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PREFACE

When this Water Research Commission funded project on a
"Hydrological Investigation of Rural Catchments in Matal with
specific Reference to Flood Events™ commenced in the Department
of Agricultural Engineering at the University of Matal in
Pietermaritzburg in 1%79, netther the project's staff nor its
Steering Commities 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 Committeg of this project was also
supportive of changes in emphasié and encouraged new directions
45 the situation or the sxperience gained in the course of this
project demanded i{t.

While constantly focussing on the major areas of the
proppsed research, namely the further development of the SC5
hydrograph technique for Southern Africa, the hydrological
classification of 5outhern Africa's secils and the development of
rew hydrolegical models, the course of time saw, for example,
soil/nutrient loss and soil moisture deficit subprojects deferred
to subsequent projects and costly apnual land use surveys given a
reduced priority. On the oather hand, the Steering Committee
requested a depth-duration-freguency stedy of medium to long
duration rainfall originally undertaken for Natal (in a previous
project) to be extended te 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 Illinpis
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 f{nstitutions and individuals,
whose inputs 1 should hereby kike to acknowledge gratefully,
namely,

the Water Research Commission for funding this project,

the Steering Compittee for their support of this project,

various -academic and administrative departments of the
University of Matal in Pletermaritzburg, particularly the
Computer Centre,

the staff who over the years collected and processed field
data, especially Messrs. J.J. Pretorius, J.5. Mbatha,
¥. Freestone and Mesdames E. Ortmann, K. Wiercx and
R. Richardson, X

the members of the Oepartment of Agricultural Engineering
who helped prepare this document, namely Miss W.J.George
&s editorial assistant and Mesdames X.M. Temple, J. Whyte,
J. Moolman and B, Gaydon,

Mr M.C. Dent, who managed the computing system aad who
superyised the project for seven months in 1980 while I
was undertaking hydrological research on this project in
the U.S5.A.,

Mr HW. Reynolds and staff of the Agrometecrology Section of
the ﬂepartmént 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. S5chulze
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HYDROLOGICAL MODELS FOR AFPLICATION TO SMALL RURAL

CATCHMENTS IN SOUTHERN AFRICA :

REF INEMENTS AND DEVELOPMENT

R.E. Schulze

EXECUTIVE SUMMARY

BACKGROUND

In June, 1979 a five year research project entitled
“Hydrological Investigation of Rural Catchments in Matal with
Specific Reference to Flood Events" commenced in the Department
of Agricultural Engineering at the University of HNatal 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 ware

{1) the further deveiopment of the SCS curva 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 develaped here or adapted for use
locally, and

(1ii) the development and testing of other hydrolegical
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 upits and the ensuing
eight chapters all concern the development of a new multi-purpose
model, namely the ACRU model. The majer research aims and
research findings are highlighted in the chapter summaries which
follow.

SECTION A : REFINEMENTS TQ THE 35 MODEL FOR [MPROVED PERFQRMANCE

Chapter 1

The standard SC5 stormflow equation has Deen derived as

_ 2
q = {P-Iﬂ] for p> Ia
[P-Ia} + 5
in which
¢ = stormflow [(mm),
P = rainfall {(mm},
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I = initial abstractions before stormflow begins,

= ¢5 [with 'c' a coefficient). and

S = potential maximum retention of the seil, j.e, an
index of maximum soil moisture deficit related to

soil properties, land use and moisture status.

The SCS equation for peak discharge rate, Gp [m3_5~1} is given by

ap = {,2083 AQ
D72 + L
wWhere
A = catchment area {kmzl,
0 = effective storm duration (h), and
L = catchment lag, i.e. response time (h).
Chapter 2

Following tha publication by Schulze and Arnold in 1979 of a
manual on the 5CS method for use in Southern Africa, this now
internationally recognised technique has also become a standard
method for small catchments' hydrological design in  Southern
Africa, primarily because the method is simple, uses daily
ralnfall input and because graphical solutions are possible,

Despite its simplicity the SCS model has been found to yield
genera;ly acceptable results. It was, however, hypothesized that
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the methad's predictive performance of stormflow and  peak
discharge rates would be improved markedly if the estimates of
components 5, I, L and O could be refined. This was a major task
of the project and was approached with a research philosophy
revolving around:

{i} keeping the basic 5C5 equations intact ({tc maintain
the user's confidence in the method),

{ii} making wuse only of simple, readily obtainable
climstic, scils, topographic and land use information
{for widespread potential application of the model in
{ts refined state),

(iii} @&pplication of realistic, proven scil molsture
budgeting techniques and

(iv) aiming at improving mode! performance for a wide range
of environmental conditions. Hence hydrological data
from humid to arid regions of Southern Africa and the
U,5.A. were used for model testing.

Chapter 3

The variabie '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.5.A. showed marked improvements in stormflow-
simulations when goodness of fit statistics were compared with
those using the conventional SCS method of estimating 5. It was
further established that in more humid areas the antecedent
period to be considered i{n 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.5.A.
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Chapter 4

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

I, = 0,2 S.

Initial research on data from W.R.C. catchmenis 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. antecadent moisture
and rainfall amount, intensity or duration) was substantiated
and multiple regression equations were developed for estimating
the coefficient of [, which improved stormflow estimates
significantly.

Chapter 5

In the 5C5 peak discharge rate squation, 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 [ag 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 5CS 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 5CS peak discharge methed.
To date, the two rainfall distributions developed for the U.5.A.
have been used locally. Research con 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
fram 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 : HYDROLCGICAL CHARACTERISTICS OF SOILS IN SOUTHERN
AFRICA

Chapters 7 and 8

S0il is a prime regulatoer of a catchment's runoff response, for
it is the seil which absorbs, retains, redistributes and releases
rain falling on it. 3outhern Africa's soils have been classified
pedalogically into 41 soll forms, which in turn have been divided
into 531 recognisable soil series. Based primarily on physical
properties of the various horizons making up soil profiles, each
pof the 501 soil series was classified for hydreologiczl medelling
purpases into runoff potential groups, into interflow potential
tlasses, so0il 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

Chapier 9
The ACRY model for application to small catchments, using readily
available dailly climatic data, is being developed specifically
for Southern Africa as a conceptual physical and multi-purpose
model. The basis of the ACRY model revolves dround multi-soil-
fayer moisture budgeting, which lays the feundation for {he
model fs wersatility in being able to simulate

{1} runoff {storm- and baseflow},

{ii) supplementsry irrigation requirements, as well as

{iil} seasonal crop yields {(for selected crops).

The ACRU model has heen structured such that the soil @oisture
and runoff regimes are highly sensitive 1o land use changes.

Chapiers i0 to 14

The five chapters which follow describe the input information
which fis used in the ACRU model, explaining why the input 1is
required and what the computational procedurss or options are in
applying the medel. 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 1), runoff
simelation {Chapter 12), supplementary irrigation requirements
{Chapter 13) and inputs required for the estimation of maize or
sugarcane yields (Chapter 14).
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ghapter 15

The ACRU model has a number of options by which simulations may
be presented or assessed. Thesa 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 rungff and irrigation requirements, summaries
and ¥reguency 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 1977-1583 daily
data from H.R.C. catchments U2Mi8 (Cedara), ¥1M28 (Detoek}, WIMiG
and WiM17 (Zululand). Monthly rupoff totals were modelled
successfully on initial runs i.e. without calibration, yielding
rz values ranging from 0,984 to 0,972 and values of the
coefficient of efficiency, E, ranging from 0,922 to 0,975 on
grassiand catchments. On the steep, forested catchment U2MtB,
monthly simulations were less successful, with rz = 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 tiwo broad
headings.

(a} Design  Stormflow and Peak Discharge Rates for Small
Catchments in Southern Africa
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The 5CS has become an accepted method recommended for use in
Southern Africa by, for example, the Natianal Transport
Commission., In this report refinements to the modal for more
genaralized use in Southern Africa have been proposed in regard
ta curve number adjustment for antecedent woisture conditions,
the estimation of the coefficient of initial abstraction, an
improved tag time equation and new storm rainfall distribution
curves. These refinements need some further testing on data which
have only now become available, bhefore they can be incorporated
into a revised SC5 manual far Southern Africa, which, it Iis
suggested, should be at two levels, namely, a more detailed
version for the professional engineer and a simpler version for
field use.

