness and
the subjective manner in which the quantitative value of this
factor is sometimes decided. Furthermore, many of the models used
give no estimate of the volume of stormflow generated by an
event, which in terms of the total environmental impact of a
flood (for example, water quality aspects) may be regarded as
equally important to the peak discharge rate.
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SCS, 1972) provides a uniform method for estimating
stormflow and peak discharge rate for a given catchment.
Thus in the U.S.A., for example, some 4000 and in South
Africa over 500 soil series have been classified by
hydrological response for use with the SCS technique (LJSOA-
SCS, 1972; Schulze and Arnold, 1979), and different
hydrologists estimating design volume and peak discharge on
an unguaged catchment ought to obtain the same answers.

(c) The method uses daily rainfall input - in fact the peak
discharge rate equation was developed from data and for
situations where only the total amount of one or more
storms occurring in a calendar day was known, but not its
distribution (Kent, 1966). This renders the SCS procedure a
useful method to apply in areas with sparse autographic
rainfall data.

(d) The empirical stormflow and peak discharge equations are
related to physical properties of catchments - parameter
values can thus be changed in an attempt to simulate
changes in catchment conditions. This makes the model well
suited to estimating the effects of land use, its
treatment, hydrological condition, soil properties and
antecedent moisture status on stormflow from small
catchments.

(e) The SCS technique is user oriented and various types of
nomographic solutions have been presented both by the SCS
(for example, USDA-SCS, 1972; Kent, 1973) in imperial units
and by Schulze and Arnold (1979) using SI units and with
the coefficient of initial abstraction as a variable.

(f) The above factors make the method attractive for use on
ungauged catchments because no calibration or parameter
optimization is required. Where the method has been tested
against other models of a similar level of sophistication
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it has been found to give not necessarily always the best,
but under a variety of conditions consistently usable
results (for example, Reich and Jackson, 1971; Dickey,
Mitchell and Scarborough, 1979; Mostaghimi and Mitchell,
1982).

(g) Finally, the SCS method uses the generated stormflow volume
as an input into its unit hydrograph-based equation for the
estimation of peak discharge rates. The accurate estimation
of stormflow volumes is thus essential to simulations of
peak discharge rates, as o^er 80% of its variation may be
accounted for by stormflow volume alone {Rogers, 1980;
Schmidt and Schulze, 1984).

ORIGINAL INTENT AND PRESENT USAGE

The SCS technique was intended originally as a design tool for
use on small catchments with agricultural land uses. Thus Kent
(1966) states that the "procedures are primarily for establishing
safe limits in design and for comparing the effectiveness of
alternative systems of measures within a catchment/watershed
project. They are not used to recreate specific features of an
individual storm".

Because of its simplicity, the SCS curve number method, however,
has been used increasingly for purposes other than was the
original intention, has been adapted in part or has had.
procedures for parameter estimation modified.

The following examples of the use of the SCS method by others
illustrate these points:

(i) The SCS method has been adapted for use in
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continuous daily water yield models (for example,
Williams and LaSeur, 1976);

(ii) curve numbers have been estimated in conjunction
with remotely sensed data (for example, Ragan and
Jackson, 1980; Bondelid, Jackson and McCuen, 1980);

(iii) the SCS equation has been used as a tool in
environmental impact studies, for example, in
assessing effects of strip mining (Fogel, Hekman
and Duckstein, 1980) or in the estimation of
sediment yield (Williams and Berndt, 1977);

(iv) the SCS itself has adapted the technique for use in
urban areas (USDA-SCS, 1975);

(v) curve number adjustment procedures have been
changed to improve estimations in semi-arid areas
(Simanton, Renard and Sutter, 1973);

(vi) the technique has been used as a basis in the
comprehensive CREAMS model on agricultural
management systems (Knisel, 1980) and

(vii) it has been applied with modification on large
catchments (Gibson, 1981) up to several
thousands of km^ in area.

The original authors did not foresee the widespread application,
of the SCS method to the "entire spectrum of hydroiogic problems
on ungaged watersheds" (Rallison, 1980). Although in many cases
the SCS procedure has been shown to solve successfully types of
problems for which it was not designed, the procedure has,
because of the assumptions in the derivation and because of its
generalized use, generated substantial criticism (for example,
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Hawkins, 1978; Hewlett, 1981). While some of the criticism may be
misconstrued, it is recognised by the SCS (Rallison and Miller,
1982), but is accepted as a tradeoff against the advantages of
simplicity.

RESEARCH PHILOSOPHY REGARDING IMPROVEMENTS TO THE SCS MODEL

In any so-called "improvement" to the performance of a
hydrological model the researcher and later the user have to bear
in mind the conceptual basis on which any changes to the original
model were made and the implications of these changes. The
research "philosophy" regarding the improvements to the SCS ir.odel
proposed in this report consists of four simple considerations:

(a) The basic SCS equations have to be kept intact. This
implies that the basic stormflow and peak discharge
equations must remain, respectively,

(P - Ia) + S

and

qp = 0,2083 A Q
D/2 + L '

However, individual components such as S, Ia, D or L may,
within the philosophy of model improvement, be derived by
means other than those used originally by the Soil
Conservation Service. No "new" model, which may take years
to become accepted, is therefore developed. By adopting
this approach the confidence of the SCS and the users of
their technique is, hopefully, maintained.
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b) Any modifications suggested therefore may ultimately, at
user level, make use only of simple, readily obtainable
input data.

(i) These consist first of climatological data in the
form of daily (or longer) rainfall and daily
temperature values, the climatic statistics
available most commonly, especially in developing
countries. Temperature is used in the suggested
modifications as an index of the energy status of
the environment and is used to estimate potential
evapotranspiration. Where A-pan data are available
they replace temperature-based evapotranspiration
estimates. Other climatological information
acceptable would be available maps or tables or
graphs of, for example, mean annual precipitation
or rainfall intensities for given durations/return
periods.

(ii) The second type of model input consists of soils
information, where use is made either directly or
indirectly of the 5C5 hydrologic soil grouping or
of other published information on moisture
characteristics of soils.

(iii) A third type of input data comprises topographical
information from available maps, for example, on
hydraulic length, catchment areas/slopes, stream
order, or drainage densities.

(iv) Fourthly, vegetation/land use data should again be
available from maps, orthophotos or satellite
imagery; alternatively, values such as cropping
coefficients should be obtained readily from the
literature.
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(c) Realistic, proven soil moisture budgeting techniques with
procedures and sequences appropriate to daily input data,
should be used. The budgeting should consider as variables
soil, climate and vegetation characteristics.

(d) Ideally the results obtained from test data should show
improvements under a wide range of environmental
conditions, be they in humid or arid regions, on catchments
with dense or sparse vegetation or with deep or shallow
soils.

It is in the light of the above research philosophy that
improvements are sought to the SCS stormflow equation by soil
moisture budgeting procedures.
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CHAPTER 3

ADAPTING THE SCS STORMFLOW EQUATION FOR APPLICATION TO

SPECIFIC EVENTS BY SOIL MOISTURE BUDGETING1)

INTRODUCTION

In the SCS equation for the estimation of stormflow, namely

Q = (p - ia)2 f 0 r ia> p an(j Ig = cs Eq. ]

(P - Ia) + S

the catchment's curve number, CN, representing the "soil-
vegetation-management-antecedent moisture ccndition", and
expressed through S by

25400 - 254 Eq. 2
CN

is an index of the catchrr.ent's stormflow response to rainfall.

1) This chapter summarizes findings presented under the same
heading as an Interim Report to the WRC and accepted in 1982.
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Hawkins (1975), as well as more recently Bondelid, McCuen and
Jackson (1982), in testing the sensitivity of the SCS procedure
to CN variation, conclude that accurate estimates and adjustments
of CN are more important than accurate estimates of rainfall,
particularly within the range of rainfalls usually used in
stormflow estimation from small catchments.

This chapter focusses on a method of improving stormflow
estimates for specific events using the SCS method, by the
application of moisture budgeting techniques, to obtain more
accurate curve number adjustments than those obtained by standard
SCS procedures.

The method described fulfills the four basic considerations
regarding the research philosophy on improvements to the SCS
technique, as outlined in the previous chapter.

CURVE NUMBER ADJUSTMENT : BACKGROUND

The Significance of '5' in the SCS Stormflow Equation

Rallison and Miller (1981) quote "that in the absence of rainfall
intensity in the model, S is limited by the amount of soil water
available in the profile". The SCS states that "changes in S from
one event to another account for all variation in runoff
producing factors except rainfall". Furthermore, in estimating S,
"the soil moisture at the beginning of rainfall is usually the
most important", and "Of all the variables that go into S, soil-
moisture was selected as the most important" (USDA-SCS, 1980).

The implications of these statements are that within that part of
the soil profile which influences stormflow, S may be
conceptualized as a soil moisture deficit, having a high value
when the deficit is large and a low value when the deficit is
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small, and, as a corollary, S must be estimated at the onset of a
rainfall event by soil moisture budgeting techniques that have to
account for more than merely antecedent rainfall. In the light of
the above conclusions on the significance of S, the standard SCS
procedure for adjusting "average" CN, hence S, for antecedent
moisture conditions are now discussed.

The Standard SCS Procedure for Adjusting CN

In the standard SCS procedure for CN adjustment, lumped 5-day
antecedent rainfall amounts for the dormant and growing seasons,
respectively, are used to categorize the catchment antecedent
moisture condition (AMC) into "dry" (AMCj), "average11 (AMCJJ) or
"wet" (AMCjjj) and the "average" curve number, CNjj, is adjusted
if AMC is either "dry" or "wet". The classification and examples
of CN adjustment are illustrated in Table 3.1.

Weaknesses in the Standard SCS Procedure for Adjusting CN

(a) Rainfall amounts for AMC grouping are shown as discrete
classes (Table 3.1). The implication is that there are
discrete CN shifts, when adjustment for AMC takes place,
rather than CN being a continuum. As a result there are,
what Hawkins (1978) terms "quantum jumps" of estimated
stormflow. For example, a rainfall of 50,8 mm on a
catchment with a CNJJ of 80 is estimated to yield stormflow
of 2,8 mm, 14,2 mm and 29,5 mm for AMCt, A M C n and A M C J H

respectively.

(b) inter-regional and inter-seasonal variations in
evapotranspiration exist, which render the CN adjustment
merely by the divisions into "dormant" and "growing"
seasons too simplistic.
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Table 3.1 SCS antecedent moisture classification and curve
number adjustment

AMC Group

I Dry

II Average

III Wet

Total 5-day Antecedent
Rainfall

Dormant Growing
Season Season

12 mm < 36 mm

12 - 28 mm 36 - 53 mm

28 mir > 53 mm

Examples of
corresponding

CN and S (bracketed)
in mm

40(381) 51(244) 62(149)

60(169) 70(109) 80( 64)

79( 72) 85( 49) 91( 25)
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(c) The use of a five-day period for assessing moisture status
may be queried. Five days may be too short, ideal or too
long a period, depending inter alia on a catchment's area,
slope, climate or soil texture. Researchers have found
other antecedent periods to give better estimates of
stormflow. For example, Hawkins {1961) found one day,
Dickey, Mitchell and Scarborough (1979) two days and Hope
and Schulze (1982) 15 days as a better antecedent period
than five days.

(d) The use of a lumped rainfall amount rather than a weighted
index for antecedent moisture status assessment is a
further weakness.

(e) By implication in the SCS method the soil profile, in which
any changes of S must be taking place, is a uniform, single
layer. In order to simulate stormflow more realistically,
the hydrologist has to know where and in what amounts in
the soil profile soil moisture is "residing" at the onset
of an event. A multi-horizon soil profile ought therefore
to be considered, taking congnizance of the proportions
in which moisture is being extracted from the various
horizons according to rooting characteristics of the
catchment's vegetation.

Review of CN Adjustment by other Researchers

Attempts at refining CN adjustment are not new. The SCS itself
has suggested an adjustment according to stages of vegetative
growth and exposure of the soil surface. However, this suggestion
has not been pursued. Researchers attempting refinements to CN
adjustment have usually developed expressions unique to their
locations or hydrologic regimes. Thus Simanton, Renard and Sutter
(1973), working in the semi-arid environment of Arizona, sub-
divided AMCj into sub-conditions and further combined rainfall
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intensity with AMCj. In Texas, where climatic conditions become
progressively more arid frcir. east to west, CN for design
purposes have been adjusted (USDA-SCS, 1978) by addition cf
intermediate values such that design CNs decrease towards the
west. Dickey et al, (1979) used another approach in Illinois by
incorporating the nr.onth of the year in their CN correction. A
procedure for CN adjustment based on antecedent rainfall,
evapotranspiration and drainage/runoff, and therefore of a irore
universally applicable nature, was derived by Hawkins (1978).
This procedure, tested by Hcpe and Schulze (1982) on catchments
in Southern Africa, was found to simulate stormflows consistently
more efficiently than does the conventional SCS model.

MOISTURE BUDGETING : CONCEPTS AND ASSUMPTIONS

By the introduction of soil moisture budgeting techniques to CN
adjustments, three working concepts and several assumptions are
made.

(a) Soil moisture is held in a soil store. Soil moisture is
held in a store within that part of the soil profile that
is active in regulating the stormflow response of a
catchment to rainfall. In the research described in this
chapter, this store has been equated to the plant
available rroisture, PAM, of the profile. A value for PAM
has to be obtained either from published data, by
estimating PAM from soil texture, or by derivation from
concepts implied in the SCS equation.

In the absence of soil information, the last named rnethod
has to be- used. The derivation of PAM from concepts
implied in the SCS equation is outlined below.

(i) A CNjj is obtained for a catchrrent from fieldwork
and tables.
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(ii) Using SCS tables (U5DA-SCS, 1972), values of CNj and

C N J U are derived for the initial

(iii) From the CNj and CNjjj, corresponding values of Sj
and $ni (both in mm) may be obtained (Equation 2).

(iv) On the assumption that Sj, representing dry
antecedent conditions, approximates wilting point
and Sin, representing wet antecedent conditions,
approximates field capacity, the PAM is estimated as
being the difference, in mm, between Sj and SJJJ.

Within the range of CNj j most frequently
encountered, namely 60-90, realistic estimates of
PAM may be made by this method (Schulze, 1982).

(b) Soil moisture in a profile is partitioned and
redistributed. Partitioning and redistribution of soil
moisture in a segment of soil within a catchment may be
viewed as in Figure 3.1, with vertical as well as lateral
flows into and out of the active soil system. In a two-
layered soil profile, rainfall (P) first enters the A-
horizon (Pa) and when that is "filled" (in the proposed
daily model at PAMa) the remainder (P^) would percolate
into the B-horizon. Evapotranspiration takes place
simultaneously from the A-horizon (ETa) and the B-horizon
(ET5) depending on the vegetation rooting distribution in
the respective horizons and on whether the vegetation is
stressed, i.e. when soil moisture content is below a given
threshold value. Unsaturated redistribution of soil
moisture takes place upwards (RDt,4a) or downwards (RDa_^ b ) .
and out of the B-horizon (0v) dependent on soil moisture
gradients. Finally, since the segment of soil considered in
Figure 3.1 is an element of the larger catchment, inflows
and outflows of water can take place on the surface (Is,
0s) or laterally within the soil profile (Ij, Oj), but the
latter flows are not considered in this research.
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HORIZON Pa '

B
HORIZON

ETb

RDb - a

Ov

P 3 Precipitation a = A-horizon
ET = Evapotranspiration b * B-horizon
RD • Redistribution
I = Inflow
O « Outflow
IN s Interception

I • lateral flow
s =< surface flow
v = vertical flow
k = rooting distribution

Figure 3.1 Soil moisture partitioning and redistribution
(Schulze, 1982)
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Four aspects of the above soil moisture budgeting
procedure require further detail.

(i) Estimation of potential evapotranspiration, PE. In
the absence of A-pan values PE has to be estimated
by a temperature-based equation. One of the simplest
equations, requiring only mean temperature data, is
that by Blaney and Criddle (1950) in which

PE(mm/day) = 10(0,142T + 1,095)(T + 17,8)c d/m

Eq. 3

where

T = mean air temperature (°C),

c = empirical crop factor that varies with
crop type and stage of growth,

d = daylength correction factor, and

m = number of days in the month.

Guidelines for values of the coefficients 'c' and
1d' may be obtained from the literature.

(ii) Estimation of actual evapotranspiration, AE. The
Baier and Robertson (1966} equation was selected to
estimate AE for a two-layered soil. In this equation

2

E k j ( S M j { i _ 1 ) / P A M j ) Z j P E i Eq. 4



35

where

AEj = AE for day i (mm),

kj = the fraction of moisture extraction from
that zone by the root system,

SMj(i-1) = available soil moisture (mm) in the j-

th zone at the end of the previous day

(i-D,

= plant available moisture (mm) of the j -
th zone,

Zj = fraction of available soil moisture at
which AE PE and plant stress sets in,
and

PE| = PE (mrr.) for day i.

The kj values have to be estimated to resemble
probable rooting patterns and typical values are
shown in Figure 3.1. The proportions of total PAM in
the A- and B-horizons may be estimated from soil
profile descriptions, but 0,2 - 0,4 PAM is typical
for the A-horizon and 0,6 - 0,8 typical for the B-
horizon. The function Zj is set at unity until the
bracketed part of Equation 4 becomes less than 0,4,
below which fraction AE is assumed to decrease
linearly to zero with available soil moisture
content.

(iii) Soil moisture redistribution. The amount of
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redistribution is a function of the moisture
gradient between the A- and B-horizons and the
amount of soil moisture in the more moist horizon.
Details of rates of unsaturated downward movement,
unsaturated upward relocation and deep percolation
are given by Schulze (1982).

(iv) Time steps in soil moisture budgeting. Consideration
has to be given to the duration of the antecedent
period selected in a moisture budgeting procedure to
be variable. Furthermore, the budgeting time steps
have to become shorter as an event date is
approached, because of the greater sensitivity of a
model to moisture status just prior to an event.
Therefore, the moisture budgeting was undertaken in
a maximum of five lumped steps starting 30 days
prior to an event, namely, for 30-16 days prior to
the event (i.e. 15 days), 15-11 days (i.e. 5 days),
10-6 days (i.e. 5 days), 5-3 days (i.e. 3 days) and
2-1 days prior to the event (i.e. 2 days). Depending
on Iccal conditions, the moisture budgeting could be
preselected to comrrence at the beginning of any one
of the five periods. At ccmr.er.cement of the
budgeting it was assumed that both A- and B-horizons
had a soil moisture content equal tc 0,5 PAM.

(c) Potential Maximum Retention '5' Represents Soil Moisture
Deficit

The concepts that soil moisture is held in a store and
that it is partitioned and redistributed apply to any
hydrological model; the fact that potential maximum
retention, S, is conceived as a moisture deficit (as
discussed previously), "marries" the SCS stormflow model
to soil rr.oisture budgeting techniques. As a soil moisture
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deficit, S may therefore be defined as

S = PAM - SM Eq. 5

where SM for the entire soil profile or for the various
horizons is calculated by Equation 4.

Procedures

The proposed soil moisture budgeting techniques for a two-layered
soil profile model, SMB2, uses the inputs, assumptions and
procedures described in preceding sections to calculate a soil
moisture deficit, which is equated to S and then used in Equation
1 to estimate stormflow. Conventional moisture budgeting
sequences are used for each antecedent period up to the event
date. Details of inputs, sequences and outputs have been given
by Schulze {1982).

TESTS ON STORMFLOW ESTIMATES USING THE 5C5 EQUATION MODIFIED BY
SOIL MOISTURE BUDGETING

Catchment Data Used

The SMB2 modifications to the SCS equation were tested on 250
events from 20 catchments at seven locations in the U.S.A. The
catchment locations are shown in Figure 3.2 and other information
is summarized in Table 3.2. Catchment areas varied from 0,51 to.
906 ha in widely differing climatic and hydrological regimes in
which mean annual rainfall ranged from 175 mm to 975 nun and mean
annual runoff from 1 to 300 mm (Table 3.2). All the information
on the events was extracted from data published in the annual
series by the USDA Water Data Laboratory (Burford, Delaschmutt
and Roberts, 1980 and previous years-).. None of the data were
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Table 3.2 Catchment information

Location

Coshocton
(Ohio)

Riesel
(Texas)

Stillwater
(Oklahoma)

Hastings
(Nebraska)

Tombstone
(Arizona)

Safford
(Arizona)

Albuquerque
(New Mexico)

Catchment
Identi-

fication

26001
26003
26005
26007

42024
42028

37001
37002
37003

44005
44006
44022

63003
63004

45001
45002
45004

47001
47002
47003

Number
of

Events

11
12
12
11

11
15

17
16
15

10
9
10

15
16

11
7
10

16
14
12

Catch-
ment

Area
(ha)

0,51
1,11
0,67
0,90

1,21
1,22

6,82
37,55
84,08

1,48
1,39
1,53

906,12
228,57

211,84
278,37
295,10

100,41
16,53
71,84

Mean
Annual
Rainfall

(mm)

975

825

725

600

275

225

175

Mean
Annual
Runoff
(mm)

300

142

105

70

4

1

8

Land use/
Vegetation

Pasture/meadow
Pasture
Meadow
Hardwood

Native grass
Pasture

Native grass
Native grass
Native grass

Native meadow
Native Meadow
Pasture

Desert shrub/grass
Desert shrub/grass

Sparse shrub/rangeland
Sparse shrub/rangeland
Sparse shrub/rangeland

Sparse grasses/shrubs
Sparse grasses/shrubs
Sparse grasses/shrubs

Curve
Number
(CN H)

73
73
73
70

81
80

80
80
77

69
69
69

79
81

79
79
81

88
87
85
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rejected on the grounds that they might give poor results.
Information en catchment land use, its hydrolcgic condition and
soils was obtained from the same source and CNjj was derived from
procedures given in NEH-4 (USCA-SCS, 1972).

Statistical Tests Used

Comparisons of stormflow volume estimation by the standard SCS
and the SMB2 modification to the SCS model were made against
observed stormflows. In addition to examining regression
equations, the accuracy of each procedure was assessed by the
Coefficients of Determination (D) and Efficiency (E) of the
observed and calculated stormflow in which

I(QO - Q o )
2 - M Q 0 - Qest)

2

D = Eq. 6

and

L(Q0 -

Eq. 7

MQ0 - Qo)2

where

. Qo =• observed stormflow,

Qo = mean of the observed stormflows,

Qe = calculated stormflow, and

estimated stormflow obtained from the regression
line of Qe on Qo.
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Both D and E describe the degree of association between observed
and estimated stormflows. However, these two statistics are not
identical (cf. Equations 6 and 7). While D is a good measure of
the association between observed and calculated values, it does
not reveal systematic error (Aitken, 1973). However, by
considering D and E together, it is possible to ascertain whether
systematic error is present, the value of E being less than D
when this is so. Both D and E will always be less than unity,
high values indicating accurate estimates of stormflow amounts.
The error function F̂  is the difference between D and E and the
closer F1 is to zero, the less systematic error occurs in
simulated stormflow.

INTERPRETATION OF RESULTS

Tests on the SMB2 modifications were undertaken initially to
determine whether an antecedent period of 30, 15, 10 or 5 days
should be selected in subsequent simulation runs. Results
indicated that catchments from humid areas (Coshocton, Riesel,
Hastings and Stillwater) responded differently to catchments from
the semi-arid areas (Tombstone, Safford and Albuquerque). For
events in humid areas the tendency was for simulation statistics
(for example D and the slope of the regression equation) to
improve with longer antecedent durations and in arid areas the
reverse was shown. Examples of these trends are illustrated in
Figure 3.3. All subsequent simulations by the SM82 modification
were therefore performed using a 30-day antecedent period for
events from humid catchments and a five-day antecedent period
from semi-arid catchments.

The error functions D and F̂  are given in Table 3.3. The overall
assessment is that SMB2-modified CN adjustments yield markedly
better goodness of fit statistics for their simulations than do
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Table 3.3 Analysis of results

Catchment

Coshocton

Hastings

Stillwater

Riesel

Tombstone

Safford

Albuquerque

26001
26003
26005
26007

44005
44006
44022

37001
37002
37003

42024
42028

63003
63004

45001
45002
45004

47001
47002
47003

SCS

0,457
0,315
0,275
0,166

0,331
0,153
0,006

0,575
0,731
0,518

0,090
0,393

0,248
0,639

0,715
0,665
0,139

0,579
0,313
0,209

Error Functions

D
SMB2

0,831
0,836
0,755
0,415

0,841
0,919
0,455

0,816
0,808
0,831

0,540
0,789

0,851
0,873

0,570
0,859
0,382

0,525
0,705
0,459

F
SCS

0,277
1,108
0,654
9,587

0,410
0,712
1,666

1,609
1,303
0,865

0,182
0,503

0,275
0,199

1,903
1,325
0,649

1,265
2,164
2,393

1SMB2

0,029
0,069
0,061
1,273

0,058
0,194
0,398

0,324
0,173
0,093

0,007
0,049

0,244
0,013

0,295
0,311
3,626

0,677
0,548
1,248

Median CN

SCS

51,0
63,0
63,0
60,0

49,0
49,0
49,0

63,0
63,0
59,0

81,0
80,0

62,0
65,0

62,0
62,0
65,0

76,0
74,0
71,0

SMB2

78,5
77,9
78,6
64,8

77,0
78,4
78,0

83,5
83,8
81,3

86,9
86,5

81,4
83,3

81,6
81,4
83,2

89,2
88,3
86,6

Actual
Event

78,8
80,3
83,9
61,5

74,1
78,6
84,6

92,8
90,1
87,5

87,5
95,2

75,9
80,9

83,8
84,5
74,6

86,5
93,4
88,6
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the standard SCS estimates, with improved D in 18 of the 20 and
reduced F̂  in 19 of the 20 catchirents. The effect of systematic
error shows up in the case of Safford 45001, where
SMB2 yields a lower D, yet has a better F^ value than the
conventional method, and would therefore be the more efficient
model to use there. On the other hand the reverse holds for
events simulated from Safford 45004.

Another interpretation of results concerns the accuracy of
estimated curve numbers when compared1with actual CN for the
events. Given observed rainfall : stormflow data, an actual event
curve number, CNa, may be calculated by the equation

CNa = 25400/5 [p + 2Q + (4Q2 + 5QP)0'5] + 254 Eq. 8

Table 3.3 summarizes, for each catchment, the median values of
CNa generated by the events tested as well as the median values
of CN by the SC5 method and its modifications by SMB2. Generally
the simulation mcceis used under-estimate actual CN. The SW32
modifications do, hcwever, approximate the actual CN far rrore
closely than does the standard SCS model. If a tolerance of three
CN from the actual is viewed as permissible for accurate
simulation of specific events, this is achieved for only nine
catchrrents. For eight catchments the SMB2 estimate of CN was
still more than five CN from the actual. This implies that the
soil-cover-coirplex CN^ cannot always be estimated accurately;
possibly because of overriding lccal conditions in the stormflow-
producing areas of a catchment. Alternatively the moisture
budgeting techniques-are not sensitive enough to reflect those
hydrological processes producing stormflow, and budgeting in the
A-horizon on the basis of ar Leper soil moisture content at
effective porosity rather than field capacity may improve the
results further.
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Finally, the SMB2 model may be shown to simulate individual
events far more closely to the observed values than the standard
SCS method does. This is illustrated in Figure 3.4 in the
selected scattergrams of observed vs simulated stormflows by the
two methods on a sub-humid and an arid catchment.

CONCLUSIONS

The adjustment of CN for catchment moisture status in the widely
applied SCS model was modified by a soil moisture budgeting
procedure which accounts, on a daily or longer basis, for the
partitioning, extraction and redistribution of moisture in a two-
layered soil profile. This procedure, which uses easily
obtainable daily rainfall and temperature data, takes account of,
and tries to eliminate, many of the weaknesses of the
conventional SCS method of adjusting CN.

Applications of the procedure to data from 20 catchments in seven
hydrologically constrasting locations in the U.S.A. proved very
successful when goodness of fit statistics were compared with
those using the conventional SCS method. It was further
established that in humid areas the antecedent period to be
considered in stormflow simulations should be longer than in more
arid areas.

The suggested modifications to CN adjustment imply that the SCS
equation may now be used with greater confidence and nrore
generally in a variety of environments when simulating specific
events.
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CHAPTER 4

THE COEFFICIENT OF INITIAL ABSTRACTION IN THE

SCS MODEL AS A VARIABLE

R.E. Schulze, W.J. George, H. Arnold and J.K. Mitchell1)

INTRODUCTION

In the SCS equation for stormflow estimation, namely

Q = (P - I a )
2 for P> Ia Eq. 1

(P - Ia) + S

the initial abstractions, Ia, are defined as all that rainfall
(mm) occurring before stormflow begins and as consisting "mainly

of interception, infiltration and surface storage" (USDA-SCS,
1972).

In order to seek a simple solution to Equation 1 by having only
one unknown on the right hand side, namely the potential maximum
retention S, an empirical relationship was sought between Ia and

1) Professor J. Kent Mitchell's contribution to this chapter
was made while he was on sabbatical leave in the Department
of Agricultural Engineering at the University of Natal in
1982 from the University of Illinois, Champaign, Illinois,
U.S.A.
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S. This empirical relationship between Ia and S was, according to
SCS literature (USDA-SCS, 1972), based on research data, some of
which is shown in Figure 4.1 - a plot of Ia versus S for
individual storms. The data were derived from natural rainfall
and runoff records from catchments less than four hectare in size
(USDA-SCS, 1972). The large arrount of scatter apparent in the
diagram was ascribed mainly to errors in the estimation of Ia.

It is, however, from these data that the relationship

Ia = 0,2 S Eq. 2

has become established to the extent that it has become a
convention to express Equation 1 as

Q = (P - 0,2 S ) 2 Eq. 3
P + 0,8 S

REVIEW

A general contention amongst researchers and users of the SCS
equation is that the coefficient of Ia in terms of S, namely 0,2,
is too high and also that it should be variable. Aaron, Miller
and Lakatos (1977) stated that a coefficient of 0,2 might work
well for large storms, but usually results in under-estimation of
stormflow for small to rredium storms. They therefore suggested a
reduction of the coefficient from 0,2 to 0,1 or even lower. Based
on similar experience, 0,15 was used by Fogel, Hekman and
Duckstein (1980). Springer, McGurk, Hawkins and Coltharp (1980),
working with data from both humid and semi-arid catchments in the
U.S.A. also found that in most cases they examined, the
coefficient was less than 0,2 and on several catchments was zero.

In regard to the coefficient of Ia being a variable, Smith (1978)
maintains that it varies within a storm and with rainfall
intensity and duration. Golding (1979), on the other hand,
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suggests a variation of the coefficient with curve number, CN,
when simulating stormflow in urban areas.

Rallison and Miller (1981), commenting on the assumption
that Ia = 0,2 S state : "Further refinement of Ia is possible but
not recommended, because under typical field conditions very
little is known of the magnitudes of interception, infiltration
and surface storage".

Schulze (1982) felt that it was "shortsighted that the 5CS should
not recommend further research in this area". He states : "Great
strides have been made in the past decade in our understanding of
the stormflow process in terms of contributing or partial areas.
Since a catchment does not usually respond uniformly to rainfall,
it is hypothesized that, in addition to varying with storm
intensity and duration, Ia may vary with rainfall amount (rather
than CN varying with rainfall amount as Hawkins (1979) argues),
antecedent conditions (i.e. related to the contributing area) or
the area, physiography or drainage density (as a measure of the
efficiency of discharge) of a catchment. The whole concept of
varying Ia in the SCS equation is an area of research that needs
to be encouraged. It is in anticipation of positive research
results that the metricated graphical solutions to the SCS
stormflow equations developed by Schulze and Arnold (1979)
contain the coefficient of Ia as a variable".

RESEARCH AIMS

In the light of the above discussion, this project set out to
examine the coefficient of initial abstraction from three
viewpoints:

(a) First, the point scatter of Ia vs S given by the SCS (c.f.
Figure 4.1.) would be analysed in order to establish from
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those data whether a relationship other than Ia = 0,2S, in
fact, gave a better fit to the scatter of points.

(b) The standard SCS procedure of accounting for antecedent
moisture status adjusts curve numbers in "quantum" jumps up
or down for "wet" or"dry" conditions. Furthermore, these
conditions are defined for so-called "growing" and
"dormant" seasons. An analysis of the possible influence of
antecedent condition and season on optimized values of the
coefficient of initial abstraction was therefore a second
aim of this project.

(c) In the previous section (Review) possible relationships
between physiographic factors as well as climatic factors
on initial abstractions were suggested. The third aim of
this project was to examine, by multiple regression
techniques, whether physiographic and climatic factors
could be used to explain variations in the coefficient of
U.

ANALYSIS OF SCS DATA ON THE I, : S RELATIONSHIP

As a starting point in this investigation of the initial abstrac-
tion component of the SCS model, the SCS data presented in Figure
4.1 are examined with the aim of determining an alternative
empirical relationship between Ia and S which would account for a
greater proportion of the variability than would Ia = 0,2S. A
number of regression models were therefore fitted to the SCS
data.

Co-ordinate pairs of Ia and S were obtained by digitizing from
the point scatter shown in Figure 4.1. Since a high degree of
accuracy was achieved in extracting the co-ordinate pairs, it was
assumed that any errors present in the data were random.
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Results of the Analyses

The results from these regression analyses ars given in Table
4.1. The t-values for Student's t-test are used to establish
whether the regression coefficients are significantly different
from zero. As illustrated in Table 4.1, the correlation coeff-
icients of all the regression equations are highly significant
(at the 0,001 level). Furthermore, the constant term fitted in
each of the regression models is not significantly different from
zero. This result is compatible with the curve number concept. A
CN of 100 results in an S value of zero. Such a value of S would
be associated with, for example, a free water surface, saturated
marsh or exposed rock, on which land uses the stormflow is
approximately equal to the rainfall amount. Therefore Ia should
be zero when S is zero and no constant term needs to be fitted in
the regression of Ia on S.

For this reason a further set of regression equations was
developed, in which the fitting of a constant term was omitted by
forcing the regression lines through the origin. The resulting
regression equations are given in Table 4.2. The correlation
coefficients in Table 4.2 are all much higher than the
corresponding correlation coefficients for the regression
equations in Table 4.1. It is important to note that the fitting
of a regression model without a constant term must inevitably
lead to correlation coefficients which are not comparable with
those obtained from the usual model in which a constant term is
fitted, since the method is tantamount to assuming that the
constant term is zero.

The relationships- between Ia and S in Table 4.2 are all highly
significant. The logarithmic model yielded the highest
correlation coefficient. However, the applicability of the
logarithmic model is doubtful. An inherent assumption in such a
model is that the variance of the dependent variable is a linear
function of the independent variable. Since no theoretical
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Table 4.1 Results of regression analyses of initial abstraction
on potential maximum retention

Regression Regression Equation
Model (for Ia in mm on S in mm)

Correlation t-value for
Coefficient Students

r t-test

Linear Ia = 0,0705 S
Regression + 7,7264

Log-log loggia = °. 6 3 1 7 l°9ios

Regression - 0,1532

quadratic Ia = -0,00026 S
2

Regression + 0,1651 S
+ 4,1803

0,4724(***) 5,673(***)
0,761(NS)

0,5254(***) 6,535(***)
0,343(NS)

0,5340(***) 3,101(***)
5,037{***)
0,595(NS)

N.B. ***, ** and NS denote, respectively, significance at 0,1%
and \% levels and non-significance at the 5%
level

Table 4.2 Results of regression analyses of initial abstraction
on potential maximum retention when no constant term
is fitted

Regression
Model

Linear
Regression

Log-log
Regression

Quadratic
Regression

Regression
(for Ia in mm

la = °.

IOSMOI, - 0.

Ia = -0

Equation
on S in mm)

1206 S

5540 log10S

,00041 5 2

0,2324 S

Correlation
Coefficient

r

0,7215(***)

0,9272(***)

0,82048(***)

t-value for
Students
t-test

15,665(**)

37,198(***)

9,243(***)
16,888(***)

N.B. ***, ** and NS denote respectively significance at 0,1%
and 151 levels and non-significance at the
5% level
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grounds in support of such an assumption could be found, the
logarithmic model is therefore not considered as a feasible
alternative prediction model for Ia. From the remaining
regression equations the simple linear model was chosen for the
purpose of estimating Ia because the more complex quadratic model
given in Table 4.2 does not appear to be more efficient. The
slope of the regression line of the linear model is 0,1206. As
shown below, this value is significantly different from the value
of 0,2 suggested by the authors of the SCS model.

t = n - 7 = 0,2000 - 0,1206 = 10,313(***)
Q 2 0,0077

Remarks

The authors of the SCS model point out that in Figure 4.1, from
which the data for these analyses were taken, only enough points
were plotted to indicate the variability of the data. There are,
however, 114 points in Figure 4.1 - enough to obtain a realistic
picture of the Ia : S relationship. It must, nevertheless, be
concluded that the data presented in Figure 4.1 are not
necessarily representative of the complete data base which was
originally available to the authors of the SCS model. It is,
however, noteworthy that analyses of the data points given by the
SCS were shown to yield significantly lower values of Ia than
Ia = 0,2 S would, and that the coefficient of 0,1206 which was
determined, is far more in line with values found or suggested by
numerous researchers, as quoted in the Review section of this
chapter.

EFFECTS OF 5EAS0N AND ANTECEDENT MOISTURE ON THE COEFFICIENT OF
INITIAL ABSTRACTION

Introduction

Storm durations and storm types, as well as vegetation and soil
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properties, vary according to season. For this reason it was
thought worthwhile to investigate whether distinct seasonal
differences did exist in the magnitudes of the coefficient of
initial abstraction, which are not accounted for by the discrete
changes in the curve number for different antecedent conditions,
which furthermore differ in definition according to season (c.f.
Table 3.1.)

Data

For the purpose of this study 131 runoff events were selected
from the W.R.C. catchments at Cedara, DeHoek and Zululand.
Details of the catchments are summarized in Table 4.3, while
details of the individual events (storm rainfall, observed
runoff, rainfall duration and intensity) have been given by
Arnold (1980).

For the purpose of this study, each of the storms was categorized
according to the season in which it occured and the AMC class
prevailing at the onset of the storm. Only two seasons were
considered, namely the growing season and the dormant season. The
growing season was defined as the months of November to February
(inclusive), and the SCS rainfall limits required for the
classification of the AMC class were taken (c.f. Table 3.1).

Procedure

The initial abstraction for each event was calculated after
rewriting the SCS stormflow equation (Equation 1, Introduction)
as

Ia = P - 0,5 [Q + (Q2 + 4 Q S)0'5] Eq.4

Using Equation 4 the initial abstraction for each event may be
calculated by substituting the observed runoff volume for Q. In
any one of the categories as defined by ' season and AMC, the
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Table 4.3 Catchment information

Catchment

Identification

Cedara

U2M16

U2M18

U2M19

U2M20

DeHoek

V1M12

V1M15

V1M28

V7M03

Zululand

W1M16

W1M17

Catchment

Area

(km2)

5,25

1,31

0,09

0,26

0,50

1,03

0,41

0,45

3,28

0,61

Main

Land Uses

Forest/Veld

Forest

Veld

Veld

Veld

Veld

Veld

Veld

Veld

Veld

Curve

Number

67

74

69

71

74

71

68

74

77
63

No. of

Events

52

14
14
8
16

60

16

18

13

13

li
9

10
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"best" coefficient of initial abstraction may then be evaluated
for a particular category. This is obtained by performing the
linear regression of Ia on S within that category. Consistent
with the findings in the previous section, the regression line
was forced through the origin. Thus in

I: CS

where

the "best" coefficient of initial abstractior
particular category, and

for

where

n
z
1=1

n
t

Lai
Eq. 5

Lai the initial abstraction for event i,

the corresponding potential maximum retention for
event i, and

n = the number of events in the category being

considered.

For a given season and ANiC class the maximum potential retention
is constant en any one individual catchment, since only one CN
was used to -describe the soil-cover complex irrespective of
season {Table 4.3}. Thus Equation 5 may be further reduced to
give
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1
n

n
t

U1 Si

Eq. 6

where

c = the mean of the coefficients of initial
abstraction in any one category.

When combining the storms on several catchments in order to
investigate regional trends in c, or when combining storms in
different AMC classes in order to investigate seasonal trends,
Equation 6 dees not apply. This is due to the fact that S is no
longer constant when several categories are grouped together. The
value of c must therefore be calculated by Equation 5 and may be
viewed as the weighted mean of the best coefficients of each of
the combined categories.

Trends in the Magnitude of the Coefficient of Initial Abstraction

The "best" values of the coefficient of initial abstraction for
the various category and catchment combinations considered are
given in Table 4.4. The coefficients were calculated using
Equation 5. By way of comparison the mean coefficient for each
category is also given in Table 4.4 whenever it differed from the
"best" coefficient.

It is evident from Table 4.4 that a large proportion of the
events fall into the AMC-I category, ^hile the AMC-III category
is poorly represented. Nevertheless, it is important to note that
values of the coefficient of initial abstraction larger than
0,2 occur predominantly under AMC-III. Furthermore, the
coefficients generally increase frcm AMC-I to AMC-III in both the
growing and the dormant seasons.
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Table 4.4 Best coefficients and mean coefficients (where they differ,

lower line) of initial abstraction (after Arnold, 1980)

Catchment

U2M16

U2MI8

U2M19

U2M20

Cedara

VIM12

V1H25

V1M2B

V7MO3

DeHaek

M1H16

WtM!7

Zululand

All
Catchments
Combined

AMC-I

0,0705

( 5)

0,0906

( 7)

0,0525

( S)

0,0336

( a)
0,0617
0,0611
(26)

0,0896

( 6)

0,0722

(16)

0,0150

( 5)

0,0155

( 5)

0,0568
0,0592
(32)

0,0563

( 2)

-0,0413

( 3)

-0,0272
-0,0023

( S)

0,0494
0,0551
(63)

Growing

AMC-II

0,1902

( 2)

0.1837

( 3)

None

( 0)

0,1146

( D
0,1764
0,1744
{ 6)

None

( 0)

0,1405

( D
-0,0731

( 1)

None

( 0)

0,0137
0,0337
( 2)

0,0402

( O
None

( 0)

0,0402

( D
0,1314
0,1282
( 9)

Season

AMC-III

None

( 0)

None

( 0)

None

( 0)

None

( 0)

None

( 0)

0,1975

( 3)

None

( 0)

None

( 0)

Hone

{ 0)

0,1975

( 3)

None

( 0)

None

{ 0)

None

( 0)

0,1975

( 3)

Mean

0,0776
0,1004
( 3)

0,0978
0,1185
(10)

0,0525

( 5)

0.0355
0,0426
( 9)

0,0667
0,0823
(32)

0,0911
0,1256
( 9)

0,0731
0,0762
(17)

0,0118
0,0003
( 6)

O,0t55

( 5)

0,0566
0,0690
(37)

0,0550
o.osto
{ 3)

-0,0413

( 3)

-0 ,0263
0.0Q4B
< 6)

0,0517
0,0696
(75)

AMC-I

0.0638

( 3)

0,0220

( D
0,0954

( 2)

0,0621

( 4)

0.0660
0,0652
(10)

0,0489

( 3)

None

< 0)

0,0102
0.0179
( 5)

0.0501
0,0464
( 5)

0,02a6
0,0360
(13)

0,0667

( 2)

-0,0475

( 3)

-0,0310
-0,0018

( 5)

0.027B
0,0397
(28)

Dormant

AMC-II

0,1184

( 2)

0.25B8

( 2)

0,1130

( D
0,0807

( 2)

0,1429
0,1470
( 3)

0,0725

( 2)

0,2330

( D
0,1502

( 1)

0,1117
0,1347
( 2)

0,1356
0.1330
( 6)

0,1631

( 4)

0,0103

( 3)

0,0471
0,0976
( 7)

0,1022
0,1255
(20)

Season

AMC-III

0,05008

( D
0,5052

( D
None

( 0)

0,1952

( D
0,4167
0,4007
( 7)

0,0713

( 2)

None

( 0)

0,0421

( 1)

0,2511

( 1)

0.0961
0.1089
( 4)

Hone

( 0)

0,0484

{ D

0,0464

( D
0,2012
0,2107
( 3)

Mean

0,0742
0,1549
( 6)

0,0977
0,2512
( 4)

0,0970
0,1013
( 3)

0,0647
0,0864
( 7)

0,0779
0,1442
(20)

0.0518
0,0620
( 7)

0,2330

( D
0,0161
0,0402
( 7)

0,0553
0,0941

( a)
0,0373
0,0740
(23)

0,0927
0.1310
( 6)

-0,0371
-0,0090

( 7)

-0,0163
0,0556
(13)

0,0382
0,0948
(56)

Irrespective
nfu •

Season

0,0764
0,1237
( 14)

0,0978
0.1593
(14)

0,0661
0,0708
( 8)

0.0457
0.0617
(16)

0,0701
0,1061
(52)

0,0770
0.0978
(16)

0.0750
0,0850
(18)

0,0138
0,0218
(13)

0,0332
0,0639
(13)

0,0512
0,0709
(60)

0,0960
0,1043
( 9)

-0,0390
0.0167
(10)

-0,0208
0,0396
(19)

0,0472
0,0803
(131)

Number of events shown in brackets
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The range of the "best" coefficients within a season appears to
be considerable. For example, in Table 4.4 under "ALL CATCHMENTS
COMBINED", the coefficients in the growing season range from
0,0494 to 0,1975 while those in the dormant season range from
0,0278 to 0,2012. However, the t-values indicate that neither of
the above pairs of coefficients is significantly different from
the other at the 0,05 level (Arnold, 1980).

It is concluded therefore that antecedent moisture status does
not significantly affect the coefficient of initial abstraction.
The general trend of the coefficients to increase from AMC-I to
AMC-III within the seasons probably reflects inadequacies in the
procedure for adjusting curve numbers according to antecedent
moisture conditions.

For all catchments combined, the "best" coefficient for the
growing season is 0,0517 while that for the dormant season is
0,0382. Again the t-value demonstrates that the two coefficients
for the growing and dormant seasons are not significantly
different at the 0,05 level (Arnold, 1980).

Since there is no significant difference between the "best"
coefficients for the two seasons, it is suggested that the
overall "best" coefficient of 0,0472 should be applied on the
catchments tested. The value of 0,0472 is significantly different
from 0,2 at the 0,01 level, supporting the suggestion made by
several other researchers that the coefficient of 0,2 was
generally too high (c.f. Review).

As may be gleaned from Table 4.4 several of the "best"
coefficients calculated for W1M17 and Zululand are negative. This
indicates that either consistent errors are present in the
rainfall or runoff data, or that the curve number assigned to
catchment W1M17 is far too low..
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Performance of the 5CS Model Using Calculated "Best" Coefficients

An indication of the degree of improvement of the estimate of
runoff volume that may be achieved by optimizing the initial
abstraction component of the SCS model can be obtained by
incorporating the calculated "best" coefficients into the model.

Detailed results presented by Arnold (1980), in a comparison
of these results with those obtained using the standard SCS
model, show that on seven of the ten catchments the systematic
error decreases substantially and the higher values of the
Coefficient of Efficiency indicate considerable improvements in
the estimate of runoff volume when using the "best" coefficients.
The same observations apply to the analysis of all storms
combined, as well as at DeHoek and Zululand. In the case of the
Cedara storms, the degree of association increases marginally
with a corresponding increase in the systematic error.

It was concluded in the previous section that the coefficient of
initial abstraction is not significantly affected by season or
AMC. Furthermore, it is not practical to apply different
coefficients on different catchments since the "best" coefficient
for a particular catchment is unknown unless the catchment is
gauged. Therefore, the overall "best" coefficient of 0,0472
should be used. The performance of the SCS model using a
coefficient of 0,0472 in preference to 0,2 has been shown by
Arnold (1980) to result in a significant correlation coefficient
for the Zululand region and a substantially higher correlation
coefficient for all storms combined. Although Arnold (1980) shows
the correlation coefficient for DeHoek storms to decrease
slightly, systematic errors are no longer present for that
region. The SCS model, however, failed to yield satisfactory
results for storms at Cedara, irrespective of the coefficient of
initial abstraction used (Arnold, 1980) and this must be
attributed either to incorrect curve numbers or to inadequate
curve number adjustment for antecedent soil moisture status.
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EFFECT5 OF PHYSIOGRAPHIC AND CLIMATIC FACTORS ON THE COEFFICIENT

OF INITIAL ABSTRACTION

Introduction

In addition to having

(i) demonstrated from the published SCS plots of Ia on S
that the coefficient of Ia was closer to 0,1 than to
the conventionally used 0,2, and having

(ii) illustrated from analysis of 131 storm events from
Natal catchments that the "best" coefficient for
those data at 0,0472 was significantly lower than
the suggested 0,2,

it was furthermore hypothesized that the coefficient was
variable, dependent on physiographic features of a catchment as
well as on the characteristics related to rainfall of the event
and rainfall prior to the event.

The physiographic features which were selected and the effect
that the features were considered to have on the coefficient of
initial abstraction were :

(i) catchment area (km2) : the larger the area the
higher the coefficient;

(ii) mean catchment slope (percent) : the steeper the
slope the lower the coefficient;

(iii) stream order : the higher the stream order (by the
Strahler method of ordering) the lower the
coefficient; and

(iv) drainage density (km.km"2) : the higher the drainage
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density the more efficient the stream discharge was
likely to be, also the greater the area contributing
to stormflow was likely to be, hence the lower the
initial abstraction and its coefficient.