Furthermore, it {s recomménded 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 sgunder than the one
assumed at present, pamely that a design runoff of a qgiven
recurrence interval is produced by a design rainfall of the same
recurrence interval, with other variables such as anfecadent
moistura introduced as “average" values. This proposed appreoach
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 & 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
varsion of the model. As a first step to further refinement the
model mneeds to be tested on catchments with diverse environmental
conditians (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
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*s  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 1ts structure tha ACRU model lends itself to being &
tcarrier' for sediment and water quality models - a further field
which requires development. Effects of water utilization and the
attendant influences cn water resources by ¢rops other than maize
and sugarcane nged 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
avident that lumped nydrological 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 assassed. 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 uniquenass of Southern Africam soils
and land use practices.

It is therefore recommended that the above proposals he
researched in a further project in crder to render this user-
orientated model more versatile tham 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.



BECTION A
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{HAPTER 1

THE SCS STURMFLOW AND PEAK DISCHARGE MODELS

INTRODUCTION

In the early 19505 the Spil Conservation Service (50S) of the
United States Department of Agriculture {USDA) developed a
procedure for estimating stormfiow!) volumes from storm rainfall
on small agricultural catchments (<8 km€).  This procedure,
namely the SCS Curve Number Method2), was designed to use, as
input, total daily rainfall {thereby largely ignoring rainfall
intensity} in the estimation of peak discharge rates.

The &lgebraic and bhydreoleogic relationships between storm
rainfall, catchment characteristics and the storm hydrogragh
response are detailed in the so-called NEM-4, i.e. the SCS
Mational Engineering Handbook Section 4 - Hydrology (USDA-SCS,
1972) amd in the 5CS manual for use in Southern Airica (Schulze

1) The term “stormflow” {s used in Chapters 1 - 6 of this report
in  preference to '"runoff" because runoff carries the
connotation of overiand 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 uwsed to denote the SCS "method" when used in that
context.



and Arnold, 1979).

This first chapter Introduces the SCS stormflow and  peak
discharge models by deriving the 5CS equations and explaining
briefly the concepts upen which this technique was developed. The
aim is to provide soma background to the standard SCS mpdel and
the research which has been conducted in the past five years on
four major components of the model in order to improve the
model 's perfarmance in Sputhern Africa and elsewhere,

THE SCS STORMFLOW MODEL

Stormflow wvolume is computed on the basis that the actual amount
af stormflow occurring {n relation to the potential stormflow
~ depends  on the iafiltration which c¢an still occur ({after
starmflow has cormenced) relative to the soil's moisture deficit.
Thus, according to the model's original developers,

g = E EI:I.. 1
Pa 5
where
Q = accumulated stormflow {mm),
Pa =  accumulated effective rainfall i.e. potential
stornflow {mm),
F = accumulated {nfiitration fros the time at which

stormf low commences (mm) and

5 = potential maximum retention of the soil {mm), i.e.



an index of maximum soil moisture deficit.

Since

Pa = P-1 Eq. 2
and

F = Pe - 0 Eq- 3
where

p = accumulated storm rainfall {mm}, and

Ia = initial abstractions (mm) before stormflow begins,

consisting mainly of interception, infliltration
and surface storags,

Equatinon 1 can.be written

(P - [,)2 for P 1, Eq. &
(P - I3} +5

]
il

In order to eliminate the necessity of estimating both [; and S,
the 5C5 uwsed limited data From small experimental catchments to
express I in terms of S by the empirical relatienship

I = 0,28 Eq. 5
thus simplifying Eguation 4 io the cemronly used

h) = (P -0,25)2
P + 0,85 Eq. 6



Fquation 4 has a conceptual basis since, as the soil mofsture
deficit decreases, 50 the stormflow approaches the effactive
rainfall amount. The potential maximum retention, 5, is related
ta soil surface and prefile properties,  vegetative cover/
management practices and antecedent moisture characteristics, and
is transformed into an index nf catchment response to rainfall,
or curve number, CH, ranging fror 0 Lo 100 by means of the
equation {when metric units are used)

CN

]

25400 £q. 7
S + 254

¥alues of CN far various hydrological soil-cover complexes are
listed in tables {for exanple, by Schulze and Arncold, 197%).

Curve Humbers for "average" soil moisture status, designated
CNpp. are assigned to a catchment. These “average" curve numbers
are Increased if soil moisture status of the catchment is wet
(CNyyp) or reduced if it is dry (CN;), then transformed to a
~ value of 5 {by applying Eguation 7) and used together with a
rainfall amount to estimate stormflow {Equation 4 aor 6).

THE SCS PEAK DISCHARGE MODEL

The SCS calculation of paak 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
d certain pattern of rainfall., The peak discharge of the
hydrograph is proporticnal to the runoff volume. It is therefore
possible to calculate the peak discharge from any runoff volume,

{he 5C5 model wuses a dimensionless unit hydrograph developed
from a large number aof natural unit hydrographs. This standard
unit hydrograph, which has 37.8% of the total valume 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.

Tha triangular unit hydrograph is a practical representation of
stormflow with only ans rise, one peak and cne recession. It has
been very wuseful in the design of soil and water conservation
megsures and discharge rate estimations for spillway and channel
capatities. 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 ratioc of the time to peak {ij to
the time of the base of the triangular unit hydrograph (Tp)
since both triangles have a common height, Qp (Figure 1.1}.
Therefore,

TE = d,375

Th Eq. 8

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

Q = 172 qp{Tp+Tr} Fg. 9
where

Q z stormflow volume {mm},

dp = peak discharge rate (ma.h-1),

Tp a2 time to peak (h), and

time of recessinn {h).

—
-3
]

Solving Equation & for Ap yields



ap = 2q _
Tp+Tr

[t may be seen from Figure 1.1 that this becomes

T = 2()
{1 + l,ﬁ?]Tp

0,754

Tp

Up

Introducing catchment area, A, in km2, allows conversion of ap
from mr.h=1 to m3.s-1, as follows (the full derivation is given
in Schulze and Arnold, 1979):

@ = 07540  (mm.ke?.p-1)
Tp
ie g5 = 0,20834Q (md.s°) £q. 10

Ts

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

D/2 + L Eq. "

—i
w
1]

where
0 = effective storm duration {h), i.e. the duration
of the stormflow-producing part of a day's

rainfall, and

L = catchment lag (n}.
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Figure 1.1 Geometrical shape of the triangular
unit hydrograph



The equation for the estimation of peak flow therefore becomes

qp = 0,283 A0 (m3.s-1) Eq. 12
D/2 + L

Lag is defined as the time from the centre of mass of excess
rainfall o the peak rate of runoff {(Figure 1.1} and, in SCS
literature (USDA-3CS, 1972},is related to the physical properties
of & catchment, namely, catchment slope, hydracvlic length and
flow retardance. The standard SCS equation used for the
estimation of lag is

L = 1085 4 25 0.7 Fq. 13
7069 y0.5
in which
| = hydraelic length of the catchment (m]),
¥ = average catchment slope {percent}), and
5! = 25400 - 254
CN'
where
CHT = retardance factor approximated by the runoff curve
number wunadjusted for antecedent snil moisture
i.a, CHII'

Equation 12 assumes storms with a eniform rainfall distribution.
Total storm rainfall, however, rarely {if ever) cccurs uniformily



with respect to time. In order I estimate the pesk rate of
rencff it fs 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 1 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 [ maximum intensities are less than those of Type
11, The Type [ storm distribution represents maritime climates
with winter rainfails while the Type Il storm distribution is
typical of the more intense storms usually generated over small
arezs from summer thunderstorms which then vyield higher rates
of runoff than storms with a Type [  distribution., Time
distributions for the two storm types are shown {n Figure 1.2,

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

L = 06T, - £q. 14

By dividing the storm intn increments of duration around the amost
intense rainfall period contributing to the peak runoff rate, the
peak discharge equation far an increment of runoff becomes

aqp = 0,2083 A 40 Eq. 15
A0f2 + L
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where

49y = peak  discharge of the incremental triangular
hydrogragh (m3,5-1)

4() = increment of runoff (mm) produced by the rainfall
of that incremental duration, and

&0 = duration of unit excess rainfall {h).

Figure 1.3 1llustrates how the ordinates of the individual
incremental  triangular  hydrographs (with each incremental
hydrograph being displaced one incremental duration, D, to the
right for sach suvccessive time [ncrement) are added to produce a
composite hydrograph, using the principle of. superpositioning.

With this background to the so-called "standard” 5C5 model, the
next chapter examines the applications of this model and the
research philosophies this author believes shouid be adhered to
when undertaking component research in order to improve the
performance of the model.