It was appreciated, when these catchment features were selected,
that some inter-correlation may exist between them, but it was
not known which of the physiographic features may be dominant.

The selected rainfall-related characteristics thought to affect
initial abstraction and hence its coefficient were

(i) rainfall amount (mm) : higher rainfall amounts would
be subject to more abstraction than relatively lower
rainfall amounts, possibly because rainfall
intensities were likely to be lower and total
infiltration consequently higher;

(ii) rainfall intensity (mm.h~1) : the higher the
intensity the more rapid the runoff response and
consequently the lower the initial abstraction;

(iii) duration (h) : the longer the duration the higher
the initial abstraction, and

(iv) antecedent moisture condition (curve number) : the
moister the soil, the larger the contributing area
of a catchment to stormflow, consequently the lower
the initial abstraction was likely to be, all other
factors being equal.

Again it was appreciated that some inter-correlation between the
first three rainfall characteristics was likely to exist, but it
was not possible to predetermine which characteristic was
dominant.
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The basic premise of this research was to determine, by stepwise
multiple regression, which of these variables would account for
the coefficient of initial abstraction more satisfactorily than
the "fixed" 0,2 used conventionally.

Choice of Events

In order to cover a wide spectrum of hydrological
environments, the data sets selected initially for this exercise
consisted of

(i) the 131 events from 10 Southern African catchments
used in the previous section and

(ii) the 250 events from the 20 catchments in seven
widely ranging hydrological regimes which had been
used in the study of curve number adjustment
reported in Chapter 3 of this report. The details of
these 250 events had previously been extracted from
the series "Hydrologic Data for Experimental
Agricultural Watersheds in the United States"
(Burford et al, 1980 and previous years).

Details of the individual storm events, antecedent conditions and
the physiographic features of the catchments have been published
in other chapters of this report and by Arnold (1980), Schulze
(1982) and Schmidt and Schulze (1984), and are not repeated here.

From the initial data set, an elimination process rejected events
as follows:

(i) Forested catchments (three catchments out of 30),
were omitted on the basis that their land use
constituted a special case warranting separate study
in terms of initial abstraction.
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(ii) Events of less than 25 mm rainfall generally were
eliminated from the data set. A few events with a
threshold of 20mm were included wh-ere otherwise an
entire catchment's data would have to be rejected.

(iii) Events which were not independent were rejected,
i.e. at all locations where an event of a certain
day was represented in the data of more than one
catchment, these events were considered non-
independent and only one event of those data was
kept at that location. Rejection was done on a
random basis.

Following the above elimination processes the data were grouped
into three sets, namely from

(i) U.S.A. "humid" regions, with 66 events from
catchments 26001, 26003, 26005, 42024, 42028, 37001,
37002, 37003, 44005, 44006 and 44022;

(ii) U.S.A. "arid" regions, with 68 events from
catchments 63003, 63004, 45001, 45002, 45004, 47001,
47002 and 47003; and

(iii) Natal catchments with 79 events from W1M16, W1H17,
V1M28, V7M03 and U2M20.

Each set's data were further split randomly into two groups in
order to obtain so-called "control" data and "test" data sets.

The eight variables tested displayed a wide range of limits, as
is shown in Table 4.5, with the result that any improvements made
to cla would be considered applicable to a similar wide range of
conditions.



Table 4.5 Upper and lower values of variables used in the determination of cla

Variable

Catchment Area (km2)

Slope {percent)

Stream Order

Drainage Density (km.knr^)

Rainfall Amount (mm)

Maximum 30-minute
Intensity (mm.h"1)

Duration (h)

CN - SCS

CN - SMB2

U.S.A.

Lower
Value

0,005

1,8

1

2,74

15,01

12,70

0,5

48,81

67,05

"Humid"

Upper
Value

0,84

23,6

3

54,23

119,6

127,00

8,0

91,89

96,88

U.S.A.

Lower
Value

0,17

5,8

2

2,38

5,8

7,62

0,5

61,71

74,42

"Arid"

Upper
Value

9,06

15,8

4

33,57

66,5

101,60

4,0

91,89

93,73

Lower
Value

0,259

10,0

2

3,54

20,1

4,064

1.0

42,18

75,41

Natal

Upper
Value

3,322

19,5

4

5,50

189,0

88,90

33,3

89,75

97,49

All

Lower
Value

0,005

1,8

1

2,38

5,8

4,06

0,5

42,18

67,05

Groups

Upper
Value

9,06

23,6

4

54,23

189,0

127,00

33,3

91,89

97,49
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Procedures

(a) Once the data had been prepared, stormflow was simulated

using Ia = 0,2 S

(i) by the conventional SCS technique of curve number
adjustment, with defined antecedent rainfall classes
for the growing and dormant seasons (SCS-STD), and

(ii) by the soil moisture budgeting modification to the
SCS method, described in detail as the SCS-SMB2

model in Chapter 3 of this report and in Schulze
(1982).

(b) Using observed rainfall (P, in mm), observed stormflow (Q,
in mm) and a value of S obtained respectively in the
conventional SC5-STD approach and the SCS-SMB2 approach

(i) from the catchment curve number adjusted by
antecedent moisture class, which was then converted
to S (mm) by

S = • 25400 - 254 and
CN

(ii) by moisture budgeting and considering S to be a
moisture deficit (Chapter 3),

the actual values of initial abstraction for each event
were determined from the equation

Ia = P - 0,5 \Q + (Q2 + 4 Q S)°.5l

and the coefficient of initial abstraction was then
calculated from
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Ia s cS

(c) Stepwise .multiple regression analysis was then applied to
each of the three groups of "test" data, with the
coefficient of initial abstraction of the individual
events in each group of data as the dependent variable.

(d) The multiple regression equations for the coefficient were
then substituted for the 0,2 used in the "control" data of
each group and goodness of fit statistics were applied to
determine whether model performance had been enhanced by
the multivariate equation for the coefficient of Ia.

Results

(a) Relative Significance of Individual Variables

A ranking of the sequences (and hence importance) of the
eight variables used for the determination of a
coefficient of Ia by stepwise multiple regression
technique is given in Table 4.6. It may be seen that
different variables are assigned different rankings,
dependent on location and physical environment. For
example, catchment slope is an important variant in the
cla in arid catchments but not in the Natal catchments
tested, in which rainfall amount is relatively more
significant than elsewhere. Antecedent moisture condition
appears a consistently highly ranked variable,
irrespective of the method of determining AMC.

(b) Model Performance on Test vs Control Data

Model performances on test vs control data using cla =0,2
and cla as a variable are summarized in Table 4.7. The
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Table 4.6 Relative significance of individual variables in
multiple regression equations of c l a

Variable

Catchment Area

Slope

Stream Order

Drainage Density

Rainfall Arr.ount

Intensity

Duration

CN - SCS

CN - SMB2

Ranking

il

SCS

6

1

3

7

8

5

2

4

U.S.A.
Humid"

SMB2

6

1

3

7

4

8

5

NA

NA 2

by Catchment

U.S.A.
"Arid"

SCS

4

3

6

1

5

7

8

2

NA

SMB2

3

2

6

1

4

7

8

NA

5

Group and SCS

Natal

SCS

7

8

6

5

1

4

3

2

NA

SMB2

5

a
6

7

1

3

4

NA

2

method

All

SCS

4

1

8

6

3

5

7

2

NA

Groups

SMB2

4

1

7

6

2

5

8

NA

3



Table 4.7 Model performance of cl as a variable on test vs control data (catchments selected randomly)

a)

b)

c)

d)

e)

f)

Test

"Test" data using
d a = 0.2
[control)

Equation with 5
variables developed
froir. "control" data,
used with "test"
data

Equation with 8
variables developed
from "control" data,
used with "test"
data

All data, using
cl a = 0,2
(control)

Equation with 5
variables, develcpec
from al1 data and
used with all data

Equation with 8
variables, developec
from all data and
used with all data

Sta-
tis-
tic

D

F>

0

F,

D

F,

D

F1

D

c

0

F,

4405
SCS

.68

,22

,71

.82

.74

1.07

.33

,41

,49

,46

.54

,20

SMB

.96

,01

,95

,13

.96

,13

,92

,003

.91

.09

,89

.03

"Humid

3701
SCS

.44

4,18 1

,60

,40

,45

,17

.58

1.61

.76'

.23

.79

.11

SMB

,30

.55

.31

.72

.30

.58

.76

.51

.76

.20

.76

,14

Catchments

3702
SCS

.75

1.03

,88

.34

.90

.06

,73

1,30

,76

,19

,7B

,09

SMB

.97

.29

.97

.14

,96

.06

.78

,31

.77

.10

.7B

,D6

U.S.A.

4228
SCS

.30

.71

.33

,11

.40

.17

,39

,50

,51

,02

.57

.02

SMB

,60

.11

,58

.01

.58

,04

.78

.07

.77

,0004

,78

.003

DATA

6303
SCS

.02

.50

,46

.16

.31

,09

.25

.28

.74

,10

,75

,11

SHB

,68

.02

,55

.12

.55

.to

.89

,02

.87

.04

,87

,03

"Arid" Catchments

4501
SCS

,54

3.36

.35

.07

,23

.15

.72

1.90

,51

.04

,48

.04

SHB

,30

,66

.15

.53

,15

.54

,59

,28

,51

,11

.50

,11

4504
5CS

.88

2,93

,39

2.29

.90

2.30

.65

.25

.47

.26

.46

SMB

.91

.57

.91

1,57

.91

1.S3

.24

6,26

.25

3,56

.26

3.47

4703
SCS

.31

2.19

.81

.34

.76

,16

.20

2,39

.51

.47 2

,50

,46 2

SMB

,65

.77

,67

.48

,67

.43

.45

,92

.55

fil

.54

,54

WIM16
SCS

,94

2.03 2

.89

.07

.89

.07

,8B

1,91 2

.83

,16

.83

,15

SHB

.97

,54

.92

.01

.92

.01

,96

.93

.90

(11

.90

.03

HATAL DATA

V7H03
SCS

.22

2,15

.19

.33

.41

.26

.02

.54

,18

,11

,12

.10

SMB

.22

84.36

,07

.67

.07

.48

,87

3.19

,56

10

,56

,05

U2H20
SCS

,17

1.34

.20

2.75

{-)
,10

2.43

,2B

1,52

.01

2,35

,0

2,02

SMB

,53

42,47

,09

5.05

£-)
,18

4.55

.37

30,84

,01

6,60

,02

5,96

-sj
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statistic D shown in Table 4.7 is the Coefficient of
Determination and the statistic F1 is the difference
between D and E, the Coefficient of Efficiency. The
relevance of all three of these statistics is-explained in
Chapter 3; however, the closer F̂  tends to zero, the less
systematic error occurs in simulated stormflows.

From an examination of Table 4.7 the following general
observations may be made:

(i) For both SCS-STD and SC5-SMB2 versions of the model,
the simulated stormflows generally are improved, for
some catchments markedly (in terms of model
efficiency and systematic error, i.e. D higher; F̂
lower) when the variable cla is compared with the
fixed cla = 0,2.

(ii) In applying the multivariate-derived coefficient of
Ia, only the "best" five variables need to be used;
there is hardly any further improvement when all
eight variables are used to generate a cla.

(iii) The improvements by a multivariate-derived cla are
more evident in the SCS-STD than in the SCS-SMB2
version of the model, probably because the
conventional SCS-STD model can have only three
values of CN (those for AMC-I, -II and -III) rather
than the range of CNs which may be derived in the
SCS-SMB2 model.

(c) General Equations for the Coefficient of Initial Abstraction

Following the improvements in the performance of the 5CS
model by making the coefficient of Ia a variable, the
procedures described previously for determining a
multivariate coefficient were applied to the combined data
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sets (i.e. test plus control events) of the three groups
of catchments. The resulting equations for improved
coefficients of Ia are listed below for the conventional
SCS stormflow equation (SCS-5TD) and for the moisture
budget modified version of the SCS stormflow equation
(SCS-SMB2).

(i) U.S.A. "Humid" Regions

cla for SCS-5TD = 0,0146 SI + 0,0203 Du - 0,0532 SO
+ 0,0023 CNSCS + 0,0009 I 3 0 -
0,3484

cla for SCS-SMB2 = 0,0094 51 - 0,00723 CNSMB -
0,0604 SO + 0,0015 P + 0,0102 Du +
0,5753

(ii) U.S.A. "Arid" Regions

cla for SCS-STD = -0,0074 DD + 0,0075 CNSCS +
0,0118 SI + 0,0124 A + 0.CCC5 P -
0,5542

cla for SCS-SMB2 = 0,0055 DD + 0,0229 SI + 0,0099 A
+ 0,0021 P - 0.CC58 CNSKB +
0,3581

(iii) Natal

cla for SCS-STD = 0,0123 P + 0,0144 CNSCS -
0,0180 Du - 0,0062 I30 +
0,1090 DD - 1 ,3115

cla for SCS-SMB2 = 0,0202 P + 0,0753 CNSMB -
0,0179 Du - 0,0096 I 3 0 +
0,0247 A - 6,211
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in these equations,

P = rainfall amount (mm),
Du = duration of rainfall event (h),
I3Q = maximum 30-minute intensity

(mm.ir1),
A = catchment area (km^),
SI = mean catchment slope (percent),
SO = stream order, and
DD = drainage density (km.km"2).

CONCLUSIONS

This research on the coefficient of initial abstraction has shown
the following:

(a) A coefficient of 0,2 is an overestimate if the published
plot by the SCS of Ia vs S is analysed, and a more likely
value from the plot would be 0,12 which is in line with
values found by other researchers in the U.S.A.

(b) The coefficient is shown to vary, but not significantly,
with antecedent moisture status and with season when
tested on Natal catchments, tending to increase with high
AMC and to be lower in the dormant than in the growing
season.

(c) A coefficient of 0,05 was found to be generally more
applicable to those Natal catchments tested than the
recommended value of 0,2.

(d) By the application of physiographic and rainfall
variables, a series of multivariate equations was deve-
loped which result in improved estimates of stormflow by
conventional and modified SCS equations.
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It is in this last-named point that further research is likely to
be most promising. The equations which have been presented have
been derived from a wide spectrum of hydrological environments,
but should be used only within the range of the values of
individual variables for which they were developed and within
constraints (e.g. 0,3 cla 0,03). On ungauged catchments,
regional and seasonal estimates of I3Q and rainfall deration
would have to be substituted in the relevant equations. The
problem of intercorrelation between variables needs to be
examined in detail, possibly by factor analysis. Finally, first
tests on data are showing that rather than determining a variable
coefficient of initial abstraction, even more improvement in
model performance may be achieved by determining a variable
amount of initial abstraction.
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CHAPTER 5

MODIFIED SC5 LAG EQUATIONS FOR IMPROVED ESTIMATES OF
PEAK DISCHARGE RATES1)

E.J. Schmidt and R.E. Schulze

INTRODUCTION

The SCS equation for the estimation of peak discharge rates is
given by

0,2083 A Q

D/2 + L

Eq. 1

where

peak discharge rate

A

Q

D

L

catchment area

unit volume of stormflow (nw),

unit duration of effective rainfall (h), and

catchrrent lag time (h), an index of response time
of runoff to rainfall.

1) This chapter summarizes research findings reported in full
in an Interim Report entitled "Improved estimates of peak
flow rates using modified SCS lag equations". The Interim
Report was recommended to the W.R.C. by the Steering
Committee of this project in 1983 and published in 1984.
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Lag time is calculated from the physical properties of a

catchment and may be expressed in rcetric units (Schulze and

Arnold, 1979) as

L = 1°»8(S' + 25,4)°.7 Eq. 2
7069 y0-5

where

1 = hydraulic length of the catchment (m),

y = average catchment slope (percent), and

S1 = potential maximum retention of the soil (mm) for
average antecedent moisture conditions.

When the entire catchment is contributing uniformly to runoff, it
is usually sufficient to relate lag time to the catchment's time
of concentration (Tc) with the equation given by Kent (1973) as

L = 0,6 Tc Eq. 3

The estimation of peak flow rate by Equation 1 assumes a storm
of uniform areal and temporal distribution. Of the three
variables in Equation 1 which might yield improvements to peak
discharge estimates, namely the hydrograph shape (expressed by
the constant 0,2083), the effective storm duration and catchment
lag, this chapter examines background and possible improvements
to the estimation of lag, which has frequently been attributed as
a major source of error in the qp equation (Schmidt and Schulze,
1984).

THE NON-LINEARITY OF CATCHMENT RESPONSE

The calculation of peak discharge rate by Equation 1 makes use of
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a dimensionless triangular unit hydrograph (Chapter 1) in which
the catchment's response time, i.e. lag, is related solely to
catchment invariant physiographic factors, (namely, hydraulic
length, retardance and slope, as in Equation 2), thereby
introducing linearity into the response factor.

Criticisms of unit hydrograph methods comironly pertain to the
assumption of linearity, which is the major assumption of unit
hydrograph theory and is regarded as contrary to hydraulic theory
applied to overland and channel flow (Nash, 1958). The need for a
more mathematical determination of the unit hydrograph,
encompassing non-linear relationships, has been expressed by
Barnes (1959), who emphasised that the flow of water is governed
primarily by the laws of hydraulics rather than by imaginary
units of water as suggested in unit hydrograph theory. Recent
research (Natural Environment Research Council, 1975) reiterates
the need for the incorporation of non-linear processes in unit
hydrograph theory, with an adjustment of the unit hydrograph
according to storm magnitude. This applies particularly to small
catchments, in which peak discharge rates are subject,
inter alia, to varying intensities of rainfall.

The need for modifications to the unit hydrograph procedure,
to account for variations in rainfall inputs, is apparent to
overcome the limitations of the approach.

APPROACHES TO RESEARCH

Various approaches are possible to incorporate non-linearity of
the unit hydrograph in the SCS method by defining lag in terms of
physiographic as well as rainfall variables. The three approaches
adopted in this research are outlined below:

(a) A triangular approximation of each runoff hydrograph for
all the catchments used in the study is made and the
relationship between peak flow rate and runoff volume for
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the hydrographs of a catchment is investigated to
determine the magnitude and variability of catchment lag

time. Such relationships can then be correlated with
catchment and rainfall characteristics.

(b) Incremental triangular hydrographs are routed through the
storm rainfall excess for the test storms and the
resulting storm hydrograph produced. The value of lag time
required to superimpose the incremental hydrographs to
give an accurate estimation of recorded peak flow rate for
each storm would then determine the correct storm lag
time, and this value would then be explained in terms of
catchment and rainfall characteristics.

(c) The time 'response between effective rainfall and runoff
will be measured from the autographic records for each
test storm. Effective rainfall will be calculated
following SCS procedures by separating an initial
abstraction from the total storm rainfall. Initial
abstraction will be obtained from recorded rainfall and
runoff data.

CATCHMENT AND DATA DESCRIPTIONS

In total, 291 events were analysed from twelve small catchments
located in Southern Africa and the United States of America.
Details regarding the varied location, climate, vegetation,
physiography and lithology of these catchments are summarized in
Table 5.1.

Isolated, clearly defined, single peaked runoff hydrographs were
selected frcm available digitized records and the widely accepted
method described by Hewlett and Hibbert (1967) was used to
separate quickflow from baseflow. Recorded outflow peaks from the
small stilling basins did not differ markedly from backrouted
inflow hydrograph peaks (Schmidt and Schulze, 1984) and the



Table 5.1 Catchments and their characteristics

Country

USA

Southern
Africa

Location

Coshocton.OH

Stillwater.QK

Hastings.NE

5afford.AZ

Albuquerque.
NM

DeHoek

Zululand

Latitude &
Longitude

40°22-N
82°01 W

36°27 N
97U25'W

40°16'N
98a35;W

32°51'N
11Q°0Q W

35°05'N
106D50'W

29Dors
29°10'E

2Ba50'S
3T46 E

Elevation
(m)

373

293

597

1090

1805

1450

250

Climate

Sub-humid

Sub-humid

Sub-humid

Arid

Arid

Sub-humid

Humid

M.A.P.
(mm)

975

725

600

225

175

850

1450

Vegetation

Pasture

Grassland

Grassland

Sparse shrub
85% bare

Shrub and
short grass.
80% bare

Grassland

Grassland

Catchment
Identifi-
cation

26003

37001
37002

44005

, 45001
45002

47002

V1M12
V1M2B
V7M03

W1M16
W1M17

Catchment
Area
(km )

0.011

0,068
0,372

0,015

2.100
2,760

0,164

0.500
0,410
0,450

3.222
0.669

Hydraulic length
of catchment

(in)

125

445
959

140

4530
5898

802

726
808
938

3632
700

Average
Catchment
Slope {%)

18.4

4,3
4.7

7,2

6.6
7.8

11,0

20,0
10,1
15,2

19,5
18,9

CN.
11

73

80
80

69

79
79

87

74

74

77
63

CO
en

Sources : Arnold (1980); Schulze (1982)
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recorded digitized trace was used in further analyses.

Indices used in the study to characterize the rainfall event and
its antecedent conditions were:

P = storm rainfall amount (rrm),

Du = duration of rainfall (h),

I30 = most intense 30-minute period of rainfall
(mrn.h"1),

En = kinetic energy of the storm (J.nr2), as
calculated from the Wischrr.eier and Smith
(1958) equation, and

API = 5-day rainfall total preceding the event
(mm).

The Du and I3Q indices were characterized regionally using the
available data base in order to make comparisons.

DETERMINATION OF LAG TIMES BY SINGLE TRIANGULAR APPROXIMATIONS

Although computer rcodels are used frequently to superimpose
incremental hydrographs to obtain a compound hydrograph, it is
often preferable and, in the absence of autographic rainfall
data, necessary to assume a single triangular approximation of
the runoff hydrograph. Such simplifications, which assume a
temporally and areally uniform rainfall distribution, were
utilized to form a triangular approximation of each runoff
hydrograph with the same runoff volume as the recorded hydrograph
but with the shape of the SCS unit hydrograph. Complete unit
hydrograph techniques require the determination of the duration
of effective rainfall for each event for the catchment in
question using available rainfall records or, in their absence, a



technique based on the runoff hydrograph itself (Pullen, 1969).
While a later section deals with a more complete procedure of
superimposed hydrographs of incremental duration, this initial
analysis is confined by the assumption that the duration of
effective rainfall for each storm was equal to the critical storm
duration for the catchment, taken as the catchment time of
concentration and specified in terms of lag time.

Initially, each catchment was assumed to have linear response
characteristics to allow estimates of catchment lag time to be
compared with those obtained using the SCS lag equation. For each
catchment, linear runoff distributions of peak discharge
regressed en runoff volume were derived and combined with
Equation 1 to obtain estimates of the catchment lag time. Lag
times sc derived are tabulated in Table 5.2 and should be
compared with the lag estimates derived using the SCS lag
equation. The Coefficients of Efficiency, E (Aitken, 1973), for
peak discharge estimates using the relevant lag times, are also
given.

Deviations between recorded and estimated peak discharges
(estimated using single triangular hydrographs) were applied in a
regression analysis to identify which rainfall variables possibly
accounted for intra-catchrr.ent variations of lag time. The
variables used in the analysis and which have beer, defined in the
previous section, were API, P, En, Du and I3Q.

For eight of the 12 catchments, the association between errors in
the estimated peak discharges and storm characteristics were
significant at the 5 percent level. The most important variables
accounting for such errors were the variables 130 (significant at
the 5 percent level on seven catchments), En and Du (significant
at the 5 percent level on five catchments). Since a high degree
of intercorrelation existed between En and I30, they were
combined as EI3Q, an index which appears to be a good indicator
of rainstorm classification in terms of peak discharge-producing
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Table 5,2 Comparisons of Coefficients of Efficiency for peak
flow rate prediction for catchment lag times
estimated using single triangular procedures and the
SCS lag equation

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Estimated
Catchment
Lag Time
(min)

8,0

31,4

44,0

6,6

19,6

11,8

9,2

44,9

63,7

78,9

252,1

117,0

El

0,46

0,68

0,81

0,71

0,93

0,89

0,90

0,97

0,77

0,69

0,99

0,74

SCS Lag
Time
(min)

2,6

8,5

21,9

5,2

66,3

60,0

9,8

10,2

18,5

14,3

34,3

13,7

E2

- 7,11

- 4,96

- 1,40

0,59

- 0,31

- 0,54

0,48

- 16,06

- 5,44

- 28,66

- 50,25

-112,38
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capacity and which has already been shown by Wischmeier and Smith
(1958) to be a good indicator of rainstorm class in terms of
erosion-producing capacity. Improvements to estimates of peak
discharge rates based on the relevant catchment lag time (Table
5.2, Column 2), when intra-catchirent variations in lag time due
to rainfall characteristics are included, are illustrated for two
catchments in Figure 5.1. While the improvements which rainfall
variables have on estimates of peak discharge can be appreciated
by drawing vectors linking corresponding storms, regionalisation
did not yield satisfactory equations to link intra-catchirent
variations in lag time with storm characteristics which would be
widely applicable. This was attributed to the complexity of the
role played by rainfall and catchment characteristics in
determining dominant runoff processes.

From the above, it was concluded that the SC5 lag equation did
not provide good estimates of catchment lag time when compared
with estimates based on simple procedures embodying a single
triangular approximation of recorded events with an assumed
effective rainfall duration equal to the catchment critical
response time. It was further thought that while improved
estimates of peak discharge could be obtained when incorporating
indices describing the individual rainfall event, a generalized
equation could not be developed to describe adequately the
factors involved.

DETERMINATION OF LAG TIMES BY INCREMENTAL TRIANGULAR HYDR0GRAPH5

Superimposing incremental hydrographs determined from incremental
periods of effective rainfall enables the synthesis of peak
discharge and the total time distribution of runoff for a
recorded storm event. The accuracy to which the synthesized
runoff hydrograph approximates the recorded runoff hydrograph
depends on the representativeness of the shape and lag time of
the incremental hydrograph to be used in the synthesizing
process.
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Figure 5.1 Observed peak flow rate vs estimates of
peak flow rate for two selected catchments
using an estimated catchment lag time (*)
and estimated storm lag times {Schmidt
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The lag time required to superimpose incremental triangular
hydrographs to form a synthetic hydrograph of peak discharge
equal to recorded peak discharge (optimized lag time) was
determined for 172 events from catchments 26003, 37001, 44005,
45001 and W1M17, for which prepared data were readily available.
Following the procedures employed previously when using single
triangular hydrographs, recorded volumes of runoff were utilized
in the calculations and the shape of the incremental hydrograph
was held to conform to standard SCS procedures. Since the
procedures were not restricted by assumptions of a temporally
uniform rainfall, distributed over an empirically determined
duration, the objective was to ascertain the reliability of the
lag estimates derived previously.

Owing to non-linear processes not accounted for by unitgraph
theory, lag time exhibited marked differences between the storms
on a particular catchment. It was assumed that for a
sufficiently large sample the resulting mean lag time represented
adequately the catchir.ent lag time. An index of the accuracy to
which the shape of the recorded hydrograph was modelled by the
synthetic hydrograph was obtained by combining digitized flow
rates obtained at intervals along the recorded and synthetic
hydrograph traces into the Coefficient of Efficiency, E {Aitken,
1973). Since E was required solely as an indication of the
accuracy to which the hydrograph was modelled, ordinates of peak
discharge for recorded and synthetic hydrographs of each event
were aligned.

For 34 of the 172 events the recorded peak discharge could not be
simulated by means of adjustments to the incremental hydrograph
lag time. Such occurrences illustrate the need to adjust both
lag time and unit hydrograph shape to provide accurate estimates
of runoff events.

Figure 5.2 illustrates the recorded and synthetic hydrographs
developed using the SCS lag time and optimized storm lag time
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(10,8 rcin) for an event recorded on catchment 26003. The SCS lag
equation produces a quick response time with a resulting rapid
response in generated runoff to the bursts of rainfall indicated
in the hyetograph for the event (Figure 5.3). In reality a slower
response time was present with a resulting dampening of the
runoff processes.

Table 5,3 indicates for each catchrrent:

(i) the estimated catchment lag time (mean of the optimized
storm lag times),

(ii) the standard error of the mean storm of lag time,

(iii) the SCS"lag time (c.f. Table 5.2),

(iv) the mean Coefficients of Efficiency for the hydrographs
synthesized for each event using the optimized storm lag
time (Ej).and the SCS lag equation (E2), and

(v) the mean ratio of peak discharge, synthesized using the
SCS lag equation, divided by the observed peak
discharge, namely qe/qQ-

It may be seen from Table 5.3 that under-estimates of lag time
are obtained using the SCS equation for the sub-humid and humid
catchments 26003, 37001 and W1M17 (Table 5.1) with "resulting
excessive over-estimates of peak discharge. For catchrrents 45001
and 45002, which are located in arid areas (Table 5.1), peak
discharge is under-estimated due to excessively long estimates of
lag time. Catchment 44005 is the only catchment for which the SCS
equation provides acceptable estimates of lag time.

The effect of the previously selected rainfall characteristics on
individual storm lag times was determined from a multiple
regression analysis, similar to that undertaken in the analysis
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Table 5.3 Details pertaining to hydrographs synthesized using
estimated catchment lag times and SCS lag times

Catchment

26003

37001

44005

45001

45002

W1M17

Estimated
Catchment
Lag Time

(min)

6,7

39,6

5,4

20,4

8,6

150,5

Standard
Error

of Mean

1,7

1,2

0,5

1,5

1,1

17,9

E1

77,

58,

72,

71,

63,

70,

2

5

1

9

9

9

SCS
Lag
Time
(min)

2,6

' 8,5

5,2

56,3

60,0

13,7

E2

21,

-423,

45,

35,

-9,

-520,

5

0

0

4

3

8

3e

%

1,4

2,2

1,0

0,5

0,3

5,8
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using single triangular hydrographs. No independent variable was
found to yield consistent and satisfactory regression equations.
The poor results were attributed to the variable nature of the
individual storm lag times which were highly sensitive to the
variation in rainfall intensity throughout the storm. It appears
that when using incremental procedures, unless the unit
hydrograph can be adjusted frorr. burst to burst within storms,
rainfall non-linearity can only be acccunted for by providing
localised rainfall depth-duration relationships, to be used
together with a representative catchment lag time.

The catchment lag times generated using single hydrograph
procedures (Table 5.2) are associated closely with those
estimated using incremental hydrograph procedures (Table 5.3)
which indicates, within the data limitations of this study, that
the former approach provides a simple and yet effective means of
determining an appropriate catchment lag time for gauged
catchments.

DETERMINATION OF LAG TIMES MEASURED BY TIME RESPONSES BETWEEN
DIGITIZED RAINFALL AND RUNOFF

Lag time has been defined as the time from the centre of mass of
effective rainfall to peak discharge (USDA-SCS, 1972). The time
response between effective rainfall and runoff was measured using
autographic records for the storms of catchments 26003, 37001,
44005, 45002 and W1M17. Lag times were measured for each event
and averaged for each catchment to determine an index of
catchment lag time. Table 5.4 depicts the means of the storm lag
times of each catchment, their standard errors as well as the
minimum and maximum values and hence the range of the storm lag
times. While the index of catchment lag time corrpares favourably
with catchment lag times estimated using single and incremental
triangular procedures, the high degree of scatter among measured
storm lag times suggests that estimated sample means for
catchment lag times are far less precise than those obtained from
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Table 5.4 Statistics for the storm lag times (in minutes)
measured from autographic rainfall and runoff records

Catchrrent

26003

37001

44005

45001

45002

W1M17

Mean
Lag Time

(min)

8,61

41,93

1,97

13,80

10,65

92,72

Standard
Error of
Mean

4,12

8,23

1,83

5,31

4,02

21,51

Minimum
Lag Time

(mm)

-44,0

-75,5

-29,0

-54,2

-50,2

- 1,0

Maximum
Lag Time

(mm)

53,4

129,9

45,5

94,2

71,0

228,6

Range
(min)

97,4

205,4

74,5

148,4

121,2

229,6
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superimposed incremental hydrograph procedures. The measurement
of large negative lag times was common, due to poorly
synchronized rainfall and runoff recorders, which suggests that
measured time differences between rainfall and runoff provide
poor indices of runoff response to rainfall.

DETERMINATION OF LAG TIME FOR UNGAUGED CATCHMENTS

Catchment lag times determined using single and incremental
hydrograph procedures have proved to be closely related. The
relationship was investigated between catchment lag time,
estimated using single hydrographs, and indices of physiography,
climate and regional rainfall characteristics (averaged from the
data base for each site) to enable the prediction of lag time on
non-cultivated rural catchments where hydraulic principles cannot
be applied easily to calculate flow times.

The dominant physiographic variables explaining the variance in
lag time were catchment area, A, and average catchment slope, y.
The mean annual precipitation for the catchment, MAP, an index
used widely to characterize overall climate and moisture status
of a catchment, and the average of the most intense 30-minute
periods of rainfall for the storms of each site, an index of
potential runoff from rainfall, provided the best indices
accounting for residual variations in lag time.

MAP has a major influence on both soil conditions and their
drainage characteristics (Bedient, Huber and Heaney, 1978) and is
a dominant factor influencing type and condition of vegetation.
Both soils and vegetation affect the retardance and proportions
of surface and subsurface flow (the latter contributes up to 70%
of direct runoff in the Zululand catchments) suggesting a link
between MAP and catchment lag time.

The temporal distribution and intensity of rainfall has a

dominating influence on runoff mechanism which is modified by the
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effect due to soils and vegetation. Short intense storms, such
as those recorded typically at station 44005, generally exceed
infiltration rates and tend to produce overland flow conditions
while long duration storms of low intensity, such as those
recorded typically -in Zululand, generally tend to initiate
subsurface flow. Although storm characteristics vary widely
within a region, when typified for a region (as has been done for
the available data base or may be done using depth-duration-
frequency analyses) they provide improved estimates of lag time
when incorporated with physical catchment characteristics in an
empirical lag equation.

The regression equation developed is given as

L = A°»35MAP1»1 r = 0,93 Eq. 4
41,67 y 0 , 3 0 0 8 7

where

L = catchment lag time (h),

A = catchment area

y = average catchment slope (percent),

MAP = mean annual precipitation (run), and

I30 = average maximum thirty minute period of rainfall
for the location (mrr.h"1).

The regression equation is significant statistically at the one
percent level and is based on meaningful and simply defined
variables. A scatter diagram of lag times calculated for each
catchment using single triangular procedures and estimates of
such lag times based on the SCS equation (Equation 2) and the
equation- given above (Equation 4 ) , is given in Figure 5.4. The



101

5 r

LU

us
5
x
o
<

X4500i)
•X45OO2 J

DE HOEK

(SUB- HUMID)

ARIZONA

(ARID)

X

•

SCS LAG

SCHMIDT

L AG T

TIME

-SCHU

IME

LZE

1 2 3 4
LAG TIME ( h ) BY EQUATIONS

Figure 5.4 Comparison of lag times based on the SCS equations and
the Schmidt-Schulze (1984) equation with catchment lag
times (after Schmidt and Schulze, 1984)



102

diagram indicates the close approximation of the point

distribution to the 1:1 line when Equation 4 is used to estimate

lag time.

Empirically-derived relationships are applicable only in areas
adequately represented by the original data base. While a wide
range of catchments was examined in this study, it must be
concluded that similar research, encompassing the techniques
discussed, should be conducted using a bigger sample of Southern
African data. Studies such as this emphasize the paucity of
readily available digitized data for small catchments offering
typical land-use characteristics conrmonly found in South Africa.
Improved modelling efficiencies can only be expected with an
accompanying expansion of data for testing purposes, undoubtedly
one of the major restrictions in South African hydrological
research today.

CONCLUSIONS

In an attempt to estimate peak flow rates more realistically
using the 5CS model, several procedures towards the improvement
of estimates of lag time were examined. It can be concluded that
improved catchment estimates of lag time can be obtained for
ungauged catchments by incorporating indices of climate and
regional rainfall characteristics into an empirical lag equation.
Intra-catchment variations in lag time may similarly be
determined from storm characteristics, although not as yet on a
generalized scale.
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CHAPTER 6

STORM RAINFALL DISTRIBUTION FOR USE IN THE SCS MODEL

INTRODUCTION

The distribution of rainfall intensities is one of the primary
inputs into hydrological models used for hydraulic design
purposes on small catchments. Since the SCS model uses daily
rainfall input, regional synthetic rainfall distributions have to
be used. In the SCS manual for Southern Africa the Type I and
Type II storm rainfall distributions were adapted provisionally
by Schulze and Arnold (1979). Type I "low" intensities were
associated with maritime climates and/or winter rainfall regions
of the southern and western Cape coast while the Type II
distribution, yielding higher peak discharge rates, are more
typical of the Southern African interior characterized by high
intensity thunderstorms, usually generated over small areas.
These two rainfall distributions, in which D-duration rainfall is
expressed as a ratio of the 24-hour rainfall, have been
illustrated in Chapter 1 (Figure 1.3).

In the 1979 publication on the SCS technique for use in Southern
Africa, the authors stated: "Tentative research into time
distributions of rainfall in South Africa indicates

(i) that for design storms the Type II distribution can be
used throughout the country and

(ii) that even use of the Type II distribution may
underestimate peak rates of runoff to a varying extent
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in parts of the country. The time distribution of
rainfall in South Africa is a key area for future
research in hydrology" (Schulze and Arnold, 1979).

THE NEED FOR REVI5ED STORM RAINFALL DISTRIBUTIONS FOR SOUTHERN
AFRICA

The need for revised storm rainfall distributions for use in the
5CS and other models was highlighted following

(i) the analysis of design rainfall distributions in Natal
(Schulze, 1984) based on digitized data generated during
a now completed project to the Water Research Commission
(Schulze and Dent, 1982) and

(ii) a re-evaluation of the SCS distributions for the eastern
U.S.A. by Cronshey (1982), in which more "intense"
distributions than the Type II were fcund.

Some results presented by Schulze (1984) illustrated the need for
a revision of synthesized storm distributions in Southern Africa.
Table 6.1 and Figure 6.1 show the D-hour to 24-hour ratios
generally to be well in excess of those derived from Midgley and
Pitman (1978) or Adamson (1981), which in turn are markedly
higher than the SCS Type I and Type II distributions. The storm
rainfall distributions are, furthermore, apparently riot,
independent of recurrence interval, as stated by Adamson (1981)
and by others and as implied by the SCS (and Midgley and Pitman,
1978) distributions. Figure 6.2 illustrates this.



Table 6.1 Ratios of D-hour to 24-hour design rainfalls {Schulze, 1984)
(Log-Normal EV Distribution; 10 Year Return Period; Annual Maximum Series; Methods of Moments)

Location

Inland

Durban (LB)
Makatini

Coastal

Kokstad
Pietermaritzburg
Ladysrnith
Estcourt
Cedara
Waterford
Newcastle

Generalizations used in

Midgley-Pitman Coastal
Inland

Adamson Coastal/Winter
Summer Region

SCS Type 1
II

0,083
(5 min)

0,13
0,14

0,18
0,18
0,20
0,18
0,17
0,20
0,17

S.A.*

0,10
0,15

0,12
0,15

0,10
0,12

0,167
(10 min)

0,18
0,22

0,30
0,31
0,31
0,32
0,26
0,31
0,26

0,15
0,24

0,19
0,25

0,13
0,22

Selected

0,25
(15 min)

0,23
0,26

0,40
0,38
0,38
0,41
0,34
0,38
0,33

0,19
0,31

0,23
0,32

0,15
0,28

0,50

0,36
0,36

0,53
0,48
0,54
0,60
0,45
0,52
0,52

0,26
0,44

0,32
0,50

0,21
0,38

Durations (hours)

1,00

0,45
0,47

0,59
0,59
0,67
0,73
0,57
0,65
0,65

0,36
0,55

0,41
0,60

0,28
0,45

2,0

0,55
0,57

0,61
0,66
0,73
0,81
0,68
0,73
0,73

0,47
0,64

0,53
0,72

0,37
0,54

4,0

0,63
0,66

0,63
0,74
0,78
0,87
0,79
0,80
0,79

0,58
0,76

0,67
0,82

0,49
0,64

6,0

0,69
0,73

0,66
0,78
0,81
0,89
0,85
0,85
0,84

0,66
0,81

0,75
0,87

0,57
0,70

10,0

0,80
0,81

0,72
0,81
0,85
0,93
0,88
0,93
0,89

0,78
0,87

0,85
0,92

0,72
0,77

16,0

0,90
0,88

0,85
0,87
0,90
0,96
0,92
0,96
0,96

0,89
0,93

0,94
0,97

0,85
0,87

24,0

1,00
1,00

1,00
1,00
1,00
1,00
1,00
1,00
1,00

1,00
1,00

1 ,00
1,00

1,00
1,00

* From tabulations and re-calculations, including interpolations and extrapolations
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PROCEDURES TO DEVELOP REVISED STORM RAINFALL DISTRIBUTIONS FOR

SOUTHERN AFRICA

(a) From the digitized rainfall data base far Natal stations
ratios of D-hour to 24-hour rainfalls were calculated for
selected critical storm durations using a number of extreme
value distributions (Schulze, 1984).

(b) These ratios were plotted against duration symmetrically
about a central point for durations of 5, 10, 15, 30, 45
and 60 minutes and 2, 4, 6, 8, 10, 12, 16 and 20 hours. On
the same graph, the two SCS and the Adamson (1981)
distributions were also plot-ted. The assumption of a
symmetrical distribution of rainfall intensity within a
design storm may be argued, particularly for short duration
thunderstorms in which the highest intensities frequently
occur near the beginning and not in the middle of the
event, or after runoff has already begun. The event which
is distributed symmetrically does, however, produce a
higher peak discharge rate than the early peaking event
would. Thus an element of safety is inherent in the more
convenient symmetrical distribution. The symmetrical
distribution has also been used by Cronshey (1982) in his
revision of rainfall distributions for the Soil
Conservation Service of the U.S.D.A.

(c) From the range of plots, four storm rainfall distributions
were drawn for application in Southern Africa. These four
distributions approximate the following:

SA Type I : SCS Type I distribution

SA Type II : Durban's 10 year return period and SCS Type

II distributions
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SA Type III : Adamson's summer region distribution.

SA Type IV : Estcourt's 50 year return period distribution.

RESULTS : TENTATIVE SYNTHETIC STORM RAINFALL DISTRIBUTIONS FOR
SOUTHERN AFRICA

(a) The four proposed synthetic storm rainfall distributions
for application in Southern Africa are graphed in Figure
6.3. Since, however, critical short duration rainfall
distributions of less than 'three hours are the
distributions used most commonly on small catchments, this
section of Figure 6.3 has been enlarged in Figure 6.4.
These distributions would be applied in the identical
manner for the construction of design hydrographs as
described in detail and illustrated by worked examples in
the SCS manual for Southern Africa (Schulze and Arnold,
1979). These diagrams are simpler to use than the original
SCS diagrams on synthetic rainfall distribution because of
the assumed symmetry of a design rainfall event and the
centering of the highest intensities around 12hOO, as
Cronshey (1982) has now also proposed for the SCS model in
the U.S.A.

(b) The D-hour to 24-hour ratios for the four distributions, as
well as the ranges of the ratios, are given for selected
durations in Table 6.2.

(c) Using the four synthetic rainfall distributions (Figures
6.3 and 6.4) and the ranges of ratios given in Table 6.2,
the digitized rainfall data for nine Natal stations were
analysed to determine which distributions would apply at
those nine locations. Results are summarized in Table 6.3.
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Table 6.2 D-hour to 24-hour ratios and ranges of ratios (bracketed) for the four proposed storm rainfall
distributions for Southern Africa

5

10

15

20

30

45

60

90

120

180

Duration

minutes

minutes

minutes

minutes

minutes

minutes

minutes

minutes

minutes

minutes

0,083h

0,167h

0,250h

0,333h

0,500h

0,667h

1,0 h

1,5 h

2,0 h

3,0 h

Ratios

S.A. Type I

0,085(? - 0,100)

O,13O(? - 0,165)

0,160(? - 0,215)

0,180(? - 0,245)

0.215C? - 0,292)

0,260(? - 0,342)

0,295(? - 0,375)

0,345(? - 0,425)

0,380(? - 0,460)

0,382(? - 0,478)

and Ranges of RatiosO

S.A. Type II

0,125(0,100 - 0,140)

0,210(0,165 - 0,235)

0,270(0,215 - 0,305)

0,310(0,245 - 0,355)

0,370(0,292 - 0,430)

0,425(0,342 - 0,495)

0,455(0,375 - 0,535)

0,505(0,425 - 0,590)

0,540(0,460 - 0,622)

0,575(0,478 - 0,647)

for Storm Rainfai

S.A. Type

0,165(0,140 -

0,260(0,235 -

0,340(0,305 -

0,400(0,355 -

0,490(0,430 -

0,565(0,495 -

0,615(0,535 -

0,675(0,590 -

0,705(0,622 -

0,720(0,647 -

1 Distributions

III

0,188)

0,295)

0,380)

0,445)

0,547)

0,637)

0,695)

0,757)

0,782)

0,800)

S.A. Type IV

0,210(0,188 - ?)

0,330(0,295 - ?)

0,420(0,380 - ?)

0,490(0,445 - ?)

0,605(0,547 - ?)

0,710(0,637 - ?)

0,775(0,695 - ?)

0,840(0,757 - ?)

0,860(0,782 - ?)

0,880(0,800 - ?)
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Table 6.3 Storm rainfall distribution types applicable to Natal
stations

Location

Kokstad

Pieter-

Return
Period

2
10
50

maritzburg 2

Makatini

Durban

Ladysmith

Estcourt

Cedara

Waterford

Newcastle

10
50

2
10
50

2
10
50

2
10
50

2
10
50

2
10
50

2
10
50

2
10
50

Storm

5
min

IV
III
III

III
III
III

III
II
II

II
II

III

III
IV
IV

IV
III
III

IV
III
III

IV
I V •

IV

III
III
III

Rainfa

10
min

IV
IV
III

III
IV
IV

III
II
II

II
II
II

III
IV
IV

IV
IV
IV

III
III
III

IV
IV
IV

III
III
III

11 Di

15
min

IV
IV
IV

III
IV
IV

III
II
II

II
II
II

III
III
IV

IV
IV
IV

III
III
III

III
IV
IV

III
III
III

stribution
Durations

30
min

IV
III
III

III
III
III

III
II
II

II
II
II

III
III
IV

IV
IV
IV

III
III
II

III
III
III

III
III
IV

Type

45
min

III
III
III

III
III
III

III
II
II

II
II
II

III
III
IV

III
IV
IV

III
III
III

III
III
IV

III
III
IV

for

60
min

III
III
III

III
III
III

III
II
II

n
n
II

in
in
IV

EII
IV
IV

in
in
in

in
in
in

in
in
IV

Selected

120
min

III
II
II

III
III
III

III
II
II

II
II
II

III
III
III

III
EV
IV

III
III
III

III
III
III

III
III
IV
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Clearly, if 30 years1 digitized data per station are
assumed to be the most accurate data available for those
locations in Southern Africa, then the newly proposed
synthetic distributions III and IV are warranted, and it
appears that the U.S.A. Type I and II distributions,
hitherto accepted for Southern African conditions, would
have underestimated peak discharge rates on small
catchments by the SCS method. It is also of significance to
note that synthetic storm rainfall distributions are not
necessarily independent either on return period or on
critical storm''duration at any one location (Table 6.3).

(d) On a Southern African scale, the regionalization of the
four distributions can only be attempted very tentatively,
because for most of the subcontinent digitized data for
long periods (i.e. exceeding 25 years) are not yet
available outside Natal. The tentative regionalizatior.
shown for the 50 year recurrence interval in Figure 6.5 was
compiled using the digitized data for Natal stations
supplemented by information published by the South African
Weather Bureau (1974) and by Midgley and Pitman (1978). It
should be noted that frequent discrepancies were evident
between data values and therefore between the synthetic
rainfall distributions calculated from the three sources of
data. The dependence of the distributions on duration and
recurrence interval were also noted again. The following
very general observations may nevertheless be made from
Figure 6.5:

(i) The S.A. Type I distribution occurs only in a very
narrow band along the south coast and in a bulge
along the west coast of the Cape Province.

(ii) Most of Southern Africa has a S.A. Type III storm
rainfall distribution, and not a Type II
distribution.



117

1
20"

1 1 1 i [ r
3 0 °

— 25

- 3 0 "

— 35"
2,0"

J t I I
30°

2 5"-

30'—

35 —

Figure 6.5 A tentative regionalization of storm rainfall distributions
in Southern Africa
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(iii) S.A. Type IV distributions appear to occur in
isolated rather than in broad regions throughout
Southern Africa.

(iv) There is evidence that the relatively less intense
S.A. Type II distribution occurs in the central
Orange Free State.