REFERENCES

schulze, R.E. and Arnold, H. 1979. Estimation of volume and rate
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Figure 1.3 Superpositiening of incramental triangular unit hydrographs
(Schuize and Arncld, 1979)
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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 technigue for estimation of stormflow
yolumes and peak discharge rates in catchments of 8 kmé or less,
and slopes not exceeding 30%, was selectead.

STATUS OF THE SCS TECHNIQUES

The raticnale behind the selection of the SCS5 technique was
strengthensd by the facts that in the past 20 years the 5C5
method had becomg an accepied and established model for stormflow
estimation on small catchments and that the procedurs was "used
internationally - perhaps several million times annually"
{Hawkins, 198D0), often as a method recommended by institutions
and government agencies {for example, by the states of Maryland
and Michigan in the U.8,A.}, or as a method the results of which
are accepted in court judgements (for example, in the state of
Penpnsylvania) and as a methcd being tested and used widely not
only in the U.5.A., but also in France, Germany, Middle Eastern
and African countries.

USE OF THE SCS TECHRIQUE [M SOUTHERN AFRICA

CGeveloped by Mockus and otbers over the past three decades,
originally for the U.5.A,, this method was first proposed far use
in Southermn 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 tevel by Cousens (1976},
while Hiemstra and Frances (1978} have used the 5{5 methad in
conjunction with funhydrugraph theory and @€ibson {1981} has
applied the SCS method to large catchments.

A major breakthrough in promoting the use of the SC5 technique in
Southern Africa was the publication of the first edition of a
user manual By Schulze and Arncld in 1979, adapted fer {ocal usea.
Response to the manual resulted in the 3C5 method's becoming part
of the hydrological armoury of engineers and its being
recommended as & standard technique by, for example, the Mational
Transport Commissien of South Africa and the Natal Provincial
Administration.

Simultanecusly, weaknesses and overgeneralizations in the model
have become exposed. [t became, inter alia, the task of this
project to research various components of the 5C5 model with the
view to possible improvements and gengralizations in order that
an evenptual further/new edition of the manual could incorporate
findings at wser level. Subsequent chapters report on these
research findings.

REASCNS FOR THE WIDESPREAD USAGE OF THE 5CS METHODS

The reasons for [ts 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 CH} 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 {U5DA-
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CHAPTER 2

THE SCS TECHNIQUE : APPLICATIONS AND RESEARCH PHILOSOPHY

THE MWEED FOR A YERSATILE OSMALEL CATCHMENTS MODEL FOR USE IN
SOUTHERN AFRICA

There is frequent need by agricultural and civil enginsers, as
well as by others, for hydrological data as an information base
fn planning, design and management bf water resources systems.
Indeed, in the case of hydraulic structures, many thousands - of
-UEEiQHS are made annuvally 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 agriceltural 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 s0-
calied rational formula, along with other simple, empirical
formulae and the unit hydrograph. The popularity of the rational
method results largely from its simplicity and from the fact
that, on average, the method over-estimates, thus giving an
inharent safety factor. Nevertheless, there is much variabillty
in the accuracy of prediction, resulting mainly from the usage of
broad classes of the coefficient of catchment imperviousness and
the subjectlve manner in which the guantitative value of this
factor is sometimes decided. Furthermore, many of the models used
give np estimate of the volume of stormilow generated by an
event, which in terms of the total envirponmental impact of 2
flood (fer example, water quality aspects) may be regarded aj
equally important to the peak discharge rate.



(c)

{d)

{e)

(f)
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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.5.A., for example, some 4000 and in South
Africa over 500 soi! series have been classified by
hydrological response for use with the 5C5 technique (USDA-
5CS, 1972; Schulze and Arncld, 1979), and diffarent
hydrologists estimating design volume and peak discharge on
an unguaged catchment gught to obtain the same answers.

The method uses dafly rainfall input - in fact the peak
discharge rate egquaticn was developed from datz and for
sitvations where only the total amount of one or more
storms occurring in 4 calendar day was Known, but not its
distribution {Kent, 1966). This renders the SCS precedure a
useful method to apply in areas with sparse autographic
rainfall data.

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 effecis of land use, its
treatment, hydrological c¢ondition, sail properties and
antecedent molsture status on stormflow  from small
catchments.

The 5L5 technique is user priented and various types of
nomographic solutions have been presented both by the 3505
(for example, USDA-SCS, 1972; Kent, 1973) in imperial units
and by Schulze and Arnold {1979} using 5! units and with
the coefficient of initial abstraction as a variable.

The above factors make the method attractive for use on
ungauged catchments because po 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 1o give not necessarily always the best,
but under a variety of conditions consistently usable
results (for éxample. Reich and Jackson, 1971; Dickey,
Mitchell and Scarborough, 1979; Mostaghimi and Mitchell,
1982},

{g) Fimally, the 5CS method uses the generated stormflow volume
as an input intoe its unit hydrograpn-based equation for the
estimation of peak discharge rates. The accurate estimation
of storeflow volumes is thus essential to simulations of
peak discharge rates, as over 80} of its variation may be
accounted for by stormflow volume alone (Rogers, 1980;
Schmidt and Schulze, 1984).

ORIGINAL [NTENT AND PRESENT USAGE

The 5CS technique was intended originally as a design tool for
use on small catchments With agricultural land wses. Thus Kent
{1966) states that the “procedures are primarily for establishing
safe fimits in design and for comparing the effectiveness of
aiternative systems of measures within a catchment/watershed
project. They are not vsed to recreate specific features of an
individual storm“.

Because of its simplicity, the S5C5 curve number method, however,
has been wused increasingly for purposes other than was the
original {intention, has been adapted in part or has had
praocedures for parameter estimation modified.

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

{1) The 5CS method has been adapted for use in
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continuous daily water yield modeis (for example,
Williams and LaSeur, 1976);

(ii} curve numbers have been estimated 0Wn conjunction
with remotely sensed data {(for example, Ragan and
Jackson, t980; Bondelid, Jackson and McCuen, 1980};

(iii} the SCS eguation has been used as a fool in
enyironmental impact studies, for example, in
assessing effects of strip mining (Fogal, Hekman
and Duckstein, 1980) or {n the estimation of
sediment yield (Willlams and Berndt, 1977);

(iv) the SC5 itself has adapted the technique for use in
Wrban areas (USDA-SCS, 197%):

{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  mpgdel on agricultural
management, systems {Knisel, 1980) and

{vii) it has been applied with mpdification on large
catchments {Gibsan, 1981) up to several
thousands of kmZ in area. .

The original authors did not foresee the widespread application
of the 5C5 method to the "entire spectrum of hydrologic problams
an ungaged watersheds" {Rallison, 1980). Although in many cases
the 35C5 procedeure 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; Hewlatt, 1981). While some of the criticism may be
misconstrued, {t is recognised by the 3C5 (Rallison ana Miller,
19892}, but {s accepted 3s a tradeoff against the advantages uf
simplicity.

RESEARCH PHILOSOPHY REGARDING [MPROVEMENTS TO THE S5C5 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 concaptual basls on which any changes %o the original
model were made and the implications of these changes. The
research "philosophy" regarding the improvements to the SCS5 model
proposed in this report consists of four simple considerations:

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

Q = (P - [a}z
(P - I.a’ + 5
and
ap = 0,2083AQ
0/2 + L -

However, Individual corponents such as 5, I, D or L may,
within the philesophy of model improvement, be derived by
means other than those used originally by the Soil
Conservation Sarvice, No “new" model, which may take years
to become accapted, {5 therefore developed. By adopting
this appreach the confidence of the SC5 and the users of
their technique is, hopefully, maintained.
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Any modifications suggested therefore may ultimately, at

user

(i)

(11)

(iii)

{1v)

tevel, make use only of simple, readily obtainable
input data.

These consist first of climatological data in  the
form of daily (or longer] rainfall and daily
temperature values, the climatic statistics
available most cormonly, especlally in developing
countries, Temperature is wused in the suggastad
mpdifications as an index of the energy staius of
the envirpnment and {s 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 ar tables or
graphs of, for example, mean annual precipitation
or rainfall intensities for given durations/return
periods.

The second type of model inpot consists of sails

information, where wuse is made either directly or

indirectly of the SCS hydrologic soil grouping or
of other published information on moisture
characteristics of soils.

A third fype of input data comprises togoqraphical

information from available maps, for example, on

hydraulic length, catchment areas/slopes, stream
order, or drainage densities.