EFFECT OF STORM RAINFALL DISTRIBUTION QN PEAK DISCHARGE ESTIMATES

If, as has been shown clearly in this chapter, the SCS Types 1
and II storm rainfall distributions under-estimate short duration
design rainfalls contributing to the peak flows over most regions
of Southern Africa, then the effects of differences in synthetic
storm distributions need to be examined. This was done by
calculating peak discharge rates for the four rainfall
distributions using seven incremental hydrographs, by the method
outlined step by step in the Worked Example 3 of the SCS manual
for Southern Africa (Schulze and Arnold, 1979). The following
input variables were used in the calculations of the example
below:

Catchment area = 1,5 km^

Coefficient of Initial Abstraction = 0,05

Curve Number II =63

Curve Number adjusted for antecedent

moisture conditions = 51,3

Storm rainfall = 93 mm
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Stormflow = 20,04 mm

Lag = var iab le , between

0,5 and 1,0 hours.

Results were plotted in Figure 6.6. The marked differences in
peak discharge rate estimates are clearly evident. In fact, this
particular example illustrates that the application of the S.A.
Type II distribution in an area where the Type III distribution
should be used, would under-estimate peaks by 26-28%, while if
the Type IV distribution had applied, the under-estimation would
have been over 50%, all other variables having remained
unchanged.

CONCLUSION

Synthetic storm rainfall distributions have to be used for peak
discharge estimations by the SCS model, which uses daily rainfall
input. Evidence from digitized rainfall data for Natal stations
confirmed an earlier suggestion by Schuize and Arnold (1979) that
the 5CS Types I and II rainfall distributions under-estimated
peak discharge rate estimations o^er large parts of Southern
Africa. From available data four new synthetic storm rainfall
distributions are proposed for Southern Africa and a tentative
division of the subcontinent into storm rainfall distribution
type regions is proposed. It was furthermore illustrated that
estimates of peak discharge rates are highly sensitive to the
rainfall distribution curves used.

These findings underline the plea made previously (for example,
by Schuize, 1984) for support of operational programmes to speed
up the digitization of rainfall records from throughout Southern
Africa. These data are vital to thousands of design decisions
involving many millions of Rands each year.
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Figure 6.6 Effects of storm rainfall distribution types on
peak discharge rates : an example
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CHAPTER 7

HYDROLOGICAL CHARACTERISTICS AND PROPERTIES OF SOILS IN
SOUTHERN AFRICA : RUNOFF RESPONSE

INTRODUCTION

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

(i) absorb,

(i i) retain and

(iii) release/redistribute

water that is a prime regulator of the response of a catchment,
and the soil is the medium in/through which the other
hydrological processes can operate.

Soils data are often used in hydrological computations by
"lumping" the characteristics of many soils found within a
catchment to derive an average areal parameter. A catchment is
not, however, a "lumped" system in regard to soils, and
pronounced differences in magnitude and sequence of hydrological
processes may be observed within a catchment. Spatially
homogeneous soil units with respect to hydrological response are
thus critical in determining overall magnitudes of a variety of
hydrological processes taking place at any given time.

In the light of this background the three aims of this first of
two chapters on hydrological characteristics of Southern African
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soils are now described.

AIMS

(a) Any meaningful hydrological categorization of the over 500
soil series now recognized in Southern Africa has to be
undertaken within the framework of the existing and now
established and accepted "binomial system of soil
classification" as presented by MacVicar et al, (1977). The
concepts embodied in this classification are therefore
outlined at the outset. It is imperative, however, that
hydrological modellers and engineering consultants
designing structures on small rural catchments in Southern
Africa acquaint themselves and become conversant with the
detailed classification by MacVicar et al, (1977} and with
envisaged changes to the classification.

(b) Secondly, with the recognition of the SCS model as an
accepted design tool by many public institutions and
engineering consultants, the Southern African
classification of over 500 soil series in terms of
hydrological response by the SCS method is described and
tabulated.

(c) Hydrologically the lateral movement of soil water
(interflow) is being recognized as an important mechanism
in runoff production. A simple categorization of the
interflow potential of Southern African soils is therefore
also given.

HYDROLOGICAL CLASSIFICATIONS OF SOILS - NOTES OF CAUTION

A few notes of caution regarding hydrological classifications of
soils need to be sounded before technical details of Chapters 7
and 8 are presented.
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(a) This is a first attempt at classifying soils in Southern
Africa on a hydrological basis. While care has been taken
to set out clearly the premises and assumptions on which
the various classifications have been undertaken, field
experience may prove the need for re-classification in
future.

(b) Categories, groups and values are given in these two
chapters at the level of the soil series. However, values
of the tabulated soil moisture constants, for example, have
been derived; the SCS soil grouping and the interflow
potential categories, on the other hand, have been deduced.
It must be stressed that all groupings should be viewed as
generalizations and that all values derived are ball-park
figures, to be treated as first approximations when used in
hydrological decision-making.

(c) Following on (b), it must be emphasised that the
generalized information given in Chapters 7 and 8 does not
replace the need for fieldwork, particularly since it is
well known that much variation in terms of hydrological
response exists within any given soil series in Southern
Africa.

(d) Soils classifications, like many others, are dynamic in
nature, changing as more experience is gained or as
laboratory analyses become available. The "binomial system
of soil classification" for Southern Africa is known to be
under revision at the present time (MacVicar, 1984) and it
will, in all probability, be superseded in the next five
years. However, being the classification that users of
pedological information in Southern Africa regard as the
"official" one at present (and it will remain such for
the ensuing few years) this "binomial system" has been
retained as the one for which all soil series groupings are
presented in this report.
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THE BINOMIAL 5YSTEM OF SOIL CLASSIFICATION FOR SOUTHERN AFRICA

Soil, as the medium in which hydrological processes occur, has a
heterogeneous character by virtue of its horizonation, which
controls rates of moisture movement both vertically and
laterally. Horizons formed under given genetic conditions tend to
be reproduced over and over again, with their organization and
re-organization resulting in generalized master horizons
(MacVicar et al, 1977). This concept is illustrated in Figure
7.1.

The specific properties of master horizons led to the
recognition in the Southern African binomial system of soil
classification (MacVicar et al, 1977) of diagnostic horizons
(Figure 7.2). In the diagnostic horizon concept a grouping of
pedological features is recognized. For example, organic carbon
content, colour, structure, thickness or expansive properties
distinguish the five diagnostic topsoil horizons. On the other
hand, eluviation, gleying, colour variegations, concretions,
redistribution of clay materials, differential weathering,
podzolization or lack of development are used to categorize the
15 subsoil diagnostic horizons recognized in Southern Africa
(MacVicar et 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 al, 1977). Criteria
used to distinguish series within forms include

(i) soil texture (clay content, sand grading),

(ii) base status in terms of leaching,

(iii) calcareousness,
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(iv) soil reaction (pH),

(v) surface physical properties,

(vi) colour of the B horizon,

(vii) consistence of the B horizon,

(viii) surface wetness, and

(ix) topography.

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 situ and added as a further descriptor of the soil
series, namely, the soil phase. Figure 7.3 illustrates the above
concepts.

Hydrologically, the division of soils into diagnostic horizons,
with their attendant properties and subdivisions, is important.
This is so because they constitute the vital heterogeneous soil
stores within, between and along which important hydrological
processes can take place (arrows in Figure 7.3).

HYDROLQGICAL RESPONSE GROUPING OF SOUTHERN AFRICAN SOILS FOR THE
SCS MODEL

Background

A hydrological response grouping of Southern African soils was
first undertaken in 1979. The guidelines and criteria for the
classification were formulated together with colleagues who had
wide pedological, engineering or agronomic experience and who
were drawn from the University of' Natal, the Department of
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Agriculture at Cedara, the Soil and Irrigation Research Institute
and the Hydrological Research Institute, both in Pretoria.

The parameter which provides the basis for a hydrological
response classification of soils in Southern Africa was
formulated as a "typical amount of infiltration for the soil at
likely moisture content to the point of maximum runoff rate".
This premise is somewhat different in concept to the one
described by the SCS in the National Engineering Handbook (USDA-
SCS, 1972) in which the "minimum rate of infiltration for a
thoroughly wetted bare soil assuming maximum swelling" forms the
basis of soils grouping. The reason for altering the concept of
classification is that a comparison of the actual physical
properties of soil series in the U.S.A. and their hydrological
grouping showed that many series have been classed intuitively
according to "typical" or "likely" moisture characteristics in
the field.

Basic Hydrological Grouping

As in the SCS literature (USDA-SCS, 1972), four basic
hydrological soil groups have been recognized. Hydrologically,
the limiting properties in a soil profile may be

(i) its infiltration rate at the surface (i.e. the rate at
which water enters the soil at the surface, which
is controlled by surface conditions),

(ii) its permeability (i.e. the rate at which water moves
in the soil, which is controlled by the soil
horizons), and

(iii) its water storage capacity, which is dependent
primarily on the soil texture and its depth.

The four basic hydrological soil groups are :
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Soil Group A. Low runoff potential. Infiltration rate is high
and permeability is rapid in this group. Overall
drainage is excessive to well-drained.

Soil Group B. Moderately low runoff potential. The soils of this
group are characterized by moderate infiltration
rates, effective depth and drainage. Permeability
is slightly restricted.

Soil Group C. Moderately high runoff potential. Infiltration
rate is slow or deteriorates rapidly in this
group. Permeability is restricted. Soil depth
tends to be shallow.

Soil Group D. High runoff potential. Soils in this group are
characterized by very slow infiltration rates and
severely restricted permeability. Very shallow
soils and expansive soils (those of high shrink-
swell potential) are included in this group.

With the wide spectrum of properties found in Southern African
soils, it was felt that a four-fold grouping of soils was too
coarse for the SCS model, and three intermediate soil groups have
therefore been used in the classification of soil forms and
series. These groups are A/B, B/C and C/D, thus giving seven soil
groups in all.

Classification Procedure

Each soil form, according to its overall diagnostic properties
(MacVicar et al, 1977) was initially placed in one of the seven
groups. The series within each soil form were then graded up or
down from the general soil group assigned to the form, according
to their specific physical or chemical properties.

The following properties were considered to be relevant:
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(a) Texture (t): Soils with A-horizon clay content exceeding
35% were downgraded one group; where clay content was less
than 6% and coarse sand made up at least 6£ of the soil
fraction, soil series were upgraded one group.

(b) Leaching (1): Dystrophic (highly leached) soils were
upgraded one group while eutrophic soils were downgraded
one group.

(c) Water Table (w): 5eries with a high water table
typically present were downgraded one group.

(d) Crusting (c): Soil forms which typically displayed a
crusted surface, but where crusting was absent at series
level, were upgraded one group, and vice-versa. Soils
exhibiting a hardening of the B-horizon (e.g. a ferrihumic
B-horizon) were downgraded one group. There may be
exceptions to these general rules, for example, Cass (1984)
considers crusting in the Arcadia soil series not to be a
hydrological barrier.

At the present stage a degree of uncertainty still exists as to
the overall effects of soil coloration and calcareousness on
infiltration and permeability rates. Doubts have also been
expressed as to whether an up- and downgrading due to degree of
leaching is warranted (Cass, 1984). The regrading procedure has
nevertheless been kept, pending detailed investigation. Future
research and experience will also determine whether/to what
degree expansive soils should be downgraded (Cass, 1984).

Because of the variable nature of soil properties within a
specific series, some further guidelines for adjustment in the
field are given.

(a) Soil depth: Where typically deep soils are in the shallow
phase (generally less than 0,5 m ) , they should be down-
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graded one group.

(b) Surface sealing: Where surface sealing is evident in loco,
soils should be downgraded one group.

(c) Topographic position: Generally series in bottomlands may
be downgraded and series formed on uplands upgraded one
group.

(d) Parent material: Identical series derived from different
parent materials may require re-grouping (e.g. series
derived from Table Mountain sandstones would be upgraded
relative to the same series derived from Dwyka tillites).

The hydrological soil groupings for the 501 soil series given in
MacVicar et al, (1977) are listed in Table 7.1 (at the end of
this chapter). In assessing the hydrological response of a
catchment the information on soil groups is used in conjunction
with different agricultural and non-agricultural land use and
treatment classes, which are detailed in the SCS manual for
Southern Africa (Schulze and Arnold, 1979).

POTENTIAL FOR INTERFLOW

With the advent of research into distributed hydrological models
in Southern Africa, a grouping of soil forms and series into
their potential for interflow becomes necessary. The potential
for interflow is not just a simple matter of association with
soil form and series, however, because the process is dependent
largely on slope, on topographic position inducing a convergence
of soil water, as well as on soil depth, and in addition also on
the degree of transmissivity which can take place through an
impeding layer and which can be highly variable.

A threefold grouping into the potential for interflow, namely
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(i) interflow unlikely,

(ii) some/low interflow potential, and

(iii) high interflow potential

has nevertheless been attempted.

The following criteria were used as initial 'rules of thumb1 to
demarcate soils with a 'low interflow potential1, namely the
presence of

(i) a soft plinthic horizon (for example, with Avalon,
Bainsvlei, Tambankulu and Westleigh forms) particularly
in shallow phases of series, which then become prone to
waterlogging;

(ii) a pedocutanic horizon (for example, with the Bonheim,
Swartland and Valsrivier forms);

(iii) a lithocutanic horizon (Cartref, Glenrosa, Mayo and
Nomanci forms under certain field conditions);

(iv) a ferrihumic horizon (Houwhoek and Lamotte forms),
although many variants of the ferrihumic horizon with
little or much sesquioxide hardening may exist and
testing in situ becomes imperative;

(v) gleycutanic (Pinedene) and neocutanic (Inhoek, Oakleaf,
Vilafontes) horizons, although some doubt exists as to
whether interflow would actually be enhanced by the
presence of these horizons in the forms named; and

(vi) moderately abrupt textural changes typical of certain
series of, for example, the Constantia form.



135

Soils with a 'high interflow potential1 are characterized by

(i) hard plinthic B-horizons (for example, Glencoe and
Wasbank forms);

(ii) A-horizons overlying hard/unconsolidated rock directly
(Milkwood and Mispah forms);

(iii) highly abrupt textural changes down a soil profile (for
example, Estcourt and Sterkspruit forms with
prismacutanic B horizons, Kroonstad with a gleycutanic
and certain series of the Constantia and Vilafontes
forms).

Using the above 'rules of thumb' as an initial guide, the 501
soil series were classed into their interflow potential in Table
7.1. Based on a field knowledge of individual forms and series,
appropriate changes were then made, for example, all Estcourt and
Vilafontes series were classified as having a 'high' interflow
potential, the first seven Glencoe series were changed from the
'unlikely' to the 'some' interflow group, all Longlands series
were reassigned a 'high', all Milkwood and Sterkspruit a 'soir.e'
and all Bonheim, Cartref, Inhoek, Oakleaf and Shepstone series an
'unlikely' interflow potential.

It should be noted in regard to interflow potential, that in situ
examination of soil conditions is crucial. Furthermore, it may be
seen in Table 7.1 that not all series of a given soil form
respond identically in terms of interflow potential, as series
may differ according to the degree of abruptness of clay content
changes down a soil profile (for example, Constantia, Fernwood,
Houwhoek, Lamotte and Valsrivier forms).

Aspects of the runoff responses of Southern African soils having
been discussed in terms of the soil grouping used for the SCS
model as well as in regard to the interflow potential of soils,
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the second chapter on hydrological characteristics of soils
focusses on water retention properties of soils.
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Table 7.1

Legend

Hydrological classifications of soil forms and series
found in Southern Africa

A - low runoff potential
B - moderately low potential
C - moderately h
D - high runoff
c - crusting
1 - leaching
t - texture
w - water table

Soil Code
Form

ARCADIA Ar 40
Ar 11
Ar 21
Ar 41
Ar 20
Ar 10
Ar 32
Ar 12
Ar 31
Ar 30
Ar 42
Ar 22

AVALON Av 13
Av 26
Av 12
Av 27
Av 37
Av 33
Av 34
Av 20
Av 14
Av 24
Av 10
Av 32
Av 31
Av 25
Av 17
Av 22
Av 16
Av 36

igh potential
potential

Soil
Series

Arcadia
Bloukrans
Clerkness
Eenzaam
Gelykvlakte
Mngazi
Nagana
Noukloof
Rooidraai
Rydalvale
Wanstead
Zwaarkrygen

Ashton
Avalon
Banchory
Bergville

Cl -

Lm -
0 -
X -
XX -

scs
Group
-ing

C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D

A/B
B
A
B/C

Bezuidenhout C
Bleeksand
Heidelberg
Hobeni
Kanhym
Leksand
Hastaba
Middelpos
Mooiveld
Newcastle
Normandien
Rossdale
Ruston
Soetmelk

B/C
B/C
A/B
A/B
B
A
B
B
A/B
B
A/B
B
B/C

clay
sand
loam
interflow unlikely
some/lov/ interflow potential
high interflow

SCS
Adjust-
ment
Factor

+1

+l/+t
-t
-t/-1
-1
-1
+t
+1

+l/+t
+t/-l
+t/-l
+t
+l/-t
+t
+1
-1

Clay
Distri-
bution
Model

2e
2e
2e
2e
2e
2e
2e
2e
2e
2e
2e
2e

1b
1c
1a
Id
1d
1b
1b
1a
1b
1b
1a
1a
1a
1b
1d
1a
1c
1c

potential

Typical
Text-
ural
Class

Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl

SLm
SClLm
S
SCI
SCI
SLm
SLm
LmS
SLm
SLm
LmS
S
LmS
SLm
SCI
S
SClLm
SClLm

Inter-
flow
Poten-
tial

0
0
0
0
0
0
0
0
0
0
0
0

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Table 7.1 (continued)

Soil Code
Form

AVALON AV 21
(contd) Av 30

Av 23
Av 11
Av 35
Av 15

BAINSVLEI Bv 23
Bv 36
Bv 12
Bv 20
Bv 30
Bv 13
Bv 16
Bv 10
Bv 34
Bv 31
Bv 26
Bv 25
Bv 11
Bv 27
Bv 22
Bv 37
Bv 24
Bv 32
Bv 15
Bv 33
Bv 21
Bv 35
Bv 17
Bv 14

BONHEIM Bo 41
Bo 20
Bo 30
Bo 31
Bo 10
Bo 21
Bo 11
Bo 40

Soil
Series

Uithoek

SCS
Group
-ing

A/B
ViljoenskroonB
Villiers
Welverdiend
Windmeul
Wolweberg

Ashkelon
Bainsvlei
Camelot
Chelsea
Delwery
Dunkeld
Elysium
Hlatini
Kareekuil
Kingston
Lonetree
Maanhaar
Makong
Metz
Oosterbeek
Ottosdal
Redhill
Trekboer
Tygerkloof
Vermaas
Vungama
Wedgewood
Wilgenhof
Wykeham

Bonheim
Bushman
Dumasi
Glengazi
Kiora
Rasheni
Stanger
Weenen

B
A
B
A

A/B
B
A
A
A/B
A/B
A/B
A
B
A/B
A/B
A
A
B
A
B/C
A/B
A/B
A
B
A
A/B
B
A/B

C/D
C
C
C/D
C
C/D
C/D
C

SCS
Adjust
-ment
Factor

+t
+t/-l

+l/+t
+t/-l
+l/+t

-1
+t
+t
+t/-l

+t
-1
+t/-l

+t
+t
-t
+t
-t/-l

+t/-l
+t
-1
+t
+t/-l
-t

-t

-t

-t
-t

Clay
Distri-
bution
Model

1a
1a
1b
1a
1b
1b

1b
1c
1a
1a
1a
1b
1c
1a
1b
1a
1c
1b
1a
1d
1a
1d
1b
1a
1b
1b
1a
1b
1d
1b

1a
2c
2c
2d
2c
2d
2d
2c

Typical
Text-
ural
Class

LmS
LmS
SUn
LmS
SLm
SUn

CLm
SCI Lin
S
LmS
LmS
SLm
SClLm
LmS
SLm
LmS
SClLm
SLm
LmS
SCI
S
SCI
SLm
S
SLm
SLm
LmS
SLm
SCI
SLm

LmS
SClLm
SClLm
SCI
SClLm
SCI
SCI
SClLm

Inter-
flow
Poten-
tial

X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

0
0
0
0
0
0
0
0
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Soil Code
Form

CARTREF Cf 10
Cf 12
Cf 13
Cf 21
Cf 22
Cf 30
Cf 31
Cf 32
Cf 11
Cf 20

CHAMPAGNE Ch 11
Ch 21
Ch 10
Ch 20

CLOVELLY Cv 33
Cv 18
Cv 40
Cv 36
Cv 17
Cv 28
Cv 35
Cv 46
Cv 11
Cv 25
Cv 47
Cv 38
Cv 10
Cv 12
Cv 34
Cv 14
Cv 48
Cv 27
Cv 16
Cv 23
Cv 41
Cv 32
Cv 31
Cv 22
Cv 45
Cv 21

Soil
Series

Amabele
Arrochar
Byrne
Cartref
Cranbrook
Grovedale
Kusasa
Noodhulp
Rutherglen
Waterridge

Champagne
Ivanhoe
Mposa
Stratford

Annandale
Balgowan
Bleskop
Blinkklip
Clovelly
Clydebank
Denhere
Oudfield
Geelhout
Gutu
Klippan
Klipputs
Lismore
Lundini
Makuya
Mossdale
Nelspan
Newport
Oatsdale
Ofazi
Oranje

SCS
Group
-ing

B/C
C
C/D
C
C
B/C
B/C
C
C
B/C •

D
D
D
D

B
B
A
B
B
B
A/B
A/B
A
A
B
B/C
A
A
B
A/B
B
B
A/B
A/B
A

Paleisheuwel A/B
Sandspruit
Sebakwe
Skipskop
Sonnenblom

A/B
A
A
A

SCS
Adjust
-ment
Factor

+t

-t

+t
+t

+t

-1
-t
+t
-1
-t
-t
+t/-l

+t
+t
-t
-t/-l
+t
+t
-1

-t

-t
+t/-l
+t/-l
+t/-I
+t
+t-

Clay
Distri-
bution
Model

5a
5c
5d
5b
5c
5a
5b
5c
5b
5a

2c
2e
2c
2e

1b
1e
1a
1c
1d
1e
1b
1c

. 1a
1b
1d
1e
1a
1a
1b
1b
1e
1d
1c
1b
1a
1a
1a
1a
1b
1a

Typical
Text-
ural
Class

LmS
SClLm
SCI
SUn
SClLm
S
SLm
SClLm
SLm
LmS

SLm
SClLm
SLm
SClLm

SLm
Cl
LmS
SClLm
SCI
Cl
SLm
SClLm
LmS
SLm
SCI
Cl
LmS
S
SLm
SLm
Cl
SCI
SClLm
SLm
LmS
S
LmS
S
SLm
LmS

Inter-
flow
Poten-
tial

0
0
0
0
0
0
0
0
0
0

0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
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Table 7.1 (continued)

Soil
Form

CLOVELLY
(contd)

CONSTAN
-TIA

ESTCOURT

Code

Cv
Cv
Cv
Cv
Cv
Cv
Cv
Cv
Cv
Cv

Ct
Ct
Ct
Ct
Ct
Ct
Ct
Ct
Ct
Ct
ct
ct

Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es
Es

26
15
24
30
37
42
44
20
43
13

25
12
23
22
13
24
14
20
10
11
21
15

20
11
22
35
40
37
42
13
31
33
36
14
41
10
21
30
12
16
32

Soil
Series

Southwold
Soweto
Springfield
Sunbury
Summerhill
Thornhill
Torquay
Tweefontein
Vaalbank
Vidal

Cintsa
Constantia
Dwesa
Fencote
Harkerville
Kromhoek
Noetzie
Palmyra
Strombolis
Tokai
Vlakfontein
Wynberg

Assegaai
Auckland
Avontuur
Balfour
Beerlaagte
Buffelsdrif
Darling
Dohne
Elim
Enkeldoorn
Estcourt
Grasslands
Heights
Houdenbeck
Langkloof
Mozi
Potela
Rosemead

SCS
Group
-ing

A/B
A
A/B
A/B
B/C
A
A/B
A
A/B
A/B

B
B
B
B
B
B
B
B
B
B
B
B

D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D
D

SoldaatskraalD

SCS
Adjust
-merit
Factor

+t

+t/-l
-t/-I
+t

+t

Clay
Distri-
bution
Model

1c
1b
1b
1a
Id
1a
1b
1a
1b
1b

3e
3a
3e
3b
2b
3e
2b
3b
3a
3a
3b
2b

3c
3b
3c
3e
3c
3k
3c
3e
3b
3e
3h
3e
3c
3b
3c
3b
3b
3h
3b

Typical Inter-
Text- flow
ural Paten-
Class tial

SCILm
SLm
SLm
LmS
SCI
S
SLm
LmS
SLm
CILm

SLm/SClLm
LmS
SLm/SClLm
S/SClLm
SLm
SCl/SCILm
SLm
LmS/SCILm
Lms
S
Lms/SClLm
SLm

LmS/SCILm
LmS/SLm
S/SCILm
LmS/SCILm
LmS/SCILm
SC1/C1
S/SCILm
SLm/SClLm
LmS/SLm
SLm/SClLm
SClLm/SCl
SLm/SClLm
LmS/SCILm
LmS/SLm
LmS/SCILm
LmS/SLm
S/SLm
SClLm/SCl
S/SLm

0
0
0
0
0
0
0
0
0
0

XX
X
XX
XX
0
XX
0
XX
X
X
XX
0

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX



142

Table 7.1 (continued)

Soil
Form

ESTCOURT
(contd)

FERNWOOD

GLENCOE

Code

Es 34
Es 15
Es 17

Fw 40
Fw 11
Fw 21
Fw 42
Fw 10
Fw 20
Fw 22
Fw 12
Fw 30 '
Fw 41
Fw 32
Fw 31

Gc 16
Gc 33
Gc 20
Gc 15
Gc 10
Gc 24
Gc 26
Gc 37
Gc 11
Gc 13
Gc 32
Gc 34
Gc 36
Gc 27
Gc 21
Gc 31
Gc 17
Gc 23
Gc 22
Gc 12
Gc 35
Gc 30
Gc 14
Gc 25

Soil
Series

Uitvlugt
Vredenhoek
Zintwala

Brinley
Fernwood
Langebaan
Mambone
Maputa
Motopi
Saldanha
Sandveld
Shasha
Soetvlei
Trafalgar
Warrington

Appam
Beatrix
Boskuil
Delmas
Driepan
Dunbar
Glencoe
Graspan
Hartog
Klipstapel
Kwezana
Leeudoorn
Leslie
Ontevrede
Penhoek
Ribblesdale
Shotton
Strathrae
Talana
Tranendal
Uitskot
Vlakpan
Weltevrede
Wesselsnek

SCS
Group
-ing

D
D
D

C
A
A
C
A
A
A
A
B
C
B
B

B
B/C
A/B
A/B
A/B
B
B
C
A/B
B
B
B/C
B/C
B/C
A/B
B
B/C
B
A/B
A/B
B
B
B
A/B

SCS
Adjust
-ment
Factor

-w

-w

-w
-w
-w
-w

-1
+t
+t
+t

-t/-l
+t

+t/-l
-1
-1
-t
+t
+t/-l
-t

+t
+t
+t/-l
+t/-l

+t

Clay
Distri-
bution
Model

3e
3e
3k

1b
1b
ib
1b
1b
1b
1b
1b
1b
1b
1b
1b

1c
1b
1a
1b
1a
1b
1c
Id
1a
1b
1a
1b
1c
1d
1a
1a
id
1b
1a
1a
1b
1a
1b
1b

Typical
Text-
ural
Class

Inter-
flow
Poten-
tial

SLm/SClLm XX
LmS/SClLm XX
SC1/C1

SLm
SLm
SLm
SLm
SLm
SLm
SLm
SLm
SLm
SLm
SLm
SLm

SCILm
SLm
LmS
SLm
LmS
SLm
SCILm
SCI
LmS
SLm
S
SLm
SCILm
SCI
LmS
LmS
SCI
SLm
S
S
SLm
LmS
SLm
SLm

XX

XX
0
0
XX
0
0
0
0
XX
XX
XX
XX

X
X
X
X
X
X
X
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
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Table 7.1 (continued)

Soil Code
Form

GLENROSA Gr 28
Gr 27
Gr 24
Gr 15
Gr 13
Gr 22
Gr 26
Gr 25
Gr 21
Gr 20
Gr 10
Gr 11
Gr 12
Gr 14
Gr 29
Gr 18
Gr 19
Gr 23
Gr 17
Gr 16

GRIFFIN Gf 10
Gf 11
Gf 32
Gf 20
Gf 13
Gf 12
Gf 22
Gf 30
Gf 33
Gf 21
Gf 31
Gf 23

HOUWHOEK Hh 20
Hh 10
Hh 21
Hh 31
Hh 30
Hh 11

Soil
Series

Achterdam
Dothole
Dunvegan
Glenrosa
Kanonkop
Knapdaar
Lekfontein
Lomondo
Majeng
Halgas
Martindale
Oribi
Paardeberg
Platt
Ponda
Robmore
Saintfaiths
Southfield
Trevanian
Williamson

Burnside
Cleveland
Cradock
Erfdeel
Farmhill
Griffin
Ixopo
Runnymeade
Slagkraal
Umzimkulu
Welgemoed
Zwagershoek

Albertinia
Elgin
Garcia
Gouna
Houwhoek

scs
Group
-ing

B/C
B/C
B/C
B
B/C
B
B/C
B
B
B
B
B
B
B/C
C
B/C
C
B/C
B/C
B/C

A
A
B
A
A/B
A/B
A/B
A/B
B
A
A/B
A/B

C
c
c
B/C
B/C

Stormsrivier C

SCS
Adjust
-ment
Factor

+t

+t

+t
+t
+t
+t
+t
+t

-t

-t

-t/-l

-t
-t
-t
-1
-t/-l

-1
-t

+t
+t

Clay
Distri-
bution
Model

5c
5c
5b
5b
5b
5a
5c
5b
5a
5a
5a
5a
5a
5b
5d
5c
5d
5b
5c
5c

1b
1c
1d
1b
1e
1d
1d
1b
1e
1c
1c
1e

2a
2a
2b
2b
2a
2b

Typical
Text-
ural
Class

SClLm
SClLm
SLm
SU
SLm
S
SClLm
SU
LmS
LmS
LmS
LmS
S
SLm
SCI
SClLm
SCI
SU
SClLm
SClLm

SU
SClLm
SCI
SU
Cl
SCI
SCI
SU
Cl
SClLm
SClLm
Cl

LmS
LmS
SU
SU
S
SU

Inter-
flow
Poten-
tial

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

0
0
0
0
0
0
0
0
0
0

t 0

0

X
X
XX
XX
X
XX
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Table 7.1 (continued)

Soil
Form

HUTTON

INANDA

Code

Hu 10
Hu 11
Hu 18
Hu 25
Hu 22
Hu 24
Hu 27
Hu 17
Hu 31
Hu 47
Hu 16
Hu 21
Hu 15
Hu 23
Hu 40
Hu 43
Hu 37
Hu 44
Hu 33
Hu 38
Hu 14
Hu 48
Hu 32
Hu 26
Hu 41
Hu 35
Hu 42
Hu 30
Hu 46
Hu 36
Hu 12
Hu 45
Hu 28
Hu 13
Hu 20
Hu 34

la 10-
la 11
la 12

Soil
Series

AUoway
Arnot
Balmoral
Bontberg
Chester
Clansthal
Doveton
Farningham
Gaudam
Hardap
Hutton
Ooubertina
Kyalami
Lichtenburg
Lowlands
Maitengwe
Makatini
Malonga
Mangano
Marikana
Middelburg
Minhoop
Moriah
Msinga
Nyala
Portsmouth

SCS
Group
-ing

A
A
A/B
A
A
B
A/B
A/B
A
A/B
A
A
A
A
A
A
B
A
A/B
B
A
A/B
A
A
A
A

QuaggafonteinA
Roodepoort
Shigalo
Shorrocks
Stonelaw
Vergenoeg
Vimy
Wakefield
Whithorn

A
A
A/B
A
A
A/B
A
A

Zwartfontein A/B

Fountainhil
Inanda
Sprinz

1 A
A
A

SCS
Adjust
-merit
Factor

-t

-t
-t
-l/+t
-t

-t/-l

-1
-t/-l

-t
-l/+t

-l/+t

-l/+t

-1

-t

-1

Clay
Distri-
bution
Model

1a
1a
1e
1b
1a
1b
Id
1d
1a
1d
1c
1a
1b
1b
1a
1b
1d
1b
1b
1e
1b
1e
1a
1c
1a
1b
1a
1a
1c
1c
1a
1b
1e
1b
1a
1b

1c
Id
1e

Typical
Text-
ural
Class

LmS
LmS
Cl
SLm
S
SLm
SCI
SCI
LmS
SCI
SCILm
LmS
SLm
SLm
LmS
SLm
SCI
SLm
SLm
Cl
SLm
Cl
S
SCILm
LmS
SLm
S
LmS
SCILm
SCILm
S

' SLm
Cl
SLm
LmS
CILm

SCILm
SCI
Cl

Inter-
flow
Poten-
tial

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0 '
0
0
0
0
0

0
0
0
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Table 7.1 (continued)

Soil

INHOEK

KATSPRUIT

KRANSKOP

KROONSTAD

LAMOTTE

LONGLANDS

Code

Ik
Ik
Ik
Ik

Ka
Ka

Kp
Kp
Kp

Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd
Kd

Lt
Lt
Lt
Lt
Lt
Lt
Lt
Lt
Lt
Lt
Lt
Lt

Lo
Lo

11
10
21
20

10
20

10
11
12

17
16
22
20
13
14
10
15
12
18
21
11
19

10
21
14
22
25
12
11
15
20
24
23
13

22
32

Soil

Coniston
Cromley
Drydale
Inhoek

Katspruit
Killarney

Kipipiri
Kranskop
Umbumbulu

Avoca
Bluebank
Katarra
Koppies
Kroonstad
Mkambati
Rocklands
Slangkop
Swellengift
Uitspan
Umtentweni
Velddrif
Vo Iks rust

Alsace
Burgundy
Chamond
Franschhoek
Hooghalen
Lamotte
Laparis
Lillesand
Lorraine
Ringwood
Tillberga
Vevey

Albany
Chitsa

scs
Group
-ing

C/D
C
C/D
C

C/D
C/D

A
A
A

C/D
C/D
C/D
C/D
C/D
C/D
C/D
C/D
C
C/D
C/D
C/D
D

A/B
B
A/B
B
B
A/B
A/B
A/B
B
B
B
A/B

C/D
C/D

SCS
Adjust
-ment
Factor

-t

-t

+t

-t

+c

+c
+c

+c
+c
+c

-t
- t •

Clay
Distri-
bution
Model

2d
2c
2d
2c

1d
1d

1c
1d
1s

3h
3h
3c
3c
3e
3b
3b
3e
3b
3h
3c
3b
3k

2a
2a
2b
2a
2b
2a
2a
2b
2a
2b
2b
2b

1c
1c

Typical Inter-
Text- flow
ural Poten-
Class ti

SCI
SCILm
SCI
SCILm

SCI
SCI

SCILm
SCI
Cl

SClLm/SCl
SClLm/SCl
S/SCILm
LmS/SCILm
SLm/SClLm
SLm/SCILm
LmS/SLm
LmS/SCILm
S/SLm
SClLm/SCl
LmS/SCILm
LmS/SLm
SC1/C1

LmS
LmS
SLm
LmS
SLm
LmS
LmS
SLm
LmS
SLm
SLm
SLm

SCILm
SCILm

al

0
0
0
0

0
0

0
0
0

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX

X
XX
X
XX
XX
X
X
X
XX
XX
XX
X

XX
XX
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Table 7.1 (continued)

Soil
Form

LONGLANDS
(contd)

MAGWA

MAYO

MILKWOOD

MISPAH

NOMANCI

OAKLEAF

Code

Lo 21
Lo 10
Lo 30
Lo 31
Lo 20
Lo 11
Lo 12
Lo 13

Ma 12
Ma 11
Ma 10

My 10
My 11
My 21
My 20

Mw 10
Mw 21
Mw 11
Mw 20

Ms 21
Ms 22
Ms 11
Ms 12
Ms 23
Ms 10
Ms 20
Ms 13
Ms 14
Ms 24

No 11
No 10

0a 43
0a 45
0a 21

Soil
Series

Longlands
Orkney
Tayside
Vaalsand
Vasi
Waaisand
Waldene
Winterton

Frazer
Magwa
Milford

Mayo
Msinsini
Pafuri
Tshipise

Dansland
Graythorne
Milkwood
Sunday

Hillside
Kalkbank
Klipfontein
Loskop
Misgund
Mispah
Muden
Plettenberg
Winchester
Vredendal

Lusiki
Nomanci

Allanridge
Calueque
Doornlaagte

SCS
Group
-ing

C
c
c
c
c
c
C/D
C

A/B
A/B
A

C
C/D
C/D
C

C
C/D
C/D
C

C
c
c
c
c
c
c
c
c
c

B
B

B
A/B
A/B

SCS
Adjust
-ment
Factor

-t
-t

+t

-t
-t

-t
-t

+t
+t

SCS
Distri-
bution
Model

1b
1a
1a
1b
1a
1b
lc
1d

1e
1d
1c

5c
5d
5d
5c

2c
2d
2d
2c

2c
2c
2c
2c
2c
2c
2c
2c
2c
2c

5d
5c

1b
1b
1a

Typical
Text-
ural
Class

SLm
LmS
S
SLm
LmS
SUn
SCILm
SCI

Cl
SCI
SCILm

SCILm
SCI
SCI
SCI

SCILm
SCI
SCI
SCILm

SCILm
SCILm
SCILm
SCILm
SCILm
SCILm
SCILm
SCILm
SCILm
SCILm

SCI
SCILm

SLm
SLm
LmS

Inter
flow
Poten-
tial

XX
XX
XX
XX
XX
XX
XX
XX

0
0
0

X
X
X
X

X
X
X
X

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX

0
0

0
0
0
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Soil Code Soil
Form Series

SCS SCS Clay Typical Inter-
Group Adjust Distri- Text- flow
-ing -ment bution ural Poten-

Factor Model Class tial

OAKLEAF Oa
(contd) Oa

Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa
Oa

PINEDENE Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn

25
17
22
36
23
13
37
16
26
34
46
41
11-
24
27
12
47
42
30
44
31
15
14
32
10
33
35
40
20

27
12
25
15
10
13
22
17
32
36
34
33
16
30
14

Hazelwood
Highflats
Holpan
Jozini
Kirkton
Klipplaat
Koedoesvlei
Leeufontein
Letaba
Levubu
Limpopo
Lovedale
Madwaleni

A/B
B/C
A/B
B
B
B
B/C
B
B
B
B
A/B
A/B

MagersfonteinB
Makulek
Mbanyana
Mutale
Naulila
Oakleaf
Okavango
Qshikango
Pollock
Rockford
Sezela
Smaldeel
Vaalriver
Venda
Voorspoed
Warrenton

Airlie
Bethlehem
Chatsworth
Eykendal
Fortuin
Graymead
Hermanus
Kilburn
Kleinrivier
Klerksdorp
Nagtwagt
Oewer
Ouwerf
Papiesvlei
Pinedene

B/C
A/B
B/C
A/B
A/B
B
A/B
A/B
B
A/B
A/B
B
A/B
A/B
A/B

B/C
A
A/B
A
A
A/B
A/B
B
B
B/C
B/C
B/C
A/B
B
A/B

+t
-t
+t

-t

+t
+t

-t
+t
-t
+t
+t

+t
+t

+t
+t

+t
+t
+t

**• u

+t/+l
+t
+t/+l
+t/+l
+1
+t
-t/+l
+t/+l
-1
-1
-1
+1
+t/-l
+1

1 b •
1d
1a
1c
1b
1b
1d
1c
1c
1b
1c
1a
1a
1b
1d
1d
1d
1a
1a
1b
1a
1b
1b
1a
1a
1b
1b
1a
1a

1d
1a
1b
1b
1a
1b
1a
1d
1a
1c
1b
1b
1c
1a
1b

SLm
SCI
S
SCILm
SLm
SLm
SCI
SCILm
SCILm
SLm
SCILm
LmS
LmS
SLm
SCI
S
SCI
s
LmS
SLm
LmS
SLm
SLm
S
LmS
SLm
SLm
LmS
LmS

SCI
S
SLm
SLm
LmS
SLm
S
SCI
S
SCILm
SLm
SLm
SCILm
LmS
SLm

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Table 7.1 (continued)

Soil
Form

PINEDENE
(contd)

SHEPSTONE

SHORT-
LANDS

STERK-
SPRUIT

Code

Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn
Pn

Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp

Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd
Sd

Ss
Ss
Ss
Ss
Ss
Ss
Ss
Ss

11
20
31
26
24
23
21
37
35

12
11
13
15
22
23
24
25
14
21
20
10

11
10
30
21
20
12
22
31
32

27
13
15
10
17
21
25
20

Soil
Series

Radyn
Rotterdam
Stormsvlei
Suurbraak
Tulbagh
Vyeboom
Wemmershoek
Witpoort
Yzerspruit

Addington
Bitou
Gouritz
Inhaminga
Kunjane
Pencarrow
Portobello
Pumula
Robberg
Shepstone
Southbroom
Tergniet

Argent
Bokuil
Ferry
Glendale
Kinross
Richmond
Shortlands
Sunvalley
Tugela

Antioch

SCS
Group
-ing

A
A/B
B
B
B
B
A/B
C
B

A
A
A
A
A
A
A
A
A
A
A
A

B
A/B
B
B/C
B
B/C
C
B/C
C

D
Bakklysdrift D
Dehoek
Diepkloof
Driebaden
Graafwater

D
D
D
D

Grootfantein D
Halseton D

SCS
Adjust
-ment
Factor

+t/+l
+t
+t/-l

+t
-t/-l
+t/-l

+t

-1
-l/+t
-t
-l/-t
-1
-l/-t

Clay
Distri-
bution
Model

1a
1a
1a
1c
1b
1b
1a
1d
1b

3a
3a
2b
2b
3c
3e
3e
3e
2b
3c
3c
3a

1d
1c
1c
1d
1c
1e
1e
1d
1e

3k
3c
3e
3b
3k
3b
3e
3b

Typical Inter-
Text- flow
ural Poten-
Class tial

LmS
LmS
LmS
SCILm
SLm
SLm
LmS
SCI
SLm

LmS
LmS
SLm
SLm
LmS/SClLm
SLm/SClLm
SLm/SClLm
SLm/SClLm
SLm
LmS/SClLm
LmS/SClLm
LmS

SCI
SCILm
SCILm
SCI
SCILm
Cl
Cl
SCI
Cl

SCI
SLm
LmS
LmS
SCI
LmS
LmS
LmS

X
X
X
X
X
X
X
X
X

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

X
X
X
X
X
X
X
X
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Table 7.1 (continued)

Soil
Form

STERK
SPRUIT
(contd)

SWARTLAND

TAMBAN-
KULU

VALS-
RIVIER

Code

Ss 24
Ss 12
Ss 22
Ss 23
Ss 26
Ss 16
Ss 11
Ss 14

Sw 12
Sw 21
Sw 32
Sw 40
Sw 41
Sw 42
Sw 22
Sw 10
Sw 30
Sw 11
Sw 31
Sw 20

Tk 10
Tk 20
Tk 21
Tk 11

Va 31
Va 32
Va 21
Va 30
Va 12
Va 41
Va 22
Va 42 •
Va 10
Va 40
Va 11
Va 20

Soil
Series

Hartbees
Ruacana
Silwana
Stanford
Sterkspruit
Swaerskloof
Tina
Toleni

Breidbach
Broekspruit
Hogsback
Malakata
Nyoka
Omdraai
Prospect
Reveillie
Rosehill

SCS
Group
-ing

D
D
D
D
D
D
D
D

D
C/D
D
C/D
C/D
D
D
C/D
C/D

Skilderkrans C/D
Swartland
Uitsicht

Fenfield
Loshoek
Masala
Tabankulu

Arniston
Chalumna
Craven
Herschel
Lilydale
Lindley
Marienthal

C/D
C/D

C
C
C/D
C/D

C/D
C
C/D
C/D
D
C/D
C

Sheppardvale D
Sunnyside
Valsrivier
Waterval
Zuiderzee

C/D
C/D
C/D
C/D

SCS
Adjust
-ment
Factor

-t

-t

-t
-t

_+.

-t

-t

-t

-t
-t

Clay
Distri-
bution
Model

3e
3b
3b
3e
3h
3h
3b
3e

1e
1d
1e
1c
1d
1e
1e
1c
1c
1d
1d
1c

2c
2c
2d
2d

1d
1e
1d
1c
1e
1d
1e
1e
1c
1c
1d
1c

Typical
Text
ural
Class

SLm
S
S
SU
SClLm
SCILm
LmS
SLm

Cl
SCI
Cl
SCI
SCI
Cl
Cl
SCILm
SCILm
SCI
SCI
SCILm

SCILm
SCILm
SCI
SCI

SCI
Cl
SCI
SCILm
Cl
SCI
Cl
Cl
SCILm
SCILm
SCI
SCILm

Inter-
flow
Poten-
tial

X
X
X
X
X
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X

X
X
X
X

X
X
0
X
0
X
0
X
0
X
0
0
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Table 7.1 (continued)

Soil Code
Form

VILA- Vf 45
FONTES Vf 23

Vf 31
Vf 24
Vf 44
Vf 21
Vf 43
Vf 11
Vf 22
Vf 34
Vf 40
Vf 20
Vf 41
Vf 35
Vf 10
Vf 14
Vf 25
Vf 33
Vf 30
Vf 32
Vf 13
Vf 42
Vf 15
Vf 12

WASBANK Wa 12
Wa 13
Wa 30
Wa 10
Wa 11
Wa 20
Wa 31
Wa 22
Wa 21
Wa 32

WE5TLEIGH We 10
We 32
We 22
We 20
We 30
We 31

Soil
Series

Blombosch
Blythdale
Brenton
Chantilly
Dassenhoek
Fairbreeze
Geelbek
Hudley
Klaarwater
Knysna
Kransduinen
Matigulu
Mazeppa
Meulvlei
Moreland
Moyeni
Nhamacala
Rheebok
Sedgefield
Swinton
Tinley
Vallance
Vilafontes
Zeekoe

Burford
Endicott
Hamman
Hoopstad
Kromvlei
Rondevlei
Sandvlei
Warrick
Wasbank
Winterveld

Chinde
Davel
Devon
Kosi
Langkuil
Paddock

SCS
Group
-ing

B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A-
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A
B/A

C
C/D
B/C
B/C
C
B/C
B/C
C
C
C

B/C
C
c
B/C
B/C
B/C

SCS
Adjust
-ment
Factor

-t
+t
+t

+t
+t

+t

+t
+t
+t

Clay
Distri-
bution
Model

3e
3e
3a
3e
3e
3c
3e
3a
3c
2b
3c
3c
3c
2b
3a
2b
3e
2b
3a
3a
2b
3c
2b
3a

2c
2d
2a
2a
2b
2a
2c
2c
2b
2c

1a
1c
1c
1a
1a
1b

Typical Inter-
Text- flow
ural Poten-
Class tial

SLm/SClLm
SLm/SClLm
LmS
CLm/SCILm
SLm/SClLm
LmS/SCLm
SLm/SClLm
LmS
LmS/SClLm
SLm
LmS/SClLm
LmS/SClLm
LmS/SClLm
SLm
LmS
SLm
SLm/SClLm
SLm
LmS
LmS
SLm
LmS/SClLm
SLm
LmS

SCILm
SCI
S
LmS
SLm
LmS
SCILm
SCILm
SLm
SCILm

LmS
SCILm
SCILm
LmS
S
SLm

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX

X
X
X
X
X
X
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Table 7.1 (continued)

Soil
Form

WESTLEIGH
(contd)

WILLOW-
BROOK

Code

We
We
We
We

Wo
Wo
Wo
Wo

12
13
11
21

21
10
20
11

Soil
Series

Rietvlei
Sibasa
Westleigh
Witsand

Chinyika
Emfuleni
Sarasdale

SCS
Group
-ing

C
C/D
C
C

D
D
D

Willowbrook D

SCS
Adjust
-merit
Factor

-t

Clay
Distri-
bution
Model

1c
1d
1b
1b

2d
2c
2c
2d

Typical
Text-
ural
Class

SClLm
SCI
SLm
SLm

SCI
SClLm
SClLm
SCI

Inter-
flow
Poten-
tial

X
X
X
X

0
0
0
0
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CHAPTER 8

SOIL WATER RETENTION MODELS FOR SOUTHERN AFRICAN SOILS

R.E. Schulze, J.L. Hutson1) and A. Cass2)

INTRODUCTION

The amount of water retained in a soil has upper and lower bounds
determined respectively by inherent properties of the soil and by
plant extraction. It is this retained soil water which may be
redistributed under saturated conditions by drainage (with a
primarily vertical downward component) or under unsaturated
conditions by movement up or down (depending on the relative
wetness of respective soil horizons) and by plant root
extraction.

In this chapter soil water retention constants used commonly in
hydrological models are first discussed and defined. Methods of
estimating fractions of water held in the soil at field capacity
and wilting point are described next. Water retention equations
developed from Southern African data are then given. Since soil
water retention is largely a function of clay content and its
distribution within the soil profile, clay distribution models
applicable to Southern African soils are outlined and typical
water holding fractions for the various models and submodels are

1) Soil and Irrigation Research Institute, Elsenburg

2) Department of Soil Science and Agrometeorology, University
of Natal, Pietermaritzburg
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then calculated from equations presented. Finally, Southern
African soil series are classified by textural class and this
enables a comparison to be made between estimated water retention
constants derived by models from Southern Africa and the U.S.A.

DEFINITIONS OF SOIL WATER RETENTION C0NSTANT5

Soil water analysis amounts to the arbitrary division of water in
soils into a number of categories which are useful in assessing
the amount of water available for plants, the storage capacity of
soil and many other characteristics of hydrological and
engineering importance (Rawls et al, 1982).

Definitions -of three soil water retention constants are
necessary.

(a) Porosity. Porosity is the percentage of soil volume
occupied by voids, i.e. the maximum soil moisture storage
or saturation. The matric potential at porosity is 0 kPa.

(b) Field Capacity. Field capacity is the soil water condition
reached when water has been allowed to drain naturally from
the soil until drainage ceases and the water remaining is
held by capillary and osmotic forces that are great enough
to resist gravity. Field capacity, FC, is therefore often
described as being the wet limit of the moisture available
to plants. This theoretical definition has drawbacks when
applied to soils in nature and FC can be described as the
soil moisture content below which the hydraulic
conductivity is sufficiently small that redistribution of
moisture due to hydraulic head gradient can be ignored. A
definition in terms of matric potential is difficult owing
to the fact that FC may vary with texture, but it is
traditionally taken to fall somewhere between -5 and -33
kPa, with a present-day value tending away from the -33 kPa
towards the -10kPa matric potential value.
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(c) Wilting Point. This is taken as the dry limit for water
available to plants. At the stage of wilting point, WP, the
hydraulic conductivity is so low that water cannot move
over even short distances to the roots fast enough to
satisfy the transpirational demand. The matric potential at
this point is usually accepted to be -1500 kPa.

Using these definitions one can define plant available
water, PAM, as PAM = FC - WP.

ESTIMATING SOIL WATER CONTENTS FOR DIFFERENT RETENTION CONSTANTS

The hydrological processes occuring within the upper and lower
bounds of the soil water store necessitate the estimation of
values, for use in models, of porosity, field capacity and
wilting point.

Traditionally, available moisture has been estimated only after
time-consuming and expensive laboratory analyses of the soil. The
association of the three retention constants with soil physical
properties has long attracted the attention of soil scientist and
hydrologist alike, and many relationships have been published.
These have been reviewed recently by Hutson (1983), who states
that these efforts have met with partial success only, and
considering the complex and variable nature of soil, little
improvement in such relationships can now be expected. It is not
possible, he maintains, to characterize retentivity solely in
terms of soil type and composition as so many factors influence
retentivity, for .example, particle shape, bulk density, clay
mineralogy, organic matter content, structure, degree of
aggregation, and other factors. Some of these factors defy
precise quantitative description; consequently their effect on
retentivity may be assessed in qualitative terms only.
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Detailed and precise retentivity measurements provide insight
into the manner in which various soil properties influence
retentivity and add to the data base from which useful
generalizations may be drawn. The gradual accumulation of a store
of accurate data has reduced our dependence on measured data for
immediate application and on ad hoc problem solving. This enables
soil water research facilities to be used more effectively and
directed into areas where it is most needed (Hutson and Joubert,
1983).

In Southern Africa, Hutson (1983) has undertaken a range of
analyses from a large data base to determine the extent to which
retentivity of local soils can be predicted from a knowledge of
soil type, composition and bulk density and secondly, to develop
and determine the range of parameters of a retentivity function
to facilitate the mathematical description of retentivity for
modelling purposes.

Using data from a wide spectrum of physical environments, Hutson
(1983) developed a general model, in equation form, based on
percentages of clay and silt together with bulk density, which
may be applied in Southern African soils.

The model, applicable to "stable" soils, takes the general form

% = B 1 +&2CI +B 3Si +»4Pb

in which

ee = water retention in mm/mm for a given matric
potential

with

-5 to -30 kPa at field capacity and -1500kPa at
wilting point,
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Cl = percent clay,

Si = percent silt,

P b = bulk density in Mg.nr^, and

B 1_4 = regression coefficients.

Regression coefficients with goodness of fit statistics for
Hutson's {1983} general model for stable soils are given in Table
8.1. The example below illustrates the use of the model, if
results of a mechanical analysis of the soil are available:

Soil : Loam with 15% clay
25% silt

Bulk density 1,6 Mg.nr3

Water content (volume/volume) at FC :

Q_ 3 0 = -0,015 + 0,0576 + 0,143 + 0,074 = 0,260 mm/mm

Water content (volume/volume) at WP :

0-15OO = -0,0602 + 0,0483 + 0,077 - 0,0416 = 0,144 mm/mm

PAM = FC - WP = 0,116 mm/mm

= 116 mm water/m
soil depth

Since water retention for unstable soils at WP differs from that
of stable soils, Hutson (1983) has given similar regression
equations for unstable soils at -1500 kPa. Thus, for

(i) vertic soils (with r2 = 0,472)
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Table 8.1 Regression coefficients of the Hutson (1983) mcdel for
the estimation of soil water retention constants for
stable soils

kPa

- 10

- 30

- 100

- 500

-1500

Constant

0,0558

-0,0150

0,0290

0,1588

0,0602

% Clay

0,00365

0,00384

0,00361

0,00347

0,00322

% Silt

0,00554

0,00572

0,00441

0,00170

0,00308

Bulk
Density

0,0303

0,0463

0,0049

-0,0838

-0,0260

r2

0,681

0,764

0,769

0,823

0,785

0

0

0

0

0

s

,066

,055

,059

,047

,051



158

Q _1500 = 0,0293 + 0,00606 Cl + 0,00285 Si + 0,0384 C

in which

C = percent organic carbon

and

(ii) for prismacutanic,

pedocutanic and

gleycutanic soils (r^ = 0,711)

9-1500 = 0.01616 + 0,0052 Ct + 0,00222 Si

PROBLEMS ASSOCIATED WITH RETENTION EQUATIONS AND SIMPLIFYING

ASSUMPTIONS

The retention equations presented in the previous section for
stable and unstable soils found in Southern Africa include .clay
content, silt content, organic carbon content and bulk density as
variables. Of these variables only classes of clay content are
used by the binomial system of soil classification for Southern
Africa (MacVicar et al, 1977) to distinguish between'soil series.
Simplifying assumptions therefore have to be made in regard to
silt content, organic carbon content and bulk density.

(a) Silt Content. Hutson (1983), in an analysis of over 3000
Southern African soil samples, found that 90,1% of the
samples comprised sandy loams, sandy clay loams, clays,
sandy clays, sands and loamy sands. If these classes are
examined on the Southern African texture triangle it may be
seen that the 10% silt content value passes through all the
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above soil textural classes. Analyses also show that a
20% silt content is very seldom exceeded. A general silt
content of 10% may therefore be used with confidence in
water retention equations applicable to Southern African
soils.

(b) Bulk Density. From data presented by Hutson (1983, p 75), a
bulk density of 1,3 Mg.nf may be assumed for the topsoil
horizon (this value also being used in agriculture for
fertilizer recommendations) and of 1,5 Mg.m for subsoil
horizons.

(c) Organic Carbon Content. For vertic A-horizons, organic
carbon content is required in its water retention equation
and numerous analyses have shown 1,3$ to be a
representative value. (For the other diagnostic topsoil
horizons the following C values are representative : humic
.6%, orthic 0,6%, melanic 1,3%, organic 10%).

SIMPLIFIED, GENERALLY APPLICABLE WATER RETENTION EQUATIONS FOR
SOUTHERN AFRICA

With the simplifying assumptions made above, Hutson's (1983)
equations for stable soils may be rewritten as :

9FC = e-10 = 0,1506 + 0,00365 Cl for the topsoil horizon

and

e_10 = 0,1567 + 0,00365 Cl for subsoil horizons

and

0WP = G1500 = °» 0 5 7 2 + 0.00322 Cl for the topsoil horizon

and
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e 15QQ = 0,0520 + 0,00322 for the subsoil horizons.

For vertic (unstable) soils

eFC = 0-1Q = idervtical to the equations for stable soils

and

e w p = e_ 1 5 Q 0 = 0,1077 + 0,00606 Cl for all horizons

For prisma-, pedo- and gleycutanic (unstable) soils

6p C = 0_ 1 Q = identical to "the equations for stable soils

and

eWP = e-1500 = °' 0 3 8 4 + °»°0522 Cl for all horizons.

CLAY DISTRIBUTION MODELS FOR USE WITH RETENTION EQUATIONS

With soil water retention equations for field capacity and
wilting point expressed in terms of clay content only, and with
the binomial system of soil classification for Southern Africa
containing clay content classes, water retention constants may be
estimated for various horizons if the clay distribution down the
profile is known. From an examination of the 41 soil forms and

501 soil series defined by MacVicar et al_, (1977), five clay
distribution models are proposed for Southern Africa. These are
illustrated in Figure 8.1.

(a) Model 1. In Model 1 clay distribution increases down the
soil profile - a phenomenon common in well drained soils in
which the process of illuviation has translocated the finer
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Figure 8.1 Clay distribution models for Southern Africa
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clay particles downwards. Since the Southern African
binomial system classifies series by clay content of the
B21 horizon (Figure 7.2), clay values for a two-horizon
profile are reduced from the middle value of a clay class
for the topsoil horizon and increased for the subsoil
horizon. In assigning topsoil and subsoil values of clay
contents for the five classes of clay content used by
MacVicar et al, (1977), cognizance was taken of Hutson's
(1983) findings, namely that clay contents differed by 25-
30% between orthic A-horizons and red apedal B-horizons for
the clay class 15-35%, but that the differences were
reduced with increasing clay content. Five submodels of
Model 1 are proposed, and respective clay contents are
given in Table 8.H.

The following soil forms are classed, for water retention
purposes, as belonging to Model 1 : Avalon, Bainsvlei,
Clovelly, Fernwood, Glencoe, Griffin, Hutton, Inanda,
Katspruit, Kranskop, Longlands, Magwa, Oakleaf, Pinedene,
Shortlands, Swartland, Valsrivier -and Westleigh.

Model 2. In Model 2 the clay distribution remains constant
throughout the soil profile. Five submodels of Model 2 are
proposed, in accordance with the five clay classes
recognized in MacVicar et al_, (1977), and the clay

.percentages assigned to the respective submodels are those
shown in column 3 of Table 8.2.

The soil forms conforming to Model 2 are Arcadia, Bonheim,
Champagne, C.onstantia (certain series), Dundee, Houwhoek,
Inhoek, Lamotte, Milkwood, Mispah, Rensburg, Shepstone
(certain series), Tambankulu, Vilafontes (certain series),
Wasbank and Willowbrook.

(c) Model 3. Model 3 soils display an abrupt textural (i.e.
clay content) transition from the topsoil to the subsoil.
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Table 8.2 Topsoil and subsoil clay percentages assigned to
the submodels of the water retention Model 1

Submodel

1a

1b

1c

1d

1e

Clay
Class

0 -

6 -

15 -

35 -

>55

*

6

15

35

55

Typical
Clay %
Value

3

10

25

45

60

Assigned
Topsoil
Horizon
Clay %

2

8

17

36

54

Assigned
Subsoil
Horizon
Clay %

4

12

33

54

66
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Three "degrees" of abruptness were recognized, the least
abrupt change increasing clay content by 7%, the middle
class by 15% and the most abrupt change increasing clay
content by 25%. The result is that 12 submodels of Model 3
can be distinguished theoretically. However, only six were
found to exist in the 501 series in Southern Africa.
Details of the submodels of Model 3 are given in Table 8.3.

Soil forms classified by clay distribution as belonging to
Model 3 for water retention calculations are Constantia
{certain series), Estcourt, Kroonstad, Shepstone (certain
series), Sterkspruit and Vilafontes (certain series).

(d) Model 4. The clay distribution down a profile "bulges" in
the E-horizon in Model 4 - a result of chemical reduction
following periodic waterlogging and lateral flow of water
causing a loss of clay particles.

Soil forms conforming to Model 4 are yet to be determined.

(e) Model 5. Model 5 represents a mirror-image of water
retention Model 3, with an abrupt decrease in clay content
in the subsoil. Unlike Model 4, however, the reduced clay
content persists down the profile. In this Model, clay
content of the subsoil horizon is reduced to half the
topsoil horizon value, resulting in five submodels
according to clay content classes. Suggested submodel clay
percentages are listed in Table 8.4.

Water retention constants for the following soil forms
should be estimated with values from Model 5 : Cartref,
Glenrosa, Mayo and Nomanci.

Each of the 41 soil forms described to date in Southern Africa
was assigned to one (and in the case of certain forms, two) of
the five clay distribution models and within each form individual
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Table 8.3 Topsoil and subsoil clay percentages assigned to the
submodels of the water retention Model 3

Submodel

3a

b

c

3d

e

f

3g

h

i

3j

k

1

Clay
Class %

0 -

6 -

15 -

35 •

6

• 15

- 35

- 55

Clay %
Added

7

15

25

7

15

25

7

15

25

7

15

25

Assigned
Topsoil
Horizon
Clay %

3

3

3

10

10

10

25

25

25

45

45

45

Assigned
Subsoil
Horizon
Clay %

10

18

28

17

25

35

32

40

50

52

60

70

Exist-
ence
in
S.A.

X

X

X

X

X

X
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Table 8.4 Topsoil and subsoil clay percentages assigned to the
submodels of the water retention Model 5

Submodel

5a

5b

5c

5d

5e

Clay
Class %

0 - 6

6 - 1 5

15 - 35

35 - 55

>55

Assigned
Topsoil
Horizon
Clay %

3

10

25

45

60

Assigned
Subsoil
Horizon
Clay %

1,5

5,0

12,5

22,5

30,0
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soil series were allocated to a submodel. In this way the 501
soil series were classified by their diagnostic and clay
distribution characteristics. Table 7.1 lists this
classification of each form and series by clay distribution
submodel.

The generalized Hutson (1983) equations were applied to the
assigned clay contents of all clay distribution submodels
discussed above. By this procedure estimates of soil water
content at field capacity and wilting point have been made for
Southern African soil conditions and are presented in Table 8.5
for topsoil and subsoil horizons for both stable and unstable
soil forms.

TEXTURAL CLASSES OF SOUTHERN AFRICAN SOIL SERIES

Generalized values of retention constants have frequently been
given for texture classes. Since a silt content around 10% may be
assumed for most of Southern African soils, 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 textural class, if the middle value of the
clay class is assumed to be representative. By this approach the
501 soil series identified in Southern Africa were placed in
textural classes, using the Southern African textural triangle
given in MacVicar, et al, (1977). The textural classes are listed
in Table 7.1. Series in the 0-6% clay class were grouped as loamy
sands, except when distinguished by the coarse sand fractions, in
which case they were classed as sands; those in the 6-15% clay
class were assigned-as sandy loams; 15-35% clay as sandy clay
loams; series containing 35-55% clay as sandy clays and series
with >55% clay content were classified as clays.
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Table 8.5 Estimates of soil water content at field capacity
and wilting point from clay distribution models.
(Bracketed values refer to unstable soils)

Clay
Distribution

Model

1a

b

c

d

e

2a

b

c

d

e

3a

b

c

e

h

k

4

5a

b

c

d

FC in

Topsoil

158

180

213

282

348

162

187

242

315

370

162

162

162

187

242

315

-

162

187

242

315

um/m

Subsoil

171

201

111

354

398

168

193

248

321

376

193

222

259

248,

303

376

-

162

175

202

239

WP in

Topsoil

64C 49)

83( 80)

112(127)

173(226)

231(320)

67

89

138(169)

202(273)

250(352)

67

67( 54)

67( 54)

89( 91)

138(169)

202(273)

-

67

89

138

202

uui/m

Subsoil

65( 59)

91(101)

158(211)

226(320)

265(383)

62

84

133(169)

197(273)

245(352)

84

110(132)

142(185)

133(169)

181(247)

245(352)

-

57

68

92

124
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A COMPARISON BETWEEN ESTIMATED WATER RETENTION CONSTANTS DERIVED
BY MODELS FROM SOUTHERN AFRICA AND THE U.S.A.

Probably the most comprehensive set of retention values
classified by textural classes, and based on several thousands of
laboratory analyses, was published recently by Rawls, Brakensiek
and Saxton (1982). A summary of some of their findings is given
in Table 8.6.

The textural classification of Southern African soil series and
the information contained in Tables 8.5 and 8.6 facilitate a
comparison between estimates of water retention values by models
developed in Southern Africa and the U.S.A. Comparative values
are given in Table 8.7. For the Southern African values, averages
of water retention between the topsoil and subsoil were assumed
for the typical clay contents of the five clay classes used in
clay distribution Model 2 (Table 8.5). Table 8.7 shows that
values compare very well, with those derived by the highly
generalized Southern African approximations generally being
slightly lower than approximations from the U.S.A. If, however,
values of plant available water are examined, then the comparison
shows minimal differences (with the exception of an apparent
anomaly in sandy clays).

The implications of the above findings are important, since
Hutson (1983) and others in Southern Africa have not published
equations for the estimation of soil water content at saturation.
Porosity values for soil textural classes from the U.S.A. {for
example those listed in Table 8.6) may therefore be used with
confidence in hydrological models in Southern Africa until local
data become available.

CONCLUSIONS

For many years hydrologists in Southern Africa have experienced a
genuine need for Southern African soils data to be used in their
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Table 8.6 Typical values for retention constants, based on soil
textural classes (After Rawls et al, 1982)

Textural
class

Sand

Loamy Sand

Sandy loam

Loam

Silt loam

Sandy clay loam

Clay loam

Silty clay loam

Sandy clay

Silty clay

Clay

Effective
porosity
(mm/m)

417

401

412

434

486

330

390

432

321 (?)

423

385 (?)

Water
retained at
-33 kPa
tension
(mm/rn)

91

125

207

270

330

255

318

366

339 (?)

387

396 (?)

Water
retained at
-1500 kPa
tension
(mm/m)

33

55

95

177

133

148

197

208

239

250

272

(?) Denotes apparent anomalies due to different sample sizes
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Table 8.7 Comparison of water retention values by soil textural
classes

Soil Textural
Class

Loamy Sand

Sandy Loam

Sandy Clay Loam

Sandy Clay

Clay

Field

S A

165

190

245

318

373

Water

Capacity

U.S.A.

125

207

255

339

396

Retention {mm/m)

Wilting Point

S.A. U.S.A.

65

86

135

200

247

55

95

148

239 •

272

at

Plant
Available

Water
S.A. U.S.A.

100

104

110

118

126

70

103

107

100

124
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modelling exercises or hydrological designs. Two events have
played a major role in the attempts in this report at classifying
Southern African soils for various practical purposes. The first
was the publication in 1977 of the binomial system of soil
classification for Southern Africa by MacVicar and his co-
workers, by which soil forms and series can be diagnosed largely
by visual, sequential characteristics with a high degree of
accuracy in the field. The system is under revision at present.
The second was the seminal analytical work on hydrological
properties of Southern African soils completed by Hutson in 1983,
which has enabled certain key hydrological variables (water
retention values) to be estimated with confidence.

The results which have been presented, mainly in tabular form, in
this report represent initial working values for the
hydrologist. These values will be altered in time and refined as
field experience is gained and further laboratory analyses of
soils are undertaken. Certainly for detailed hydrological
modelling the values and classifications given cannot replace
detailed in situ examination of the soil or the attendant
laboratory analyses necessary for in-depth understanding of the
spatial and temporal variations of hydrological processes on a
catchment.
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CHAPTER 9

AIMS AND GENERAL STRUCTURE OF THE ACRU MODEL

HYDROLOGICAL MODELLING : BACKGROUND

A hydrological model provides a way of transferring knowledge

from a measured or a study situation to an unmeasured situation

where management decisions are needed in regard to water

resources systems (Branson et al, 1981). A hydrological model is

therefore a quantitative expression of

(i) observation,

(ii) analysis/simulation, and

(iii) prediction/assessment

for planning, design and management.

Literature and practice abound with a multitude of types of

models developed for different applications related to water

resources, for example, for data management, design, operation,

river basin management or research and teaching (Fleming, 1975).

All sound conceptual hydrological models, however, have been

developed in a sequence of decision and computational steps. An

adaptation of these steps as given by Riley and Hawkins (1976) is

illustrated in Figure 9.1. The conceptual framework, according to

Riley and Hawkins (1976), comprises

(i) a problem situsiicn, for which

(ii) objectives have to be identified,
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PROBLEM
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to
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m
Q
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IMPLEMENTATION
OF "BEST"

ALTERNATIVE

IDENTIFICATION
OF OBJECTIVES

SYSTEM
IDENTIFICATION

EVALUATION OF

AVAILABLE DATA
ANALYSIS OF

AVAILABLE DATA

MODEL RESULTS AND
INTERPRETATIONS
(COMPARISONS)

OPERATION OF MODEL

MODEL VERIFICATION
OR VALIDATION

a. COMPUTER SYNTHESIS
b. CALIBRATION

c. TESTING

MODEL FORMULATION
KIND OF MODEL

DISTRIBUTED vs LUMPED/POINT
DETERMINISTIC vs STOCHASTIC

vs PARAMETRIC
COMPONENT vs INTEGRATED

Figure 9.1 Conceptual framework of a hydrological model
(After Riley and Hawkins, 1976]
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(iii) available data have to be evaluated, then analysed,

{iv) a conceptual model has to be created to represent
the various systems of the real world, and this in
terms of a desired model complexity,

(v) a working computer model has to be developed to
quantify the various processes identified in the
conceptual model,

(vi) the model (and/or component parts thereof) has to be
verified or validated or calibrated against observed
data,

(vii) .thereafter the model has to be operated, either as a
predictive tool or for detection or identification
of certain effects (for example, water yield),

(viii) the results have to be interpreted and, finally and

ideally,

(ix) alternatives to the model should be considered in
relation to the original problem situation.

THE ACRU MODEL : AIMS AND GENERAL STRUCTURE

Aims

The model name ACRU is derived from the Agricultural Catchments
Research Llnit of the Department of Agricultural Engineering of
the University of Natal, Pietermaritzburg, where the model has
been under development since 1981.

In terms of the framework of hydrological model development
outlined in the previous section, the ACRU model is being
developed for general use, but with specific applicability in



177

Southern Africa. The model is being developed1) around the

following basic aims:

a) It is a "conceptual physical" model (Eagleson, 1983). It is
"conceptual" in the sense that it conceives of a one-
dimensional system in which the important processes and
couplings are idealized and included in discrete time
units. The ACRU model is "physical" to the degree that the
ability of the soil to store and transmit water is
represented explicitly and that vegetation water use is
simulated, using variables which would be observable if the
hydrological system "met the idealizations" made (Eagleson,
1983).

(b) The ACRU model is an integrated model i.e. it is a multi-
purpose and multi-component model, outputting at present
i.e. in the ACRU1 version, either

(i) runoff elements (stormflow, bassflow), and/or

(ii) supplementary irrigation requirements, and/or

(Hi) seasonal crop yields (maize, sugarcane).

In the few months of 1984 between the distribution of the
draft of this report for review purposes and the final
printing, numerous additions/modifications to. ACRU1 have
been made, some of which are mentioned in the relevant
chapters.

1) This model development is an ongoing process - what is
being described in Chapters 9 to 16 is a first version of
the model, namely ACRU1. The term ACRU1 is used where
reference is made specifically to this first version of the
model, while the general term ACRU refers to the model in
its broader, longer-term context.
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(c) The model, by virtue of its structure, is a
small catchments lumped model for use on catchment areas
under 10 km2.

(d) The model has daily time steps and as such uses daily input
of climatic data (rainfall and potential evaporation).
Certain variables regarding land-use/vegetation
characteristics are input at monthly level and are then
reduced to daily values by interpolative techniques. The
daily time steps for rainfall enables simulations at
thousands of locations in Southern Africa to be made by
interrogating S.A. Weather Bureau and other data files.

(e) The basis of the ACRU model revolves around daily multi-
soil-layer moisture budgeting and developing the model
essentially into a versatile actual evapotranspiration
model. This distinguishes it from other hydrological models
which have been developed to date for general use in
Southern Africa, for the ACRU model has been structured to
be highly sensitive to land-use changes on the soil
moisture and runoff regimes. Thus the model may be used as
a basis for crop yield modelling, for calculations of
supplementary irrigation requirements, as well as being
used as the foundation on which quick and slow responses of
runoff may be simulated.

(f) In its final form the ACRU model is visualised as a
versatile, user-oriented and user-friendly model which
will, in time, be made available at various levels of
sophistication, depending on the computing facilities
available to the potential user.

General Structure of the ACRU Model

The concepts of the ACRU1 model in terms of input and objectives
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Observed runoff
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Crop type
Growing season
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Figure 9.2 The ACRU1 model : concepts
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are summarized in Figure 9.2. From the point of view of moisture
budgeting at daily level, the partitioning and redistribution of
moisture in the ACRLJ1 version of the model is depicted
diagrammatically in Figure 9.3. In a two-layered soil profile,
that rainfall which is not abstracted as interception or as
direct runoff, first enters into the A-horizon. When that is
"filled" (in relation to the field capacity of that horizon) the
remaining precipitation would drain into the B-horizon. Should
the B-horizon attain a degree of saturation, vertical drainage
out of the system takes place. Evapotranspiration, dependent on
atmospheric demand and on land use cropping characteristics,
takes place from previously intercepted rainfall as well as
simultaneously from the A-horizon and the B-horizon as functions
of

(i) the vegetation rooting distributions in the respective
horizons, and

(ii) whether the vegetation is under moisture stress.

Downward redistribution of soil moisture may be either saturated
or unsaturated, while unsaturated upward moisture redistributions
may also take place, both redistributions being dependent on
relative moisture gradients.

REMARKS

Before embarking on the chapters describing detailed input,
techniques and output of this first version of the ACRU model,
the following points need to be stressed.

(a) This, and subsequent chapters in this report on the ACRU
model do rsot. constitute a manual on the model.

(b) While performance tests of the ACRU1 model are given in
later chapters and the runoff simulations are highly
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Figure 9.3 The ACRUl model : general structure
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satisfactory and highly significant statistically,
potential users should apply the model with the caution
deserving of a "new" model, and at this stage communication
with the author is requested on additional applications of
the model, on results and on obtaining the latest version
of the model.

(c) The ACRU model is not conceived as being a "parameter
optimizing" model in which combinations of variables are
adjusted until an acceptable fit is achieved; neither does
the model contain any self-optimizing routines. The ACRU1
version of the model as is shown in a subsequent chapter,
can simulate very satisfactorily in its initial run. If the
model performs unsatisfactorily under given circumstances,
however,- it is preferable that further research be
undertaken to determine why and where model structure or
input may have to be changed.

(d) A number of the statistical "packages" which are called in
the model (as listed) may not be available at other
centres, thus possibly limiting some of the statistical and
graphical output when used at other centres.

Following the introduction to the ACRU model by reviewing its
aims and general structure, the ensuing chapters provide detail
of the input requirements into the model and its computational
procedures.
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CHAPTER 10

L0CATI0NAL AND CLIMATIC INPUT REQUIREMENTS AND COMPUTATIONAL
PROCEDURES

INTRODUCTION

This chapter aims at describing the locational and climatic input
information which is required in the ACRU1 model, explaining why
the input is required in the model and what the computational
procedures or options are in applying the input information. All
the above will be examined in the light of the respective
examples of computer comment-statements for the various input
requirements.

LOCATIONAL INPUT REQUIREMENTS

The locational input requirements of the ACRU1 model are outlined
in Table 10.11).

The following variables require comment.

(a) AREA. The variable AREA is used as a catchment
descriptor, as well as in conversions of observed
catchment runoff, given in various units, to runoff in
millimetres. When catchment area is irrelevant, for
example, in crop yield (t.ha"^) or supplementary irrigation'

1) Tables 10.1, 10.2, 10.3, 11.1, 11.2, 12.1, 13.1, 14.1 and
15.1, all of which show how control variables in ACRU1 are
set out, are of an illustrative and informative nature. In
the computer program (Appendix 1), which is the latest
version of the ACRU model just prior to going to press,
there may be alterations to the actual formatting given in
these tables.
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Table 10.1 Locational input : control variables

1 C L0CATIDN4L INPUT
2 C
3 C
•» C VARIABLES
6 C ALAT = LATITUOE OF LOCATION IN DEGREES ANO FRACTION CF
7 C Q<rliR EPS
B C ALONG = LCNGITUDE OF LOCATION IN CEGRcES AND FS.ACTICNS
9 C 0? CcGSEES

10 C AREA = AREA OF CATCHMENT IN K H « 2 jfjg FRACTIONS
11 C ( I F AREA IS UMtNCWN OR NOT NECESSARY. = 0 .01
12 C EL£V . = iLcVATICM IN HtTAES ABOVE SHA LEVEL
13 C HEAD = GENERAL HEADlKGt STAT ILi.N/ LOCATI ON I CE.NT IF IC AT ION
I't C
15 C CONTBCL VARIABLES FQR LOCATIONAL INPUT
Id C
17 C
13 C COL 1-16 PRINT •LOCATICNAL INPUT*
19 C COL ZO-59 WHAT IS YCUR HEADING (LCCATIQNi STAT1CN I0> ?
20 C US= U° TG <-C CCLU.^NS FCR 'HEAD'
21 C COL 60-Q* WHAT IS THc LATITUDE CF THE LOCATION ? LAT =
22 C COL 65-69 WHAT IS TH= LCNGITUCE QF THE LOCATION ? LCNG '
23 C COL 70-71 WHAT IS THc HEA.% ELEVATIQh CF TH= LOCATION 1 ELEV =
Tr C COL 75-79 WHAT IS THc CATCHMcNT AREA 7 AREA =
25 C
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(mm) options, AREA may be given as zero or left blank.

(b) ALAT. Latitude, in addition to identifying location, is
used in potential evaporation (PE) estimations if the
Linacre PE option is selected (Linacre, 1977).

(c) ELEV. Elevation is similarly used in the Linacre option for
PE estimations.

RAINFALL DATA SPECIFICATIONS

Rainfall data specifications are given in Table 10.2. Both
variables in this section require comment.

(a) PPTINF. For specific applications, users of the ACRU model
would prepare their own rainfall data on files (PPTINF=O),
according to a specified format. The format details and
other information are given in the program listing
(Appendix 1). Preparation of daily data for, say, a 30-50
year record is, however, a time-consuming operation prone
to errors. Since the South African Weather Bureau has
processed daily rainfall data for over 6000 stations and
these data are available on magnetic tape, an option
(PPTINF=1) in the ACRU1 model facilitates reading these
SAWB data from a specified file at the University of Natal.
This file is prepared by a program DISKRD which unpacks the
daily rainfall data for a specified location,- eliminates
years in which data are missing or in which critical
rainfall totals given on the tape for a given year are
accumulated over a period of time. DISKRD rewrites the data
in the format required for the ACRU1 model.

(b) PPTCOR. On certain catchments where information from
raingauges to be used under- or over-estimate typical
catchment daily rainfall systematically, or where it is
known that for some or other reason there is a systematic
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Table 10.2 Rainfall data : control variables

1 C R A I N F A L L CATA S P E C I F I C A T I C N S
Z C
3 C
•, C V A R U a L E S
5 c PPTCQS = CCRRECTION FACTCR FCR SYSTEMATIC ERRCHS EN
7 C RAINFALL VALUES
S C PPTINP = OPTIC* TD READ IN SAI\FJLL DATA FBOf CAR3S (=CJ
9 C O=* FRCH A FILE ( = 1>
10 C
U C CCrrTBCL VARIA3LES FOB RAINFALL DATA

12 r.
U C CCL 1 - 1 T P R I N T M A J N F J L L I N P U T 1

15 c C C L 20 OC VCU WANT TC READ T H E D A F L Y a J I N F A L L DATA F S O f CAPOS
1 6 c OR FftCH A S P c C I A L F I L E ( I N l i H T C H CASE THE OATA HAS
1 7 C B £ = N E X T r t A C T E C FRCH S . A . WEATHER BUReAU M A G N E T I C
13 C T J P E 5 F C ^ USE I N T H I S M C O E L ] ?
i g C F a c * CiRQS : P P T I N F = a
ZQ C FRCH F I L E 16 : P P T I N F = I
51 c CCL Z 1 - Z 5 CC THE R A I N F A L L VALUES P E C J 1 R E A CORRECT1GN C C E F F I C I E N T
22 C FCR S Y S T E V A T I C ESRCR ?
23 C IF SO PPTCOP = 0
It, C IF YES PPTCCR = CORRECTION FACTOR - FAJC1ICN
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error in the rainfall data, this can be corrected by
specifying the fraction by which values have to be
multiplied (e.g. PPTCOR = 1,05 for a known 5% under-
estimation which has to be corrected).

(c) General comments

(i) Daily rainfall in mm and 1/10 mm is used in the ACRU
model. An option for conversion from Imperial to
metric units is incorporated in the model. Units of
rainfall are specified in the data format.

(ii) A number of error checks have been built into the
program, for example, if rainfall data are out of
sequence, or if a day's rainfall had been omitted
inadvertently when the data were being prepared. In
such cases, error mesages are printed.

(iii) Daily rainfall is read in and used one month at a
time.

THE ESTIMATION OF POTENTIAL EVAPORATION

Being essentially a soil moisture budgeting and actual
evapotranspiration model, the accurate estimation of potential
evaporation is vital in the ACRU model. Since the model aims at
being user-orientated, routines for the estimation of PE by
energy balance or combination methods have not been incorporated
at the present stage, for lack of readily available data in
Southern Africa. At best the PE input in ACRU1 is daily A-pan
information, at worst it is estimated from equations using
monthly means of maximum and minimum temperatures.

The ACRU model incorporates numerous options for the estimation
of PE. These are outlined in Table 10.3. The reasons for the
incorporation of a number of options are as follows :
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Table 10.3 Estimation of potential evaporation : control variables

i
2
3
4

b
7
3
9
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11
12
13
i<-
15
16
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30
Zl
22
23
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27
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5-*
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c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
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In many instances not even any evaporation pans are close to a
study area, or if they are, they are frequently in another
evaporation "regime" due to some or other physiographic
discontinuity. In such circumstances, temperature-based equations
are employed to estimate evaporation. Their advantage is the
close relationship of temperature with elevation and other
physiographic factors, which allows temperature estimates from
techniques such as trend surface analysis (Schulze, 1981) to be
used as a basis for PE estimates. A problem which then remains is
selecting the best or most appropriate temperature-based PE
equation. It is therefore necessary to present a summary of the
three options available in the ACRU model.

(a) The estimation of PE from temperature-based equations
(EQPET = 3, 4 or 5). If only long term monthly means of
maximum and minimum temperatures are available, mean
monthly PE may be estimated by any one of three methods.

(i) Thornthwaite (1948) Method. This universally applied
procedure, which has been found generally to under-
estimate PE in Southern Africa (Clemence and Schulze,
1982), equates

o"1) = 16(10Ta/I)
a DTi

in which

T a = mean monthly air temperature ( C),

I = annual heat index,

12
= = (Tai/5)1.514
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= 0,49 + 0,0179 I - 0,000077 I2

+ 0,000000675 I3

= daylength correction factor to adjust
for latitude and month (i).

The 12 values of Dj are calculated for the respective
latitude from a data statement in the model.

(ii) Blaney and Criddle (1950) Method. Another standard
method, particularly useful for use with irrigation
scheduling, this method yields fair to good
estimates of PE in Southern Africa (Clemence and
Schulze, 1982). In this simple equation

m.nKT1) = (0,142 Ta + 1,095)(Ta + 17,8)DBi

where

DBj = daylength correction factor to adjust
for latitude and month (i).

Again, monthly values of Dg are derived for the
latitude of the location from a data statement in the
model.

(iii) Linacre (1977) Method. Linacre (1977) attempted an
approximation of the Penman (1948) equation by
"disaggregating" it and relating its components to
temperature variables or replacing them with
equivalent expressions/approximations involving
temperature values alone. The outcome is an empirical
formula, simple to use, but with a basis which is
physical enough to be of general use, i.e. "with
sufficient accuracy for many practical problems and
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unusually modest demands as regards input data11

(Linacre, 1977, p. 410).

For cropped surfaces Linacre's equation gives the
potential evaporation rate as

PECmm.mo-1) = 5001^/(100 - ALAT) + LINWIN(Ta - Td)D,'mi
(80 - Ta)

where

LINWIN = wind factor,

Tm = Ta + 0,006 ELEV, with

ELEV = elevation above sea level (m),

Dm| = number of days in the month (i),

ALAT = latitude in degrees, and

(Ta - Td) = 0.0023ELEV + 0,37Ta + 0.53R + 0,35Ran
10,9 in °C

in which

= the mean daily range of temperature,
and

Ran = the difference between the mean
temperature of the hottest and coldest
months of the year.

Other than the elevation and latitude of a location,
all other variables in the equation are obtained from
maximum and minimum temperatures. The equation has
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been tested with temperature and pan evaporation data
from 24 widely scattered stations in Natal and was
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 {Schulze, 1983).

The variable LINWIN used in the Linacre equation and
described briefly in Table 10.3, requires some
amplification. The original equation contains a
constant '15' in its place. During an
agrohydrological survey of Natal {Schulze, 1983),
estimates by the Linacre equation improved markedly
when this constant was replaced by monthly values
accounting for the regional influence of wind on PE.
The data statement in the ACRU1 program, by which
values of LINWIN are delimited on a monthly level for
locations on the coast vs inland vs a transitional
coastal-hinterland zone, are therefore applicable
only to Natal at this stage. Elsewhere LINWIN = 0 and
a value of 15 is used in computations.

Clemence and Schulze (1982) compared six commonly
used temperature-based equations for the estimation
of PE, including the Thornthwaite and Blaney-Criddle
equations and found from lysimeter studies undertaken
under diverse climatic conditions that for maize,
wheat, sugarcane and soyabeans, the equation proposed
by Linacre (1977) proved to be superior to the
others, most likely since it is derived by incor-
porating the physical factors which affect
evaporation.
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(b) Correction of pan data, PANCOR and CORPAN (12). If pan
data are used, the assumption is that data are from
unscreened A-pans. Correction factors are required to
obtain A-pan equivalent values, either if pans were
screened or (more likely) if values were available from
Symons-pans only. For the conversion of S- to A-pan values,
the 12 CORPAN values, which vary by month and by region,
may be obtained for Southern Africa from factors given by
Louw (1966).

(c) General comments. If temperature-based equations for the
estimation of PE are used, or if monthly accumulations of
pan data are given, these are converted to daily values.
This procedure is undertaken in two steps at present ^. A
weighted interpolative technique, which also considers PE
values of the previous and the following months, calculates
"pentad" values of PE. Equal values of PE are then assumed
for each day in a "pentad" (N.B. the last "pentad" of a
month with number of days other than 30 is weighted
appropriately). Standard data checks include conversion of
data to mm and 1/10 mm when necessary, and ensuring that
data are in their correct sequence. Future development
envisages a weighting of daily estimates of derived PE
according to the occurrence of rainfall.
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CHAPTER 11

SOILS AND VEGETATION INPUT AND COMPUTATIONAL PROCEDURES

SOILS INFORMATION

In regard to soils input requirements, the user is reminded that
the ACRU model is a "tank" model comprising two "active" horizons
(at present) in which rooting development and hence soil water
extraction through evapotranspiration can take place (Chapter 9).
A third soil store, in the form of the groundwater store, remains
undefined in terms of pedological properties and is active only
in the sense that water which has drained to below the active
root horizon into this groundwater zone, has magnitude and is
released slowly as baseflow.

As a "tank" model, amounts of soil water at the three critical
water retention constants, namely at porosity (PO), field
capacity (FC), and wilting point (WP), have to be known or
inferred for each of the two active soil horizons. These amounts
of soil water are, for modelling purposes, functions of soil
texture and respective horizon depths. Soil water amounts in
excess of WP value are available to plants, for
evapotranspiration and hence growth processes; soil water amounts
in excess of FC are available for saturated drainage; soil water
between FC and WP may be redistributed upwards or downwards,
inter alia, according to soil water gradients.

Hydrologically the concept of a multi-layered soil system is
sound, as quickflow responses are supposedly highly dependent an
properties and moisture status of the topsoil horizon, while the
bulk of the active soil water store and also the release of water
for baseflow are dependent on properties and moisture status of
the active subsoil horizon(s).
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Table 11.1 Soils information : control variables

7
a
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15
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23
2<r

26
27
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51
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c
c
c
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c
c
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c
c
c
c
c
c
c
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c
c
c
c
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c
c
c
c
c
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c
c
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c
c
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For typical operational use of the model, the adequacy of
information on soils is often a key issue. The questions in Table
11.1 on soil information therefore revolve around the adequacy
and estimation of soil storages at critical water retention
constants.

(a) Estimations of Soil Storages with Inadequate Soils Data.
Only two items of information need to be known when soils
data are inadequate. The first is an estimation of the
total active, rooting depth of the soil. Three categories,
namely, deep soils (>1,0m), shallow soils (<0,5m) and soils
with intermediate depths (0,5-1,0m) are catered for. For
these three categories, A- and B-horizon depths of 0,3 :
0,8m, 0,2 : 0,2m and 0,3 : 0,5m are used in computations.

Secondly, when inadequate soils information is available, a
soil texture class has to be assigned i.e. clay, loam, etc.
Generally in Southern Africa, heavy textured soils are
clays (ITEXT=1), the very light textured soils may be
classed as loamy sands (ITEXT=4) and soils with
intermediate textures have a high probability of being
sandy clay loams (ITEXT=7). More details on Southern
African soils and their textural classification are given
in Chapters 7 and 8 of this report. With inadequate soils
information, a uniform clay distribution with depth is
assumed down the soil profile (Clay Distribution Model 2,
Chapter 8). In a data statement fractions of water content
(mm/m) at P0, FC and WP are given for each of the 11 soil
textures named in Table 11.1. When used in conjunction with
soil depths, critical soil water storages for the two
horizons are calculated.

(b) Estimations of Soil Storages with Adequate 5oiIs Data. The
term "adequate" is a relative one. In the context of the
structure of the ACRU model it implies that both A- and B-
horizon values of water retention constants and soil depths
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are known. Effects of different clay distribution models
(Chapter 8) on runoff can therefore be accounted for by the
ACRU model.

(c) Soil Moisture Redistribution.

(i) Saturated soil moisture redistribution (recharge)
takes place from the A- to B-horizon and from the B-
horizon to the groundwater store if the soil water
storages of the respective upper horizons are above
FC. The rate of drainage is exponential, at this
stage having been set at 50% of "excess" water
drained per day, following Ritchie (1983).

(ii) Unsaturated soil moisture redistribution downwards
can take place from the A- to the B-horizon below FC
on the condition that the A-horizon is the moister
of the two. Redistribution is dependent on the
moisture gradient between the A- and B-horizon and
the "head" of water (i.e. amount of water in the A-

' horizon). The rate of movement is set at the product
of 2% of A-horizon moisture content and the
gradient, the latter being expressed as the
fractional difference between the percentages of
moisture content in the A- and B-horizons. Upward
unsaturated redistribution from the B- to A-horizon
takes place when the B-horizon contains the higher
soil moisture percentage. The driving forces for
upward redistribution are the same as for downward
redistribution, but the rate of movement is
restricted to 1% of the B-horizon moisture content
in calculations. The values used have been derived

from the literature (for example, Kniesel et a_l_,
1969; Stone et al, 1973).
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VEGETATION AND LAND USE INFORMATION

Above-ground and below-ground vegetation information in terms of
interception losses on raindays, cropping coefficients, rooting
distribution and the fraction of available water at which plant
stress sets in are required in the ACRLJ model. Information and
options are given in Table 11.2. The following background to the
variables used is relevant.

(a) Interception loss, VEGINT. Typical values of interception
loss in mm per rainday have to be given for each month of
the year in order to account for differences in
interception losses with stage of growth or dormancy.
Detailed values of VEGINT for different crops and their
development stages as well as for natural vegetation types
found in Southern Africa, and which may be used in the ACRU
model, are given by de Villiers (1975) and are summarized
by Schulze (1984).

Computational procedures involving VEGINT are as follows:

(i) Interception routines are skipped on rainless days.

(ii) On those raindays when stormflow occurs (Chapter
12), interception losses of the day are incorporated
as part of initial abstraction before stormflow
commences.

(iii) On raindays which do not yield stormflow, vegetation
interception loss is subtracted from gross rainfall
and only the net rainfall enters the soil.

(b) Cropping factor, CAY. Twelve values of typical monthly
cropping factors are required in the ACRU1 version of the
model. The cropping factor is the coefficient by which the
daily A-pan (or equivalent) value is multiplied in order to
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Table 11.2 Vegetation information : control variables
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account for the plant's potential evaporative demand, and
its values reflect, inter alia, growth stage, phenological
characteristics, canopy cover and aerodynamic resistance.

For cropped surfaces, representative CAY values may be
obtained from many sources of literature (for example,
Doorenbos and Pruitt, 1977; Dunne and Leopold, 1978) or, in
Southern Africa, from the Department of Agriculture (for
example, Soil and Irrigation Research Institute). For
forested surfaces, values of 0,85 to 1,10 may be used
(Roberts, 1984), while for various grassland vegetations in
Southern Africa, values have been derived by Snyman et al,
(1980). For bare (fallow or ploughed) surfaces a value of
0,3 may be assumed.

(c) Proportion of roots in the A-horizon, ROOTA. In the ACRU
model, soil moisture extraction takes place simultaneously
from both soil horizons and in proportion to the rooting
densities within the respective horizons. No extraction
from the groundwater zone takes place because it is assumed
in this model to be at greater depth than the active root
zone. The fraction ROOTA varies seasonally; hence 12
typical monthly values are required. The corresponding
proportion of roots in the B-horizon is (1 - ROOTA). The
proportion of roots in any one horizon has to account for
the effect of genetic and environment factors on
transpiration such as winter dormancy, senescence, spring
growth, etc. Typical values of ROOTA are cited in reviews
by Saxton (1982) and -Schulze (1984). 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.

(d) Plant Stress. The water status of a plant i.e. its turgor
pressure, is dependent largely on the soil water content of
the root zone and on the atmospheric demand. The atmosphere
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places an evaporative demand upon the plant and the roots
absorb the water from the soil water reservoir. When the
reservoir becomes depleted, the roots cannot absorb water
at a rate sufficient to meet demand, plant stress sets in
and the plant loses turgor. Subsequently, physiological and
metabolic processes are affected and plant growth is
reduced, with attendant reductions in plant yield.

A problem faced in hydrological modelling is to determine
at what point in the depletion of the plant available
moisture reservoir the plant stress actually begins. In
modelling terms, the problem may be expressed conceptually
as the soil moisture content at which the actual
evapotranspiration rate, AET, is reduced to below potential
evapotranspiration rate, PET.

Experimental evidence shows that AET equals PET until a
certain fraction of maximum (profile) available soil water
to the plant, PAW, is exhausted. This fraction is expressed
by the variable CONST. Beyond this fraction the reduction
of AET depends, inter alia, on the remaining water and the
PE demand. The classical literature of the past two decades
has frequently attributed differences in CONST to soil
textural properties, while others, notably irrigation
modellers, maintain that stress sets in at a fixed soil
moisture content, for example, 0,5 PAN. Meyer and Green
(1980) found in Southern Africa that a value of 0,3 was
applicable to wheat. However, recent research by Slabbers
(1980) shows that CONST may vary according to atmospheric
demand (PE) and the critical leaf water potential, t c\ of
different crops, the latter being an index of the hardiness
of crops in drought situations. Slabbers (1980) derived a
variable value of the fraction of soil moisture at which
stress sets in, and by his equation

CONST = 0,94+0,26 tcr/PE
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where
i|; cr iS referred to as CRLEPO in Table 11.2.

Using the above equation with critical leaf water
potentials for different crops, the wide variation of CONST
for different daily PE rates has been shown by Schulze
(1984). The implications of stress setting in at such
different levels of moisture content are highly significant
in terms of actual evapotranspiration.

SOIL MOISTURE BUDGETING PROCEDURES AND 5EQUENCES

The rainfall, potential evaporation, soil and land-use variables
having been explained in previous chapters or sections, this
section describes the moisture budgeting procedures and sequences
used in the ACRU1 model for a typical day with rainfall.

(a) The plant-intercepted water stored from the previous day,
if it had rained, is first evaporated at potential rate
(according to atmospheric demand), and the remaining
potential evaporation, PE, becomes available for soil
moisture extraction.

(b) The PE is then apportioned to the A- and B-horizons in
direct proportion to the rooting densities of the two soil
layers (ROOTA, ROOTB).

(c) Actual evapotranspiration, AET, is calculated next,
initially for the A-horizon.

(i) First check whether available soil moisture content,
SMC, carried forward from the final SMC of the
previous day, is above or below the plant stress
fraction, CONST.

(ii) If above, AET = PET for that horizon.
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(iii) If below, AET is a fraction of PET for that horizon,
depending on the degree of stress.

(d) SMC is now reset, AET having been abstracted.

(e) The above procedures are repeated for the B-horizon.

(f) On a day with rainfall, the effective rainfall is
calculated either

(i) as the difference between net rainfall (i.e.
rainfall - interception loss) and stormflow, if
stormflow occurs, or

(ii) as the difference between gross rainfall and
interception loss, if no stormflow occurs.

(g) The SMC for the A-horizon is reset, by the addition of
effective rainfall (if any).

(h) SMC for the A-horizon is then reassessed.