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

{d) Ideally the rasults obtaimed from test data should show
improvements under & wide range of  environmental
conditiens, be they in humid or arid regions, on catchments
with dense or sparse vegetation or with deep or shallow
snils,

It is in the light of the above research philosophy that
improvements are sought to the 5C5 stormflow equation by soil
~ moisture budgeting procedures.
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CHAPTER 3

ADAPTING THE SC5 STORMFLOW EQUATIGN FOR APPLICATION TQ

SPECIFIC EYENTS BY SOIL MOISTURE SUDGETING!)

INTRODUCTION

In the 3C5 agquation for the estimation of stormflow, namely

@ = (P-T42 forI>Pand I = cS Eq. 1
(P - 1) +§

the catchment’'s curve numter, CN, representing the ‘“soil-
vegetation-management-antecadent maisture ccrdition”, and
expressed through S by

[ 2]
n

25400 - 254 Eq. 2
CN

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

1} This chapter sumiarizes findings presented under the same
heading as an [nterim Refort 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 SC5 procedure
to CH variation, conclude that accurate estimates and adjustments
of CN are more {mportant than accurate estimates of rainfall,
particularly within the range of rainfalls usually used in
stormflow estimation from small catchments.

This chapter focusses on & eethod of improving stormflow
estimates for specific events using the SCS wmethod, by the
application of moisture budgeting technigues, to cbtain more
accurate ¢urve number adjustments than those obtained by standard
SE5 procedures. '

The method described fulfills tﬁe four basic considerations

regarding the research philosophy on improvements to the SC3
technique, as outlinad in the previous chapter.

CURVE MUMBER ADJUSTMENT : BACKGROUND

The Significance of 'S' in the SC3 Stormflow Equation

Rallison and Miller (1981} quote "that in the absence of ralanfall
intensity in the model, S is limited by the amount of soil water
available in the profile". The 5CS states that "changes in S from
one event to ancther account for all wvariation in  runoff
producing factors except rainfall". Furthermore, in estimating S,
“the spil moisture at the beginmning of rainfall is usually the
most important", and "Of all the variables {hat oo into 5, soil.
moisture was selected as the most important" (USDA-5CS, 1980).

The implications ¢f 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 & corollary, S must be astimated at the onset of 3
rainfall event by soil moisture budgeting technigues that have to
account for more than merely antecedent rainfall. In the light of
the above conclusions on the significance of §, the standard S(S
procedure for adjusting “average® CN, hence 5, for antecedent
mgisture conditions are now discussed.

The Standard 5C5 Procegure for Adfusting CN

In the standard SCS procedure for CN  adjustment, lumped 5-day
antecedent rainfall ampunts for the dormant and growing seasons,
respectively, are used to categorize the catchment antecedent
moisture condition {AMC) into "dry" (AMC{), ‘“average" {(AMCyy) or
"wet" (AMCyrp) and the “average" curve number, CNiy, 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 SC5 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 CHN shifts, when adjustment for AMC takes place,
rather than CK being a2 c¢ontinuum. 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 CNpy of B0 is estimated o yield stormflow
of 28 mm, 14,2 ma and 29,5 mm for AMCp, AMCpp and AMCpqg
respectively.

(b} Inter-regional and inter-seasonal variations in
evapotranspiration exist, which render the {N adjustment
mergly by the divisions into "“dormant and “growing"
seasons too simplistic.
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Table 3.1 SCS antecedent mcisture classification and curve
number adjustment
Total S-day Antecedent
Rainfall
Examples of
corresponding
AMC Group Dormant Growing ¢N and § {bracketed)
Season Seascn {n mm
I Dry 12 mm < 35 mm 40(381} 51(244) 62(149)
IT Average 12 - 28 mm 36 - 53 mm 8D{169) 70(109) B0{ &4)
I1] Wet 28 mm * 53 mm 79( 72) 85{ 49) 1{ 25)
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(¢} The use of a five-day period for assessing moisture status
may be queried. Five days may be too shert, ideal or too
long a period, depending inter alia on a catchment's area,
slope, climate or soll texture. Researchers have found
other antecedent periods to give better estimotes of
stormfiow, For example, Hawkins (1961) found one day,
Dickey., Mitchell and Scarborough {1979) twn days and Hope
and Schulze (1982) 15 days as a better antecedent period
than five days.

{dy The wuse of a lumped rainfall ameunt rather than 3 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 mpisture is “residing” at the onset
of an event. A mulii-horizon soil profile ought therefore
to be considered, taking congnizance of the proportions
in which moisture 1{is being extracted from the various
harizons  according to rooting characteristics of the
catchment's vegetation.

Review gf CN Adjustment by other Researchers

Attempts at refining CN adjustment are not new. The SC5 itself
has suggesied an adjustment according to stages of vegetative -
growth and exposure of the soil surface. However, this suggestion
has naot bgen pursued. Researchers attempting refinements to CN
adjustment have uswvally developed expressions uvnique to their
locations or hydrologic regimes, Thus Simanton, Renard and Sutter
(1973), working in the semi-arid environment of Arizona, sub-
divided AMC; inte sub-conditions and further combined rainfall
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intensity with AMC;. In Texas, where climatic conditions becone
progressively more arid from east to west, CN for design
purposes have been adjusted (USDA-3CS, 1978) by addition cf
intermediate values such that design CNs decrease towargs the
west. Dickey et al, (1979) used another approach in [ilinois by
tncorporating the month of the year in their CN correction, A
procedure for CN adjustment based on antecedent rainfall,
evapotranspiration and drainage/runoff, and therefore of 3 nmare
universally aprlicable nature, was derived by Hawkins (1978).
This procedure, tested by Fcpe and Schulze (1982) on catchments
in Southern Africa, was found to simulate stormflows consistently
more afficiently than does the conventional 5C% model.

MOISTURE BUDGETING : COMCEPTS AND ASSUMPTIONS

By the intreduction of soil moisture budgeting techniques tc CN
adjustments, threse working congcepts and several assumptions are
made,

{a) S5pi! moisture is held {n a sgil store. Soil moisture is
held in a store within that part of the sofl profile that
is active in regulating the stormflow response of a
catchment to rajnfali. 1In the research described in this
chapter, this store has been eguated to the plant
available moisture, PAM, of the profile. A value for PAM
has 10 be obtained either from published data, by
gstimating PAM from soil texture, or by cerivation frem
concepts implied in the 3C5 equation.

in the absence of soil information, the last named method
has to be  used, The derivation of PAM from concepts
impiied in the 5C5 eqguation is ouvtlined below,

(i} A CWyy tis obtained for a catchrent from fieldwork
and tables.
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(it} Using SCS tables {USDA-SCS, 1972), values of CH; and
CNipp are derived for the initial CRyq.

(iii) From the CN; and CNpjp, corresponding values of S;
and Sprp {both in mm) may be obltained {Equaticn 2).

{iv) On the assumption that 5y, representing dry
antecedent conditions, approximates wilting polnt
and Syry. representing wet antecedent conditions,
approximates field capacity, the PAM is estimated as
baing the difference, in mm, between Sy and Syg-
Within the range of (CNp; most frequently
encountered, namely 60-90, realistic estimates of
PAM may be made by this method {Schulze, 1982}.

Seil  moisture in a profile is partitioned and

redistributed. Partitioning and redistribution of soil

moisture in & 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 {P;) and when that is “filled" {in the proposed
daily model at PAM,) the remainder (Pp) would percolate
intd the B-horizon. Evapotranspiration takes place
simsltaneously from the A-horizon {ET,) and the B-horizon
{ETb} depending on the vegetation rooting distribution in
the respective horizons and on whether the Eegetatiun is
stressed, {.e. when soil moisture content is below & given
threshold value, Unsaturated redistribution of  soil
moisture takes place upwards (RDp,;) or downwards (RD,_,p)
and out of the B-horizon (0Q,) dependent on soil moisture
gradients. Finally, since the segment of sall considered in
Figure 3.1 is an element of the larger catchment, inflows
and outflows of water can take place on the surface ([5,
Og} or laterally within the soil profile (I, 0}, but the
latter flows are not considered in this research,
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Figure 3.1 Soil moisture partitioning and redistribution
{Schulze, 1932)
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aspects of the above soil moisture budgeting

procedure require further defail.

{1)

(1i}

Estimation of petential evapotranspiration, PE. In
the absence of A-pan values PE has o be esiimated
by a temperature-based equation. One of the simplest
equations, requiring only mean temperature data, is
that by Blaney and Criddle {1980) in which

PE{mm/day} = 10{D,142T + 1,095){T + 17,8)c d/m

Eq. 3
whare
T = mean air temperature (OC),
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 ceefficients 'c' and
'd* may be obtained from the literature.