(i) If the SMCA is above FC, a proportion of the excess
water drains to the B-horizon, and SMC is reset.

(ii) If the SMC^ is below FC, no resetting of its value
is necessary.

(i) The SMC for the B-horizon is considered next.

(i) The previous day's SMCB is reset by the addition of
water drained from the A-horizon under saturated
conditions if present.

(ii) If SMCg is now above its FC, a fraction of the
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excess water (BFRESP, Chapter 12) percolates into

the groundwater zone and the SMCg has to be reset

accordingly.

(iii) If SMCg is below FC, the storage does not require

resetting.

(j) SMC of the A- and B-horizons are expressed as fractions of

SMC at FC.

(k) For unsaturated conditions, a check is undertaken to

determine whether downward unsaturated moisture

redistribution will take place from the A- to B-horizons.

If so, the redistribution procedure and rate described

previously is applied, and the SMCA and SMCg values are

reset.

(1) Similarly, a check for unsaturated upward redistribution is

undertaken and the procedures described above are applied.

(m) Final values of storages and deficits for the two horizons

are calculated, either to be carried forward to the

following day, or to be stored for daily/monthly/other

statistical output, or to be used in estimations of crop

yields.
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CHAPTER 12

RUNOFF SIMULATION

INTRODUCTION

In the ACRU1 model the generated runoff comprises baseflow and
stormflow, with the stormflow component consisting of a quickflow
response (i.e. released on the day of the rainfall event) and a
delayed stormflow response. Baseflow 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 illustrated in Figure 9.3, to which reference should again be
made while reading this chapter.

PRINCIPLES AND VARIABLES

The concept of the stormflow routine is based on the principle
that the runoff potential is an inverse function of the soil's
moisture status, a principle also implicit in the SCS model.
Notable conceptual deviations from the "standard" SCS stormflow
equations as set out in the National Engineering Handbook (USDA-
SCS, 1972) are examined in (a) to (f) below.

(a) Interception as a store is abstracted separately at the
commencement of runoff-producing rainfall, and not as part
of the initial abstractions in the SCS model (Figure 9.3).

(b) The potential maximum retention of the soil, S, is
conceived as a moisture deficit, calculated by multi-
horizon moisture budgeting techniques as described in
Chapter 11. However, unlike the improvements to the SCS
model which were illustrated in Chapter 3, the soil store
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in the ACRU model ranges from wilting point to porosity,
i.e. including the saturated state above field capacity.
Furthermore, the moisture store's critical water retention
constants are determined as actual moisture contents of
the soil, not merely as a plant available water content
suspended in an undefined location somewhere within a soil
profile.

(c) The depth of the soil profile for which the moisture
deficit is calculated may be varied in the ACRU1 model in
an attempt to account for different dominant runoff-
producing mechanisms prevailing in catchments. In Table
12.1 this variable is designated SMDDEP. Thus a catchment
with predominantly short vegetation which is shallow rooted
would use the moisture deficit of the A-horizon in
estimations of stormflow. On the other hand, on land use
with dense canopy cover which can dissipate the rainfall's
energy and/or with deep litter/organic layers facilitating
steadier infiltration at relatively slow rates, soil
moisture deficit of both A- and B-horizons would be
considered important, because stormflow on such catchments
may be perceived as being produced more by a "push through"
(translatory) mechanism involving the entire soil profile.
It is for the above reasons that in Figure 9.3 the arrows
feeding the stormflow store are shown to include

(i) surface runoff,

(ii) stormflow generated by the A-horizon,

(Hi) water which may be derived from a soil interface
between the two soil horizons, as well as

(iv) stormflow which may be generated in the B-horizon.

(d) The generated total stormflow may respond rapidly or slowly
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Table 12.1 Runoff simulation : control variables
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as runoff at a catchment's outlet. Soils with a high
interflow potential (Chapter 7) would respond rapidly, as
would "small" catchments when compared with larger ones.
Similarly, catchments with dense vegetation are likely to
respond slower than those with sparser vegetation, all else
being equal. For this reason another deviation from
standard SCS procedures is incorporated in the ACRU1 model,
by the inclusion of a stormflow response coefficient
(fraction), expressed by the variable RESPQF in Table 12.1.

(e) In regard to baseflow generation, two response coefficients
are applied in the ACRLJ1 model. The first relates to the
rate of water draining out of a saturated B-horizon store
into the groundwater store. While this response 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 different response rates for
different soils. Hence the 0,50 as used by Ritchie (1983)
is suggested for the present (variable name in Table 12.1 :
BFRESP).

(f) The second baseflow response coefficient concerns the
release of water from the groundwater store into the
stream. This coefficient is likely to depend on factors
such as geology, topography and catchment size. No research
has been undertaken with the model to date to determine the
magnitude of this variable, COFRU, but 2% per day (i.e.
COFRU = 0,02) is suggested as a starting value for small
catchments.

COMPUTATIONAL PROCEDURES AT DAILY LEVEL

(a) The magnitudes of the groundwater and stormflow stores, as
defined from the previous day's values, are initialized.

(b) If no rainfall occurs, the stormflow store releases an
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amount of delayed stormflow (according to the coefficient
RESPQF) and resets the value of the store after release.

(c) If rainfall occurs, the stormflow-generating routine
becomes operational.

(i) Soil moisture deficit is determined either for the A-
horizon or for the entire active soil profile, as
specified by SMDDEF.

(ii) If the net rainfall (observed rainfall minus
interception) is less than the estimated initial
abstraction, no stormflow is generated, the net
rainfall is infiltrated into the soil and delayed
stormflow is calculated, as in (a) above.

(iii) If net rainfall exceeds initial abstraction,
stormflow is generated by an SCS-related equation.
This stormflow is added to the stormflow store,
quickflow is computed by applying the response
coefficient RESPQF to the stormflow store, and the
stormflow store is reset.

(d) Soil moisture budgeting routines (Chapter 11) are then
continued.

(e) Baseflow routines become operative next.

(i) If no contribution is made to the baseflow store by
drainage, baseflow is calculated from the previous
day's groundwater store and the coefficient of
baseflcw response and the store's magnitude is then
reset.

(ii) If a contribution is made to the baseflow store, in
accordance with the amount of water available from
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the B-horizon and its drainage coefficient (BFRE5P),
then this contribution is first added to the baseflow
store before baseflow is released and the store is
reset.

(f) Finally, the baseflow and stormflow components are summed
for use in runoff simulations.
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CHAPTER 13

SUPPLEMENTARY IRRIGATION REQUIREMENTS1)

INTRODUCTION

The irrigation requirements of plants can be determined for a
period of time

(i) if the water consumption of the plant, i.e. its PE,
can be estimated for the period,

(ii) if the amounts of water from rainfall, which
replenish soil moisture, are known,

(iii) if it is known how much water the soil can hold in
the active rooting zone, and

(iv) if it is known how much water can be withdrawn from
the soil before plant stress sets in.

The ACRU model incorporates the above factors and an option for
supplementary irrigation has therefore been incorporated to run
in tandem with the soil moisture budgeting routines. In
irrigation practice different types of supplementary irrigation
may be applied in accordance with climatic/crop conditions and
available equipment. Furthermore, certain irrigation systems are
more efficient than others. Types of supplementary irrigation and

At the time of going to print, the irrigation routines
included a further option on the assessment of irrigation
application, a more refined recharge analysis and an option
to size irrigation schemes in relation to dam capacities.
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its efficiency have been included, therefore, as variables in the
irrigation routine, the options of which are given in Table 13.1.

SUPPLEMENTARY IRRIGATION ROUTINES

The following variables require comment:

(a) SCHED. In the ACRU model one of three types of
supplementary irrigation may be selected. These are

(i) irrigating to field capacity, or

(ii) irrigating to a planned deficit, or

(iii) irrigating by a fixed amount.

Irrigating to field capacity, FC, is the most common type
of supplementary irrigation applied. However, in areas or
seasons with a high probability of rains occurring, and
where irrigation water is expensive, it may be more
economical to irrigate to a planned deficit of, say, 0,8 of
FC. If irrigation by planned deficit is selected, the
"magnitude" of the planned deficit may be specified by
varying the fraction in PLADEF.

Irrigation pumping capacity or logistics involving
irrigation practice (labour or amount of piping available)
sometimes enables only a fixed amount of irrigation to be
applied. In such cases the amount (mm) which can be
irrigated in one application, AMTIR, has to be specified.

(b) EFFIRR. The field efficiency of various irrigation systems
varies considerably, dependent on field equipment as well
as on local climatic factors such as spray drift. Jensen
(1980) for example, cites centre pivot systems as having
a 0,8 efficiency while travelling big guns are only
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Table 13.1 Supplementary irrigation requirements : control variables
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IRRIGATION REQUIREMENTS
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0,7 efficient in the field. Field efficiency may thus be

varied by changing EFFIRR.

(c) CQN5TI. In an irrigation scheme, supplementary water
should be applied before stress sets in. The variable
CONSTI, which in this routine signifies at what fraction of
plant available water consumptive use of the plant drops
to below its potential, is therefore used in place of CONST
(which applies to dryland conditions). CONSTI would
normally be slightly higher than CONST, and 0,5 is a
recommended value (Hensley and de Jager, 1982).

(d) In the irrigation option, the same moisture budgeting
sequences as used for dryland" conditions (Chapter 11) are
applied, running in parallel with the dryland routine.
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CHAPTER 14

CROP YIELD ESTIMATIONS BY THE ACRU MODEL

PRINCIPLES OF CROP YIELD MODELLING

Crop yield is influenced by the degree of stress the crop is
subjected to and the timing of the stress in relation to the
phenological development of the plant. In Southern Africa, which
is characterized generally by water scarcity, crop production is
frequently limited by insufficient water at some stage during
the growing season and crop yield model ling becomes important not
only in terms of the yield potential but also of crop effects on
regional water resources.

Many very simple crop models use rainfall (plus irrigation) as a
direct indicator of yield, resulting in broad generalizations
such as "for deep soils each inch of annual precipitation
accounts for a bag of maize per morgen" (cited in Crafford and
Nott, 1981). Such simplistic models seldom yield satisfactory
results. In the case of maize, for example, results from one
location cannot be transferred to other locations and different
planting dates are not accounted for. Water used by a crop in the
growth process comes from the soil moisture store, from which
rainwater may be lost through storinflow or deep percolation, and
in which rainwater may be distributed unequally. Crop production
is usually limited by insufficient water at some stage during the
growing season. A sound crop yield model should account for plant
water stress and ideally even for the sensitivity of yield to the
occurrence of moisture deficits at critical development stages.

The structure of the multi-layer moisture budgeting ACRU model,
which also accounts for rooting and development and stage of crop
growth, facilitates the "attachment" of crop yield models of
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various complexities, developed by various researchers, to run in
tandem with the model. To date, maize and sugarcane submodels
h a v e 5 e e n incorporated into the model. The level of model
complexity is that of so-called "evapotranspiration models" in
which the premise is made that crop production is related to
evapotranspiration or alternatively to soil moisture deficit.
This premise has been shown to hold true, in general terms, for
many crops, as is testified by the abundance of papers on this
subject in say, the Journal of Agronomy, over the past five
years.

1)MAIZE YIELD MODELS

At the present stage, four empirical maize yield models are
attached to the ACRU model, the first three being based on actual
evapotranspiration and the fourth focussing on reductions of
yield due to stress in the critical flowering period in maize.

(a) The De Jager (1982) Model. The model suggested by de Jager
(1982) is a robust evapotranspiration-based model in which
maize yield is expressed as

Ym = 3Q(AETq5 - 100)0,45 Eq. 1

1000

in which

Y m = maize (grain) yield (t.ha ), and

1) At the time of going to print, new maize yield prediction
equations were being developed for Southern Africa, in the
Department of Agricultural Engineering at the University of
Natal, Pietermaritzburg, based on a comprehensive data set
of "control" yields from research stations.
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AETqs = total actual evapotranspiratLon (mm)

from both the A- and B-horizons for the

duration of the active growing season.

From Equation 1 it may be seen that a threshold of 100 mm

AET is required for maize yield.

(b) The Du Pisani (1977) Model. This very simple model

relates

Ym = 0,0092 AETgs Eq. 2

There is no AET threshold in Equation 2; consequently it

computes higher yields in dry years, but relatively lower

yields in moist years when results are compared with those

from the de Jager model.

(c) The Stewart (1977) Model. This model, developed in the U.S.A.

by Stewart et al, (1977) estimates maize yield as

Ym = 0,01845 AETgs - 3,0825 "Eq. 3

This model has a threshold of maize yield at 168 mm AET.

However, Equation 3 has a steep slope; consequently it

predicts higher yields than models (a) and (b) in "good"

years but lower yields in "poor" years and results in

higher coefficients of variation of maize yield .than the

other two AET models.

(d) The Du Pisani (1978) Model. The du Pisani (1978) model was

developed using data from several divergent locations in

South Africa and estimates maize yield by

Ym = Pym0,88
MSD Eq. 4

where
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p = potential maize yield (t.ha )

4575 PETqs
1000 . 424,4

in which

PET = total potential evapotranspiration (mm)

from the A- and B-horizons for the

duration of the active growing season,

and

HSD = number of moisture stress days for the

critical flowering period, 70-100 days

after planting.

When used in the ACRU1 model a moisture stress day has been

defined as occurring when the AET of both the A- and B-

horizons was less than 0,5 PET. Because the exponent MSD

can be high in "dry" seasons, this model predicts very low

yields when the flowering period of maize experiences

stressed conditions.

(e) At the present stage, maize yields estimated by the ACRU

model are approximations based on work by others. No

cognizance is taken of genetic factors or other

technological development which may enhance yields. The

yield estimate furthermore assumes good management and

agronomic practice. (However, see footnote on previous

page.)

(f) The input variables and options for the crop yield models

are given in Table 14.1. Most variables are self-

explanatory. However, the planting date (PLDATE) option

requires amplification. If a computed planting date is
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Table 14.1 Crop yield modelling : control variables

1 C C R J F Y 1 E L C ^ O C E L L I N G
2 C
3 C
* C

6 C ~* CROP = S E L E C T I C N OF CRCP T Y P E FOR Y I E L D C O C E L L I N G f AT
7 C P R E S E N T M A I Z E ANO S U G A R C A N E )
8 C I S T O A Y = DAY ON H H I C H CRCP I S P L A N T c C
9 C I 5 T U O = H C N T H I N W H I C H CACP I S P L A N T E D

10 C L E N G T H = L E N G T H CF CRQ= GACWlNG S E A S C N ( D A Y S )
U C P L Q A T E = O P T I O N FQa P L A N T I N G GATE TO 3E S P E C I F I E D C3
\ l C SELECTED BY CCMPUTcR FOLLCWtNG A HIUHUH OF
13 C RAINFALL
14 C
15 C CC N T 3 Q L VARIABLES FOR CRCP Y1EL0 MODELLING
la C

13 C COL 1-20 PRINT 'CRCP YIELD O P T I O N S '

20 C DC YOU PECU1RE CRCP Y I E L D TC BE ESTIMATED ?
21 C IF YcS. CC.NTINLiE WITH OUcSTIONS 3ELCW
H C IF NG. LEAVE BtST 3LANK ANC CONTINUE WITH NEXT SECTION 1
23 C IF UftYLC = 0 Th= FGLLCWlNG CPTICN5 ARE NOT PECU1RED AND CAN
24 C B= LEFT BLANK
25 C CCL 2 5 SELECT C.^CP FCR WHICH Y I E L D IS TO BE ESTI«AT£Q-
is C I f H U E . ' CRGP = 1
27 C IF SUGARCANE. CRCP = 2
23 C IF CS.CP = 2 , THE REMAINING CPTIGNS DO NCT APPLY ANO CAfl
2T C BE LcFT aLANH
30 C
31 C IKPUT FCR HAIZd YIELD INFCRPATICN FCLLOHS
i2 C
33 C CQL 3 0 OC YOU WANT TC SPECIFY THE HAI1E PLANTING Oft HAVE PLANTING
2V C DATS CCMPLTER SELECTED 7
35 C I F PLANTING CATE S P E C I F I E D , PLCATE = 1
3i C I F P L A N T I N G D A T E C O M P U T E D . P L O A T E = 0
37 C I F " L C A T E = 0 L E A V E R E S T 3 L 4 N K
3 3 C CQL 3 4 - 3 5 I F P L A N T I N G D A T E I S S P E C I F I E D , I N >JHICH f C S T H I S P A I i E TO BE
3^ C P L A N T = O ( E . G . 0 C T C 3 E R = 1C1 I S T M O =
1.0 C COL 3 9 - 4 0 C^ W H I C H CAY CF THc HCIisiTri S P E C I F I E D A ' O V E I S f A I Z E TO BE
1 1 C P L A S T E J ( E . G . £ T H = 0 9 ) I S T D A Y =
'•I C CCL 4 3 - 4 5 WHAT IS T H £ L E N G T H OF THE GRCH1NG S E A S O N . I N CAYS ?
4 3 C [ T Y P I C A L L Y 1 5 0 D A Y S ) LENGTH =
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requested, this is calculated

(i) as occurring after October 1 (before that, low soil
temperature retards germination at most locations),
and

(ii) on condition that a minimum of 25 mm rainfall has
fallen within a period of five consecutive days. This
recommendation has been used for many years now and
implies that planting takes place after soil moisture
has been recharged sufficiently to ensure that
germination and some root development 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-season drought" during the
critical flowering period.

(g) In regard to the length of the active growing season,
LENGTH, this varies between 130 and 180 days depending on
the hybrid and region, but 150 days is an average duration
in Southern Africa.

SUGARCANE YIELD MODELS

As early as the 1960s, accumulated results had led to the
conclusion that a linear relationship between crop water use
(actual evapotranspiration) and sugarcane yield might exist.
Thompson (1976), collating overseas results from Hawaii,
Australia and Mauritius with those from the South African Sugar
Association experiments at Mount Edgecombe, Chakaskraal and
Pongola, obtained an equation which, when metricated, may be
expressed as

Yc = 9,53 (AET/100) - 2,36 Eq. 5
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where

Yc = annual sugarcane yield (t.ha'M. and

AET = annual actual evapotranspiration (mm).

Similarly, an equation was derived by Thompson for tonnes sucrose
yielded per hectare (Ys) which gave

Ys = 22,27 + 4l841(AET/100) - 0,1395(AET/100)
2 Eq. 6

The implication is that approximately 9,5 t cane or 1,33 t
sucrose can be produced for each 100 mm water utilized in
evapotranspiration by the crop. Such a representation between
yield and water use can be used to assess average annual crop
yields if annual actual evapotranspiration can be estimated. For
annual yield estimates, a July 1 to June 30 growing season is
taken for Southern Africa. A cropping factor of 0,8 is applied
for each month of the year, following Thompson (1977), and
actual evapotranspiration is assumed to decline from the
potential when CONST =0,4.
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CHAPTER 15

OUTPUT OPTIONS

INTRODUCTION

Output options available in the ACRU model consist of daily and
monthly summaries of moisture budget components, a separate daily
summary for the supplementary irrigation routine, summaries with
probability analyses for maize yield, sugarcane yield, runoff and
irrigation simulations, plotting options for observed vs
simulated runoff and statistical analyses comparing the model's
performance of simulated runoff with observed runoff. Output
options are given in Table 15.1.

SUMMARY OF DAILY MOISTURE BUDGET COMPONENTS

The daily moisture budget components, all of which have units of
mm, are summarized in this option (an example is given in Table
15.2) and consist of

(i) rainfall*,

(ii) effective rainfall* (i.e. rainfall minus interception
or stormflow),

(iii) potential evaporation* (i.e. A-pan or its equivalent
value),

(iv) potential evapotranspiration from the topsoil* and
subsoil* horizons,

(v) actual evapotranspiration from the topsoil* and
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subsoil* horizons,

(vi) soil moisture contents of both horizons at the end of a
day,

" (vii) moisture deficits (in relation to porosity moisture
contents) for both horizons,

(viii) surplus soil moisture* released from a saturated B-
horizon as drainage,

(ix) unsaturated moisture loss from the B-horizon,

(x) the amount of water in the groundwater store,

(xi) baseflow released from the groundwater store*,

(xii) stormflow* (quickflow plus "interflow") released from
the stormflow store,

(xiii) total simulated runoff*,

(xiv) observed runoff*, and

(xv) the fraction of plant available soil moisture at which
stress sets in.

Components designated with * are summed to give monthly totals.

SUMMARY OF DAILY MOISTURE BUDGET FOR THE SUPPLEMENTARY IRRIGATION

ROUTINE

(Example : Table 15.3)

In essence, this daily summary (Table 15.3) differs from the one
above in that the soil moisture budget in the supplementary
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Table 1b.2 Daily summary of moisture budget components : an example

U1H16 ACRU l e S T RUN

AU C
A O F CATCHMENT (KM SCI = 3 . 2 2

L i T l T U C S : ( S ) = Z 8 . 3 1
l l ' .K i i ITUi i r - I F ) = 3 1 . ' . 5
U r V A J I J N ( M l = 2 7 1 . D O
P d T l . s r I -U EVAPCRAT1OK 9Y D A I L Y A -PAN D M A
C U E r r l C l E N T CF CRAINA&E: RELEASE •= . 5 0
C U E F F I C I E f i T CF i lUtCiCrLCM RESPOhSE =• . 5 0
C O E F F I C I E N T CF a«seFLQw R E S P C N S E = .02
C U t r i F i r . l E N " t CF I N I T I A L A B S T R A C T I O N = . 1 5
C £ " 1 H HF S C J L I N A - r O . I I C N ( M l = . 3 0
C ; ? T H CF S C I L I N B - H C S I 2 0 N 1 " ) = . 1 6
M L ! ING P U INT TF A - H C R I 2 C N ( H / H ) =. . 1 3 5
V . I L I I N C P O I . M CF B - H C i l U C N ( K / H ) = . 1 3 5
F l r l C C A P A C I T Y OF A - H 2 R I Z O N ( H / H ) = . 2 * 5
F l t L C C A P A C I T Y DF B - H Q U I Z O N ( H / r l l » . 2 4 5
PC.=.iJSITY OF S O I L I S A - H O R I Z O N ( , 4 / H ) = . 3 3 0
P C V J S 1 T Y OF S U I L I N fi-HDRIZON ( H / M ) " . 3 3 0
Lt_M,T r l OF GRCWlNO SEASON " 0

G F i C T D R
FS.CP Cr RDCTS )U A HCR1ZCN
I N T t R C S P T i C N LCS£ ( H f )
T t H p : C t A N HA>. | ; JUH ( C )

H h i N H I N I K U K <C)

J A N

.70

.70
1.50
2a.A
19.5

FE&

. 7 0
. 7 0

1 . 5 0
2 7 . 9
19.7

MAR

. 7 0
• 7U

1 . 5 0
2 7 . 5
1 3 . 1

APR

. 6 5

.BO
1 . 5 0
2 6 . 3
1 5 . 1

MAY

. 6 2
.es

I . 50
23.7
I I . 9

JUN

. 5 0

.as
1.50
22.1

JUL

. 5
.05

1.50
21.9

9.3

AL'C-

5
• as

1.50
22.1
11.7

SEP

. 4 0

. at
1.50
23 .6
1 1 . 1

DCT

. 6 5

.=15
1.5D
2 1 . 1
1 5 . 0

NCV

. tU

. 7 0
1 . 5 0
Z5 .9
1 6 . 1

DEC

. 7 0

. 7 0
I.50
27.7

i

C M L Y KQISTUKE BUUG2T CF MONTH I YEAR 1S77

DAY

I .
2 .
3 .

a
9

10
I I .
1 2 .
1 3 .
I ^.
1 5 .
1 6 .
1 7 .
I 1 ! .

22

2 3 .
t' . .

?*J
20
i l

EFFEC-
3 A I N - TIVF. A-PAN
FAIL RAIN E0U1V.

S D R SOIL D E F I -
TET P t T AfcT AET HQJST HCIST C IT

A-HdR B-HCK A-l lCR 0-HOR A-HOR a-HCR A-HCR

3 0 , 0
.C
. 0
. 0
• C

1 . ' .
. 0
. f l
. 0

1 .7
. n
. 0
. 0

. 0

. 0
1 . 1
n. 1
3 . 0

. 0

. 0

. 2
1 3 . a

<t.t>
• f < 7 . I
11 .5

1.3
b i ) .5

2 . 1
. 0

23 .2
. C
. c

. c

- C
. c
. 2
. a
.0
. 0
.0

1.1
.0
.0

2 . t
7.6
1 .5

. 0

. 0

. 0
3 3 . 5

3 . 1
2 - i . 0
IC.fc

.0
26. <

1 .A
.0

6.3
6 .3
t . l
6. 3
6 . 3
t.'i
<:.!
h.'i
£ . 1.
5 .7

5. 7
5.7
E.7
5.7
5.7

5."5
7 . 3
7 . 3
T . 3
7 . 3
7 . 3
7 .3
7.3
7 .3

3 .1
?.7
3. 1
3 . 1
3 .1
3. 1
2.7
3.1
?. 1
J . f
2 .1
2.H
2.fl
2 .1
2.9
2 . ' .
2 . 1
2.0
2.5
2,fi
2.5
2.9

1.3
1.2
1.3
I . 3
I . 3
1.3
l.l
1.3
1.1
1.2
l . C
1.2
1.2
1.2
1.2
l . C
1.2
1.2
1.1
1.1
l . l
1.2

?."3 1.2
3 . 5 1.5
2 . 2 1 .1
2 . 2 1 .1

3'. ?. 1*1
3 . ? 1 ,1
:•.?. i . i
1.2 l .A

3 . 1
2 . 7
3 . 1
3 . 1
3 . 1
3 . 1
2 . 7
3 . 1
3 . 1
2 . S
1.-5
i.n
! .5
1.3
l . l
1.1
K i

.<;
1.0
2.0
i.f
1.9
1 . 5
1 . 5
3-2

1.2
3 . ?
3 . 3
2 . 1

1 .3
1.2
1.3
1.3
1 .3
1 .3
1 . 1
1.2
1 .1

. 9

. 9

. a

. 7

. 7

. A

. 6

. fc

^5
. 5

C
m j

. 5

Ifi
1. 1
1.1
1 . 1
1 .1
1 .1

91.9
as. a
B S . 5
£2 .1
7P.1
75.6
72. f i
60 .6
6 t . 5
6 A. 2
62.3
60.5
59.0
57.7
53 .6
57.5
51-.5
5 0 . 2
6 ' t .7
6 ' . . 1
6 2 . 1
t iO.2
5B.6
90.3
09.fa

102.6
101.6

95.P
10<-.0

9 0.7
9' . . 3

a t . s
es.7
81.7

8 2 l i
81.3
or .3
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Table 15.3 Daily summary of moisture budget components for supplementary irrigation routine
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irrigation routine combines the A- and B-horizon soil moistures.

Additionally, the amount of supplementary irrigation added to the
soil profile is given, as are soil moisture contents before
irrigation water is added (but after stormflow, if generated) and
after irrigation water is added.

MONTHLY SUMMARY OF MOISTURE BUDGET COMPONENTS

(Example : Table 15.4)

Monthly summations of the moisture budget are given for the major
components listed in Table 15.2, with values of supplementary
irrigation requirements added. The values of soil moisture
storages and deficits listed are for the last day of each
respective month.

STATISTICAL, SUMMARY OF SUPPLEMENTARY IRRIGATION REQUIREMENTS

(Example : Table 15.5)

This statistical summary lists, for each month of the year, as
well as for annual totals, the means, standard deviations and
coefficients of variability of generated supplementary irrigation
requirements. Input information which is relevant to the
simulation of irrigation requirements is also listed, for
example, cropping factors, the type of scheduling assumed, field
efficiency assumed or the method by which potential evaporation
has been estimated. The summary further contains a monthly
frequency analysis of irrigation requirements for the 5%, (i.e.
1:20 year 'wet1 period), 10%, 20%, 33%, 50%, 67%, 80%, 90% and
95% (i.e. 1:20 year 'dry' period) levels of non-occurrence (Table
15.5). This frequency analysis is a useful tool for planning
purposes and decision-making when the variables involved are not
distributed normally.



Table 15.4 Monthly summary of moisture budget components : an example
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Table 15.5 Statistical summary of supplementary irrigation requirements : an example
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STATISTICAL 5UMMARY OF SIMULATED RUNOFF

(Example : Table 15.6)

Both the structure and contents of this summary are similar to
those described in the previous section, except that the runoff
coefficients used in the simulations are also listed (Table
15.6). This statistical summary would be applied at ungauged
locations when simulations of water yield are required for dam
design, or when the effects of changes in land use are modelled.

CROP YIELD ESTIMATIONS

(Examples : Tables 15.7 and 15.8)

The ACRU model applies soil moisture budgeting routines to
estimate crop yields, one crop at a time. In the case of maize
(Table 15.7), the estimated yields by each of the four models
described in Chapter 14 are tabulated for each season, as are the
planting date (either specified as input or computed) and the
number of stress days for the critical flowering period. This
information is followed by a statistical summary comprising
means, standard deviation and variabilities of estimated maize
yields, as well as probabilities of attaining yields at selected
levels of recurrence.

The routine for sugarcane is similar to that of maize (Table
15.8). However, the growing season is fixed (July to June) and
estimates are given for the sugarcane and sucrose yield models
described in Chapter 14.

PLOTTING ROUTINES FOR OBSERVED vs SIMULATED OUTPUT

(Example : Figure 15.1)

Simple plots of observed and simulated values on a matrix printer



Table 15.6 Statistical summary of simulated runoff : an example

ACRU TEST RUN

LATITUDE (S> • = 2 9 . 7 3
L D \ G I T J J ! : I E ) = 3 0 . 1 6
E L E V i T U N <M> = 1 0 5 0 . 0 0
COEFFICIENT CF [ m i N A G E RFLEASE = . 5 0
CUFFFI ClE.'i'T CF OU! f.KFLQH RESPOr»SE = .SO
C O ? F P l C ! f S T CF £>ASEFL'JK RiiSPONSH = -U?
C i ^ F F I C1EN1 CF I N I T I A L A2STRACTICN = -HO
POTENTIAL EVAPCRAT10N BY DAILY A-PAN DATA

JAN FEB HAR APP. H4Y JUN JUL AUG SEP OCT NCV DEC

\7, FACTOR . 7 6 . 7 6 .16 . 7 5 . 7 1 . 7 3 . 7 3 . 7 3 . 7 3 . 7 4 . 7 5 . 7 6
r a r r C F R O ' M S I N A H C R H C M . i a . 1 0 . 1 0 . m . 4 0 . 1 0 , 1 0 . 1 0 . 1 0 . 1 0 .111 . 1 0
I N T E R C E P T i U N L C S S ; i - . u i 3 . e o 3 . c o 3 . o u 3 . c o T . C U 3 . 0 0 3 . ' c a 3 . c o 3 . c o 3 . c o 3 . c o 3 . c o

5 I fULATFD flUNCFF IHM)

NCV DEC

STAKOARQ

CCEFF OF

MEAN

DEVI ATIOfi

VARIATION

JAN

20,

30,

117,

.61

.19

.If,

FEB

13

10

81

.37

.90

.52

HAR

7.71

9.3Z

120.92

APR

2

Z

113

.00

.21

.91

p

MAY

2

6
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SODA

.67

.35

.B1

SI LI

JUN

.03

.06

171.09

TY ANALYS

JUL

.02

.03

176.BC

IS

.35

.02

236.73

SEP

1.

1.

S3.

14

07

51

OCT

2.59

1,9B

192.2E

9.15 E.99 6B.43

7.Z2 12.26 1P.E5

70.B1 116.38 71.IB

5.1 2.10 .Bl .07 .00 .OC .00 .00 .00 .00 .00 .17 1.S5 25.E2

lC.t 2.10 .81 .07 .00 .00 .00 .00 .00 .00 .00 .47 l.BS 25.P2

2C.1 2.2C 1.05 .27 .00 .00 .00 .00 .OC .00 .00 .75 . 1.9P 2t.E1

33.1 2.70 2-35 1.33 .00 .OC .00 .00 .00 .01 .01 Z.Z1 2.63 32.18

50.X 3.62 10.23 2.70 .00 .01 .00 .00 .00 1.11 .33 7.51 2.71 5C.62

67.7 13.00 17.46" 4.65 2.92 .11 .00 .00 .02 1.20 .49 10.90 3.25 57.Cl

BC! 19.53 20.15 11.9E 3.97 .24 .04 .02 .04 1-6Z 1-78 14.13 B.99 B3.23

90. % 15.11 Z3.91 17.86 4.4B 6.11 .09 .05 .B'I Z.16 6.32 16.57 19.54 114.50

95.X 63.05 26.27 20.87 4.66 11.02 .1Z .04 1.43 2.13 9.4B 17.TE 26-35 134,S2



Table 15.7 Maize yield estimation : an example
JAAGEAAN MAIZE Y I E L D

AREA OF CATCHMENT (KM S O " 1 - 0 0
LATITUDE ( S I . * 2 V - 3 0
LONGITUDE ( E ) - 3 0 . 7 0
ELEVATlCM I H ) = 1 0 0 6 - 0 0
POTt'VTIAL EVAPORATION 3Y DAILY A-PAN DATA
CUrFF i r . i r? :T CF CRA IMAGE R t l E A i F . = - 5 0
r r .F r r i c i rM CF CLMCKFU:W RESPUNSE = .50
LLEHFICIUHr CF bAsrfLcu RESPONSE = .02
C O n F F i C l E M CF I N I T I A L A E S T R A C T 1 C N = . - 2 0
CcPTH Cr S O I L I N A - H C R I Z C N I H J = . 3 0
C t P T H CF SC1L I N B - H D R U C N ( H ) = . 7 0
H i L i l t l C P O I N T CF A - H C R I Z G N I H / H ) = . 1 3 5
H I L T I N G PC1NT CF B - H C R I Z G N ( » / K ) = . 1 3 5
F I F L C C A P A C I T Y OF A - H C ^ I 1QH ( I 1 / H > = . 2 ^ 5
F I E L D C i P t C l T Y OF 3 - H U R I Z O N I l ' . / H ) «= . Z ' t S
P G P U 5 I T Y LJF 5 D 1 L I N A - H O H I Z D N [ H / H ) = . 3 5 0
P C " u 3 I T Y OF S O I L ]K E - H C K 1 Z C N I H / H ) = . 3 5 0

OF C d C M l K G SEASDM = 1 5 0

C R C P P ] N G FACTOR
FRC? QF RbCTS I N A H C R U 0 N
i H T t P C E P T I C N LCSS I H f )
T E K P : KEAN MAX IKUH I C I

KEAN H I M / 1 U H ( C )

JAN

1.00
.70
. 80

2b. 6

FE8

• •)5
.70

1.30

14.7

MAR

. 6 5

. 7 0
1 . 1 0
2 5 . 1
1 4 . 6
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•• *50
- . BO
1.00
2 2 . 5
10.3

HAY

. 50

.85
l .co
I V . 9

T.B

JUN

. 5 0

. 9 5

. 9 0
19.Z
5 . 2

JUL AUG

. 50

.95

. ; D
19 .8

5 .5

. 4 0

.95

. 3 0
2 0 . 0

fc.5

SEP

. 4 0

.95

.30
2Z.5

q

OCT

. 5 0

. 9 5

. 3 0
Z ' r . 3
1 1 . 1

NGV

. 5

.90

.30
23.5
12.5

DEC

. eo

. 50
25.1

MAIZE YIELC ESTIMATION (T/HA/SEASOM O i

YEAR DU PISANI 77 DU PISANI 7fl DE JACES USA-STEhAIT PLANTING DATE STRESS CAYS

1971/72
1972/73
1973/74

HEA^

STANDARD DEVIATION

CCEFF OF VARIATION

4.192
4.903
4.TZU

A. 605

.369

6.01b

Z.409
1.134

Z.702

1.6B3

6Z.297

3.B56
4.739
4.512

4.369

.436

10.49J

4.033
b.i.V-l
4.930

4.734

.627

13.235

OCTCBER
DCTCUER
NCVErlEtR

8
14 14

3

PROBABILITY ANALYSIS

zc.x
3 3 . t

5C.S

6 7 . ?

BO.^

9 0 . 3

4 . 2 1 0

4 . 2 1 B

4 . 2 1 8

4.Z1B

4 . 4 5 6

4 . 7 2 Z

4 . 7 9 3

4 . B 4 3

4-B75

1 . 2 4 5

1 . 2 4 5

1 . 2 4 5

1 . 2 4 5

1 . 7 9 7

2 . 4 3 0

3.2"J0

3 . 6 0 1

4 . 1 9 b

3 . 8 8 9

3 . 8 8 9

3 .8B9

3 . 8 8 9

4.1B5

4.S15

4.603

4.671

A.705

4.07S

4 .078

4.C7B

4.073

4.4H1

4.933

5.054

5.147

5.193



Table 15.8 Sugarcane yield estimation : an example

J A A G E A A N S U G A R C A N E Y I E L D

AP.FA OF CATCHMENT [ KH S O •= 1 . 0 0
I./ lTJTUfiE ( 5 1 = 2 9 . 3 C
L U N M T U D E <E> = 3 0 . 7 0
ELEVATICN ( H ) "MOGd.OO
P U T t N T l A L EVApCft A T I O N BY D A I L Y A - P A N DATA
C O c T F I t IF1HT OF Kit A UWC.t RLLGASE - . 5 0
C O E F F I C I E N T fr QLUCKFLQW RESPONSE * . 5 0
C O E F F I C I E N T CF B A i E F L C H PESPCtJSt = . 0 2
CCiCf F1C1CNT CF I N I T I A L AESTRACT10N = . 2 0
D E P T H r.F S ; : I L I N A - H G R I Z C N ( t ' l = . 3 0
C L P t H ^ SC1I . IN 1 1 - H C R U C N I * 1 ! = . 7 0
W I L I I K G PC INT CF A - H C K I Z C N ( H / H ) *= . 1 3 5
h i L T I N G P C I N T OF D - H C R l i C N ( H / C I = • . 1 3 5
F1ELC C A P A C I T Y OF A - H G R 1 Z O N ( H / H )
F1 T:L C C A P A C I T Y OF B - H G R l / O f i ( H / . M )
p o n a s i r y CIF 3 O I L I N A-HURIZON ( H / H J .3rc?
P C ' I O S I T Y UF S O I L I N 9 - H O B I Z l i N ( H / H ) = . 3 5 0
LcN'JTH CF CKCWING SEASON = 0

C R C P P I N G FrtCTDR
TRCP CF BL'CTS I N A HCR I Z O N

LCSS I H f )
M5^N H A X I K U M I C )
HEAN M I N I M U M C O

JAN

1 . 0 0
. 1 0

-eo
26 . 6
1'. .7

FED

. ? 5
. 7 0

1 . 3 0
2<r.3
1 ' . . /

HAR

. 6 5

.70
1.10
25.1
1'i.b

APR

. . 5 0
, . 8 0
l.CO
ZZ.5
1 0 . 3

MAY

. 5 0

.E5
l.CO
1 9 . 9

7 . U

JUN

. 5 0

."JS
• TO

1 9 . 2
5 . 2

JUL AUG SEP OCT

. 5 0

. S 5

. 9 0 . 2 0
20 .0

5

. 4 0

.S5

. 2 0
2 2 . 5

9 . 6

. 5 0

. 9 5
• 30

2 4 . 3
U.I

NCV

. 6 5

. 3 0

DEC

. 9 5

. 8 0

. 5 0
25 .1
12.9

IN3
UJ

SUGARCANE YIELD ESTIMATION (T/HA/YEAR)

STANDARD

COEFF OF

YEAR

1971/72
1972/73
1973/74

MEAN

DEVIATION

VARIAT ION

SUGAR

6H.

6 8 .

3 .

5.

P R G 0 A B 1 L 1

CANE

13<J

43 4

9 4 1

75B

TY ANALYSIS

SUCRCSE

4^723

5 .540

1.142

2C.5U8

5 . 1

1 0 . 1

2 0 . T

3 3 . ?

5C.X

6 7 . Z

act

6 4 . 8 2 4

6 1 . 8 2 4

4 . 4 9 4

4 . 4 9 4

4 . 4 9 4

6 8 . 1 B 3

7 1 . 2 0 1

7 1 . B 5 E

S . 9 7 6
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Figure 15.1 Plot of monthly observed vs simulated runoff : an example



239

have been incorporated as an optional output in the ACRU model.

At present this option is available for

(i) daily observed vs simulated runoff, one month at a time,

(ii) monthly observed vs simulated runoff, for the entire
period of record under review (Figure 15.1), and

(iii) daily observed vs simulated soil moisture contents for
the topsoil and subsoil horizons of a soil profile.

STATISTICAL 5UMMARIES OF MODEL PERFORMANCE

The statistical summaries compare simulated and observed runoff,
at either

(i) daily level, or

(ii) monthly level

of data. The statistical programs in the ACRU model are
adaptations of programs published by Roberts (1978) and include,
inter alia, a comparison of means, variances, standard deviations
as well as coefficients of determination and efficiency (Chapter
3) and the regression equation between observed and simulated
runoffs. Warnings are given if systematic errors are detected in
runoff simulations. Examples are given in Chapter 16.

REFERENCE

Roberts, P.J.T. 1978. A comparison of the performance of selected
conceptual models of the rainfall-runoff process in semi-arid
catchments near Grahamstown. Rhodes University, Grahamstown,
Hydrological Research Unit. Report 1/78.
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CHAPTER 16

MODEL PERFORMANCE

The performance of the ACRU model was tested on four catchments
in Natal for which daily climatic data as well as soils and land
use information were readily available. The catchments are

(i) U2M18, a steep, predominantly forested catchment at
Cedara (Schulze, 1979),

(ii) V1M28, a small, flat, short grassveld catchment at
DeHoek (Schulze, 1983),

(iii) W1M16, at 3,22 km2 the largest of the catchments
tested, located in Zululand and predominantly medium
grassveld (Hope and Mulder, 1979), and

(iv) W1M17, a smaller Zululand catchment, again predominantly
grassveld (Hope and Mulder, 1979).

The performances of the model as reported in this chapter were
TESTED ON INITIAL RUNS, i.e. all soils (depth, retention
constants) and land use (cropping factor, proportion of roots in
A-horizon, interception loss) variables were calculated directly
from information contained in the references cited above and from
other relevant literature, with no changes made for improved
goodness of fit. All the observed rainfall and runoff data were
taken from data files, while evaporation data were obtained from
either published material (Zululand; Hope et al, 1981) or from
computer printout provided by the Agrometeorology Section of the
Department of Agriculture, Cedara. The ACRU model was tested for
the period 1977-82 (inclusive) for U2M18, 1977-May 1983 for
V1M28, 1977-79 for W1M16 and 1977-81.for W1M17, a period which
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contained the severe Zululand floods of 1977 as well as the

drought of the early 1980's.

The statistics of model performance for each of the four test
catchments are given for monthly runoff in Tables 16.1 to 16.4
with runoff units, where relevant, given in mm. Results from the
three grassveld catchments are highly satisfactory.

(a) For V1M28 both Coefficients of Determination (D) and
Efficiency (E) are 0,948 (Table 16.2). While the model
over-estimates means (12,1 vs 10,5 mm per month) the
deviations are conserved (27,1 vs 27,5 mm). The model
over-estimates in the lower ranges and perusal of the
daily and monthly printouts point to over-estimations,
particularly in spring, when rainfall intensities are
ususally very law and the catchment responds very slowly
after dry winters.

(b) Statistics of model performance for monthly runoff on
catchment W1M16 are generally excellent. Not only does
Table 16.3 show D and E values to be highly satisfactory
at 0,972 and 0,975 respectively, but means and deviations
are conserved excellently and the regression coefficient
is 0,999.

(c) Although land use and soils for W1M17 are similar to those
of W1M16, the goodness of fit statistics (Table 16.4),
while still considered satisfactory, do not match up to
those of W1M16. The ACRU model under-estimates runoff on
this catchment (monthly means 37,7 vs 45,2 mm), but
deviations are conserved well (66,4 vs 63,9 mm). The
under-estimation occurs primarily in the lower values
(base constant -7,7 mm); but "design" values are simulated
well (regression coefficient 1,004).

(d) The least satisfactory performance of a "first" run was



Table 16.1 Statistics of performance of monthly values, U2M18

U2M1B ACRU TEST RUN

STATISTICS OF PERFORMANCE OF ACRU MODEL

A COMPARISON DF S1HULATED AND OBSERVED FLOWS

FCR MONTHLY VALUES

TOTAL ObSERVED FLCWS = 390.262

TOTAL SIMULATED FLCWS = 411.753

MEAN OF OBSERVED FLOWS = 5.420

MEAN OF SIMULATED FLCWS = 5.719

CORRFLATION COEFFICIENT = .833

STUDENTS T VALUE = 12.583

REGRESSION COEFFICIENT = 1.075

BASE CONSTANT FQP REGRN. EQN. = -.106

STANDARD ERROR OF SIMULATED FLOW = 54.74-1

VARIANCE GF OBSERVED FLOW = B4.676

VARIANCE OF SIMULATED VALUES = 140.573

STANDARD DEVIATION OF X VALUES = 9.Z02

STANDARD DEVIATION OF Y VALUES = 11.856

PERCENTAGE DIFFERENCE IN STANDARD DEVIATION = -28.846

COEFFICIENT OF DETERMINATION = .693

COEFFICIENT OF EFFICIENCY = .509

# SYSTEMATIC ERRCR DETECTED fiHit

ro
no



Table 16.2 Statistics of performance of monthly values, V1M28

V1M28 ACRU TEST RUN

STATISTICS OF PERFORMANCE OF ACRU MODEL

A COMPARISON OF SIMULATED AND OBSERVED FLCWS

FOR MONTHLY VALUES

TOTAL OBSERVED FLCWS = 805.224

TOTAL SIMULATED FLCWS = 935.008

MEAN OF OBSERVED FLOWS = 10.4'57

MEAN OF SIMULATED FLCWS = 12.143

CGRRFLATION COEFFICIENT = .973

STUDENTS T VALUE = 36.863

REGRESSION COEFFICIENT = .986

BASE CONSTANT FOR REGRN. ECN. = 1.627

STANDARD ERROR OF SIMULATEO FLOW = 54.311

VARIANCE OF OBSERVED FLOW = 735.20Z

VARIANCE OF SIMULATED VALUES = 755.B27

STANCARD DEVIATION OF X VALUES = 27.115

STANDARD DEVIATION OF Y VALUES = 27.49Z

PERCENTAGE DIFFERENCE IN STANDARD DEVIATION = -1.393

COEFFICIENT OF DETERMINATICN = .948

COEFFICIENT OF EFFICIENCY = .948

NO SVSTEMATIC ERRORS DETECTED



Table 16.3 Statistics of performance of monthly values, W1M16

W1M16 ACRU TEST RUN

STATISTICS OF PERFORMANCE OF ACRU POCEL

A COMPARISON OF SIMULATED AND OBSERVED FLCWS

FDR MONTHLY VALUES

TOTAL OBSERVED FLOWS = 1412.967

TDTAL SIMULATED FLOWS = 1416.222

MEAN OF OBSERVED FLOWS = 39.249

MEAN UF SIMULATED FLCWS = 39.340

CORRELATION COEFFICIENT = .936

STUDENTS T VALUE = 34.077

REGRESSION COEFFICTENT = .999

BASE CONSTANT FORREGRN. EON. = .137

STANDARD ERROR OF SIMULATED FLOW = 72.656

VARIANCE QF OBSERVED FLOW * 5406.091

VARIANCE OF SIMULATED VALUES = 5549.275

STANDARD DEVIATION OF X VALUES = 73.526

STANDARD DEVIATION OF Y VALUES = 74.493

PERCENTAGE DIFFERENCE IN STANDARD DEVIATION = -1.316

COEFFICIENT OF DETERMINATION = -972

C0FFFIC1FNT OF EFFICIENCY =» .975

NO SYSTEMATIC ERRORS DETECTED



Table 15.4 Statistics of performance of monthly values, W1h17

W1M17 ACRU TEST RUN

STATISTICS OF PERFORMANCE OF ACRU KDCEL

A COMPARISON GF SIMULATED AND OBSERVED FLCWS

FOR MONTHLY VALUES

TOTAL CBSERVED FL0H3 . = 2711.156

TOTAL SIMULATED FLOWS = 2261.615

PEAN OF OBSERVED FLOWS = 45.236

MEAN OF SIMULATED FLOWS - 37.694

CORRELATION COEFFICIENT = .963

STUDENTS T VALUE = 27.309

REGRESSION COEFFICIENT = 1-004

BASE CONSTANT FOR REGRN. EQN. = -7.735

STANCARD ERROR OF SIMULATED FLCW = 135.106

VARIANCE OF OBSERVED FLOW = 4083.086

VARIANCE OF SIMULATED VALUES = 4410.526

STANCARD DEVIATION OF X VALUES = 63.899

STANCARD DEVIATION OF Y VALUES = 66.412

PERCENTAGE DIFFERENCE IN STANDARD DEVIATION = -3.932

COEFFICIENT OF DETERMINATION = -928

COEFFICIENT OF EFFICIENCY = .922

«##CAUTICN«## SYSTEMATIC ERRCR DETECTED HUH
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achieved on Cedara's forested catchment U2M18 (Table
16.1). Means of simulated monthly flows compare well with
observed values (5,7 vs 5,4 mm), but deviations are not
conserved (28% difference). Consequently the D and E
coefficients have been reduced to 0,693 and 0,509
respectively. High flows would be estimated well
{regression coefficient 1,075) but low flows are under-
estimated slightly.