Estimation of actual evapotranspiration, AE. The

Baier and Robertson {1966) eguation was salectad io
estimate AE for & two-layered soil. [n this equation

2
ﬁEi = E ij:SHj{i_”fPﬁHj}ZjFEi £q. 4
1=1
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where

AL§ = AE for day i {mm),

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

SMirj.1) = available soll moisture (mm) {n the j-
th zone at the end of the previcus day
{1-1]1

PAM; = plant available motsture {mm) of the j-
th zone,

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

and
PE; = PE {mx) for day i.

The kj values have to be estimated 0 resemble
probable rooting patterns and typical values are
shown in Figure 3.1, The proportions of total PAM in
the A- and B-korizons may be estimated 'frﬂm soil
profile descriptions, but 0,2 - 0,4 PAM {5 typical
for the A-horizon and 0.6 - 0,8 typical for the B-
horizon. The function Ej 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 sofl moisture
content.

{iii) Soil moisture radistribution. The amount of
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redistribution is a function of the moisture
gradient Eetwesen the A- and B-horizons and the
amount of soil moisture in the more moist horizen,
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
nas 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 iﬁ
approached, because of the greater sensitivity of a
model to moisturs status just prior to an  event.
Therefora, the moisture budgeting was undertaken in
a maximum of five lumped steps starting 30 days
prior to an event, namely, for 30-16 days orior 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 lccal conditions, the moisture budgeting could be
preselected tn comvence at the beglaning of any one
of the five periods. At cormencement of  the
bhudgeting it was assumed that both A- and B-horizons
had a soil roisture content equal tc 0,5 PAM.

Poteniial Maximum Retention '5' Represents S0il Moisture

Deficit

The «concepts that soil moisture is held ina store and
that it is partitioned snd redistributed apply to any
Aydrological model; the fact that potential maximum
retention, S, 1is conceived as a moisture deficit (as
discussed previously), "marries" the 5CS5 stormflow model
to soll roisture hudgeting techniquas, As a soil moisture
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deficit, S may therefore be defined as
5 = PAM - SM £9. 5

wherg SM for the entire soil profile ar For the various
horizons [s calculated by Equation &,

Procedures

The proposed s0il moisture budgeting technigues for a two-laysred
spil profile model, SMBZ2, wuses the inputs, assumptions and
proceduras described in preceding sections $o caiculate a soil
maisture deficit, which is equated to S and then used in Equation
1 to estimate stermflow. Conventional moisture budgeting
sequences are wused for each antecedent period up to the event
date. Oetails of inputs, sequences and outputs have been given
by Schulze (1982},

TESTS ON STORMFLOW ESTIMATES USING THE SCS5 EQUATION MODIFIED BY
SOIL MOISTURE BUDGETING

Catchment Data Used

The 5MBZ2 madifications to the 505 equation were tested on 250
events from 20 catchments at seven locations in the U.5.A. The
catchment locations zre shown in Figure 3.2 and other information
is summarized in Table 3.2. Catchment areas varied from G,51 {0
906 ha in widely differing climatic and hydrological regimes in
which mean annual rainfall ranged from 175 mm to 975 mm and mean
annual runoff from % {o 300 mm {Table 3.2). All the information
on the events was extracted from data published in the annual
series Dy the USDA Water Data Lsboratory ({Burford, Delaschmuit
and Roberts, 1920 and previous years). WNone of the data were
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Table 3.2 Catchment information

Catch- Mean Mean

Catchment Humber ment Annual  Annual Curve
Identi- of Arca Rainfall Runoff Land use/ Number

Location fication Events {ha) {mm) fmm} Vegetation (CNy}
Coshocton 26001 H 0,51 975 300 Pasture/weadow 73
{Chip) 26003 12 1,11 Pasture 73
26005 12 0,67 Meadow 73

26007 1" 0,90 Hardwood 70

Rissel 42024 1 1,21 a25 142 Hative grass a1
{Texas) 42028 15 1,22 Pasture g0
Stillwater 37001 17 6,82 725 105 Native grass 80
{Qk lahcma) 7402 16 37 .55 Native grass 80
37003 15 84 .08 Native grass 77

Hastings 44005 10 1,48 600 70 NHative meadow 69
{Nebraska) 44006 9 1.39 Native Meadow a9
44022 10 1,53 Pasture 69

Tombstone 63003 15 906,12 275 4  Pesert shrub/grass 79
{Arizona) 63004 16 228,57 Desert shrub/grass al
Safford 45001 1 211,84 225 i Sparse shrub/rangeland 79
(Arizona} 45002 7 278,37 Sparse shrub/rangeland 79
45004 10 295 .10 Sparse shrub/rangeland 81

Albuguerque 47001 16 100,41 175 B Sparse grasses/shrubs 88
{New Mexico) 47002 14 16,53 Sparse grassas/shrubs 87
47003 12 71,84 Sparse grasses/shrubs a5

6F
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rejected on the grounds that they might give poor results.
Information ¢n catchment land use, its hydrolegic condition and
soils was obtained from the same source and CNjp was derived from
procedures given in MEH-4 (USLA-SCS, 1972).

Statistical Tests Used

Conparisons of stormflow volume estimation Dy the standard 5CS
and the SMB2 modification to the SCE model were made against
obseryed stormflows, In addition to eéxamining regression
gquations, the accuracy of each procedure was assessed by the
Coefficlerts of Determination (D) and Efficlency (E) of the
observed and calculated stormflow in which

E{Qy - Tp)2 - Z(Qp - Qast)?

E(Qy - Q)2
and

L{0p - 0} - (0 - g}

f = Eq. 7
IO - B)?
where
Qy =  cbserved stormflow,
ﬁb 2 mean of the observed stormflows,
g =  calculated stormflow, and
Qest = estimated stormflow obtained from the regressicn

line of Qg on Q4.
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Both D and E describe the degree of assaciation between observed
and estimated stormflows. However, these two statistics are not
identical {¢f. Equations & and 7). While D {5 a good measure of
the association betwesn 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 vailue of E being less than 0
when this is so. Both D and £ will always be lass than unity,
high values indicating accurate estimates of stormflow amounts.
The error function Fy is the difference between D and € and the
cleser Fy is to zerop, the less systematic error occurs in
simulated stormflow. '

INTERPRETATION OF RESULTS

Tests on the SMB2 modifications were undertaken initially 1o
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 aresas ({Coshocten, Riesel,
Hastings and 5tillwater) responded differently to catchments from
the semi-arid zreas {Tombstone, Safford and Albuguerque). For
events in humid areas the tendency was for similation 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 5MBZ2 wmodification
were therefore performed using & 30-day antecedent period for
events from humid catchments and a five-day antecedent period
from semi-arid catchments.

fhe error functions D and Fy are given in Table 3.3. The overall
assessment is that SMBZ2-modified CN adjustments yield markedly
better goodness of fit statistics for their simylations than do
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Table 3.3 Analysis of results

.atchment

Error Fenctions

Median CN

B Fq
SCS  SMB2 SC5  5MB2

SCS  SMB2

Actual
Event

Coshocton

~ [Hastings
Stillwater

Riesal
Tombstong

[Safford

Albuquergue

26001
25003
26005
26007

44005
44006
44022

37001
37002
37003

42024
42028

63003
63004

45001
45002
45004

47001
470302
47003

¢,457 0,831 0,277 0,029
0,315 0,836 1,108 Q, 069
0,275 0,75 0,654 0,081
0,166 0,415 9,587 1,272

0,33t 0,841 Q. 410 0,058
{0,153 0,915 0,712 0,194
0,006 0,455 1,666 0,398

0,575 0,816 1,609 0,324
0,731 0,808 1,303 0,173
0,518 0,831 0,865 0,093

0,09 0,540 0,182 0,007
0,383 0,789 0,503 0,048

0,248 0,851 0,275 ¢,244
0,639 0,873 0,199 0.013

0,715 0,570 1,903 0,295
0,665 0,859 1,325 0,31
0,139 0,382 0,649 3,626

G,579 0,525 1,265 0,677
0,313 0,705 2,164 0,548
0,209 0,45% 2,393 1,248

51,0 78,5
63,0 77.%
63,0 78,6
60,0 64,8

49.0 77.0
49.0 78.4
48.¢ 78,0

63,0 83,5
63,0 83,8
59,0 81,3

81,0 86,9
80,0 86,5

62,0 81,4
65,0 83,3

62,0 81,8
62,0 81,4
65,0 83,2

76,0 89,2
74,0 88,3
71,0 86,6

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

78,1
78,6
84,6

92.8
90,1
87,5

87,5
95,2

76,9
80,

C

QoD = DD
[= R IER = J R S~y
£ e GN onounoco o
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the standard 5C5 estimates, with improved O in 18 of the 20 and
reduced Fy in 19 of the 20 catchrents. The effect of systematic
grror shows wup in the case of Safford 45001, where
SMBEZ yleids a lower D, yet has 4 better Fy value than the
conventional wmethod, and would therefore be the more efficient
model  to use there. On the other hand the reverse hplds for
avents simulated from Safford 45004.

Another jnterpretatien of results concerns the accuracy of
astimated curve numbers when compared- with actual ¢N  for tre
events, Given observed rainfall : stormflow data, an actual event
curve numper, LNy, may be calculated by the equation

TNy = 25400/5 [P + 20 + (402 + 50P)0.5] + 254 &q. 8

Table 3.3 summarizes, for sach catchment, the median values of
{N; generated by the events tested as well as the median values
of CM by the SC5 method and its medifications by SMB2, CGenerally
the simulation mcceis used upnder-estimate actwal CN. The SMB2
mogifications do, hcwever, Japproximate the actual CN Far mrore
clgosely than does the standard 5CS model. [T a tglerance of three
CN from the actual is viewed as permissible for accurate
simutation of specific events, thils is achieved for only nine
catchrents, For eight catchments the SMB2 estlimate of CN  was
still more than five CN from the actual. This implies that the
soil-cover-complex CNp; cannot always be estimated accurately;
nossibly because of overriding lccal conditions in the stormflow-
prodiucing areas of 2 catchment. Alternatively the mcisturs
budgeting techniques are not sensitive enough to reflect those
hydroiogical processes producing stormflow, and budgeting in the
A-horizon on the basis of ar cpper s0il moisture content at
aeffective porosity rather than fielid capaclty may imgcrove the
results further.
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Finally, the 35M82 model may be shown to simulate individual
events far more closely to the observed values than the standard
5CS 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
appited 5C5 model was mpdified 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 tempsrature data, takes account of,
and tries to eliminate, many of the weaknesses of the
conventional SC5 method of adjusting CN.

Applications of the procedure to data from 20 catchments in seven
hydrologically constrasting locations in the U.5.A, proved very
successful when goedness of fit statistics were compared with
those using the conventional 5CS method. It was further
astablished that in humid areas the antecedent pericd to bDe
consicered in stormflow simulations should be longer than in more
arid areas.

The suggested modifications to CN adjustment imply that the SCS
eguation may now be wused with greater confidence and nore
generally in a variety of environments when simulating specific
avents, )
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CHAPTER 4

THE COEFFICIENT GF [NITIAL ABSTRACTION I[N THE

SCS MODEL AS A YARIABLE

R.E. Schulze, W.,J, George, H. Arnold and J.X. Mitchel 1!}

INTRODUCTION

[n the SCS aguation for stormflow estimation, namely

Q0 = (P-1,°% for P> 1, Eg. !
(P -1I5) +5§

the initial abstractions, [, are defined as all that rainfall
(mm) occurring before stormflow begins and as consisting "mainly
af interception, (nfi{ltration and surface storage" {USDA-SCS,
1972}.

In order {o seek a simple solution to Equation 1 by having only
one unknown on the right hand sjde, namely the poteniial maximum
retention 5, an empirical relationship was sought between [, and

1) Professor J. Kent Mitchell's contribution to this chapter
was made while he was an sabbatical leave in the Department
of Agricultural Engineering at the University of Natal in
1982 from the University of [llinois, Champaign, [llinois,
U.5.A.
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5. This empirical relationship between I, and 5 was, according to
SCS literature (USDA-SCS, 1972), based on research data, some of
which is shown in Figure 4.1 - & plot of I, versus S for
individual storms. The data were derived from natural rainfall
and renoff records from catchments less than four hectare {n size
(USDA-SCS, 1972). The large amount of scatter apparent {n the
diagram was ascribed mzinly to errors in the estimation of I[,.

It is, however, from these data that the relationship
I3 = 3,2 8 Eq. 2

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

Q@ = {p-0.,25)2 Eq. 3
P+085S

REVIEW

A ogeneral contention amongst researchers and users of the 5C5
equation ts that the coefficient of [ in terms of 5, namely 0.2,
is too high and also that it should be variable. Aaren, HMiller
and Llakatos {1977) stated that a coefficient of ¢.,2 might work
well for large storms, but usvally resulis in under-estimation of
stor@flow for small to redium storms. They therefore suggested a
reduction of the coefficient from 0,2 to 4,1 or even lower. Based
on similar experience, 0,15 was used by Fogel, Hekman and
Buckstein {1980}, Springer, McGurk, Hawkins and Coltharp (1980},
werking with data from both humid and semi-arid catchments in the
U.5.A. alse 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 [, being a variable, Smith (1378)
maintains that it wvaries 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, N,
when simulating storaflow in urban areas.

Rallison and Miller {1981), commeniing on the assumption
that I = 0,2 5§ state : “Further refinement of 15 Is possible but
not recommended, because under typical field conditions very
little is known of the magnitudes of interception, infiltration
and surtace storage”.

Schulze (1882) felt that it was "shartsighted that the 5CS should
not recommend further resedarch {n this area". He states : "Great
strides have been made in the past decade in our understanding of
the stormf)ow process in terms of contributing or partial areas.
-Since a catchment does not usually respond uniformly o rainfall,
it is hypothesized that, in addition fo varying with storm
intensity and duration, I, 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 cancept of
varying I, In the 5C5 eguation is an area of research that needs
to be encouraged. [t is in anticipation of opositive research
results that the metricated graphical solutions to the 5CS
stormflow equations developed by Schulze and Arnold (1973}
contain the coefficient of [; as a variable".

RESEARCH AIMS

in the light of the above discussion, this project set out o
examine the coefficient of {nitlal abstraction from three
viewpoints:

(a) First, the point scatter of I3 vs 5 given by the 5CS (c.f.
Figure 4.1.) would be analysed {n order to establish from
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those data whether a relaticnship other than [ = 0,25, in
fact, gave a betier fit to the scatier of points.

(b} The standard SCS5 procedure of accounting far antecedent
myisture status adjusts curve numbers in “quantum" jumps up
or down for “wet" ar'dry" conditions, Furthermore, these
conditions are defined for so-called "grawing" and
"dormant" seasons. An analysis of the possible influence of
antecedent condition and season an optimized values of the
coefficient of initial abstraction was therefore a second
gim of this project.

(c) In the previous section (Review) possible relatianships
between ghysiocgraphic factors as well as climatic factors
on initial abstractions were suggasted, 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

;-

ANALYSTS OF SC35 DATA OM THE [, : S RELATIOWSHIP

As a starting point in this investigation of the initial abstrac-
tion companent of the 5C5 model, the SCS data presented in Figure
4.1 are examined with the aim of determining an alterpative
empirical relationship between I; and S which would account for a
gredter proportion of the variability than would I, = 0,25. A
nember of regression models were therefare fitted to the 5C5
data.

Co-ordinate pairs of I, and S were ohtained by digitizing from
the point scatter shaown in Figure 4.1. Since a2 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 resulis from these regression analyses are 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
zerp. This result is compatible with the curve numbar concept. A
LN of 100 results in an $ 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 storaflow is
approximately equal te the rainfall amount. Therefore I; should
be zero when 5 is zero and no constant term needs fo be fitted in
the regression of [, on 5,

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

The relationships between I, 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 fs 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 inltial abstraction
on potential maximum retention
Correlation t-value for

Regression Regression Equation Coefficient 5Students
Model (For I in mm on S in mm) r t-test
Linear Ty = 0,0705 5 0,4724(%**) 5 873(*+*)
Regrassion + 71,7264 0,761(NS)
Log-log logygly = 0,6317 logqgS  0,5254(***} 6,535(***)
Regression 0% " 0 1532 0.343({N5)
Quadratic [, = -0,00026 & 0,5330{***) 3,1Q1(**+)
Regression + 0,1651 5 5,037 (%wx)

+ 4,1803 0,595(NS)

W.8. *** ** and NS denate,
and 1% levels and non-significance at the 5%

leve]

respectively, significance at 0,1%

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

_ Correlation t-value for

Regression Regression Equation Coefficient Students

Model {for I inmmon S in mm) r t-test

Linear I3 =0,1206 S Q,7215(***] {5,665(**)

Regression

Lag-log logply = 0,5540 logypS  0,9272(***) 37,108({**¥)

Regression

Quadratic [4 = -0.00041 52 0,82048(***} 9,243 (**=*)

Regressign + 00,2324 5 16,888 ([ ***)

N.B. *** ** and NS dencte respectively significance at 0,1%

and 1% 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 4s a fedsible
glternative prediction model for [;. From the remzining
regression equations the simple linear model was chosen for the
purpose of estimating I, because the more complex guadratic 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 5C5 model.

t = B-X% = 0,2000 - 0,1206 = 10,313{**")
Q2 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 plotied to indicate the variability of the data. There are,
howaver, 114 ppints in Figure 4.1 - enough to cbtain a realistic
picture of the [, : 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 SL5 model, It s,
however, noteworthy that analyses of the data paints given by the
SCS were shown to yield significantly lower values of I than
I =0,25 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 SEASON AND AWTECEDENT MOISTURE ON THE COEFFICIENT OF
INTTIAL ABSTRACTION

Introduction

Storm durations and storm typas, 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 abstracticn, 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 runnff events were selected
from the W.R.C. catchments at Cedara, DeHoek and Zululand.
betatls of the caichments 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 starms was categorized
gccording  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 Movembsr to February
(inclusive}), and the SCS rainfall !imits required for the
classification of the AMC class were tazken {(c.f. Table 3.1).