Perusal of individual days1 and months1 simulations shows that
the ACRU1 model can still be refined considerably. Much scatter
at daily levels of data may be attributed to rainfall intensity's
not being accounted for in ACRU1 at present. This is an
important area for future research in terms of generalizing
typical intensities at monthly level and incorporating results
in, say, estimates of initial abstraction. The model also tends
to under-estimate runoff in dry years, possibly because the
cropping factor (hence evapotranspiration and moisture deficits)
is not adjusted for extended periods of stress.

The individual days' simulations are furthermore fraught with
data problems - a single rainfall event may extend over two days
of data, intensity and duration are not accounted for, because
runoff responds to rainfall with a lag, the runoff responses
frequently appear one day out of phase with rainfall. These are
problems inherent in all daily models.

A major long term improvement could, hopefully, be brought about
with a daily model by taking a distributed rather than a lumped
modelling approach, and this is particularly the case in
catchments where vastly different land uses and soils occur on a
catchment, as on U2M18.

The ACRU model has given highly satisfactory results on initial
runs. The model needs, however, to be tested on more catchments
in diverse hydrological environments and this is seen as an
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immediate priority.
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APPENDIX 1

COMPUTER PROGRAM OF THE ACRU1 HYDROLOCICAL

SIMULATION MODEL

R.E, Schulze, E. Murgatroyd, W.J. George and C.B. Schultz

Updating and improvements to the ACRU model are an ongoing

process. Latest available listings may be obtained from

Professor R.E. Schulze
Department of Agricultural Engineering
University of Natal
Pietennaritzburg
3201 South Africa



B3
84
115
S6
B7
B8
B9
90
91
92
93
94
•75
96
97
•?B
99
100
101
102
103
104
105
106
107
1QB
109
110
11 1
112
113
114
1 15
1 16
I 17

*MNPLV<24 0 ) , NOIRAP < I 2) , OBSQMX ( 48D ) , Q&SQX ( 400 0 )
*QE<ST02(32> P AN( 32) .PAR AMI 12,321 , PC£NT<9> , PCTI

DIMENSION TMIND(32) .TMITDU2) ,TMLIN(12) .TPLINT(12) . TirJSEV U 2 ),
tTPOTRl( l2 ) J TPOTR2(12) 1 TPTRAN( i2) ,TRAIN(12) .THEUIB<i31.
KTRQIRU2) ,TRUN<12) ,TQUICKC12) ,TSTORH(12) .TSTBIRUIH) "sTREM( 12) ,
*TPOTR1
MTRQIRU2) ,TRUN<12) ,TQUICKC12) .TST0RHU2) , TSTBIR < 12) sTREM( 1 2)
*TSUR<12> ,TSURIRU2i ,TTRANS(12> ,TTRAN1 (12) , TTRfN2(12'. .-JALUE(9> ,
»VEGINT<32).WPFCP0(3,11),X(70).XMEANt135,XXX(12>

CHARACTER EtnN*19<5) , IR RT YP« 1 B ( 3 ) , ISTID *B . LUSEK-4 , 5KCSTH>9 (1 2)
CDWION/PETEMP/TEttP,THAX,ThIM.EQPET,DL.D,LINUIN,EL£y,A_AT
CDnnQN/HDGhTH/HEAD
CDMflQN/PREyDl/SQILl , SQIL2 , PLINTC , RFLC , RCQ , STCO, S O I L I , EFP PI
CDttfiON/LDUALS/STOIR .FLINT . RUNCD , STRflCO , RFL.E, EH FL
CDMMDN/PRINT/DEFl ,DEF2,STli l ,5TO2
COttttON/CDUNT/I,IYH,NDY^,IYEAR,K
COfinDN/PHNTMD/TRAIN1TERAIN,TDPE,TAET,TPOSEVJ,Tf6QEyJT!'0TI!l ,TPQTH2,

*TTBAN1 ,TTRAN2,TPTRAN,TTRAHS,TSUR .TRUN.TqulCK , TtllSCH .TETREH .TRQIR
COHttON/PRTDLY/HOIST.DNO .PP1 .PP2.DPE,AET1 .AETSjAUCl,AUC2 .OB5T01 .

*OBST02, RUN, QUICK F. SI HSQ.STHftFL.REQIR.CONSTA.PCRFH , AF AN, SUR2 , PERC ,
*PRIRRjEUTR.CAYD.POBQEU.ASOEU.POTRl .POTR2.ATRAK1 .ATRAIG

CDnnON/TOTAL5/T£l .TE2 .-fftETl .TAET2 .TAPAN
COhMON/IRRIG/flETIfi SHlilR , STlilR .ERf^LIR ,STOIB0 , SUBIR ,TAt.lIR ,TSTQIR ,

*TIRRFL,T5URIR.TREQIR
CDhnDN/MAIZE/PLDATE.LENGTH

9B76 CONTINUE

C
C
c
c-
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c

c

ACRU HDDEL - DAILY VERSION - SEPTEMBER,1?B4,

OPTIONS t. DEFINITIONS:

ALAT = LATITUDE (DEGREES & DECIMALS OF DEGREES)
AP=A = AREA OF CATCHMENT IN KM SO
COrRU = COEFFICIENT OF RUNOFF I.E. FRACTION OF UWTt1! BELOU ROOT ZONE

THAT RUNS OFF ON A PARTICULAR DAY
COIA " COEFF OF INITIAL ABSTRACTION FOR STORHFLOU SUBMODEL
CONST = FRACTION OF SOIL MOISTUKE. AT UHICH AE < P£
CP.LEPO = CRITICAL LEAF UATER POTENTIAL. IF TfJ HE UEjr.D. A UALUt IS

ENTERED, IF NQ1, A BLANK IS READ

DEPAHO =
DEP&HD =
E =
ELEU
EQPET =

EVTR

FC1
FC2
ICOMPR

IOBSQ =

IPLOT =

ISUMRY =

LINUIN «

LOGUAL «

MONTHLY

tEPTH OF A HORIZON IN METRi
DEPTH OF B HORIZON IN METRE
MONTHLY POTENTIAL EVAPOHATION (MM)
ELEVATION ABOVE MEAN SEA LEVEL (METRES)
OPTIONS FOR THREE TEMPERATURE BASED EQUATIONS FOR
ESTIMATION OF POTENTIAL EVAPOTRANSPIRATION IF A-PAN VALUES .
UNAVAILABLE
1 = LINACRE
2 = BLANEY CRIDDLE
3 = THORNTHUAITE
A = DAILY A-PAN DATA
5 = MONTHLY A-PAN DATA
OPTION FOR ESTIMATING EVAPORATION AND TRANSPIRATION SEPARATELY
IF EVTR = 1 E + T ARE COMBINED

= 2 E + T ARE CALCULATED SEfARATELY
SOIL MOISTURE CONTENT AT FIELD CAPACITY FOR A HDRIZQW
SOIL MOISTURE CONTENT AT FIELD CAPACITY FOW B HORIZON
OPTION TO STATISTICALLY COMPARE SIMULATED AM) OBSERVED
UALUES OF STREAMFLOU, IS ONLY ALLOWED IF OPSQ = 1.
IF ICOMPR = 0 THIS OPTION IS OMITTED

= 1 AN ANALYSIS IS DONE FOR DAILY FLOUS
= 2 AN ANALYSIS IS DONE CF MONTHLY FLOUS
= 3 ANALYSES ARE PERFORMED FOR DAILY AND MONTHLY

FLOUS.
OPTION TO PRINT SIMULATED AND OBSERVED DATA
IF IOBSQ = 1 OBSERVED FLOU DATA IS READ IN

= 0 NO OBSERVED DATA IS TO BE RtA£ IN
OPTION TO GRAPHICALLY PLOT OBSERVED V3 SIMULATED FLOU
THIS OPTION SHOULD ONLY BE USED IF IOUSQ = 1
IF IPLOT = 1 GRAPH IS PRODUCED

« 0 NO GRAPH IS PRODUCED
OPTION TO PRINT A SUMMARY OF IRRIGATION REDL'IKEMENTS
IF ISUMRY = « MO SUMMARY IS PRODUCED

= 1 SUMMARY IS PRODUCED
IDENTIFICATION TO DETERMINE ZONE OF THE SITE
(USED TO FIND UIND FACTOR FOR LINACRE EQUATION)
0 = UIND FACTOK UNKNOWN - ASSUME =15.
1 = COASTAL
2 = INLAND CONTINENTAL
3 = INLAND MARITIME
OPTION TO USE LOGARITHMIC FLOU VALUES IN STATISTICAL
COMPARISON OF SIMULATED AND OBSERVED STREAMH.QUS, THIS
REDUCES THE 'LJE.IGHT' GIVEN TO HIGH FLOUS, IT CAN ONLY
BE USED IF ICOMPR = 1,2 OR 3.
IF LOCVAL = 0 ACTUAL VALUES ARE USED.

= 1 LOGVALUES ARE USED.
TOTALS ;
TSUR
TE1
TE2
TAET
TAET1
TAFT2
1RI31R
TRUH
TSTORM
TDISCH
TSTREM

SOIL MOISTURE SURPLUS
POTENTIAL EVAPORATION FROM LAYER 1
POTENTIAL EVAPORATION FROM LAYER 2
TOTAL ACTUAL EUAPOTRANSPIRATION FROh BOTH LAYERS
A.E . OF LAYER 1
A E QF LAYES 2
SUPPLEMENTARY IRRIGATION REOJIREMENT
PERCOLATION AND DEEP DRAINAGE
TOTAL STORMFLOU
TOTAL STORMFLDU. PERCOLATION I, DRAINAGE
0B5ERVED RUNOFF
OBSEBV£D S-PFIN EVAPORATION FDR MONTH
PLANT INTERCEPTION



120 C PAH TZ PLANT AVAILABLE MOISTURE
121 C PAU'l = PLANT AVAILABLE UATER IN A HOPIZON
122 C PAU2 = PLANT AVAILA&LE UATER IN B HORIZON
123 C PLDATE = PLANTING DATE OPTION
124 C I F PLDATE = 0 COMPUTED PLANTING AFTER 25 MM OF RAINFALL
125 C IN 5 DAYS
126 C r- 1 SPECIFIED DAY (MONTH. DAY) IS GIVEN
127 C 1STMO = BEGINNING MONTH OF PLANTING IF DATL OPTION IS
12S C SPECIFIED
12? C 1GTUAY = P£GINNING DAY OF PLANTING t'*T£ IF DATE IS SPECIFIED
13H C LENGTH = LENGTH OF MAIZE GPOUIHG SEASON (DftYS)
131 C PO1 = SOIL MOISTURE CONTENT AT PQPOEITY F'JH A H0PI70N
132 C P C = SOIL MOISTURE CONTENT AT POROEITY FOR B HUH12ON
133 C PPTCOR = CORHECTION FACTOR FOR PRECIPITATION DATA
134 C IF PPTCOR = 0 HO CORRECTION FACTOR USED
135 C = 1 CORRECTION FACTOR USED
136 C PPTINF = OPTIDN TO READ PRECIPITATION DATA F3CH CARDS; OR FILE la.
137 C OK IN A STRING FORMAT (FILE 21.)
13B C IF PPTINF = 0 DATA READ FROn CARDS
139 C = 1 DATA REHD FROM FILE H .
140 C = 2 DATA READ FROM FILE Lfl .
141 C RSUMRY « OPTION TO PPINT A SUMMARY OF SIMULATED RUNOFF
142 C IF REUMRY = 0 NO SUMMARY IS PRINTED
143 C = 1 SUMMARY IS PRINTED
144 C SAT = FRACTION BY UHICH SOIL POROSITY EXCEEDS PLANT
145 C AVAILABLE MOISTURE. I.E. POROSITY FSACTIOH
146 C SCHED = OPTION FOR THE TYPE OF SUPPLEMENTARY IRRIGATION SCHEDULING .
147 C 1 = PLANNED DEFICIT TG BOX PLANT AVAILABLE UATEH
14B C 2 = IRRIGATION TO FIELD CAPACITY
149 C 3 = FIXED AMOUNT OF UATER TO BE IRRIGATED, AHTIR
150 C " AHTIR = THE AMOUNT TO BE IRRIGATED (MM) ftHD IS USED UHEH
151 C OfTION 3 IS SPECIFIED
152 C STOR = PLANT AVAILABLE HOISTURE OF PROFILE
153 C TPAU = TOTAL PLANT AVAILABLE UATER
154 C UP1 = SOIL MOISTURE CONTENT AT WILTING POINT FOR A HORIZON
155 C UP2 = SOIL MOISTURE CONTENT AT UILTING POIKT FOR B HORIZON
156 C URIDY = DAILY PRINTOUT OPTION: 0 = NO, 1 = YE5
157 C URIMO = MONTHLY PRINTOUT OPTION: 0 = NO 1 = YES
15B C URIRR = IRRIGATION PRINTOUT OPTION: 0 = NO, 1 = YEB
159 C URTYLD = GRAIN YIELD PRINTOUT OPTION; 0 = NO, 1 = YES
160 C CROP = THE OFTION FOR SELECTING A CROP IF URTYLD = 1
161 C 1 = MAIZE
162 C 2 = SUGARCANE
163 C
164 C
1 fe5 c •
166 C
167 C DATA STATEMENTS
16B C
169 DEFINE FILE 1 4>< AREADA. , 120 )
170 I l f tTAtSYBLDt I ) , 1 = 1 , 2 ) / ' r t ' , ' 5 ' /
171 1>.:.TA(SYBL(I).1 = 1 . A ) / * l ' , 2 ' , ' f t ' , ' B V
172 B^TAfFMTU) , 1 = 1 , 6 > / ' < 1 2 X ' , ' ' F 9 . ' , ' 2 , 2X ' ' ' , ' ' , ' ' /
173 UA7A PCENT/5. , 1 0 . , 2 0 . , 3 2 , 50 . , 6 7 . , 8 0 . , ° 0 . , 9 5 . r
174 DftTA D A Y S / 3 1 . ' 2 3 , , 3 1 . ,30 . ,31 . ' 3 0 . 31 . 31 . , 3 0 . ,31 . ,30 . ,31 . /
175 DATA EQTN/ 'L INACSE' , 'ELANEY CRIDDLE' ' T H O R N T H I J A I T E ' ,
17fa i ' P - M L Y fl-PAN DATA' , 'MONTHLY A-FAN DAiA /
177 Dr-.TA IRRTYP/ 'TO PLANNED D E F I C I T ' , ' T O F IELD CAPACITY' ,
179 *'=-Y FI'<ED AMOUNT'/
179 DATA SHONTH/' JANUARY" , 'FEBRUARY' , 'tifiRC.H' , ' APR IL ' , 'MAY' , ' JUNE' , ' JL'L

130
181
1B2
1B3
IB4 - _ . .
I B S D f t T f l S U T R R A / 3 . 5 , 4 . 5 , 3 . 3 , 3 . 8 , 4 . 2 , 4 . 2 , 4 , 5 , 5 . 0 , 4 , 0 , 3 . 4 , 3 . 7 /
1 B 6 C
1B7 C
1SS C
IB"? C INPUT VARIABLES
190 C
191 C LOCATIONAL INPUT
192 RFAD(5 ,103 ) HE AD,AREA,ELEV,ALAT,ALONG
193 103 FORMATt4(/ ') , \ \ , 1 /A2.2X , F 5 . 2 , 1 X F6 .1 . 2 ( 1 X . F 5 . 2 ) )
194 C
195 C OUTPUT OPTIONS
196 C
197 READ(5,555)USIDY AIRIMO,PRIRR,I5UMRY,RSUMRY , URTYLD,IP LOT,1PLMNQ,
19B H P L 3 T 0 ICOrtPR .LOGVAL
199 555 F 0 R M A T 1 5 1 / ) , 3 ( 5 X , F 1 . 0 1 , b X , I l , 2 < 6 X , F 1 . 0 ) , 5 ( a X , I I ) )
20 0 U R I T E ( 6 , » ) 'tJPIDY = ' URIDY, 'ISUMRY = J . ISU^RY
201 C RAINFALL CONTROL OPTIONS
202 READ(5 104JPHTINF PPTCOR
203 104 F 0 R M A T ( 5 ( / ) , 6 X , F 1 . 0 , 3 X , F 4 . 2 )
204 U K I T E ( 6 j » ) ' P P T l N F s ' PPTINF
205 C E'JAP CONTOL OPTIONS
2Q6 Htf t l ) (5,5S0)PANDAY , P ANMQN , P ANCOR ,£QPET .TEf.P ,L1(1UIN ,EVTR
207 520 F0RHAT(5( /> , 5 ( 6 X , F l . 0 ) . 4 X , I 3 , 6 X , F 1 .0 )
2fla WHITEC6.• ) 'PANDAY=' ,PANDOf
209 TFtPANCOR.EQ.11THEN
210 R F.ADI 5 , 11 03HCORPAN(I ) , 1 = 1 ,12 )
211 1103 FOPMAT(5(/ ) , 1 3 U X . F 1 .25 )
212 ELSE
213 R^flDO 1 1 0 2 ) ^
214 1102 FORMAT^/) , 2X)
215 END IF
216 C READ IN 12 VALUES OF MEAN HAX t> MIN TEMPS < IF TEMP = 1)
217 IF(TEHP.ED.11THEN
21B R E A D ( 5 . 1 0 2 ) I T M A X ( I ) , I = ! , 1 2 ) , C T H I N < I ) , I = 1 , 1 2 >
219 1Q2 FQRMAT(5C/) , 1 2 U X , F 5 . 1 ) , / 1 2 U X , F 5 . 1 ) )
22 0 ELSE
221 READ(5,700)P
222 700 FORMAT(b(/),2K)
223 END1F
224 C FOP THOBNTHUATTE PE OPTION, READ IN DAYLENCTH FACTOR, DL(I) FOR EACH
225 C MONTH ACCORDING TO LATITUDE
226 P(-MD<5.100)(DL(I) , 1 = 1^12)

22B C FOP &LANEY CRIDDLE PE^OPTION, HEAD IN DAYLICH1 FRACTION ACCORDING TO
229 C LATITUDE
230 READ<5,6115) (D( 1 1 , 1 = 1 . 12)
231 BD5 FDRMATlSt / ) , 1 2 U X ,F4 .3 ) )

233 S I A D V I . S S I JPEDINF ,P£DDE?. I TEXT,MO 1ST,DEPAriQ,DEPBHO,FC1,FC2,UP1 ,UP2
234 » , P a i , P O 2
335 551 F O R M A T ( 5 ( / ) , 2 ( 6 X . F l . 0 > , 2 ( 6 X , I 1 i 2 ( 2 X , F 5 . 2 ) , 6 ( 1 X , F 4 , 3 ) >
236 C VEGETATION OPTIONS t, INFORMATION
237 ^ ^ READ15 ,552 ICONST^CRLEPO

3 ' b C J " J " PEA^1 I f i ' cRdP^FACtL l i l ^FOH 'ET EQUATIONS



24 0 RFr,! l<S.9D6) CCAYU) , 1=1 ,12 )
241 306 F0RMAT(5</> , 1 2 U X . F 4 . 2 ) )
242 C HEAD IN 12 VALUES OF PROPORTION OF H00T5 I N 'A

3 REAn(5 .807 )<ROUTACI ) , 1=1 , 12 )
8CI7 F 0 R r t A T l 5 l / t . 1 2 U X . F 4 . 2 ) >

Dll BOB 1 = 1 ,12
BOB ROOTB(I) 1 » R O O T A ( I )

READ IN RUNOFF C U L
HFAIK5 .5S31 IGB5Q,ID&SUN.ShDDEP,COFRU,CD I A.RESPQF BKKLSH

52 F O R M A T ( 5 ( / ) , 2 < 6 X , I 1 ) , b X , F l . D , 2 < 2 X , F 4 . 2 ) , 2 (2X , f 5 . 2 >)
IRRIGATION REQUIREMENTS

22
243
245 D BOB 1 1 ,12
24b BOB ROOTB(I) • 1 .» - ROOTA(I)
247 C READ IN 12 MONTHLY VALUES OF INTERCEPTION LOBS
2 4 B R K A U ( 5 , B 0 9 ) * V E G I N T < I ) 1 = 1 , 1 2 )
249 309 FORMAT(5(/> , 1 2 ( I X , F 4 . 2 1 )
250 C READ IN RUNOFF CUNfHOL UftKIABLES
251 S31 I G B 5 Q I D & S U N S h D D E P C O F
252 552 F O R M A T ( 5 ( / ) , 2 < 6 X , I 1 ) , b X , F
253 C IRRIGATION REQUIREMENTS
254 READ(5 ,554)UKIHf i ,SCHED,EFFIRR .CONST I , PLADEF , .MlTIH
255 554 F0HMAT(5 ( / ) , 2 ( 5 X , F 1 . 0) , 2 ( 3 X ^ 4 . 2 ) , 2 X , F 5 . 2 , 2 X , F 5 . 1 )
256 C CROP YIELD VARIABLES
257 RE f lD (5 ,115KROP .PLD ATE, ISTDAY. I5TMO .LENGTH
25S 115 F O B H A T i S t / ) , 2 ( 6 X , F l . 0 > , 2 ( 5 X , I 2 ) , 4 X , I 3 >
259 C CHECK FOP ERRORS IN SELECTION OF FLOU OPTIONS.
Z60 IF ( U O B S Q . E Q . 0 > .AND. ( IlIOMPR. NE. 0 MTHHN
2 t l U I ' l T E t f a . * ) 'OPTION ERROR. ICDHPR REQUESTED UIThOUT FLOU DATA'
2fa2 b i UP
2fc3 END tF
264 C
265 C
266 C
267 C PREPARE FOR AND CALL SUBROUTINE WHICH DOES HARMONIC ANALYSIS
26B C 12 MONTHLY VALUES ARE ENTERED AMD THE SUBROUTINE RETURNS 365 DAILY VALUES
269 C
270 I)[I S73 1 = 1 ,12
271 XXXCI)=CAY(I)
272 B73 CONTINUE
273 CALL HARHONCXXXjPARAM)
274 t>D 374 I = \ . 1 2
275 N D Y H = I F I X ( E S A Y S ( I ) )
276 DO 875 J = l .NDYM
277 CAYU(I ,J)=PARAH<I,J)
27B B75 CONTINUE
279 B74 CONTINUE
2BB C
2B1 C
2B2 C
2B3 C DEFINE AMOUNT OF STORAGES IN ft AND B HORIZONS
2B4 C
285 IF<CEDINF.EQ.l .)GO TO 17Q1
2 9 6 1 F ( P £ D D E P ~ 2 . ) 1 7 1 3 , 1 7 1 4 , 1 7 0 5
2B7 1713 OEPAHO=0.3
2BB DEP6HO=0.a
2B9 GO TO 17 06
290 1714 DEPAHO=0.2
29\ DEPBHQ=0.2
292 GO TO 1706
293 1705 DEPAHO=0.3
294 DKPIHHO = Q.5
295 1706 UP1=UPFCPOU,IT£XT>
296 WP2=(.'P1
297 FCl=iJPFCP0(2,ITEXT)
29B FC2^FC1
299 P01=UPFCF0<3,ITEXT)
300 fTI2=P01
3 0 1 1 7 0 1 S H U P l = U P l » D E P f t H O M 0 0 0 .
302 SMI.iF2=UP2*DEP&H0*l OOD.
303 SHFfJl=FCl *DEPftHQ*l 00 0,
301 SHFC2=FC2<DEPBH0*l00 0.
305 SMP01=PQ1»DEPAHO»10DD.
306 SMP02=P02*DEPBH0»l 000 ,
307 PAW1--SRFC1-SMUP1
308 PnU2^SrtFC2-SnUP2
309 TPA14=PAU1+PAIC
310 SHPAW=SHFC1+SMFC2
311 SfiUPT=SHUPl+SMUP2
312 AI.FASO = SUTRRA( ITEXT)
313 UfJLlS0=9,"< (ALFASO-3.)*»0 .42)
314 C
315 C
316 C
317 C INITIALIZATIONS
310 C
319 C CROP YIELD MODELS
320 IYEflR = O
321 LrtN=0
322 Ltt=D
323 C
324 C COUNTERS FOR OBJECTIVE FUNCTION PACKAGE
325 MOYTAL = 0
326 HNTALY = i
327 C
32B C STORAGES OF SOIL MOISTURE AND INTERCEPTION
32"? S n i L I = TPAU»0 .5+5rtUPT
330 SniL1=PAUl»0.S+SnUPl
331 SntL2=PAU2iQ-5+SHUP2
332 PLINTC=D.I
333 RFLC^Q.O
334 EFPPT=11.0
335 DY51HA=0.0
J 3 6 SUL5Li=0.D
337 SUECD=0.0
338 KCU-Q.Q
339 STCfi=0 . 0
340 C
341 C FE FOR DECErttER OF PREyiOUS YEAR
^42 ETPL-150.
343 C
344 c
345 C
346 C URITE GENERAL HEADINi;
347 C
.MB U R I T E < 6 , 1 0 3 1 HEAD
349 105 FORr tATUm . 39X , 1 7A2 . /4OX , 40 ( ' - ' ) / )
350 U R I T £ ( 6 , 1 0 7 ) A R E f l , A L A T ALONG,ELEU,EQTN(EQPET) „,..,..„
351 107 FOHMATt ix . 'AREA 6 F CAtCHrtENt IKM SQ > ' , 11 X ' = ' ,,F7 . 2 ( / 5 X ' L A T i TUPE
352 * < S > - 2 5 X , ) = ' , F ' 7 . 2 J / 5 X , 'LONGITUDE ( E ) ' 2 4 X , ' = ' l'-7 . 2 . / b . " M ' E L E V A T I O N
353 * < r t ) ' ; 2 4 x ' , ' = ' ' F 7 . 2 ' / 5 X : ' P O T E N T I A L EWAPORATION W \J^V , , u , r r - ,
354 U f U T E ( 6 , i l l J^FPESP,RESPQF,COFRU ,GDI A,DEPAHO,REP&HO,UP 1 ,WH2 ,FC1 ,
U kJ J

356
3S7
35B
2Z9

"FC2.PO1,P02.LENGTH
H I F O R M A T S , ' C O E F F I C

^ T m niT nc niurL'Ci n



360 * , 'DEPTH DF SOIL IN &-H0RIION t H) ' 7X ' = • F7. 3 , /5X , 'UILTING POtKT 0
361 *F ft-HORII:0N_£n/H)J_ . S X j ^ - ^ F S . ^ / j X ^ , ' tJlLTING POINT OF &-HORIZDN in)
3 b 3
3 6 4
3 6 5
36<b * ' = ' 15)
3fa? UIH1TE< 6 , 1 1 2 )
3PB 112 FORMAT<//,3 0 , , , ,
36° «'.TUN' , 3 X , ' J U L ' 3X ' AUG' , 3 X ' S E P . 3 * > ' 6CT ' , 3X , ' r V ' ' , 3* , ' t-EC ' )
370 U N I T E ' U 3 > ( C A Y ( l ) I ( 12)
371

UIH1TE< 6 , 1 1 2 )
1 1 2 F O R M A T < / / , 3 0 X . ' J A N ' 3 X , ' F E E ' , 3 X . ' h A R ' 3 X , ' f t P f ' , 3 X . ' M A Y ' 3 X .

« ' . T U N ' , 3 X , ' J U L ' 3X ' AUG' , 3 X ' S E P . 3 * > ' 6CT ' , 3X , ' r V ' ' , 3 * , ' t-EC '
U N I T E ' b , U 3 > ( C A Y ( l ) , I = ( , 1 2 )

1 1 3 F O R M A T l J l X , ' C R O P P I N G F A C T O R ' , 1 I X , 1 2 < 3 X , F 4 . 3 ) >
u r - : i T E t t , i i A i ( R a o T A t i i , i = i , 1 2 )

F HOOTS I A HOR I Z O M * 2 ' 2X f 2
?72 u r - : i T E t t , i i A i ( R a o T A t i i , i = i , 12 )
373 114 FORnATUX, 'PROP OF HOOTS IN A HOR IZOM* 1 2 '. 2X , f4 . 2 J )
37 4 U V 3 T E C & . 1 B B ) ( U E G I N T C I ) , 1 = 1 , 1 2 )
375 IBS FORMAT( {x , ' INTERCEPTION LOSS (MM ) ' 4X 1 2 < 1 X , F 5 . 2 ) 1
376 I F tPANCOH. Ed . 1 . ) UR ITE < 6 , 1 1 04 )(CORP AN(1) 1 = 1 13)
377 1104 F D B r t f i T d X . ' P f l N CORRECTION FACTOR ' , 5X , 1 2F6 . 2)
3 7 8 LJRITEC6 , 5 2 0 m (T r tAX<I ) ,1=1 ,12>
37V 520D FOPHATUX, 'TEhP : MEAN HftXIHUh ( C > ' , 4X , 1 2 ( 2X , F-'l . 1 ) 1
3B0 URITEC6.S301> ( T M I N < I > , I = 1 , 1 2 )
3B1 52111 F O R M A T ! l X , 6 X . ' M E A N MINIMUM ( C ) ' , 4 X , 1 2 < 2 X , F 4 . 1 ) >
3H2 C
3B3 C
3B4 C
383 C PE ROUTINE USING TEMPERATURE-BASED EQUATIONS
38 fa C
3B7 IF (LDr 'ET .LE .3 . JCALL PETEMP t T . T I , AfJHEI, A , E, FACTOR ,Tr iL lH,Trt ITD >
3B9 C
3B9 C
390 C
391 C INITIALIZE ANNUAL TOTALS TO ZERO
392 C
393 300 CALL INITAN < SUMRA , SUHER A . SUHPE , SUMPE1 . SUMPE2 , SUMAK.SUtlAtl , SUMAE2 ,
394 »5UHET,SUnINT,SUMSU , 5UMIR ' 5UMRU , SUhQU , SFLOU, SUnST , 5T ALT , STPET ,
395 *STCAN.TOTAETITOTPET (TOTCAN)
396 LMN=LHN+1
397 C
3
399 C
4DQ C URITE HEADING FOR MONTHLY PRINTOUT OPTION
4U1 C
402 IF<UKIMO.EQ.l . >CALL HDGMTH
403 IYEAR=IYEAR+1
ABA C

COLL INITDY(SrtD.STDRMO,EP.FL,EPFLIR,PLINT,STDIR,HAlNxRrL .STRFL,
STRnFL,TMIND,TriiXD,APAM ,P AN,DPE , SMOBS1 ,Sh0tiS2 ,Srt0B5j,SnST01 ,
SMST02 SMSTO3,DBSTD1,0BST02,IDAY)

C CHECK UHETHER MONTHLY A-PAN UALUES TO BE READ IN. THESt ARE READ IN FOR
407 C 12 MONTHS OF THE YEAR IN JANUARY
40 B IFlPANrtON.EQ.l .AND. I.EQ . 1 ) READ 45,715 ) K Y F , ( E ( I ) , 1 = 1,12)
409 715 FORMAT(I2,1X,12F4.1)
410 C
411 C<********* **»»»*•*•*•»***••••*•**»••*«»••»••*»»•»»•••»*••••»•#»(*•»•«*•«**•**••*»**

412 C
413 C START OF MAIN DO LDOP - AT MONTHLY LEUEL UITH DAILY CALCS UITHIH EACH
414 C LOOP
415 C
416 00 2 1=1,13
417 C
418 C
419 C
420 C INITIALIZE DAILY ARRAYS
421 C
432
433
424
425 C
426 C
427 C
42S C PFAD IN DAILY RAINFALL DATA ONE MONTH AT A
229 C UHtHE: IUNIT DISTINGUISHES BETUEEN METRIC Mn AHD ENGLISH INCHES,
430 C )V IUNIT = 1, UNIT5 ARE ENGLISH
431 C IF IUNIT = 0? UNITS APE hETHIC
432 C ISTID IS THE RAINGAUGE IDENTIFICATION,
433 C NDAY IS THE NUMBER OF DAYS WITH RAIN,
434 C IYR IS THE YEAR,
435 C HO IS THE MONTH,
437 C CHECK UHETHER DATA TO BE READ FROM CARDS OP. FILE
43B IFCPPTINF-1.7116,117,Ilia
439 C
440 C READ DATA FR DTI CARDS
441 C
442 116 READ(5 .101 J 1ST I D , 1 U N I T , IYR , MO , NDAY S , ( IDAY CL) , RAIN ( L > ,L~1 , 1 1 )
443 101 F0Rr tAT i6A l , 1 1 , 3 1 2 . I X . l t C I 2 . F 4 . 1 ) 1
444 C CHECK FOR END OF RUN - DATA TERMINATES UITH BLANK LINE.'CARD
445 1 F U Y R ,EQ.D)GO TO 99
44b IF (M0.NE. I )CO TO 22B
447 C I F THERE ARE flORE THAN 11 RAIN DAYS IN A MONTH, A SECOND/THIRD CARD/LINE
44B C IS READ
449 IF<NDAYS,GT.111THEN
45 0 f.'EAD(5, 101) 1ST I D , I UNIT, IYR ^O.NDAYS, C IDAY ( L I ,RAIN(L) ,L = 12 ,22 )
451 IK<rtU.NE.I)CQ TO 22S
45 253 K E M ( 3 [ f d l l i I i , 1 ) , , l )
454 IF ( f i t t .NE.I)GO TO 22B
455 EHDIF
45fa ENDIF
457 Gn TO 233
450 C HES5AGE TO INDICATE MONTH OUT OF SEQUENCE

460 1111 FOBhATUX ,'EBROR IN RAINFALL DATA,YEAR 19',12,' MUNTH ',13)
461 STOP
4b2 C
463 C
464 C READ DATA FRUft FILE 16

ttb, C 117 READ<16,lD00 ,EHD=99 ) I L1TID , IUNIT,IYP ,HD,NDAYS, (3DAY < Li , R AIN {L ) ,
4fa7 *L=1,13)

47? * I F m i ) A Y S L G T " ' 2 i t p E A D U b , 1 002) I S T I D , I U N I T , IYR , M0, HDAYS , t IDAY ( L ) ,
472 * R A I N I L ) , L = 2 ~ , 3 1 )
473 1D03 F0RHAK6A1 , I 1 , 3 I 2 , 5 ( 12 ,Fti. 1 ) )
474 C
475 233 I F d I J N I T . E O . DTHEN
476 C CONUERT RAINFftLL FROH INCHES TO HM
477 no 236 L = l , NDA-fS
'•7g 236 R6TN(Li=RAi



55

460 IFCNF1AYS.GT.0 1THEN
4B1 DM 23B L«=l , KDAYS
4B2 K=IDftT<L)*l
493 RFLOC >=RAIN'.L>
4S4 23B CONTINUE
4H5 END IF
4Bo C
4B7 C •
4S9 c IF IDBSD - 1, THEN READ If DAILY RUNOFF DATA CUE nHNTH AT A TIrtE
490 C (3 CARDS PEP nONTH APE USED)
491 C
492 TFCIDBSQ.EQ-HTM-IN
493 NHAE = 0
494 KE.AD15.3601 ) ICRO , IUEIR , HO , CSTRHFL ( * DAY ) ,KDAV= 1 , 10 )
495 3601 FORMf tTUX. i l , 6 A l , I E , 1 U F 7 . 2 )
496 IFCICRD.NE.1)GO TO 3B
497 RFAU<5.3feO2)lCHD,< 5TPMFLI K DAY >,h: D f . Y * l l , 2 1 1
498 3602 F O R M A T l l X , 1 1 , 1 X , 1 1 F 7 . 2 )
499 IF ( ICRD.NE.2JG0 TD 3fe
500 READ'S.360 4HCRD. (ETPhFLCKDAY) ,KDAt=22 , t I ~ I * ; MYS(«0> ) ) )
501 3604 F D R H A T U X . I l , l X , t O F 7 . 2 1
502 IFCICRD.NE.3JG0 TO 3B
503 C
5U4 C CONUERT STREAhFLDU TO hrt/DSY
505 NDAL = IFIX(DAYSt f iO) )
506 DO 37 ICO^=1,NDAE
507 IFUOfcSUN.LE, 11THEN
tiOB BTRrthLt ICON ieSTRHFH ICON ) / CARE A* 1 POO . )
509 ELSE
510 STHm-'LCICON)=STRHFLCICON>*60.*fcO . «24 . / I AREAM 0 0 D .)
511 ENDIF
512 37 CONTINUE
513 ENDIF
514 GD TO 36
515 38 URITECt,36031
S i t 3603 FORrlATClX,'ERSOR IN RUNOFF DATA')
517 STOP
51B 3£> CONTINUE
51? C
52D C
521 C
522 C CHECK WHETHER PAILY A-PAH VftLUES TO BE READ IM
524 IF(PANDAr .E0.1 ITHICN
525 IF(EDPET.NE.4)THEN
526 RF.AD<5 .1704)
5H7 1704 FORrtATt/)
528 ELSE
52? E ( I ) = 0 . 0
530 NDYH-IFIXCDArSCMQ) )
531 RFAD(5.6D03>rYR , HO, CAPANCI,L),L = 2,2Q)
S3*3 tQ03 FDPMATt*3!"3 17^4 1 )
533 C TUO CARDS/LIHES'QF A-PAN UALUES REQUIRED FOR 31 DfiYS CHECK UHETKEP
534 C BOTH CARDS/LINES ARE GIUEN
535 IFCK1fH.NE.IYI .OR . I .NE.rtG)Ga TO 2231

R 5 0 0 T ( < P U L ) L 21 3SI5 3 o R E T A D ( 5 , 6 0 0 4 ) K T ( , M O ,
537 6004 FORhfiTv2I2,12F4.1)
5T10 I F U Y B , N E . IYH.aR . I ,N!-;.«D)GO TO 2 2 3 1
53? C DAILY VALUES OF A-PAN EOf.P ARE SUMMED TD GI'.'E A hUNTHI.Y VALUE

540 DO 70B K=Z, l r (DYH+l )
5 4 1 7 0 B E < I ) f 1 K
542 ENDIF
i.43 ENDIF
544 GO TO 22B3
545 22B1 URITE(6,22B2)KYR HO
54i 2292 FORKATCtX.'ERROR IN PAN EUAP DATA,YEAH 19',12,' HONTH ' 12)
547 22B3 CONTINUE
54B C
549 c
550 C
551 C READ IN DAILY S0IL-H0ISTURE UALUES IF OPTION FOR O&SEP.'JED
552 C SOIL-MQISTUPE INPUT IS 1
553 C
554 IFCHDIST.NE.DGO TO 3000
555

IH
5 KSh=l

J S 5556 JSrt=5
557 30 02 READC5,30D3>NShDY5,LU5F,KSMYR,KShnN,<K5HDAY<L1),Sf110(Ll) ,
55B * S H 3 B ( L 1 ) , S M 6 0 ( L l ) . L l = K S r t . J S H 1
55? 3003 FORHAT(IH,A<i , 2 1 2 , 5 ( 1 2 ,3F4 .1 ) )
560 C CHECK FOR ERPORS IN SEQUENCE OF DrVTA
561 I F (KShYR.NE. IYR.OR . K SfihN . NE . hO 1UP ITE ( 6 , 3 0 0B )
562 3008 FORMATCIX,'ERROR IN SEQUENCE OF OBSERVED MOISTURE DATA')
563 KStt=KSM+5
c+t ,a j SM=JSh+5
565 C CHECK FOR FURTHER CARDS OF SOIL hOlSTURE DATA
tifcfa I F U J S H - 5 ) .LT.HKHDYS'GO TO 30D2
S67 C CALCULATE THE AVERAGE SOIL flOISTURE IN EACH EiTOHfiGE LAYER
5.6B DO 3OP0 11 = 1 .N5MDYB

570 E1H5T10CK1 )=Sf . l 0( 11 )
571 Sn5130CKl)=SM3a( I 1)
572 SMSThO{Kl) = S H i l ( 11 1
573 UH5T01(Kl> = <5HSTl0 <VM )+Stt£T3 0 ( K l ) >/2
574 OI'.STO2(Kl) = IS f iST3QlK l ) + 5 h 5 T b 0 < K l ) 5 / 2
575 3000 CONTINUE
576 IFCPPTINF.NE.2 lCO TO 111?
577 C

579 C DATA READ FPDH FILE 2 ! .
5BQ C D************ <i>»)ii<i)i >iiii»iti>fi<ti>ii>kii««t-iii>ito»>i< x**i
5B1 C
5H2 I l i a IFlEOfET.ED.-t. IE( I ) = I . D
5B3 Dn 3101 L = l ,31D i : i 3 1 0 1 L = l , 3 1
%bA I ? E A D < 2 1 . 1 1 2 0 END = O O ) 1 5 T I D , I Y P , H O , I D A Y ( L ) , P. A I N ( D . T r t A X D
5 B 5 * T h I N D < L ) , P A N i L > , S T B F L I L ) . S r t O B S l ( L ' . S M O P 5 2 ( L ) , S M O 3 S 3 ( L )
3 8 6 1 1 2 0 F O R M A T ! A B , 3 I 2 . 4 1 F 5 . 1 , I X ) , F 7 . 3 , I X , j ' F S . 1 , 1 X ) )
tU7 K--ID«Y(L) + 1
5EB f iFLU)=RAlN(L)
5E? STRMfLLCK)S"TtF
590 APANCI,K)=PAN(L5
59
590 APANCI,K
591 E ( I ) = E t I

9 RHSTO1CK
593 SttST02(K
59 4 KMS103CK)
595 CJBSTCIKK
596 riHST02CK

+ftPAH(I ,K I
=5MLIIS1 t L )

SMnBS2(L)
=BMQHS3CL)

C9STO
L

O1 ( K )+5MSTO2<K )
=<5hSTO2CK)+5hSTO3(K)

597 DAYS(2)«2B.
5 ' B IF<Hbn< IYP .41 ,tt) . 0 )DAYS( 2 ) =29.
5 = 9 i F U r l X i D H T S t n O ) ) , £Q. IDAY(L ) ) GO TD 1121



600 3001 CONTINUE
601 1121 NDYh=IFIXtDATS[hO) )
602 C
603 C
604 C
4,05 C IF ONLY HQNTHLY PE IS GIVEN (DEPIVED FROK TEHPERfiTUHL5> ,
606 C THT5 PE IS FIP5T SMOOTHED BY A UEIGHTED INTERCALATION TO S-DAr
607 C (PENTAD) VALUES UHICH ARE THEN CONVERTED TO DAILY P£ VALUES

609 U 1 9 IF(EOPET.EQ.*>GO TO "07
610 C SETTING OF VALUES FOR JANUARY
o i l IFfl.EQ.1>THEN
612 ELM^ETDE
a\Z Er'H=EtI + l >
614 ELSE
MS C SETTING VALUES FOR DECEMBER
616 IF<I.EQ,12)THEN
bl7 ENh-ECI)
MB Ei_h=E(I- l)
619 ELSE
620 ENh=fc(I+l )
625 ELH=E(I-1)
622 ENDIF
623 ENDIF
624 C ESTABLISH PENTAD VALUES. PP=E FOP PENTAD
625 IF<t(I>.GE.ELnlTHEN
626 PP(1 > = (ELn-*-<c< I)-ELH>*7./12. >/6.
627 F-P(2)=»(ELM+<E(D-ELrt)«9. /I 2. 1/4.
629 PP <3>-(ELM+(E<I )-ELrt)*H ./12. )/&.
629 ELSE
630 PPU)>=CEtI>+5./12.*CELK-E(I) M / 6 .
631 PP<2) = (E(I >+3./l2.*CELM-E(I) > 1/6 .
632 PP(3)=<E(I)+1./12.*tELtt-EU)5)/6.
633 ENDIF
631 IFCE-in .LE.ENHHHEN
635 PP tt) = (ECI) + (ENM-E( I ))*•!./12. )/6 .
(,3b PP(5) = <EtI ) + (ENH-E(I ) )*3./12. )/t.
637 PP<6) = (EU> + (ENn-ElI> 3«S./12. )/fa.
63B ELSE
639 PP(4)=tENM+<ECI)-ENM)»ll,/12.)/6.

P S E ( " £HtE( I ) E N H ) . / 1 2 . >/£>.
6 l H+ CE( IJ-ENh) »7 . /12. )/6.
642 ENDIF
643 C UEIGHT PENTAD PE TO TALLY UITH rtONTHLY VALUES
644 FRPP=0.0
645 DO 321 J = l , 6
646 321 FRPP=FRPP+FP(3)
M7 FRPP=FRPP/E(])
64B DO 322 J = t ,6
6 4 9 3 2 2 P P ( J ) = P P < J l / F E I 3 P
650 C CONVERT PENTAD UALUES OF PE TO DAILY VALUES, JECAUSE PREVIOUS
651 C DAYS VALUES HAVE TO BE KNOUN DftY NUMBERS FANGE FROrt 2 TO 32
652 C INSTEAD OF 1 TO 31
653 KOST=2
654 HOEN-6
655 DQ 333 J= l ,5
656 DH 332 K=NOST NDEN
tS? 332 DPE<K)=PP(J)/5.
65S NHSTJ-NOST + S
t59 NOEN-NOEN+5

660 333 CONTINUE
abl GO T0(334,335,334,336,334,336,334 ;334,336,334,336,330^0
662 334 NDYM=31 < • > > > > • < > > >
663 NflYP=6
664 GO TO 337
665 335 NDYHSB6t6 P
647 CO TO 337
669 336 NDYH=3D
6b? NDYP=5
670 337 CONTINUE
671 DO 33B K=27,(NDYn+l)
672 338 DPE(K)=PP(6)/NPYt
673 150 717 K = l. C«)Yrt+l )
674 APANd ,K)=DPE(K >
675 DPE(K5=DPE(K)«CAY(I)
676 717 CONTINUE
677 7D7 CONTINUE
679 C
679 C
6B0 C
6B1 C SET STORAGES FROM PREVIOUS DAYS' READINGS
6B2 C
693 CALL PREUDY(5T01 ,STD2,PLINT,RFL,ERFL,DEF1,DEF2,RUNC0,STRhCO,STOIR)
bBA C
685 C
6B6 C
667 C INITIALIZE TOTALS OF SUPPLUS, AET, IRRIG. REQ., RUNOFF FOR THE
6BB C MONTH TO ZERO
6B9 C
690 Cfil L INITMOITSUP .TE1 ,TE2,TDFE,TAET,TAET1 ,TAE1 2.TET .TPQIR .TRUN,
691 •'TtRAIN.TRAIN.TSTORM.TDUICK.TDlSCH.TSTRErijTPLIHT , TAET Ik , TSTOIH ,
692 ^TIRT^FL T5URIP .TREDIP , TAP AN . NOIR AP ,TPOSEV,TASCILV,TPOTHL, TP0TR2,
693 *TTR>INI ;TTRAN2,TPTRAH:TTRANS)
6'4 C
695 C
69 6 C
697 C CALCULATION OF DAILY WATER BALANCE; NDYM=NO BUYS IN hONTH
69B C
69" DO 6D K = 2, tNDri i + l )
700 C
70 1 C CHECK UHETHER DAILY PE AND RAINFALL HAVE TO BE COHP.ECTtD FOR 0
702 C SYSTEMATIC ERROR
7Q3 C
7 04 IFlPfiNCQR .ED. l 1 APAN ( I . K »=APAN Cl , K1*CORPAN<I )
705 IFlHPTCOR.ED.l >HFL<K>=RFL(K)xPFTCOR
706 C CDNVEPT PAN EVAPORATION TO CRDP POTENTIAL EVftPOTRANSP IRATION
70? C
?3i C r^ll^n^ll^hi-H^TlOH OF P.A.M. AT UHIGH STRESS SETS IN
710 C IF CRITICAL LEAF UATEF. POTENTIAL IS NOT USED,A FIXED VALUE OF
711 C 'CONST' IS USED
712 C IF CRITICAL LEhF UATER POTENTIAL OF CROP USED IN CALCULATION,
713 C 'CONST' IS A VARIABLE FOR THE DAY AND IT IS CALCULATED HEP.E
7 1 4 C
715 IF<r.PLEPO.NE. D, )C0N5T = 0 .94 + 0 . 26»CRLEP0/< AP A«( I,K>)

717 C APPORTION POTENTIAL EVAPOTR ANSP IR ATIOH TO A AM) B HURI7.0NS



750 C STORAGE, UHICH IS 0 .5 INTERCEPTION LOSS

722 C I F t P F L C K - U .CT.O. )THEH
723 DPE<M = ( f l P A N l I , K ) - 0 . 5 » P L I N T ( K - 1 ) > * C A Y D < I . K - 1 >
" 2 4 I M n H E ( K ) . L T . n . Q 2 ) D P E l K ) = n . O 2
725 PLIrlTCK> = 0 . 5 i P L I N T C K - l > - A P A N t I , K >
7?fa ENDIF
727 HP l (K)=DPE!K)«ROOTA(I )
•,'29 FP2<K)=DPE'. K)*ROOTB< I )
72? C
73 D C
7 3 ^ fi CALCULATE ACTUAL E'JAPOTP Af'^P IB HT I(]N C AET >
733 C AET CAN EQUAL PE.BUT 15 LEE5 I F AVAILABLE S O l L n O I S T W E IS
73/! c LESS THAN FR ACTION , I . E . I F STRESS HAS SET Iff

72b C CHECK WHETHER EVAPORATION AND TPANSPI RATION l O t i EfiTThATED SEPARATELY
73? C (E'JTfl = 2) OR TOGETHER < E'JTR = 1)
738 C
739 TFcrvTR,EQ.1.JTHEN
710 Z CALCULATE AET AS ONE VALUE
'/41 TJ
742 C CALCULATION OF AET FOR A HORIZON
742 C
734 JF<TrD l <K-1 l .CE. (PAUUCDNBT + SHUPi ) 1 THEM
745 C NO STHESS SITUATION . THEREFORE AE=PE FOP DAT
746 r iETHK >=PP1 <«)
747 ELSE
74B C STHESS SITUATION, THEPEFOPE 6E<P£
749 AET 1(K )=PP1 CK) « ( S T O H K - 1 )-SHUPl ) / < P AUI1 »CGNST >
75D -ENP3F
751 S T 0 1 < K ) = S T O K K - 1 J - A E T H K )
75"j c
753 C CALCULATION OF AET FOR B HORIZON
754 C
755 IFt3TO2(K-l).CE.(PAU3»CONST+SMUPE))THEN
75fa AFT2(K)=PP2(K)
757 ELSE
75B APT2IX)=PPE<K)* (STO2(K-1J-SMUP2) / (PAU2<CONST)
759 ENDIF
7fc,0 fiFT(Kl=AETl (K 5+AET2CK)
7 b l STU2U'. )=STO2<K-1 )-AET2CK )
7fa2 C
763 C CHECK FOR OVERALL 5TPESS
7t,A IF CAtT(K) .GE. < D ,5«DPE<K>) )THES
765 PLETKS(K)=0.0
7=fa ELSE
7fa7 PLSTRSIK>=1.0
7 tB ENH1F
7b? END1F
77C C
771 IF'.t 'JTR .Za.2. )THEt

^73 C CALCULATE TP f^'SP IR ATION AND SOIL E'JAPOF AT 10f SEPAPATliLY BY THE RITCHIE
774 r._ (1973) APPROACH

776 C FIR=5T CALCULATE LEAF APFA INDEX FOR THE DAY f- PQrt CRD^FIHr; FACTOR
777 C (WITH 0.3 < CAfD { 1 . 0 b )
77g I F ( C f i r D ( I . K - n .LT , Q.3 )CAYD( I . K - 1 >=fl . "J
779 TF(CAYD<I .K -1 > . G T . l . 0 o ) C A Y D l I . K - l ) = l ,Oo
'•B0 FXX<K ) = 1 . + ( C M Y D ( I . K - 1 ! - n . 31 *11 , /O .7.S
7B1 KLA1D(K) = 1 .32 + 1 .29xSIN(30»-E);>:(l t 1 + 1 3 7 . 3 ) - 3 . 7 3 - H I N ( Q 0 » . F . ; : : (K ) + l 33 . fc )
7B2 C CALCULATE POTENTIAL SOIL EVAPORATION
7B3 POSDE'J(K)=APAN< I ,K ) »EXP '. ELAI D (K ) » < - 0 . 4 ) 1
7S4 I I - (PnSOEUlK ) . G T . f l P A N d .K) 1 PQSOEU ( K ) =AP AN( I K l
735 C CALCULATE ACTUAL SOIL EVAPORATION BY THE PITCH1E R(IUT1K£
7BA IF(SUESU.LT.UPLISO)THEN
767 M t E R F H K - 1 ) . GE. SUESUJTHEN
733 t i l l tSU«0 .0
7B? ELSE
790 i: i l l '5U = SUESU-ERFUK- l>
791 1-NUIF
793 ELSE
793 Jh (ERFL(K~n.GE.SUESDJTHEN
7 = 4 HiKFL(K-l)=EP.FL<K-l)-SUESD
795 * iiHi;SU=UPLISO-ESHFL(K-l)
79fa U (ESRFL(K-t).GT.UPLISO)SUESU=O.0
797 i I.SE
79B Uli TO 8003
799 ( 1-,'DIF
BOO F^DIF
aa\ i u t r s u E 5 p n s c E
802 IFlSllESU.GT .UPL1SO)THEN
B03 ASOEU(K)==POSOEU(K)-0 , 4 * ( SUE5U-UPL1S0)
BP4 i:il1-SD=0 ,i«(SUESU-UPLI^O)
605 1)V!:IRA=>(SUESD/ALFASQJ* 12
60i ELSE
907 At.nF.WtK)=POSOE>J(H )
P09 ENOIF
B09 CO TO 9001
B10 B0D3 DY!iIRA=DY5IRA+l
Ell 1 nS0tV(K)=ALt-'63O>S(3RTtDY5IPA)-ALFASl>»SORTi DYSIRA-1)
B12 I F ( E V F L ( K - 1 ) . G T . O . 0 ) T H E N
913 r^OEVDtK ) = O .B«ERFL(K-1 )
814 )<r .fiSQE'JD(K) . LE.f tSDE'J'K) ) ASOE'JPtK ) =A5nEVt K >»ERFL( K-1 )
B15 IKIASOEUDCK \ .GT.POSDEVCK ) )AS0E*-'IH K )=AS3FVtKI
eii ft!
917 ELSE
t i l 3 n (ASDE'Jit) ,GT.paSOEy(K))ASQE*.'(K)=PDSOEV(K5
B19 FK'Dih
E20 Fit It SHrSUE5P + A5DEU<K ) - E P F L ( K - l )
B2I l)YS1kft=(SUESD/ALFASD>* O
B22 C CALCULATE TOTAL POTENTIAL TRANSPIRATION
B23 9001 PQTHAN'.K )=APAN( I , IO-POROFU ( K )
324 C APPORTION TOTAL PtlTENTtAL TRANSPIP AriON TO A- AND B-HQHIZONS
B25 f'Cnh1UK)=POTK1AH(K XH0OTA1 I )
321 PC1TK21K ) = PQTRANtK>»HOOTy<I)
bE7 C CALCULATE AET (ASOEU + ATRANS) FHH A-HORIZON
H^B C
H29 C CHECK FOR UAfER STfiESS IN A-HORIZON
830 IS- tSIOl I X - l ) .GE.tPAUl »CONST+ShUPl ) 1THEN
t(31 C NO STRESS, THEREFORE ACTUAL = POTENTIAL TRANSPIRA flQN
BZ-2 ATkANl (K)=PQTR1 (K)
H33 EL 5f
B34 C STRESS S I T U A T I O N . THEREFORE ACTUAL C POTENTIAL TRANSPIRATION
B35 A r f A N l l K > = P O T R l ( K ) » l S T 0 1 ( K - l > -ShUPl / P U l C O ^ T >
B3o ErJUlF
637 At T U K )=ATRANHK > + A!iOEU< K I

£101 ( K i = S T n i { K - l ) - A E T l '.y J
CALCULATt fltT FOR t - H O R l Z



B40 1F<ETO2(K-1 > . GV.. < P AU2 r-CnNST + SriUP 2>) THEN
B41 ATRAK2(K>=P0rP2iK>
842 ELSE
B43 iYrPAM2(K)=P0TR2<K) *<5Tn2<K- l ) -ShUHS ) / ( P AU2 »C0'6T )
fcUA FNDIF
BflS T<HTf i? tK)STOr(h

fi£T(Kl=AETl (K> *AET2iKI
EMB 0TKnKS(K) = eiTf i f l fM(K)*HTRAN2(K J
H4? C CHECK FOR STRESS
BSD TFIATPAMS<K j .Gfc. (0 . 5 ' P G T H H N ( K ) ) ^THtrt
851 PLSTR5(K)=0 .0
SSS ELSE
853 PL5TKS(K>=1 . U
B54 ENDJF
BS5 END IF
855 C
ES7 C CALCULATIONS OF AET FOB tRRIGATIOM P.EQUIR EnEMTS
B5B C
BE? I F t U K I R R . E Q . ( . 1THEN
860 I F ( f : i O I R ( K - l l . C E . ( TP flUtCONST-t-SHUP T ) VTHEH
hbl nETn-(K)=DPE<K )
862 ELSE
8b3 nETIF:(K) = DPE(K5»(ST0IR ( K - l )-5HUP"T)/ CTP AU»C0ME>T)
SbA Erllilr
865 VNllih
Bbfi &TCiH'(K)=STDIR CK-l J-AETIR (K )
8fc7 C
eta c
8b<? C
B70 C CALCULATE SOIL STORAGE. FIRST FOB DRY LAUD THKN FOR IRRIGATION
S71 C CONDITIONS. START UITH TOP SOIL LAYER.
872 T F ( F K ( H ) .GT.D . )GO TO 359
B73 ERFLCK)=Q.O
B~>4 P l I W T ( K ) = 0 . 0
875 5TtiRttQCK)=0.0
B76 C
877 C ABSTRACT IflTEEFLQU FROH PREVIOUS DAT
B7B OUlCKFU)=STPMCQ<K~n XRE5PQF
B79 STHhrO(K) = 5TP.HC0(K-l )-DUICKF<K)
6BQ ERFt.IR<K) = O . U
B61 STQIP(K)=0.0
892 GO TO 1741
BS3 359 CONTINUE
864 C
325 C FOR NON-IRRIGATED CONDITIONS, FIRST ABSTRACT STOP.HHLCN BY SCS-ShB
B36 C MODEL IF RAINFALL IS GREATER THAN OR EQUAL TO \ Mrt FOR THE DAY,
E37 C THIS ABSTRACTION INCLUDES IHTtSCEPTIQN.
8BB IF(PFL(K).LE.l.>G0 TO 251
85? C DETERMINE WHETHER ONLY A- OR BOTH HORIZONS AR1£ TO St. U---EO IN
690 C CALCULATING DEFICITS
B91 IFCShDDEP.LE.l . >THEN
B"V2 GhD<K)=ShPOl-ST0UK)
t?3 ELEE
B"?A SMIHK)«(ShPOI-STOl <K)J + '5rtPO2-STna(K)5
B95 l.NPlh
89ii IF tPMDU) .LT.D .)SHD<K) = Q .ni
6¥7 C CHECK THAT *ET RAINFALL > INITIAL ABSTRACTION
fc?9 IF (Pt INTiK) .GT. O.lTHIi"

RFLKtT(K)=RFL(K)- (UEGlMT( I ) -PLINT(K) )

"?O0 ELSE
901 RFLNfcT(K)=£FL<K)-UEGlNTC I )
902 ENPIF
903 lF(RFLNETiK) .LE.COTA*SHD<K))GD TO 251
90-1 STr*Hn(K)*<RFLNET(K>-COIA»SM)tK> )«>2/1RFLHET (K) -CQlHf5 t tD U )
905 »+ShD(KJ)
906 ERFL(K)=RFLNET(K)-STORHD<K3
907 OUlCKF(K)»aE5PQFt(STORMQ(K)+STRHC0(K- t ) )
" 0 8 STRKLO(K> = < 1 . -R ESP QF) •••:•( STDHnQ t K ) +STR MCQ < K - l ) )
909 PLIHT(K)=*. 'EGINTt I I
910 CD TO 741
911 C
913 C ABSTRACT INTERCEPTED RAINKALL TO DETAIN DAILY EFFECTl 'Jt RAINFALL
«?13 C AND INTERCEPTION LOSS
914 C
915 251 CONTINUE
91 fa STDRnO(K) = 0 . t
917 mj ICKF(K)=STtKCOCK- l )»RESPDF
9 t S STrtHCO(K)=STRIiCO(K-l ) -QUICKF(K)
91? I F ( R V L ( K ) . G E . U E G I N T ( I ) ) T H E N
920 EPR (K >=RFLiK J-'.'EGINT < I )
'21 PLINT(K)=yECINTlII
922 ELSE
?23 E.BFL(K)=0.0
fZA PLINT<K)=EFL1K>
925 ENLUF
926 741 CONTINUE
927 C
92B C FDR IRRIGATED CONDITIONS ALSO ABSTRACT STQRHFLDU BY SfjF-ShB
92? C HODEL AS ABCUE FDF ANY AMOUNT OF RAINFALL AND THEN CALCULATE SOIL
930 C STORAGE FOR IPPIGATION ROUTINE
931 IFtUKIRR.EO.O.1GO TO 2S4
932 Srtl>IR<K)=5MFt,U-STaiRtK-l>
933 C
934 C CHECK THAT RAINFALL > INITIAL ABSTRACTION
935 IFiRFL(K) , GT . COIAiSHDIP. <K) 1THEN
936 BTtm'(K) = (RFHlv )-COIA*ShDIR (K J >**2/ (RFLtK )-COlA«SMDIR <K)»
937 •EMDIR(K) )
933 E.RFLIR<K) = RFLCK)-STQIR(K)
93? ELSE
940 IFiRFLCKJ .EtJ.O. )THEN
941 E!<FLIR(K) = 0 . Q
" 1 2 ELSE
* l I " ( R G
9 E^FL
V4S ELSE
f*a EKFU]R(K) = O -t
94? ENDIF
94B ENTHF
9^9 E^DIF
9T.D 1741 CONTINUE
951 S10It.'(K)=STPtP CK)+ERFLIR(K )
?52 S101RO(K)=5TOIR(K)
953 C
V54 C IRRICIATIDN SOIL STORAGE ROUTINE ENDS

95b C
9^7

f |

C
C CHMTIHUE UTTH <5OIL STDSAGE CALCULATIONS

2-~ 5T01 <K >=5TC-1 ' M-ERFLCK >
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961
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970
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cc
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c

c
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1021
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C

c
c
c

c
c
c
c
c
c

CHECK STATE OF- SOIL STORAGES
IF tETDl (K > .LE . EnUPl ITHEM
STORAGE IS NOW BELOU UILTING POINT
IF STORAGE IS SFLDU WILTING POINT, IT IS SET III SOIL MOISTURE
STOKAGE AT UILTING POINT
SURHK>=0.0
DEFHK )=PAU1
S1O1(K)=SrtUPl
ELSE
IF STORAGE IS Nnu PO5IT IUE,C0NTIHUK CALCULATION OF FOIL nOI3~UP
If <STQ1 IK) . GT . i=hFCt 'THEM
ETHPAGE IS NO« IN EXCESS OF PLArIT AVAILABLE NOISTH'E
bUH1 < K 1=5701 ' >C *-SrtFCl
A Fh'fiCTIDN OF THIS SURPLUS UHTER MHU REGAINS IN SH'S-CE THE
PErtt-iINDER LJRHIK'S TO HEX! HOHIZOH
]> E K 1 (K ) = 0 . 0
GTO1 <K l=SnFCl~U . -0 . 5 1 r. SUP. 1 C K )
GUrfl<K)=0.5*SUK1(K)
ELSE
ETOPAdE IS NOtJ BETUEEN CAPACITt AND UILTING PUINT
sro t >'K >=STQI is-:)
KUK1IK) = D . 0
PFh1 (K)=SrtFCt-STOl IK)
Fr.'lilV
Er'DIF

CALCULATE 50 1L MOISTURE BALANCE Fni-- LOUER S Q I L L A i t K

STrj"(K)=STO2lk )+SURlCKl
IFISTQ2CK).LE.SHUP2)THEH
SUHatK)=0.0
D£F2(K)=PAU2
5TD2tK)=SMUH2
RUN<K>=RUNCCKK-1 )*CQFRU
RUNCO(K)=RUNCOiK-l)-RUNtKI
ELSE
CHECK UHETHEB STORAGE IN LAYER 2 EXCEEDS PAU CF LAYFH 2 IF SO,
SATUHATED DEEP PERCOLATION OCCURS '
IF(ST02(K).GT,SnFC2)TNEN
SUR2(K)=ST02(K>-SHFC2
AGAIN A FRACTION OF SURPLUS UATER PERCOLATES OUT A*.'l> F-ACTION
REMAINS
RU«CD<K)=PU(JCO<K-1)+BFRESP*SUR2tK)
RUNfK)=RUNCO(K)«COFRU
RUNCDlK)=PUNCQ(K)-RUNtK)
DEF2CK)=0.0
STO2(K)=SHFC2*(1.-BFRE5P)»SUR2(K5
SUR2(K>=5UR2(K)-BFRE5P«SUR2(K)
ELSE
STOPAGE IN LAYER Z NOU BETUEEN CAPACITY AND 2ERO
STO2(K)=STD2(K)
SUS2<K)=0.0
FUN'K1=RUNCO(K-1 )»COFRU
RUNCO(K)=PUMCOtK-l)-PUN<K)
DEF2(K)=SMF1C2^STD2(K )
ENDIF
ENDIF

SOIL MOISTURE VALUES APE NOU SET PEFORE UNSATIFATED FtfTSTRIBU
CAN TAKE PLACE
STO1BP (K)=STOl (K )
STn2Bft(K)=ST02(K)
DEF1BR(K)=DEF1(K)
DEF2PR(K)=CEF2<K)

UNSATURATED SOIL MOISTURE REDISTRIBUTION
SOIL MOISTURE REDISTRIBUTION IS A FUNCTION OF SDIL MULT
GRADIENT. GRADIENT IS EXPRESSED AS A PROPORTION Or SO!'.
MOISTURE CONTENT TO PLANT AVAILABLE UATER.
FRSHA=FRACTION OF SOIL MDISTURE IN A HORIZON

FHSMA STD1 UI/-SHFC1
FflSrJiB=ST02<K>/SMFC2
FRSRC=((SMFC2-SMUP2)/2.+SMUP2)/SHFC2
DOUNWARD UNSATURATED REDISTRIBUTION - ONLY IF ALL HU*Ki:CN5 APE 3
FIELD CAPACITY
IFtSMFCl.GT.STO1(K).AND.SMHC2.GT.ST02CK1)THEN
CHECK UHETHER A HORIZON IS MORE MOIST THAN B HORIZON
IFiFRSMA.GE.FRSHB)THE.N
REDISTRIBUTION FACTOR A TO B IS A 21 PER DAY (KEFAEO
REFAB=0.02
REnfiB(K5=STOl <K>*REFAB*(FRSMA-FP.ShB)
RESET SOIL MOISTURE FOR A AND B HORIZONS
STO1tK)=ST01tK>-REDAB(K)
STO2 C K)=5TO21 K)fREDAB < K)
PEDBA(K)=0,0
DF.F1 (K>=SMFC1-STD1 (K)
DEF2(K)=SMFC2-STO2tK)

UPUARH REDIST1IBUTIDN I F B HORIZON hORE MOIST THAN A rOSIZOK
PFFBA=0.01
FEDt!A(K)=ffEF&A^ST02(K)«CFRSrtB-FR5rtA)
STOlCK)=5T01(K)+REDBA(K)
ST02(K>=5TD2lK>-REDBA(K)
RKDABCK)=0.0
DEF1(K)=SMFC1-STO1tK)
nftF2tK )=SnFC2-3T02tK)
ENU tF
IF B HORIZON IS MOI5TER THAN SOS PAU, UNSATURATED PEK-CO-.ATIDM TA<ES
PLACE OUT OF ' B ' INTO GROUNDUATER ZONE
PF.RCFC=Q.O2
IF'.FRSMB .GT.FPSMOTHEM
PEHC(K)=STOa(K)*PERCFC*(FRShB-FRSMC)
STOSiK )=STO2(h-: )-PERC(K)
DEF2(K)=SHFC2-STD2(K)
ADJUST RUNQI-F = SATURATED + UNSATUPATED RUNOFF
RUN(K)=RUNlK)-rPERClK )
ELSE
PERC(K)=0.0

CONCEPT PAU TO UATER CONItNT EXPRESSED AS UOL UATER/VOL SOIL
AUCl (K )=STO1 (K)

C2(K)=ST02(K)

CALCULATE FRACTION OF SOIL MOISTURE TO POROSITY

PGRFK CK)=STO1(K)/SrtP01
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CALCULATE RUNOFF FOR DAY
SIKSQ<K)=QUICKF(K>+RUN<K)

IRRIGATION REQUIREMENTS PBS NOU CALCULATED
CHECK STATE Or SOIL STORAGES

IFtURIPR.£Q. O.JCO TO 411
IF(STOIR <K).LE.SnUPI >1HEN

IF HFLOU UILT1NG POINT IRRIGATE
REQIR<K)=TPAU/EF"FIRR
5TaiP<K>=STC)IR<K)+R£QIH <K>
5UHIR(K)=Q.0
END IF
GO TO 512
CHECK WHETHER SOIL STORAGE IS ABOVE FIELD CAPACITY
IF(STDIR(K) . GT. SUP ALJ1 THEN
SURIR<K)=O . 5M5T0IR CK)-SMP6U)
REQtR'.K ) = 0 . (I
STOIR<K)=5MP*U+0 . 5 * SUE IP. !K >
ELSE

STORAGE IS HOJ BETWEEN UlLTIfJG PDirJt AND FIE^U CAPAr: 71 T
SUHIR(K)=0.0
ST STOI
IF(STOIB(K) .GT. <TPAU»CDNSTI-*SHUPT> )THEN
STORAGE IS NOU ABOVE STRESS THRESHOLD, 1HEPEF0RE NO IRRIGATION
IS REQUIRED
REQTR(K> = 0 .0
ELSE
STORAGE IS NOU BETUEEN FIELD CAPACITY AND UILIING POINT,
THEREFORE IRRIGATION IS REQUIRED
CHECK UHfiT TYPE OF IRRIGATION SCHEDULING IS TO HE U5EU
IF (SCHED-2 )510 l ,5100 ,51n t
SCHEDULE IS A PLANNED DEFICIT TO E.G. O.B FIELD CAPACITr
REQIR (K ) = (TPAU*PLADEF + SMUPT-STOIP. ! X ) 1/EFFIRR
STOIP. (K)=TPAU*PLADEF + 5Mli!PT
GO TO 512
SCHEDULE IS TO IRRIGATE TO FIELD CAPACITY
REQIR(K>=(TPAU+5MUPT-ST0IPIK)J/EFFIFR
STOIR(KJ=TPAU+SMUPT
GO TO 512
SCHEDULE IS TO IRRIGATE A FIXED AMOUNT (E.G. 25MH>, ArtTIR
REQIR<K)=AMTIB
STOIP. (K)=STOIR<K)+AMTIR»EFFIP,R
ENDIF
ENDIF
CONTINUE
NOIRAP(I)=NOIRAP(I)+1
CONTINUE

DAILY FLOU U«JJES AP.E STORED IN ARRAYS FOR LATER USE
IN STATISTICAL PACKAGE
IF((ICOMPR . EQ.1).08.(ICOhHF.EQ.3)>THLfl
NDYTAL e NDYTAL+1
OBSQJUNDYTAL) = STRHFL(K)

IMQYN
END IF
MONTHLY UALUES OF THE UATErt BALANCE ARE HOU 'I0TALLED PF.fi DAY

Cnh'5TA<K )=COMST
TPAIN! I )=TRf t lN ( I )+RFHK)
TERAIN(I)=TERAIN<I)+ERFHK)
TE1 (1)=TE1 i D + P P l (K)
TE2( I )=TE2( I )+PP2(K>
TDPE(I)=TDPE(I)+DPE(K)
T P ) P IT A P N I ) T f t A N I ) A P N
TSURiI)»TSUR(I5+SUR2(K
TP,UN(I)=TRUN{n+RUNCH )
TSTORfld )=TSTOHM( i J+STORHflK
TDUICK(I)=TDUICK(I)+QUICKFCKJ
T E T 2 I T E T 2 ( I E T 2 (ftET2(ITE2)AET2(K)
TAET1 (I)=TAET1 < D+AET1 ( K)
TAET(I)=TAET(I)+AETIK)
TET(I)=TET( I ) + ATRANS(K J
TPQSEU(I)=TPD5£4(I)+POSOEU(K)
T T S 0 E S n ETA50EV( I )TAS0Ey{ I )ASnEy<)< )
TPnTRKI)=TPOTRl CD+POTRl (K)
TP0TK2(I)=TP0TR2(I>+P0TR2(K)
TTRAN1(I>=TTRAN1(1)*ATRAN1(K)
TTRAN2(I)=TTHAN2(I)+ATRAN2(K)
TPTRAN(I)=TPTP.AN(I)+POTP.AN(K)
TTPANSd )=TTRar'S(I )+ATKftN'5(K)
TROIR(I)=TRQIP(I)+HEQIP. (K)
TSTREM(I>=TSTflEM(n-STH«FL(K)
TDISCHC I )=TPUN' I ) *TQUICK(D
TPLINT(I )=TPLIHT(I )+HLINT <K )
TAETIR( I )=TAETIPt I )+AETIR[K)
T5Tn iR( I )=T = TQIR{D+STQIP (K )
T lRRFHl l=T IH tJVL t I )->-ERFLIR(K )
T5URIR(I)=T5UHIR'. I)-^SUPIR(K)
TREQIR( I > = TPEOIP t 1KREOIR (K)
DUO = PENTAD NU!itfER5, 1 - 6
DNO<K)=K-1

CROP YIELD ROUTINES

IFCURTYLD.EO.Q. ) GO TO faQ

IF(CROP.ED. 1 ->CALL M7=RKf(PRAIN,TPPAIN.LSTART,LDAY,1ST MO 1ST DAY,
• NSTHES,nSDAY5,T0TAET,T0TPET,LGH0U,STAEi .STPE1 ,ATRAN5,PPLi

IFCCHOP.EQ.2. JCALL CN?RfcP(I,K,STCAr , TOTCAM,A£T1 ,AET2 , PLI NT)

60 CONTINUE

THIS IS END OF DAILY MOISTURE &UDCE.T LOOP

ARE STORED IK flRRAYS FOR LATER USE IN THE
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c
IF ( < ICOHPR .ED. 2) .OR . UCOMPR ,EQ .3 > , OR . CIPLMNQ.EB.1 MTHI-H
HNTALY = HNTALY+1
OBSDMX(MNTALY) =. TSTPEM(t)
SIMOHY(MNTALY) =. TDlBCH(l)
hNPLW(MNTALY)=(IYR«10n)+I
END IF

C
c
C OPTION FOR PPIfJTING DAILY MOISTURE BUDGET UITH HONIHLY SUf-TOT^LE.

IFtUPIDY.EQ. 1 . 1CALL PI'TDLT
C
C ' " ™ ~~_~~. . ~—— _ - -

C OPTION FOR OUTPUT OF Dfi lLY GRAPHICAL PLOT

C PLOTTING SECTION
C FOR USING STAT-PAEK OF UNTU-NATAL Trl PRESENT
CC... .PLOT OF SIMULATED AND OBSERVED DAILY STHEArtFLDUS
C C . . . I P L O T rtUST = 1 IF rIOT NtEDED IPLOT MUST => 0

I F d P L O T . N E . n G O TO 9643
LIRITE(6,70l 01HEAD

IS = 0
WHITE: 16,92(11 JI. IVR

9201 FORMfiTUX,34X,' MYDPOGP.APH OF OBSEl'UED(M) AND SIMULATt-L>( S) DAILY
• FLOUS' , / / . 5 0 X , ' M O N T * = ' . 1 2 ' YEAR = ' , 12 . / / , 5 0 X , ' S - SIMULATED F
• LOU IN MM* , / / , 5 l ! X . ' fl = Mt ASCIRED FLOU IN t i n ' / / !

CC....VJRITE HEADINGS FOR Y-AXIS
URITE<6,9202J

9202 FORMAT ( i X , ' I) 10 20 30
« 40 50 60 70 B0 90 1
* 0 0 ' )

W R I T t ( 6 . 9 2 0 3 )
9203 FORHATC24X, 10( ' + ' ))

DO 9204 IPL=2,NDYh+l
Y=FLOAT(IPL-15
FF(1) • STRMFL(1PL-1)
FF(2) - SIMSOdpl.)

9204 CONTINUE

URITt(6,'9202>

CC....PLOT SIMULATED AND OBSERVED SOIL MOISTURE
CC IPLSTO MUST = 1 IF MOT NEEDED IPLSTO MUST = 0
9643 IF<IPLSTO.NE.1)GO TO 9343

URITE(6,7010)

UPITE<6,9301)1 , IYR
9301 F0PRATdx,34X 'PLOT OF OBSERyED<M) AND SIMULMED(S) SQTL HOISTURE

•'STORAGE' . / / . S O X . 'MONTH = ' . 1 2 , ' YEAR = ' , 12
• , / / , 5 0 X , ' l = S i m j L A T E D H0I5TCIRE IN STORAGE l ' , /
»,50^, '2=5IMULATED MOISTUKE IN STORAGE 2 ' /
*50X,*A=DBSERyED MOISTURE IN A HORI20H' /
x50X,'B=O&SEP.yED MOISTURE IN B HORIZON'/
*50X,'0=VARIA&LES DCC'JPY THE SAHE . P O S I T I O N ' , / / )

CC. . . .UPITE HEADINGS FOR Y-AXIS

DO 9304 IPL=L , r
Y -FLOAT( IPL - l )
FFS(1)3AUC1(IPL)
FrS(2)=ALJC2(IPL)
FFS(3)=OPSTG1(3PL)
FFS(4i=0BSTQ2(IPL)
CALL PLOT1 ( IND. IB .Y .SYWL jFFS^^FHT)

9304 CONTINUE
URITt(6,9203)
URITE(6[9202)

9343 CONTINUE
C
c
c
c

c
c
c
c

C

c
c
c

c
c

I
c
c
c

OPTION FOR PRINTING MONTHLY MOISTURE BUDGET WHEN DAILY UALUES NOT
REQUESTED

IFCURIHO.EQ.1,AND.URIDY,EQ.D.)CALL PRNTMO

SUMMATION OF ANNUAL TOTALS

• TSUR ,TRUN,TqUIClt , TPLINT , TDISCH , TSTPEM)

SOIL MOISTURE UALUES OF LAST DAY OF MONTH ARE STORED FQK USE ON FIPST DAT
OF NEXT MONTH OR YEAR

CALL LDUALS<EDIL1 ,S0IL2,S0ILI,PLINTC,RCO ,STCCl,RFLC,EFPPT,ETDE)

END OF MAIN LOOP

2 CONTINUE

r;
c
c

SDATIULHN , 13 )=SFLDU
DIPRIGILMN,13)=£UttlH

THE MONTHLY MOISTURE BUDGET HAS NOU BEEN ESTAH.ISHED - GIVE TOTALS

IFfUKTYLD.EQ.0.)GD TO 611
IF'.UaThO.EQ .1 .Dk.URIDY .F.O.I .OR .URIRR . EQ . t . >UR ITE(6 ,51 5)

515 F O R M A T l I X , 1 2 0 ( ' - ' U
IF(URIDY.EQ.1.JT^EN
URITt<6,632)SUhIA.SUME.Rrt SUHPE,SUMPEl,5UMPE2,SUMAE1 ,S

• SUM5U SUMR U SUMDUSFLOU SUfiST
, h I A . S U E . R r t

• SUM5U , SUMR U , SUMDU, SFLOU , SU
632 FOHMATUX ' ANNUAL TOTALS' ,

-^Xtp.2,9X,4F73)
' - ' ) . / 3 X , F 6 .1 ,F5.1 , F 6 , 1 ,5 / . ,4F5.1 ,



1320
1321
1323
1323
132*
1325
1326
1327
1329
1329
1330
1331
1332
1333
1334
1335
1336
1337
1339
1339
1340
13-11
134 2
13A3
13J4
1345
136
1347
134B
134-5
1350
1351
1352
1353
1354
1355
1356
1357
135B
1359
1360
1361
1362
1363
1364
1365
1366
1367
13oB
1369
1370
1371

1374
1375
137b
13""7
13~B
1379
13B0
1361
1332
13B3
1364
1335
136
1387
I38B
13E9
1390
1 3 l
1392
1393
1394
1395
1396
1397
139B
1399
1400
1401
140H
1403
1404
1405
1406
1407
14DS
1409
1410
141 1
1 1 2
1413
1414
1415
141 fa
1417
141B
1419
1420
1421
1422
1423
142-s
1425
142b
1427
142B
1429
1430
1431
1432
1433
1434
1435
1436
1437
143a
1439

IFtWPIHO.r-13 . 1 . )TH£N
UHITE (6,51 1 )SUnHA,SUf1ERfl,SUMi)e,SUrtAE,SUh5U,SUHUI,SUrt0U,

•SFLOU.SUMST.SUrtlR
511 FORMAT(IX, 'T0TAL5' ,4X,FB.1,F9.1 ,2F7.1 .29* ,F7 .3,FB.3,4F7 . 1)

FNOIF-

CROP YIELD MODELS

611 IF(UPTYLD) 378 3 7 8 , 3 7 "
3 7 ' IF(CP.OF-1 . )3B6, 3(36,385

MAIZE YIELD MULL

3B6 IF ' IYEAP,-2) J7BJ3B2,3Bn
3B2 WRITE<b,5000)

EOUO FOPhAT(>/ /45X, 'MAIZE YIELD ESTIMATION ( T/HA/SEfiSDN ) '
• 3 6 ( ' ' ) / )

C

C

URITEC6.5001 )
PhATt i6X . ' YgAR- 4X ' DU PISAHI 7 7 ' 4X ' DL) P I !»N I 7P ' hY , 'D

,2X . 'USA-STEUfiHT' 3X , ' PLANTING DAT£ ' i A X . ' 51 SEbS D f i T S ' / / )
^TOTAETENDAET

WRITE(6,5Q{
S001 FOPhATt i6X . ' YfAR " ,4X ' [)U PISAHI 7 7 ' 4X ' DL) PI1SNI 7& ' , hY,'HE

380 T O A E ^ T O E
TaTP£T=TOTPET+EMDPET
YLDl)P=T0TAET/93.
YLDUSA=0.0ia45*TOTfitT-3.QS25
YLDR"B=0 ,BB»*M5TflES«4 57tJ. l l»TOTET
YLDDJ=30.*(TOTAET-1UO. ) * . 45/1 ODD .
IYPA=IYR-1
IF(WFTYLD)393,37BJ 393

393 IF(PLDATE)t>14 ,613 ,614
t l 3 URITE(6,50 02)IYHA,IYR , YLDDP . YLDP7B , YLDD J , YLDUSA , SHONTH( LSTAP T > ,

*LDAY,NSTflES
50 02 FORMATM3X. ' 1 ' , 1 2 , ' / ' , 1 2 , 3 X , F 1 0 . 3 ; 6 X , F 1 O . 3 , H I . F l 0 .3 .3 * .F10 . 3 ,

• 1 U . A 9 . I 3 , < 7 X , I 3 )
GO TO 37B

614 URITE<6.5n02HYHA . IYR . YLDDP . YLDP7 3 YLDD J . YLDUSA , 5r10HTHUSTh0 ).
• ISTnAY,(!|5TRES

378 ENDAET=STAET
EK'DPET5TPETE K D P E T 5 E
IFdYEAR . EQ . 1) GO TO 2H0
LM=Lh+l
CDATAiLh,1>=VLDDP
C D A T A ( L r t 2 ) Y L n ' 7

C

C

C D A L r t . 2 Y L n 7 8
CDATA(Lh 3)=YLDDJ
CDATAILH.4)=YLDU5A
GO TO 200

SUGAP CANE MUDEL

3B5 IF(U!HTYLD53e7,3?2 .3B7
387 IFUYEAP.-2)39t) ,39 i ! ,392
3 a l URITE(6,S050)

5D50 F0RnAT(/ / /4 :5X, 'a iGAR Cf\HE YIELD ESTIhATION <1 /HA/YEAH 1 '

U r J I T E C 6 , 5 O 5 1 )
5051 F0PrtAT(39X ' YEAR' 13X. ' SUC-AS CANE1,1IX , ' SUCPDSV/ >

392 TOTCAfi = TOTCan+EMDtflN '

YLDrA 9 , S A E S U G 2 . : 6
YLDSUC=-22.7+4.B41 'AE5UG-0.1395*(AEEUCi*2.)
I F ( YLDSUO23 4 .7E9.789

234 YLDSUC=0,
7B9 IYRA=IYR-1

IFCUPTYLDJ39 4 ,390 .394
39 4 WRITE(6,5052)IYRA!IYR.YLDCAN,YLDSUC

5052 F O R M A T ( 3 7 X . ' 1 9 ' , 1 2 , ' / ' , 1 2 , 2 U O X , F l Q .
390 EHDCBN=BTCfiN

IFCIYEAR.EQ.UCD TO 200
LL1

. 3 ) )

CDATA(Ln,1)=

GO TO 2*06"

; AT THIS STAGE THE PPOGRfiM HA5 GONE THPOUGH THI% ENTIKh DATA SET,
I STATISTICAL ROUTINES/OPTIONS FOLLOW
; CALL STATISTICAL SUBROUTINE FOR CPDP YIELD nO&ELS IF Rl-OUIRED

99 IF(WRTYLD)69° 777^699
699 IF<CPOP-1.1799,799,B99
799 DO 125 1=1,4

DO 126 J = l , Lit
126 X(JJ=CDATA!J.1)

N=LM
CALL STAT ( X , N , AVE , SDE'J , COAP , VALUE )

STD(I)=SDEU
C'JCI)=CVAR
nn 1137 J = I , 9

1137 P C T I L E ( J , I ) i u A L U £ t J )
12S CONTINUE

URITE(6,600O) ( V.hEAfJ ( I 1 .1 = 1,4)
eOOO FGPhAT( / l fcX. 'hE^N' 3 X , F 1 0 . 3 , 6 X , F l P . 3 , 5 X , F 1 0 . 3 , 3 X , F l 0 . 3 )

u n i T t ( 6 , 6 0 0 n (5TD( 1 ) , 1-1 . 4)
bOfll FOR MAT(/2X, 'STfMUARD DEVIATION' , 3 X ; F l 0 . 3 , 6 X , F 10,3,5X , F l 0 . 3 , 3 X ,

•F1O.3)
U R I T E ( b , 6 0 t t 2 ) ( C l J ( I ) , I = 1 J * )

6052 F0RMATt/2X, 'COEFF OF WAR 1ATION ' , 3X , F 1 0 . 3 , bX , F 10 , 3 , SY., F 1 0 , 3 , 3X,
»F10 .3 )

UPITE(6 ,6076)
DO 139 J = l . 9
U P I T E ( 6 , 6 l i 3 i P C E N T ( J ) , ( P C T I L E ( J , I K 1 = 1 , 4 )

6113 FQRriAT(/1fiX,F3.0 ' 7.' , 3X , F l 0 . 3 , 6X , F 1 0 ,3 ,5X ,F1 0 .3 ,3X , F l 0 .3 )
139 CONTINUE

GO TO 777
899 DO 127 1 = 1 ,2

DO 12B J = l ,Ln
12B X'. J)=CDATA( J,I)

CALL ETAT(X . N.AUE.SDEY.CVAR,VALUE)
XMtAN(I5=AU£
STDU1=SDEU
C'J( t)=CyAR
DO 113S J = l ,9

113B PCTILEtJ,I)=U.MJJt( Jl
127 CONTINUE

URITtCb,6n6n)<XHEAN(I ) ,1 = 1,2)
6060 FORMAT(>4DX. 'MEAN' ,2(10X,F10.3))

L'PITF(6.t>061)<RTD(I).I = l .£>
6061 FOPhAT(>26X, 'STANDAR6 DEVIATION' ,2(1 OX,Fl0.3) )



1440
1 4 1
1443
1443
1
1445
1446
1447
1448
14 49
1450
1451
1452
1453
1454
1455
145b
1457
145B
1459
14bQ
1461
1462
1463
1464
1465
146b
1467
146a
146''
1470
1471
1472
1473
1474
1475
1476
1477
1473
1479
1480
14B1
14B2
14B3
14B4
14B5
14S6
1467
148B
1489
1490
1491
14"?2
1493
14 = 4
14°5
149b
14"7
149B
14O9
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509
15111
1511
1512
1513
1514
1515
1316
1517
1519
1519
1520
1521
1522
1523
152 4
1525
152b
1527
152B
1529
1530
1531
1532
1533
1534
1535
1536
1537
153B
1539
1540
1541
1542
1543
1544
1545
1546
15-J7
154B
1549
1550
1551
1552
1553
1554
1555
155b
1557

U!PITh(i.b0 62) (CU(I) ,1 = 1 ,:•)
6062 F0RHAT(/26X,'CDEFF OF UAP.IATION',2(1 OX,F10.3>)

UHITF(b.607b)
Dn i i n J = I .•?
WRITF,<6,6 063>PC£NT< .T) , < PCTILEf J , I ) , 1 = 1 , 2 )

bDb3 F O R K A T ( / 4 Q X , F 3 . 0 , ' I ' , 2 C i n X , F 1 0 . 3 M
HO CUNTIHUE

C CHECK UHETHEH RUNOFF SUMMARY IS REOOIPED
777 LMN=I_MN-1

I F < RSUMRY)129 7 7 9 , 1 2 ?
129 DO 133 1 = 1 , 1 3

DO 132 J = l ,LrlN
132 X (J )=SDATA<J , I )

N = LMH
CrtLL STATt X .N . A<-'E , SDEY , CUAR .UALUE)
XHEAN(I)=AUE
STDU)=SDEU
CU<I>=CVAR
DD 133 J = l , ?

135 PCTtLECJ,!J=VALUE<J)
133 CONTINUE

*TIOM BY ' A19)
WRITE<6,li2)
U R I T E ( 6 . 1 1 3 ) < C A Y ( I ) , I = ! , 1 2 1
U R I T E t b , 1 1 4 ) ( R n a T A < I ) . 1 = 1 . 1 2 )
U R I T E ( 6 , 1 8 B ) ( U E G I N T d ) , 1 = 1 , 1 2 )
U R I T E ( 6 . b D 7 0 )

6070 F Q H h A T ( / / 5 2 X , ' S I M U L A T E D RUHDrr ( M M ) ' / 5 2 X , 2 1 ( ' - ' ) / )
U lR IT£<6 ,bQ71 )

6 071 FORHAT(24X, ' J A I ' 5 X . ' FEH ' , 5 X , ' H A B ' ,5X ' A P R ' t i l , ' H A Y ' , SX . ' J U N ' ,
• 5 X , ' J U L ' , 5 X , ' ftUG* ,5X . 'SEP ' , 5 X , ' D C T ' , 5 X . ' HQ'J1 , S I . ' D E C ' ,55 : , 'ANN / )

UiRITEl 6 , 6 0 7 2 ) CXhEAN(f ) , 1 = 1 ,135
t O 7 2 F 0 P h A T ( / 1 6 X , ' h t A N ' 1 2 F B . 2 . F 9 . 2 )

U r t I T t < b , b O 7 3 J 5 S T D ( I ) . I"=l 1 3 )
6073 FORrtAT(/2X,'STANDARD DEUlATION',12FB,2,F?.21

URITL<6,60 7 4 ) ( C U I I ) , 1 ^ 1 . 1 3 )
6074 FOPhAT(/2X,'COEFF OF UARIATION' 12FB.2,F9.2)

U H I T U 6 6 D 7 6 >I U 6 , 6
6076 F0RMf iT( / /52X, 'PROBABILITY A N A L Y S I S ' / 3 2 X , 2 0 < ' - ' ) / )

DQ 136 J=l,9
URITE<6,6075)PCENT(J).(PCTILE<J,I),1=1,131

6075 FDRMATt/lbXjFS.O,'?.' , 1 2FS . 2,F9 . 2)
CONTINUE13b CONTINUE

CHECK WHETHER IRRIGATION SUMrtARY 15 REQUIRED
779 IF(ISU(1RY)142Jl4b, 142
142 DO 143 1 = 1 ,13

DO 144 J=1,LHN
144 X(J)=DIRRIGCJ.] )

H=L«N
CALL STAT(X ,H, AWE, SD£»J, CL'AH ,UftLUE)
XMtAN(I )=AUE
STDCI)=SDEU
C U ( I C RIC
DO 145 J = l , 9

145 PCTILE(J,l i=l.1 fCUE< J)
143 CONTINUE

URITE(6,105)HEAD
WRITE<6,166JO.AT,ALONG,ELEU,EQTN{EQPET),IRFTYPCSCHtD1,EFFIFH,

166 F0RHAT(/5X,

rtE6,112)
URTTE(6,113)CCAY<I) .1=1.12)
U R I T h ( 6 , l 1 4 ) (POOTAU) , I " l ,12)
URITE(b ,18B) (VEGINT( I ) ,1=1 ,12 )
U.1RITE(6.60SO )

60B0 F0RMAT(/ /5 lX , ' tRRIGATIDN REQUIREMtNT5 ' /51X,23 l ' - ' ) / )
URITE(i>,6071 )
UPITE(6,6 072)CXhEAN(I ) ,1=1,13)
U P I T E ( 6 , 6 0 7 3 ) ( S T D ( I ) . 1 = 1 , 1 3 )
U R I T t < b ; t 0 7 4 ) ( C V ( I ) . 1 = 1 , 1 3 )
URITE(ii 6076)
DO 146 J = l , 9
UHITEv6,6075)PCENTCJ) , (PCTILEtJ , I ) , 1 = 1 ,13 )

£ „______ «._»_ —»* _ _ * - * _ j _ -

C TESTS OF hODEL PERFORMANCE

C CHECK UHICH OPTIONS ARE REQUESTED
IFdCOMPR .EQ .0)GO TO 999
IFdCOMPR . EQ. 1 .OR . ICOMPP ,Eg.3)THEH

C PEPFDRfi COMPARISON QF DAILY FLOUS
URITE(6,7010)HEAD
FORMAT ( M ' , IX. 1H1 ,//, 5(1X , 20 A2 ,//)
C^LL OEIJFUN(0BSaX,5IMQY .NDYTAL ,LDGUAL, 1 )
IF( ICOMPR ,EQ. U G O TO 999
ENDIF
PEHFORH COMPARISON OF hONTHLY FLOUS
L)RITE(6 ,70 l2 )H£AD

7Q1D

7012

999
C

cc! I!
CC. . .
CC. . .

v 11 L I L̂ \ Ĵ i f • ! » ^ ^ f I I L̂ W* ^J

FOR MAT( '1 ' ,1X.1H1 , / / , 4 n X . 2 0 f t 2 . / / )
CALL OBJFUN(OBS!3rtX,SlMqhr , M N T M L Y ,

9401

CC. , .

CONTINUE

.PLOTTING SECTION

.FOP PLOT USING STAT-PACK OF UNIU-NATAL TO PRFENT

.GRAPHS OF SIhULATED flNP DbSER^ED MONTHLY FLOUS,

.IPLHUi] HUST = 1 I F NOT NEEDED IPLtiNQ MUST = Q
I F ( IHLMNU.NE . PGD TO 9443
URITE(6 .70 lB)HEAD

U H l T E ( 6 J 9 4 0 | )
F0HHAT(1X,34X 'PLOT Dr aPSER^'EDtM) AND SIhULArEDtS) MONTHLY FLOUS

• ' , / / . 3 n x , 'STIMULATED MONTHLY FLOU IN «H ' /
• 50X, 't1=MEASUHED MONTHLY FLOU IN H M ' /
*50X. '0=VARIABLES OCCUPY THE SAME POSITION' / / )
.URITE HEADINGS FOR Y-AXIS
Un iTF .< t , 9202 )
UHITE(b 92Q3)
DO "404 IPL=l,MNTPiLY
Y=(FLOAT(HNPLWIIPL) ) ) /10D



1560
15fal
1562
1563
1564
1563
1566
1567
156B
1567
1570
1571
1572

1575
1576
1577
15~B
1579
15BO
15S1
15B2
1SB3
15B4
15B5
1586
1587
!5B8
1SB9
1590
1591
1592
1593
154
1595
159fa
1597
159B
1599
lbOQ
1601
1602
1603
1604
1605
160b
1607
ifaDB
1609
1610
1611
1612
Ibl3
1611
1615
1616
1417
161B
1619

162D
1621
1622
1623
1624
1625
1626
1627
162B
1629
1630
1631m
1634
1635
1636
1637
1639
163"?
1640
1641
1642
1643
1644
1645
1646
1647
164B
1649
1650
Ia51
1653
1653
1654
1655
1=56
b57b
165B
1659
1660
1661
1662
1663
16o4
1ba5
lfefai
Ifafa7
lo6B
16o9
1&7Q
1671
1672
1673
1674
1675
1 67 6
1677

FF(1i=0PSOMX(IPL)
FF(2)=SIrtQHYUPL)
CAUL PL0T1 (IND, IS.