Frocedure
The fnitial abstraction for each event was calculated after

rewriting the SCS stormflow equation (Equation 1, [ntredection)
as

I3 P-0,5 [? + {QZ + & 0 5}”-#] Eq.d

Using Eguation 4 the initizl abstraction for each event may be
calculated by substituting the observed runoff volume for §. In
any one of the categories as defined by " season and AMC, the
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Table 4.3 Catchment information

Catchment Catchment Mzin Curve MNo. of
Identification Area Land Uses Humber Events
(km2)

Cedara 52
U2Mie 5,25 Forest/Yeld 67 14
U2Mta 1,3 Forest 74 14
UzMis 0,09 Veld 69 8
UzZM20 0,28 Veld 71 16

DeHoek 60
ViIMi2 4,50 Yeld 74 16
Y1M15 1,03 Veld i1 8
YiM28 0,41 Veld 68 13
¥7M03 0,45 Yeld 74 13

Zululand 18
HIM1E 3,28 Yeid 77
WIM17 0,61 Yeld 63 10
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"hest® coefficient of initial abstraction may then be evaluated
for a particular category. This 1is obtained by performing the
linear ragression of I on § within that category. Consistent
with the findings in the previous section, the regression line
was forced through the origin. Thus in

Ia = ':5
where

c = the "best" coefficient of initial abstractior for a
particular category, and

o E i=l - Eq. 5

Iy = the initial abstraction for event f,

5{ = the corresponding potential maximum retention for
avent i, and

n = the number of events in the category being
considered.

For a given sezson and AMC class the maximum patential retention
is constant cn any one individual catchment, since only one CHN
was used to -des¢ribe the soil-cover complex irrespective of
season  {Table 4.3)}. Thus Eguation 5 may be further reduced to
give
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¢ = © =1 0 i Eq.
noj=1 35
where
c = the mean of the coefficients of initial

abstraction in any ocne category.

Whern combining the storms on several catchments in order to
investicate regional trends in ¢, or when combining storms in
different AMC classes in order to investigate seasonal trends,
Equation 6 dces not apply. This is due to the fact that § is no
longer constant when several categories are grouped together. The
velue of ¢ must therefore be calculated by Equation 5 and may be
viewed as the weighted mean of the best coefficients of each cof
the combired categories.

Trends in the Magnitude of the Coefficient of Initial Abstraction

The “best" values of the ccefficient of initial abstraction for
the wvarious category and catchment combinations cons{dered 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
"bast" coefficient.

[t is evident from Table 4.4 that a large proportion of the
gvents fall into the AMC-I category, while the AMC-TII category
is poorly represented. Nevertheless, it {s important to note that
values of the coefficient of initial abstraction larger than
0,2 vecour predeminantly under  AMC-I1II.  Furthermore, the
coefficients generally increase frocm AMC-I to AMC-TII in both the
growing and the dormant seasons.
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Table 4.4 Best coefficients and mean coefficients {where they giffer,
lower line} of initial abstraction (after Arnold, 1980)
Catchment Growing Scason Dormant 3eason Irre:uectiv_et
1]
AMC-1 AHCa]] #HC-111  Mean ARC=] AMC-11] ARC-TI1 Mean Seasnn
00,0705 0, 1902 sone 0,077 0,063 ©.1184  0,05008 0,0742 0,0764
DZM16 0,1004 00,1549 01237
{5} {2 {0} { B i3 {2) {1} { §) {14}
0,006 0,187 Hone 00978 | 00220 0,2588 05052 0,0977 00978
UM 0.1165 0. 2602 | 0.1593
(7] i 3) t 0 {10} i 1) {2} i1 i4) {14}
#,0525 Nong Hane 00525 0,095% 0,113  Hone 0.0370 ©.0661
UZH19 0.1012 #,0708
{ 5] { 9} (0 { 5 (2] {1 { Q) { i1 { B
10,0336 0,1146 figne 10,0255 0,0621  ©,0007  Q,1952 11,0647 00,0457
UZHZ0 i}, 0426 00864 0,0617
-H ol { 0} {9 i 4) i 2) { 1) {7) {16}
0,0617 0,178 Hone 0 0667 00660 0,429 D 4167 0,0779 0.070!
Codara 0,0611 {,1744 {0823 0,0652  0,1470 D 4007 0, 1442 o,1061
{26} { &) foyp (32) {18} {3 {7 {20) {z2)
0,099 Hane 0,1975  0,0919 0,048 0,0725  0,0713 {,0518 0,0770
YiNI2 B, 1256 0,0620 0,0078
{6} {1 (3 {9 (1 {2} { 2} { 7] {18)
b, 0722 0,1405 Hone 0,0731 None 6.23%  Hone 0,230 0.0750
V1425 0,0752 6, 0850
(14) (n { o (7 {0) i { o) in {18}
0.0450 0,073 Mone 0,018 08,0102 40,1502 0.041 0,016% 0,0138
¥1MZ8 n.gand 4,079 0,0402 9.0218
{5} {1} {0} { 6} { 8} i 1 { %) {7 {13}
0.0155 Hong Hone 0,055 0,050t 0,117 04,2511 0,08%3 .03z
V7M03 00464 0,147 0.0941 0,0619
{ 5) {0} { o { 5) { 5} { 2 [n { 8) [13)
0,568 0,0187 0,1975  0.DS66 D,0286  0,i356 0,096t 0,0373 0,0512
DeHoek 0,0532 £,0337 0 ,0649¢ D,0380 01330 0,089 0,0740 5.0709
132) {2) i 1) 137) 113} { 6) {4) 13 {60)
00,0563 0.0402 e 0,0550 | 00667 ©0,1631  fone b,0%27 0.0960
K116 0.0510 0,k 0,043
{ 2) {1 i 0) { 3 { 2} (Y] i 9) { 6} {9)
-0,0413 Hans Hone  -0,0413 | .0.047%  0,0103  0,0484 20,0071 | -0.0390
HiM1T =0, % p.0E7
{ 2} L) v 3 £ (3 {1} I'n {10}
-0,0272 0,0402 Mone -0 ,0261 | -0,0010  0.0471 00488 -0,0163 | -0.5208
tululand | -0,0023 00040 | -0,00i8 90,0976 8 0556 {0396
[ 5} AY {0} {5 {5 i N { 1) f13) {19}
all 0, 0494 ¢, 114 0,975 0,057 g.0278 0,302 0,202 0,0382 00472
fatchaents | ©.0551 0,1282 00656 0,097 0,125 02107 0,0948 0,0803
Comt ined {63} {9 {3} (751 {28) (20} i 8) Y {131}

tiymber OF syents shown In brackets
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The range of the "hest” coefficients within a season appears o
be considerable. For example, in Table 4.4 upder “ALL CATCHMENTS
COMBINED", the coefficients in the growing season range from
0,0494 to 0,1975 while those in the dormant season range fTrom
0,0278 to 0,2012. However, the f-values indicate that neither of
the above pairs of coefficients is significantly differant From
the cther at the 0,05 level {Arnold, 1980).

[t {5 concluded therefore that antecedent moisture status does
not significantly affect the coefficient of {nitial abstraction.
The general trend of the coefficients to increase from AMC-I to
AMC-TII within the seasons probabiy reflects inadequacies in the
procedure for adjusting curve numbers according to antecedent
moisture conditions.