9404 CONTINUE
UR ITt<fe.°2Q3)
Ur>ITEC6,9202)

9443 CONTINUE
STUP
DESUC SUBCHK
AT 9E~o
Er'D

C

C
C
cc

c
c

c

c
c

ErID OF PROGRAM. SUBROUTINES r

PE POUTISE

SUBROUTINE PETEhP(T,TI , AS'HEI , A,E .FACTOR ,TrtLIH,THITD)

DIMEH5I0K T4 12) ,TKAX< 12 > . TttIN (12 ! ,T l ( 12> , E(1 li\ .DL( 12 ) , D(1 2 ) ,
S(12> ,ThL l f»U2) ,ThITD<12) , UTMDFAt 12,3) ,DATB(1LJ)

IFf TthP .ED. (J.)THEN
U R I T t C 6 ( l 0 )

10 FQ?f.ATC//l>C , ' r u U HAUE hflDE ftN EPRO?. - YOU CAN«OT REQUEST A TEHPEHfl
*TUR£ BASED P.E. METHOD WITHOUT TErtPERATUSE'1

STOP
ENDIF

C
c
c

CALCULATE

DO 20 1 = 1 , 1 2
T ( I ) ( T A X ( I

TErtPERATURES

20 T ( X I N D : ,
SELECTION PE EQUATION (BY EQPET)
IF(EOPET.E0.3,>THEN
THORKTHUAITE rtF.THCJD
CALCULATE ANNUAL HEAT INPEX <ANHEI> AND MONTHLY TEMHEHMTURE INDEX ( T I )
ArJHEI = O . 0
DO 30 1=1 12
T I ( I ) = ( T ( t ) / 5 . 0 ) * * l ,514

3B ANH£I = AH.-tI + T H I )
CALCULATE THK INDEiX d
A>-D .49 + 0 . 0 1 7 ° > M N H E I - 0 . 00 0 n77*AHHEI»*2 . 0 + 0 . 000BQ0675*sAN'Htlnt3 . 0
CALCULATE HOK'THLY VALUES DF POTENTIAL EVAP , E l l ) IN HM
DO 40 1=1,12

40 E ( I ) = 1 6 . 0 M U 0. DnT( I)/AK'HE I ) * * A )»DL( I )
ESDIF
IF(EQPET.EQ.2.1TH&N
ELANEY CRIDOLE METHOD
00 50 1=1.12
E' I > = (0 . '. i2-vT i , l ) 1
IF fTCI ) .LE .3 . )E< I )= l .3B* ' (T I I )+17 .B>*

SO CONTINUE
UIF

IF'.EQ?ET.Eq. 1 . )THEN
L I K A L P E h£THQD
SELECT UtND FWCTOR FOR LINACRE EQUATION. IF NO KEG1ONAL FACTOR
15 KNDUN, THE LINACRE WALUE OF iS IS ASSUrttD.
DO 60 1=1,12
IFtHNUIN.EQ.t)FACTQRtI5=1S.
IFfLlNUIH.EQ.l)FACTQR(I)=UIHDFA(I,1>
IF (LINUIN.EQ.2^ FACTOR < I ) *"VI NDFA t I ,2)
lF(LINUIN.EQ.3)FfiCT0R(I)=UINDFftt l |3)
TML IN( I5 " ( I > (l 0D6ELEV

. 53*(ThAX < I ) - 5+0.3S*
L ( I 5 ( I 0 D E L E

TMITD(I> = 0 . 0 023*ELEU->-a ,37*T
* ( T ( 1 ) - T ( 7 ) ) - 1 0 . 9

IF<ThITDU> . L T . 4 . )T r t ITD( I )=4 .
E< I ) = (50G.»TrtLIN(I) / (1QO.-ALAT)+FACTOR<I)*THITDCI) )/'.BQ ,-T 11)) J

mDAYSm
60 CONTINUE

EHDIF
RETURN
END

INITIALIZE ANNUAL TOTALS TO ZERO

SUFPOUTINE !HITAM(SUhUfl .SUMEHA .SLIHf E.BUMPE1 jSltiPEE.SUMriE.SUHAE
* SUhfiE2 , SL'HET , SLIHINT . SUrtSU . SUfilH , SUMHt), SUMOU, SFLOU , SUrtST, STAET,
• STPET.STCAN.TOTfiETjTOTPETiTDTCflfi)

.0
SUfiEPA=0 .0
SU^PE=0.0
SUnPEl=0.0
SUMHE2=0.0
SUHAE=0.0
SUfiAEl=0 .0
5UrtAE2=0 . 0
S U M E T = 0 . 0
5LihINT=0.0
SUNSU=0.0
SUhIR=0.0
SUrtt>U=G .0
5UHOU=0.0
SPLOU^-0 .0
SUf.ST = 0 .0
STAET=0.0
STPET=0,
SO
TOTAET=0.0
TOTPET=0.0
TOTCAN=0.
PETURN
END

WRITE HEADING FOR hONTHLY PRINTOUT OPTION

SUBROUTINE HDGhTH



16B1
1682
16B3
1634
16B5
1686

B7
lbBB
16B9
1690
1691
1692
1693
1694
1695
1696
1697
169B
1699
1700
17D1
1702
1703

1705
1706
1707
170B
1709
171 D
1711
1712
1713
1714
1715
1716
1717
171B
1719
1720
1721
1722
1723
1721
1725
1726
1727
172B
1729
1730
1731
1732
1733
1 3 4
1735
1736
1737
173B
1739
1740
1741
1742
1743
1744
1745
1746
1747
174B
1749
1750
1751
1752
1753
1754
1755
1756
1757
1753
1759
1760
1761
1762
1763
1764
1763
1766
1767

1770
1771
1773
1773
1774
1773
1776
1777
177B
1779
1780
1701
17H2
17B3
1794
1785
7B6
1797
179B
799
17=0
1791
1792
1793

9
1795
1796
1797

DIMENSION HEAD(17)
CQtthON/HDGMTH/HEftD

URITEtb. lOlHEAD
10 FQP.hAT(//5X . 'MONTHLY SUMnAHY OF MOISTURE BUIHET',5X,2DA2)

UPITb(6,20>
20 F0HMAT(5X,6CK' - '1 )

UPITEC6.30)
30 FORHAT(20X 'LTKECTTUE' 13X,2( IX , 'S .M.C. ' ) ,2< 3t ,'DEF . ' ) 3X, '

* , 2 X - B A S E - ' , a x , 'STORM-' ,27 , 'EST^ ' ,3X , ' OBS^ ' , 2Y., ' IRR [C11

4 0 FORMATdx, 'YEAR' . IX , 'MONTH' IX , 'RAINFALL' , I X , 'RAINFALL'3X, 'PH*
• 4X, ' AET' 2X , -A-HOR' ,2X, ' &-HOR ' ,2X , 'A-HOS ' ,2-< . 'B-HOH ' .5* •
* 'FLQy " , 3 * , 'FLOUI' ,2X, 'RUNOFF' , 1 X , ' RUNOFF' , 2X, «EbU . ' / i

RETURN
EMD

C
C
C

c

c
c
c

IN IT IAL IZE DAILY ARRAYS

SUHROUTIHE IHITDY<SMD,STORhQ,ESFL E^"L!?,PLIHT , STQIR . PAIN.R
STPFL.STPhFL . TrtlHD .THAXD , fiPA(V ,pftP , PPE , EnOBSl , 9^0652 , ShD&So ,
SHQTnt cM^m ' SHQTn:! . nn=;Tni . m-^TnT i n i t i,0BST01,

RFL,

NOTE: 32 DAYS PER MOUTH USED TO EKAPLE CALCULATIONS TD
INCLUDE UALUES OF LAST DAY OF PREVIOUS MONTH

10

DD IP K = l , 32

STORHDTK)'=Q. o
ERFLIK1=O.0
ERFLIH(K)=0.0
PLINT(K)=0 .0

RAINfK)=0.6
RFL(K1=0.0
STRFL(K)=0.0
STRMFLCK1=0.O
THINPIK)=Q,0

) = Q , O
ii=o .a

DPF.(K) = 0 .1
SMDBS1CK)=O,
SHOB52(K)=0
EHOB33(K)=0
SMSTO1(K)=0
SHST02(K)=0
SMST03(K)=0
OBSTOl(H)=Q
0PST02(K)=0
IDAY(K)=0
RtTL'tN
END

SET STORAGES F*OH PREVIOUS DAYS' READINGS

SUBROUTINE PREyDYfSTOl , ST02, FLINT, RFL, EP.FL,DEF1 , DEF2 , ,
•STRMC0,S70IS)

DIMENSION STOl (32 ) ,STd2(32) ,PLINT(32) ,RFL(32) ,ERFL(32i ,DEF1 ( 3 2 1 ,
*DEF2(32J,RU^C0{32),STRrtC0(32).ST0IPJ32)

COMHON/PREUDY/SDILi , SOI L2 , P LINTC, RFLC , RCO , STCQ.SOILI, EFPPT

STOl ( K - l ) = 5 0 I J . l
5 T 0 2 ( K - l ) =S0 iL2
PLINTCK-1 i=PLINTC
RFLtK-1)=RFLC
ERFL(K-l)=EFPPT
D E H ( K - 1 )=D .a
D E F 2 ( K - l ) = 0 . 1
RUNCO<K-1 )=RCQ
STRHCO(K-11-STCO
STQIB(K-1)=S01LI
RETURN
END

INITTAL1IE TOTALS OF SURPLUS ,AET , IRRIG . REU, jRUNOFf Fti-f THE MONTh
TO ZE^O

SIJBPOUTINE 1WTHO1TSUR , T H .TE2 , TDf'E. , TAET . TAET 1 , TAt TZ , Tt T , TRQIR ,
• TRl>N.TEPAlN,TRAIN,TSTORH.TQUICR,TDrsCH.T£TJ>Eh,TPLlWT TrtETIP ,

TSTOlR , TI3RFL,TSUrtlR .TPEijJR ,TAPAN .NOIRAP .TPOStV ,T ASOtY, TPOTR1,
H2JTTRAN1 ,TTRAN2;TPTHAN,TTRAf.'S)

STOl
T P 0 T H J

D1MF.MSION T S L P ( l 2 ) , T t l < 1 2 i . TE2 ( 1 2 ) , TDPE ( 1 2 ) .TfET (1 2 ) TAETH 121 ,
• T A E T 2 ! 1 2 ) , T E T ! 1 2 ) , T R Q I H ( 1 2 ) . T R U N i 1 2 > , TER A I N ( 1 2) , TR A I N t 1 2 >,
• T S T O P M ( l 2 i , T Q ! J I C K t l 2 ) ,TDlSCl ! f ( 1 2 ) , TSTliErt ( 1 2 ) , T P L I N T ( 1 2 i .TAET IRC12) ,
«TSTQIR( 1 2 ) T I P R F L ( 1 2 ) , T P U P ! I H ( l 2 ) , TVEOIR ( 12) , 1 flK AN( : 2 1 , MOIRflP « 1 2) .
* T P 0 3 E U ( 1 2 i TASOEU(12) .TPOTR1 ( 1 2 ) , T P Q T R 2 ( 1 2 ) , T T R A N 1 1 1 2 ) , T T R A N 2 ( 1 2 5 ,
* T P T H A N M 2 ) . T T K A W S I 12)

DO ID 1 = 1 , : 2
T S U R < : ) = o . a
T £ l ( I ) = 0 . 0
TE2 t I>=0 .0
TDPE<11=0.0
T A E T C ) 0 .
T A E T t ( 1 1 = 0
T A E T 2 ( I ) - 0
T £ T ( I ) = 0 . 0
T HOIP( I )
TKUHd 1^-0.0
TEHPIN{H=0 .0
THAIN(I1=O,0
TRTOPMd ) = 0 . 0
TQUICK( I )=0 .0
jpiscm i i = o, n
TSTR£M( I ) -=0 .0



18D0
1B01
1BO2
1BO3
1BO4
1BO5
1BO6
1BD7
aa

1BQ9
1B1O

1813
1B14
1B15
1B16
1B17
1B1B
1B19
1920
1B21
1B22
1B23
1B24
1825
192b
1827
1B2B
IB29
1B3O
1B31
1B32
1B33
1B34
1Q33
1B36
1S37
1B3B
1B39
1B40
1B41
1B42
1B43
1B44

5

1846
1B47
1B4B
1949
1650
1B51
1352
1B53
1B54
1B55
1B56
ia57
1B58
IBS?
1860
1B61
1B62
1B63
1B
1B6
1B66
1Bi7
1Bfa9
1B69
1S7D
1B71
1B72
1B73

71B
1875
1376
1B77
1B7B
1B79
ieso
18B1
1BB2
1BB3
1BB4
1B8S
18Bfe
1BB7
iBag
1B8?
1B90
1891
1B92
1893

1S95
13?i
1B97
iB9a
1B"9
19R0
19Q1
1902
1903
1904
1905
1906
1907
1908
1909
191 D
1911
1912
1913
1914
1915
191 fa
1 VT7
1^19
1919

TPLINT(I>--*O.a

TSTQIR(I)»O!o
TTRPFL(I>*=0,D
TSURIR(I)=G.0
TREOIR(H=0 .0
TAPANt I)«=0 . 0
TPOSFUd 1=0 .0
TASQEua>=a. a
TPOTP.l (D=Q .0
THOTHEtI)=0.D

T T g S K J i I 8 :
TPTPAN(I)=0.0
TTRAMS(I)=0.0

10 NQIRAP(I)=0
RETURN
END

filMZE YIELD MODEL

SUPPQUTINE f1ZFREP<PPAIN.TPPAIN.LSTART.LDA''' IS IMO , ISTDfiY .NSTfiES,
«M3DAYS)T0TAETlT0TPET,LGPQU15TAET,STPEt)ATFANE.1BFL)

* R F L C 3 2 ) . n i - i n N J w ' , a n i J i i | V J L . J , 3 t n .
COMMDN/COUNT/I,1YR.NDYrt,IYEAR.K
COhMON/PRTOLY/nOIS-t.DND.PPl ,PtJ2.DPEJ,AETt,AET2JAMCl , AUC2 .QBSTO1 ,

*QB5TO2, RUN, QUICK F,SIM5(3,STRHFL,P.eOIR .CONSTA . PCRFR , AP AM ,SUR2,PERC ,
*PRIRR.EUTRjCAYD.POSOEy,ASOEU.PDTH1.PQTR2.ATRAN3,ATRAN2

CDHHO^I/HAliE/PLfiATELEHGIH
C
C

256
262
266
263

243

244
245
246
247
249

CHECK WHETHER START OF CPQUING SEASON GIUEN
IF NOT CIUEH CALCULATE NQU
IF(PLDATE1250,256.250
IF(ISTMD)250.262,250
IF(I-10)60.243.2fah
I F I I - 1 2 ) 2^3,263,263
ISTM0=12
ISTDAY=25
GO TO 25D
DO 245 J
GO TO 25D
DO 245 J = 2 , t
IF(K-J) 246,244,247
PRAIN<J)RFLtK)

249

255

250
676
678
673
257

25B
695
69fc

677

675
670
671
672

679
690

691
6B4
6BS

60

R A I N J )
CONTINUE
I F ( I - 1 0 > 249,249,247
DO 248 J=2,5
PF.AINt J)=PPAIW( J + l )
P P A I N ( D ) = P F L ( K 3
TOTAL PLANT INt RAIN HAS TO BE SShrt ACCUMULATE OVER
5 DAYS
TPRAIN=PflHlN(2)+PHAIN(3>+PPAIN(4)+PRAIN(5)+PRMNti)
IF(THPAIN-25.160,60,255
IBTHO=I
ISTDAY=K-1
CALCULATE AET FOR GRAIN YIELD EQUATIONS
IF (IYEAR-2) 675,676,6"/f,
IF t I - I5TMO)67B,670 j672
IF(LDP.OU-LENCTri>677 ,573,673
IF(PLDATE)o95,257,695
I ^TABT = Tt;TMnL S T A R T I S O
LDOY=I5TDAY
I5TMD=0
ISTDAY=0
N5TRES=MSDAYS
MSDAYS=0
DD 25B J=l,6
PRAIH(J1=D.O
GD TO 60
IF(MSDAYS)60.60,696
NSTRES=MSPATS
MSDAYS=0
CO TO 60
SUMMATE PE AMD AE FDR BOTH SOIL LAYERS
1FCEVTR.EQ.l.)TOTAET=TOTAET+AET1(K>+AET2(K1
IF<EVTR.E0.2.)TOTAET=TOTAET+ATRANS(K1
TOTPET^TOTPET+PPl(K)+PP2(K)
LGROULGROU1LGROULGRO1
CALCULATE NUMBER OF STKESS DAYS FOR DU PISAfJl 197B MODEL
GO TO 67?
IF( I - ISTMO)60,670,672
IF<K-( ISTDAT+1)160,o" l ,672
LGROU=0
IF(E*JTR .EQ.l .)STAET = STAE I+AET1 CK)+fiET2(K)
IF(EUTR.EQ.2.)STAET=5TAET+ATRANS(K)
STPET=STPET+Pf 1 tK)+PP2CK>
LGP.OU-LGPOU+1
IF(LGROU-70>60,6?0,fc»0
IFtLGROU-iDO>691,691,60
CHECK FOR STRESS DAY
IFCAET1 ( IO-0 .r.*PP1 H t l l t f l f l .10,bl)
IF(AEr2(K)-0.5>PF2(K))6B5, 'b( l ,6O
rtSDAYS>hSDAYSl

C

c
c

rtSDAS
RETURN
EHU

SUGAP CANE YIELD ESTIHATE

SUBROUTINE CHPREPCI,K,5TCAN,TOTCAN,AET1,AET2,FLINT)

DThEf.'SIOM AE7H321 , AET2(32) , PLlKTt32)

ACTUAL EVAP0TRAN5P1HATIQN CINCLUDING INTERCEPTED UATbR) IS SUMMED
TO GiWE AN ESTIHATE OF SUGAB CANE YIELD.
TOTCAN = TOTAL FROM JANUARY TO JUNE
5TCAN » TOTAL FROM JULY TO DECEMBER

IF(I.G£.7)STCBN=STCAK+AET1CK)+AET2(K)+PLINT(K)
IF(I.LT.7)TOTCAN=TOTCAN + AET1(K >+AET2(SO + PLINT (K )
RETURN
END



1920
1921
1922
1923
1924
1925
1926
1727
192B
1939
1930
1931
1932
T?33
1934
1935
1936
1937
193B
1939
1940
1941
1042
1943
1944
1945
194 k

1948
1949
195D
1951
1952
1953
1934
1953
1956
1957
195B
1959
I960
19bl
19b2
1963
1964
1965
1966
1967
19oB
19t>9
197Q
7

192
1973
1974
1975
t"7t
1977
1978
1979
1990
1981
19B2
1983
1984
1985
19B6
19B7
1988
1999
1990
1991
1992
19 93
19'4
1995
19°6
1997
19B
1999
2000
2001
2002
2003
•JO 04
20D5
20 Of.
lid 07
2009
2009
2010
2011
2012
2013
201 4
2015
2016
LJD17
2Q1B
2019
2020
2021
2022
2023

2
liO5
2Q2fa
20 27
L'0 2B
2029
2030
2031
2032
2033
i!034
20 35
2036
2037

§839

c
c

OPTION FOP. PRINTING DAILY MOISTURE BUDGET UITH MONTHLY SUB-TOTALS

SUBPflUTINE PPTDLY

DIMENSION AETTRC32),A£T1(32),fiET2(32),APAN(12,32 5,*50HK32)
*ATPAN1132),ATPAN2(32), AUCl132),AUC2<32),

* TFU,I N U 2 ) .TREGIRI 12) ,TR(1 IP(12) , TP.IJN* 12) ,T5TGIR< 12) ,TS1 f>EfU 1 2 !
*TSU?<12> . T S U H I R U 2 ) , TTP. Ar\'S < 1 2 ) , T Tu AN1 ( 1 2 ) , TTKAN2( 1 2 )

COMnDN/LDUALS/STOIH.PLINT,RUKCO,STRrtCO,RFL,E, IHFL
COMMON/PRINT/DEF1,DEF2,STO1.STQ2
COrtriON/COUNT/I . IYR , NOYH , I YEAR ,K
COhnnN/PRNTfiO/TRPiIN.TERAIN , TDPE . T.}(-T ,TP OSEU . TASOE'J, THOT« 1 .TPOTR2,

•TTKAN1 , TTP AN2.TH THAN .TTKANS.TSUR . TKUN .TQUICK , TD 1 SCFt, TSTKEfl, TPDIR
CO.InQN/FRTDLY/fiOlST .DNO.PP1 , PP 2 , f)PE , AET1 .AET2.AUC1 . fiUIC2 .QBSTD1 ,

• OPSTD2,RUtJ .QUICKF .SIttSQ , STrthFL . REOIP. . CONST A , PDRFR , AHf.N ,SUR2 ,PERC ,
«PRIPR,EUTR ,CAYD,POSQEU,ASOEV,POTR1 , P0TR2,ATPAN1 .ATBAN2

r.OMfiOf.VTOTALS/TEl , T E 2 , .AET1 .TAET2,TAPAN
CO.' inOM/IRPIG/AEr iR .SMDIR ,STQIR , EHFLIR , STOIPO . SUH IR , T A tT IR . TSTQIR ,

• TIPP.FL,TSURIP,TP.EQIR

CHECK I F DAILY OUTPUT TO INCLUDE OBSERVED SOlL-MOISTUCfc. DATA
IF (MOIST. EO . 1 -AC'D.PPIRR .EO.O . ) T H t N
t ' f I T t ( b . l O ) I . IYR

IB F0RMf .T ( im , 1 * , 'DA ILY MOISTURE BUDGET OF MONTH ' , I 2 , ' , Y k A R ' 1 2 , , V
• IX 'DAY RAIN EKAIN PEl PE2 APAN AE1 AE2 STO1 AUCl OS11 ST02 AUC2
*QST2 DEF1 t>EF2 BSFLO RUNCO STORM SIMSQ OB5ERD IRR COf.'ST POP.FR ' )

DO 30 K=2 . (NDYh+1)
U H I T E { 6 , 2 0 ) D N O { K ) . R F L ( K ) , E R F L < K ) , P P 1 ( K ) .PP2(K J , D P E ( K ) . A E T 1 ( K ) ,

• AET2(K) STO1 (K) , ABCHK ) .OBSTO1 (K i ,STQ3(K) , AUC2(K) ,DBS1O2<K) ,
fDEF1 (KJ ,DEF2(K) ,RUN(K ) , RU«CO(K) ,QUICKF(K> ,S IhSQ<K i ,STRr l l - L (K - l ) ,
»REQ1R(KJ,CDM5TA(K) ,POPFR(K)

2 0 F O P h A T C l X , F 3 . 0 , 5 F 5 . 1 , 2 F 4 . 1 , 1 0 F 5 . 1 , F 6 . 3 . 2 F 7 . 3 , F 5 . 1 , F 5 , 2 , F 4 . 2 )
30 CONTINUE

W R I T E i 6 , 1 7 0 )
U H I T t t i 4 0 ) T P A I N ; l ) , T £ P A I N ( I > , T E 1 ( I J , T E 2 ( I ) ,TBi 'E( I J.Tf iE Tl C l ) ,

• TBET2( lS .THUfM I ) . T Q U I C K C I ) , T D I S C H ( I ) , T S T R E h f I l . T K t U F " " "
F 0 R r t A T U X , 3 X , 5 F 5 . 1 , 2 F 4 . 1 ,4 0 X , F 5 . 1 , 5>:,F6 . 3 , 2F7 ,3 ,1-5. '40
EKDIF

. 1)

I F < HOIST. EQ. 0 . ANO.PPIRR .ED..0 . AND.EWTR . EQ . 1 . )THEN
i m i T t ( & f 5 0 ) I , I Y R

50 F Q P h A T C / l X , ' D A I L Y MOISTURE BUDGET OF MONTH ' , 1 2 , ' j t t f i f l 1 9 ' , 1 2 , / ,

V ' r t I T £ ( 6 O )V'rtIT£(6,oO)
60 FOHrtAT(9X,'EFFEC-',31X, 'SOIL SOIL DEF- DEF- ' ,7X,'UKSuT BASE',

M3X.'SIMU- OBSEfl- STRESS')
WRITE(6 ,7D1

70 FOPriATCSX, -RAIN TH-'E A-PAK' CROP PET PET AET A l i i hDIST MOIST IC
* I T I C I T DRAIN DRAIN FLOW BASE STOfh LATED UED Fr!.".C-')

U I T £ 8 0)BO FORMf 'Tdx . 'DAY FALL hAIN EQUIW FACT * A - " B " " A " " R " A-HnR R-(-
»R "A- - B " -ACE -AGE 5T0RE F L D U FLOU MJUQFF RUHQi-F T I O N ' / I

DO 100 K = 2 , (fJn' irt+1 )
\ 1 C ) ,ERFL(K ) AFAN( I ,K 1 .CAYIXI ,V-1 1 . I

. . .• . ^m mW ^m -• ^ • * _ mm, ^m* mm ^ • . * _ A ^mt ^m m ~ _ _ L Hta. m> ^ k |- B i • •• « m r I I U ~J i mT \

_^BW5TA(lt)

• j r mj • * ; , r a . .

100 CONTINUE

» - n i ! c . i o ! l l 0 ) T R A I N ( I ) , T E R f i I N ( I ) . T A P A W ( I ) . T E l t l ) , l E 2 i l ) .TAET1 ( I ) ,
• T A E T 2 t l i . T S U P C I ) . T R U N ( I ) . T Q U I C K ( I ) . T D l S C H t l ) .TSTKEM' I )

110 F O P h A T ( 4 4 , 2 F 5 . 1 , F 6 . 1 , 5 X , F S . 1 , 3 ( 1 X , F 4 . 1 > , 2 3 X ; r 5. 2 , 1 O X , F 6 . 3 , 3 F 7 . 3 )
EN.DIF

IF t r tQ IST .EQ.O . AMD. PP IRR . EQ . 0 . AND . EUTR . EQ . 2 . )TH[=N
U R I T t ( 6 , 5 0 ) 1 , I Y R

190 F O R « A T ( 9 X , ' E F F E C - ' , 1 1 X ' S O I L EL'AP TPflNSP IR AT LON SOIL SOIL DEF-
* D E F - ' 7X . 'UN5AT B A S E ' , 1 2 X . ' S I h U - OBSER- STRESS')

U R I T E l f i , 2 D 0 )
200 F 0 P h A T ( 5 X , ' R A I N TIWE A-PAN CROP' , ° V , ' P O T POT ACT ACT MOIST HOIST

• I C I T I C I T DRAIN DRAIN FLOl.' BASE STORh LATED WtD F f l A C - ' )

210 F O R r t A T t i x ! ' D A Y FALL RAIN EQUKJ FACT POT ACT "A" " 6 " "A" - B " A-HOR
• P-HGP - A ' 1 " B " -AGE -AGE STORE FLQU FLOU R U P U F F RLH.'OrF T I O N ' / )

DO 23E K=2,(WPYM+1)
Ufl ITE ( 6 . 2 2 0 tDHOtK) , R F L ( K ) . EF. FX C K ) . A P A N ( l . K ) tCftYDCI , K - 1 ) , POSOE'KK ) ,

• ASOEU(X5 J O T H H K ) , P0TS2( K i , ATR AMI ( K ) , ATRAN2'K ) , STOIC K 3 . S T 0 2 C K ) ,
uDEFHK) ,DEF2(K) ,SUR2(K) .PFRC(K ) ,RUNCO(K) .P.UNIK) ,QUILKFtK) ,

.1 . 2F6 . t , 2 F 5 . 1 ,

uDEFHK) ,DEF2(K) ,SUR2(K) .PFRC tK
•S lhSCHK) ,STRHFL(K -1 ) ,CONSTA(K )

22 0 FORMAT ( 1 X , F 3 . 0 , 2 F 5 . 1 IX ,F5 .1 , IX , F5 . 3 ,2F4 . 1 ,1 X ,-

230 COK'TIHUE
U K l T t < 6 , 1 7 0 5
V R I T £ ( 6 . 2 4 0 ) T P A I N t I ) . T E H f i l N ( I ) .TAPAC'CI) ,TPOSEV<I) .TASOt'J< I ) ,

f T P O T R H t ) , T P O T P 2 < I ) , T T R A N 1 ( I ) , T TP, AM2( I ) , TSUR ( 1> , TfcUN U ) j T Q U I C K t l ) ,
• TOISCH( I ) TRTREr l ( I )

24 0 FOSHATMX 2 F 5 . 1 , F6 .1 , 5X , F 5 .1 , 5F4 . 1 ,23X , F5 . 2 , 1 OX , FS . 2 , Ffe . 2 ,
• I X 2 r f c , 3 )

ENDIF

IF (PPIRR.EQ.1 .1THEN

120 FORnAT^ lX^ ' > DAIL [ Y MUISTUCE BUDGET FOR IPRIGATtON ROUTINE FOR hONTH
• ' , 1 2 . ' YEAP 1 9 - 1 2 )

W R I T E l f e . l j O )
130 F0PhAT(57X, ' I H I 1 I A L ' , 1 3 > : , ' F I N A L ' )

140 F 0 R h A T i 2 2 X , ' I R R I G A T I O N - 2X ' I R R I G A T I O N ' , 2 X , ' | R " E C T i y E ' 3Yt'SOIL',
• 4X , 'SURPLUS ' , 5> : , ' S O I L ' , 3X ' IRRIGATION' , / 1 X , ' DAY ' , IX • PAI N ' , j X ,
• ' P E V l X . ' A E r ^ I R 1 . 3 X . - D E H C I T ' ,4X 'STORrtFLOU' 3 X , ' R A I N F ALL ' ,2>. ,
• ' S T 0 R A G E ^ 2 X , | ' R A i N F A L L ' ,2X , ' S + O R H C E ' , I X , ' REQOIREHEH X ' f )

UR l i t \b, ?S0 ) DNO1?!;) ) RFL ( K ) , DP E < K ) , AETIR ( K ) , SMI' IH C K > , STf l l f i < K > ,
• E H F L I H ( K ) j S T O I B O C K i . S U R I R i K ) . S T O 1 R I K ) , R E a i R < K »

15P FORhATl lX F 3 , 0 , 2 F 5 . i , F 6 . 1 , 3 X F 6 . 1 , 5 X , F b . 1 , 6 X , F t . 1 , 2 < 4 X . F 6 . 1 ,
• 3 X F b l ) >• 3 X . F b . l ) >

CONTINUE

170



20*0
2041
2042
2043
202
2045
204b
2047

L!09
1-050
2051
2052
2053
2054
2055
205b
2057
205B
2059
20 6 0
20ol
20fc2
2063
£0b4
2065
2206b
20 fa?
20&S
20 fa"?
2070
2D71
2072
2073
2074
2075
207b
2077
207B
2079
2090
2001
2092
2033
2094
2OB5
2086
20B7
20BB
20B9
2C0
2091
2092
2093
2094
20°5
209b
2097
2093
2099
2100
210;
210 2
2103
2101
2105
2106
2107
2108
2109
2110
2111
2112
2113
2114
2115
211&
2117
211B
211?
2120
£121
2122
2123
2124
E125
2126
2127
2128
212?
2130
2131
2132
2133
2134
2135
213fe
2137
213B
2139
22
2

140
141

2142
2143
21 44
2l«5
2 l 4 t
2147
214B
2149
2150
2151
21S2
2-153
2154
2155
2l5t
2157
?]5fi

URITE<b .lBO>THf\TN<I>,TOIJE(I>
*TSURIPCI) ,TREQIR(I>

I BO FORMATC4X,2F5.1 , F i . 1 ,1 4 X , F b . 1 , b X , F t
ENl'IF
RETURN
END

d ) , TSTI3IR CJ) ,

1,2f13X ,F« , 1) >

C
C

C

c
c
c
c

OPTION FOR PRINTING MONTHLY MOISTURE BUDGET US-EN W i l l i.'fiLUES
REQUESTED

SUBROUTINE PHNTHO

TOTP2(1H) , T A N 2 ( 1 2 i
COMMON/COUNT/I.IYR.NDYrt,IYEAR,K
CDhhQN/PRINT/DER .DE.F2 HTD1 ,ST02
CDMhQN/PRriTHD/TPAin.TEPAIN .TDPE.TAET.TPD5EU TftTOEU.TP^THI .TPCIT'E,

*TTPAN1 TTRAN2TPTRANTTHAN5TSURTVU<lTauiCRTDlSCHTETPEhTf!a:P

UPITEC6.10)IYP . I . T R A I H t l ) ,TERAIK(I ) ,TDP£( I ) ,1 PET ( I ) , STT1 (ND'rh-M ) ,
»STa2(NDYh+l ) ,F)EF1 (NDYrt+1 ) . DEF2 (HDTh*l ) ,TSUP. ( I ) .TRLiNC) .TQUICKTi
• T D I S C H < I ) , T S T k E M I ) , T P . a i P t l ) '

10 FZMHfrt <.\% ,11 ,ir. t\Z ,2X,?"? .\ ,F9 .1 , 2 F / . l J4F7.1 ,2R3.3 ,4F-7 .1)
RETURN
END

C
c
c
c
c

SUrtrlATION OF ANNUAL TOTALS

SUBROUTINE AN3UHSCI.SUMRA.SUnPE * SUMP £2
UPtIHTS , T t r , T R O I R ,#SUHST.LMN,TRAIN,TDPE.TEl,TE2, i tKMin. iH

•TSUR.TRUNlTOUICI^TPLfNTiTDISCHjTSTPEH)

DIHEf.'SION TRrt lNUE) ,TDPE( 12) ,TE1 (12) ,TE2( 12) .1ERBIN112 ) ,TAETC12> ,
»TAET1C12),TAET2!12) .TETC12) .TROIBCl2i ,TSUR(12),TRUMfj2 i ,

" •" "• TScA(12>,TSTHEH<12),SlihTftt7C,t J 1 ,
»TA£T11!2) ,TAET2!12) ,TET(12) .TR
«TQUICK112) .TPL lNTd i ) , TDISCHt 1
*DIPRIG(7D, 13)

SUM«fi=SUhRA+lRAIN CD
SUnPE=SUHPE+TDPE(I)
SUKPE1=SUMPE1+TE1 < D
SUHPE2=SUrtPE2+TE2(I)
S U £ E I NSUM£KASUrtERATERAI
SUhAE=SUhfiE+TAET < I )
SUhAEl=5UMAEl+TAETl ( I )
SUhAE2=SUHAE2+TAET2(I)
SUHET=SUrtET+TET(I)
SUMIP=SUtiIR+TIQlR C I )
SllrtSU=SUhSU+T5UH ( I )
SUW»U=SUrtPU+TRUNCI)
SUMQU=5UHQU+TBUICK(I)
5UhI^!T=SUrtINT+TPLI^fT( I )
S F L O ' J - S F L O U + T D I 5 C H ( I >
S D * T H ' L h N , I ) = T D I S C H ( I )
PIPPIG(LHM,I ) = T
S S T S S T TS J S S
RETURN
E ! D

SOIL HOISTURE VALUES OF LAST DAT DP MONTH OR YEAR Ms. ETQPED
FOR USE ON FIPST DAY OF NEXT HOHTH OR YEAR

SUBROUTINE LDVALStSOILl , S0IL2 , SQILI .PLINTC.Rf.O, STCO , Fri.C,EFPPT (
ETDE)

DTHEM5I0N STO1f32) .ST02C3H) .STOIR(32),PLINT<32),RLUJCQ(12),
* S T H H C 0 < 3 2 ) . R F L ( 3 2 ) ! E R F L C 3 2 ) EC12),DEFl(32) ,DEF2(3: i )

COaHOM/LOUALS/STOIH , PL INT , P.UNCO .STHttCO .RFL.E, 9?FL
COHMOH/PRINT/D£F1,DEF2,ST6l ,5T02
COMhON/COUNT/I,IYR(NI)Yti,IYEAR ,K

S P L Q 1 ( N n Y M + 1 )
S0IL2=5T02(NDYM+l)
SOILI=5T0IRCNDYW-l )
PL1NTC=PLINT(rtDYrt+1)
RCO-RUNCO(NDYn+i)
STCD-STRhCO(tJDYtt+l )
RFLC=RFL(NDYM+1)
EFPPT=ERFL(MOYM+1)
E r P E £ 2E r P E £ (
RETURN
END

DAILY VALUES ARE CALCULATED FP.OH 12 MONTHLY VALUES USING
ANALYSIS

5UHRGUTINE HAPhnNCXXX , P AP Al l )
D IhENSIDN XXX ( 1 2 ) , A ( b i , B (r>) , I D A t 1 2 ) , P ARAM < 12 , 32 ) , XT, < i • ̂ XB ( fa )
D A T A ( I D A ( I h O ) ,1(10=1 , 1 2 ) / 3 1 , 2 9 , 31 , 3U ,31 , 3 0 ,31 , 31 , 30 , 3 1 , ,JO , 3 1 /
AM=-0 . 0
DO 9 J = l , ! 2

B B C J ) = a . 0
9 CONTINUE

X y . 9 8 2
l , 0 B 7

X X y ( 3 X X X C 3 0 . 9 8 2
X X X ( A ) = X X X t 4 ) * l . D l 5

25
61 =

5)*o.9a2
h1*\ . 0 1 5

S2X 7 ) X X X ( 7 ) U 9 S
XXX(B)=XXX(H)*U.9S2
XX>.C?)=XXX(9)tl .015
XXXM0)=XXX<10)«0.9B2
XXX(11)=XXX(11 )»1 . 013
X X X < 1 2 ) C X X X ( 1 2 I K 0 . V b 2
nn 35 i= i ,12

35 AH=AH*XXX(I)
ftHj-Art/1 2. 0
DO 10 J « l , 6



21 bG
21bl
2162
2163
21 b4
21 o5
216b
2167
2168
21o9
2170
2171
2172
2173
2174
2175

7J1
2177
21 7B

21B0
21 SI
21B2
21B3
218 4
21BS
•i\ Bb
21 B7
21BB
21B9
219Q
2191
2192
2193
2194
21 9S
219b
2197
2199
2199
220 D
2201
2202
2203
2204
2205
2206
2207
220B
2209
Z21D
2211
2^ 1 2
2213
2214
2215
221 b
2217
22 IB
221?
21±20
2221
2222
2^23
2224
222S
222b
2227
222B
2229
2230
If231
2232
2233
2234
2235
£236
2237
£236
223?
2240
2241
2242
2243
2244
2245
224b
2247
2248
:24?
2250
2251
2252
2253
2254
2255
225b
2257
225B
2259
2260
2261
2262
2243
2264
22i5
2266
22b7
;-J2bB
2269
2270
2271
2272
2273
2274
2275
227b
2277
?279
22?9

DO 5 0 1 = 1 . 1 2
K i i ( J i = XA< J ) + X X X < I ) * C 0 S ( 3 0 * I » J * , 0 1 7 0 4 )
> B t J » = X B < J ) - t - X X X ( I ) * S I N ( 3 l : » I * J * . 0 1 7 4 4 )

5 0 C O N T I N U E
XA( J )=XACJ l /5
XBCJ1=XB(Jl /6
IF<J.EQ.6JTHEN
y,A( j ) = x f t ( J) / 2
<B( J ^ X B t J ) / 2
END1F
*i< J)=5QRTt (XAt J) l » * 2 * ( y | H . T U » ' S )
B< J)f-57.3-»-ftTAM(Xflt J)/XB( J) )

40 COHTINUE

DO ! 0 4 I H Q = 1 . 1 2
DO 103 IDAY=-i. ID f td r iU I
N-N+l
p=-.S+N/30 .44
PC.P^hf lMD.IDf.Y)=FOUPIii«R , A.B.ftr.)

103 CDNTTMUE
104 CONTINUE

PETUPN
Er.'D

REAL FUNCTION FDURIEtR.ft.B.AM I
DIHENSION A ( 6 ) , P ( 6 )
PEAL R

M + A( 1 ) « S N t (JO
9R B3

c
c
c

c
c

. 0 1 7 - 4

EMO

SUBROUTINE TO PERFORM STATISTICAL CALCULATIONS ON

SUBROUTINE STAT< X ,N , A<JE , SDEV.CVAR ,VALUE)
DIMENSION XC70),VALUE(9i JPCPT19)
DATA PCPT/5. ,10!,20.,33.,50.,67.,30.,90.,95./

THIS SUBROUTINE CALCULATES THE MEAN, STANDARD DEVIATION AND
COEFFICIENT OF VARIATION.
XTOT=-0.
ss>:=o.
DO 1 J=1,N
XTOT=XTDT+XtJ)
S5X-SSX+XCJ)«(2.
CONTINUE
XL-FLOAT(N)
5DEV-S0RT((S
RVE-XTOT/XL

l 00,

SOPT VALUES IN ASCENDING ORDER
HV=N-1
DO b J = l ,MK
L=!MET = J

DQ 5 K=NB,N
IF'.ytKI-XtLEA5T) )4.4 .S

A LEAST=K
5 CONTINUE

yT£rtP=X(LEAST)
XtLEASTl=X(J)
X<J)=XTEHP

b CONTINUE

CALCULATE MEDIAN AND PERCENTAGE POINTS
DO 15 J=l.9
EUENT=XL/10 0.*PCPT(J)
IFCEVENT-l)7,a,9

7 EUENT=1 .05
B JK-IFIX(EUENT)

DECPL=£VENT-FLOAT C JK)
E(J)X(J (XJKriLUE(J)

15 CONTINUE
1b RETURN

END

SUBROUTINE OBJFUN(XX,YY,N,L.IOPTNl
PACKAGE FOR MEASURES OF MODEL PERFOPMANCE
BASED ON UOP.K OF P . 1.1, ROBEfiTSl 197B) AND ADAFTED FOR U5F- IN TH=
ACRU MODEL BY C.B.SCHULTZ UITH EXTPA ADDITIOrlS AS FECnhMENDED
B̂r PRDF.R.E.SCHULZE.NOU. .19B3.
THE hEAN.STANDARD DEVIATION,VARIANCE,CORRELAT ION COEFFICIEMT,
COEFFICIENT OF DETERMINATION .COEFFICIENT OF MODEL El-HCIENCY,
STUDFNT'S T VALUE.REGRESSION CDEFUCIENT AND WSE CIJr'SlnNT OF
OF REGRESSION EQUATION'ARE PROVIDtD FOR SIMULATED AND OBSERVf.L
FLOU VALUES. THE PRESEr.'CE OF 5YSTtr1fiTIC ERRORS IS ALSO INDICATED
THE PACKAGE CAN BE USED FOR MONTHLY OR DAILY EUALUATIBM3

= 1 M
IF ICOMPR = 3 AHALYSES"ARE*DOFfE'FOR'bAILY AND KOK1HLY FL0U5

AN OPTION ALSO EXISTS FOa THE USE Of- LOG. VALUES SHOULD THE
U5EP UISH TO PREVENT GIVING TOO MUCH UEIGHT 10 HIGH FLOUS

IF LOGVAL = 0 ACTUAL VALUES APE USED
IF LOGVAL =• 1 LOGARITHMIC FLO^ VALUES ARE U|tp

DThbNSIQN XXC4000),YYC4000)
9B7b CONTINUE
C INITIALIZATIONS

SQ
SYsn-o.

SQ

SUMM'/=-0 .
S OS
DO 10 1=1 , N
IF t L . N E . i ) GO ID

COHUEKT TO LOG VALUES IF REQUESTED.

XX{I>=XX(I)«1000 .
YY( I >=YY( I ) • 1 00(1 .
IF tXX(I) .LT.l .0)XX( ) = l .1



22BQ
22B1
E2B2
22S3
22B4
2235
22B6
S2B7
2299
228?
2290
2291
2292
2293
22^4
2Z9S
2296
2297
229B
2299
2300
2301
2302
23D3
23B4
2305
2304
2307
230B
2309
E31Q
2311
2312
2313
2314
2315
2316
2317
231B
23
2320
2321
2322
2323
£324
2325
232&
£327
232B
2229
2330
2331
2332
2333
2334
2335
233233£>
2337
233B
2339
I±340
2341
2342
2343
2344
2345
2346
2347
234B
2349
23S0
£351

mi
2354
235S

S3*
235 B
235?
2360
2361
2362
2363
2364
236523bfc
2367
2369
2369
2370
2371
2372
2373
2374
2375
2376
23?7
237S
2379
23B0
23B1
2382
i3S
:?3S
23B5
23B6
23B7
23HB
23 B 9
23^0
239 V
2392
£393
3

C
c
c
c

IF (YY(1),LT.1.0) YY(I)=1.0
X'JAL-ALOGlOtXXd ))
YVAl.=-ALOG10< YY'. I) >
GO TO b

5 XVAL=XX<I)
Y'JALYY<I>

CALCULATE APPAY TOTALS,SUM OF SQUfiPES AND SUrt OF CROSS fPHDUCTS

0 A L * 2 . 0
YS0-Y'JAL«»2 . 0
sysosxsaxsQs o s x s a Q
SYSQ-SYSQ+YSQ
PXY-y.'JAL«YVAL.
SPXY^SPXY+PXY

10 CONTINUE
CHECK FOR ZEPO ARRAYS

IF ( (5UMX.GT.0 .> .AND.(SUMY. GT.0 .)) GO TO 20
K M E N X = 0 .
AhtNY=0.
C C FC 0 .
TrE5T=0.
P.ECO-0 .

E 0.
SDEVY=0 ,
'JfiPY-0 .
SDY=fl.
UARX=O.
SDX=O,
EUAL=0.
5DIF-0.
GO TO 30

CALCULAT£iiE(?NTsTDDe'JIATIoiJTufiRIAjociCORHiLAnON CaE^ICllNT
STUDENT'S T UALUE.REGRESSION COEFFICIENT AND WSE CDHMANT OF
REGRESSION EQUATION.

20 AHEf!X=SUrtX/FLOr>T(N)
fiMEKY=SUMY/FLDAT(N>
AX-SXSO-( CSL)HX**2. 0 ) F L O A t H
AY-SYSD-t (SUnr»*2.0) /FLOAT(N))
TOP-SPi?Y-( (SUMX*SU«Y)/FLOAT(H)
CCOF-TOP/C(AX»AY)»*0.5)

2
BNC=FLOAT(NCC)
TTEST=CCOF*<aNC**0,5>/((1 . Q-ICCOF^CCOF))»»0.
PECO^TOP/AX
BASE-AHENY-CR£CO*ArlENX)

0 5 ) M . 0 - ( C C O F » C C O F ) > r »o .50)
EYfAMENY)

E X )

E r Y Y A P Y 0 .5
DO 50 J=l,N
>.rtMX= ( XX ( J ) - AMF.NX ) » ( XX ( J ) -AMEHX )

YY( J)

CALCULATE COEFFICIENT OF DETERMINATION AND
hODEL EFFICIENCY.

OF

50 CONTINUE
CODETR = CCOF«CCOF
E'JAL = ISXhMX - 5XHY1/SXHMX
SDIF » ((5DX-SDY)/SDX)»lOO.O

CHECK FOR SYSTEMATIC EflRllRS,

C
c

ISYEER ' 1
IFtE'JAL.LT .CQDETR JISYSER -1

OUTPUT OF STATISTICS OF MODEL PERFORMANCE

URITEt6,420)
420 FORMAT (1HO , «?X 'STATISTICS OF PERFORMANCE QF ACRU ttODEL'

*A/,42X,39<'-'),//,40X,'A COMPARISON OF SIMULATED AND OBSERVED FLOW

IFllOPTN.Ea. 1 ) URITE(6,430)
430 FORhATdX,52X 'FOR DAILY VALUES',//)

IFdOPTN.EQ. 2) l'RIT£< 6.431 )
431 FDPMATC1X.52X,'FOR MONTHLY VALUES',//)

IFiL.EQ. 1 )UP lfE<fe,40;,)
405 FORHATCIX,12X 'LOG VALUES ARE USED THROUGHOUT',//)

WPITE (6.4lA) 5UMX.SUMY
414 FORMnTdi, 1 4X 'TOTAL OBSERVED FLOUS ' 23X ,' = ',F1 0 . 3,

»//,tX,14X 'ToVftL SIMULATED FLOUS' 23X ' = ' ,F10.3,/)
URiTtU,42l ) AhENX.AhENY , CCOF, TTEST , RECO , BASE.SDEVY ,yftSX, VARY
FORMAT llXt14X,'MEAN OF OBSERVED FLOUS',22X,'=* ,F1 0.3.//
• 1X.14X ,'nEAN OF SIMULATED FLOUS =',F10.3,.'/
IX M X 'C O P P E L A T I O N COEFFICIENT "' ="'" " "
.IX,MX "STUnENTS T VALUE
,1X M X 'REGRESSION COEFFICIENT
,1X 14X 'BASE CONSTANT FOP REGRN. EQN.
.1X.14X '5TAh'DAMD EPROR OF SIMULATED FLOU

421

422

.1X.14X 5TAfDAD EPROR OF SIMULAED
J1X.14X.'VARIANCE OF OBSERVED FLOU
,IX.14X 'VARIANCE 0" SIMULATED VALUES
USITFtb 422)SDX.SDY,SDIF,CODETR.EUftL
FORMAT (IX.14X.'STANDARD DEVIATION OF X VALUES' , \ 3X,

TION OF Y VAUES
,F10.3,//
.FIO.3,//

2395
2396

run rm I \ ± n , I ~i f> , 3 i nnunr, ir u u v i n i i u n ui n

S.1X.MX. 'STArlDAP.D DEVIATION OF Y VALUES
I,1X,14X 'PEPCENTACE DIFFERENCE IN STANDARD DEVIATION' =
1 IX M X ' COEFFICIENT OF DE rEP.MINATION "
,,IX,MX''COEFFICIENT OF EFFICIENCY = ,nu-
IFfISYSER)35,40,4U

440 FORhAT^ix.HX. 'NO SYSTEMATIC ERRORS DETECTED',//).
CO TO 30

435 F0RhAT(iX,T'4X '**«CAUTION-t + * SYSTEMATIC ERRDK DETECTED ##*')
30 RETUPN

DEPUG SUBCHK
AT 9B76
END

,Fl0.3,//
.FIO .3,//
-F10.3,//
;FIO.3 /,•
FIO.3,//
F10.3 /-'
,F1O,3,/i
' Fl0.3,//
F l 0 3 > /