For all catchments combined, the "best" coeffictent for the
growing  season is 00,0517 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). ’

Slace there is no significant difference betwaen tha “best"
coefficients for the two seasons, it {s suggested that the
overall “best" coefficient of 0,0472 should be applied on the
catchments tested, The value of 00,0472 is significantly different
from 0,2 at the 0,01 level, supporting the suggestisn made by
several other researchers that the cnefficient of 0,2 was
generally too nigh (c.f. Review).

As may be gleaned from Table 4.4 several of the '"best”
coefficients calculated for WiM17 and Zululand are negative. This
indicates that either consistent errors are present in the
rainfall or runoff ¢ata, or that the curve number assigned to
catchment WiIM17 is far too low,,
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Performance of the 5CS Model Using Calculaied "Best” Coefficients

An indication of the degree of [mprovement of the estimate of
runoff volume that may be achlieved by optimizing the initial
abstraction component of the 5CS model can be obtiined by
incorporating the calculated “best” coefficients into the model.

Detailed results presentegd by Arnold {198C), in a comparison
of these results with those obtained using the standard 5CS
model, show that on seven of the ten catchmants 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 abservations apply +to the analysis of zll storms
combined, 4s weil as at DeHoek and Zululand. In the case of the
Cedara storms, the degree of association increases marginally
with a carrasponding intrease in the systematic error,

[t was concluded in the previnus section that the coefficient of
initial abstraction {5 not significantly affected by season or
AMC.  Furthermore, it 1is 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 ©,0472
should be wused., The performance of the 5C5 model using a
coefficient of 0,0472 in preference to 0,2 has been shown by
Arnold (1980) to result in 3 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  decredse
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 wused {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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EFFECTS OF PHYSIOGRAPHIC AND CLIMATIC FACTORS ON THE COEFFICIENT
OF INITIAL ABSTRACTION

Introduction

In addition to having

(i} demonstrated from the published 5CS plots of [; on §
that the coafficient of I, was closer to 0,1 than to
the conventionally used 0,2, and having

{ii) illustrated from analysis of 13t storm events from
Hatal catchments that the “best" coefficient for
those dats 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 considersd to have on the coefficient of
initial abstraction were :

{i} catchment area {kmZ) : the larger the area the
higher the cpefficient;

{ii} mean catchment slope {percent) : the stesper the
slope the lower the coefficient:

{(ili) 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, alsc the greater the area contributing
to stormflow was likely to be, hence the lower the
initial sbstraction and its coefficient.

[t 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 ratnfall amounts would
be subject to more abstraction than relatively lower
rainfall  amounts,  possibly because rainfall
intensities were likely te be lower and total
infiltration consequently hlgher;

(ii} rainfall intensity {(mm.h-1} . the higher the
intensity the more rapid the runoff response and
consequently the lower the initisl abstraction;

{iil) duration ¢(h}) : the langer the duration the higher
the initial abstraction, and

{iv) antecedent mplsture condition {curve number) : the
moister the soil, the larger the contributing area
of @ 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 predeterming which characieristic was
dominant.
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The basic premise of this research was to determine, by stepwise
meltiple regression, which of these variables would account for
the coefficient of initial abstracticn more satisfactorily than
the "fixed" 0,2 used conventionally.

Choice of Events

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

(i} the 131 events from 10 Scuthern African catchments
used in the previcus 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 repart, The details of
these 250 events had previgusly been extracied from
the series “Hydrologic Data for Experimental
Agricultural Watersheds in the United States"
(Burford et al, 1980 and previous years).

Details of the individua! starm ewvents, 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 arz not repezted 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
canstituted a special case warranting separate study
in terms of initial abstraction.
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{ii} Events of less than 25 mm rainfall gengrally were
eliminated from the data set. A few events with a
threshold of 20mm were included where otherwise an
entire catchment's data would have to be rejected.

{iii) Events which were not independent were refected,

i.e. at all locations where an event

of a4 certain

day was represented in the data of more than one
catchment, these events were considersd non-
independent and only one event of those -data was

kept at that location. Rejection was

random basis.

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

{i} U.5.A. "humid" regions, with 66
catchments 26001, 26003, 26005, 42022,
37002, 37003, 44005, 44006 and 44022;

(ii) U.S5.A. ‘tarid" reqions, with &8
catchments 63003, 63004, 45001, 45002,
47002 and 47003; and

done on a

were groupsed

events from
42028, 37001,

gvents  fram
45004, 47001,

{iii} Natal catchments with 79 events from WIMIG, WIMIF,

VIM28, ¥7MO3 and U2M20.

Each set's data were further split randomly into two groups in

order to obiain so-called "control" data and "test”

data sets.

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

canditians.



Table 4.5 Upper and lower values of variables used in the determipation of cl,

U.S.A. “Humid" u.5.A, "Arigd"” Natal All Groups
variable Lower Upper Lower Upper Lower Upper Lower Upper
Value Value Value Value Value Yalue Value Value
Catchment Area (km?) 0,005 0,84 0,47 9,06 0,259 3,322 0,005 9,06
Slope {percent) 1.8 23,6 5.8 15,8 10.0 19.5 1.8 23,6
Stream Order 1 3 2 4 2 4 1 4
Drainage Density (km.km?) | 2,74 54,23 2,38 33,57 3,54 580 2,38 54,23
Rainfali Amount {mm) 15,01 1196 5.8 66,5 20,1 189.0 5,8 189,0
Maximum 30-minute
Intensity {mm.h"] 12,70 127,00 7,62 101,60 4,064 68,590 4,06 127,00
Duration (h) 0.5 8,0 0,5 4,0 1,0 33,3 0,5 33,3
CN - 5C5 48,81 91,85 61,71 91.,8% 42 18 89,75 42,18 91,89
CN - SMB2 67,05 96 .88 74,42 93.73 ?5,4] 97,49 67,05 07,49

¥4
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Procedures

{a)

{b)

Once the data had heen prepared, stormflow was simulated
using I3 = 0,2 3

{i) by the conventional 5CS technique of cCurve number
adjustment, with defined antecedent rainfall classes
for the growing and dormant seasons {SC5-5TD), and

{ii) by the soil moisture budgeting modification to the
5C5 wmethod, described in detail as the 5C5-5MB2
medel in Chapter 3 of this report and in  Schulze
{1982},

Bsing nbserved rainfatl {P, in mm}, cbserved stormflow {(Q,
in mm} and a value of 5 obtained respectively in the
conventional SCS-STD approach and the 5CS-SMBZ approach

{t} from the catchment curve number adjusted by
antecedent moisture class, which was then converied
to 5 {mm) by

5 =+ 25400 - 254 and
CN

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

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

P-0,5 [{1 + (0% + 40 5}‘3-5]

la

and the coefficient of initial abstraction was  then
talculated from



(c)

(d)

73

[a = CS

o
Ll

14/S

Stepwise .myltiple regression analysis was then applied to
@ach 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,

The multiple regression equations for the coefficient were
then substituted for the ©,2 used in the “"contral" data of
gach group and goadness of fit statistics were applied to
determine whether model performance had been enhanced by
the multivariate equation for the coefficient of fg.

Results

. {a}

(b)

Ralative Significance of I[ndividual Yariables

A ranking of the sequences {and hance importance} of the
eight wvariables used for the determination of &
coefficient of T, by stepwise multiple regression
technigque is given in Table 4.6, [t may bDe seen that
different variables are assigned different rankings,
dependent on location and physical environment. For
example, catchment slope is an important variant in the
tly in arid catchments but not in the WNatal catchments
tested, in which rainfall amount is relatively more
significant than elsewhera, Antecedent moisture condition
Appears a consistently nignly  rankad variable,
irrespective of the method of detarmining AMC.

Model Performance on Test vs Control Data

Model performances on test vs control data using cly = 0,2
and cl; as a variable are summarized in Table 4.7, The



Table 4.6 Relative
muiltiple
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significance of individual variables
regression equations of cl,

Rarking by Catchmant Group and SC5 method

¥ariable

U.5.A. U_S.4,

"Humid" "Arid" Natal All Groups

SC5 SMBZ SCS SMB2 S5C5 5MB2  SC3  SMB2

Catchment Area
Slope

Stream Order
Orainage Density
Rainfall Amount
Intensity
Duration

CH - 5CS

CN - SMBZ

8 6 4 3 7 ] 4
1 1 3 2 8 8 1
3 3 6 & 6 B 8
7 1 1 S 7 b
8 4 3 4 L 1 .
5 § 7 7 4 3 5
2 3 8 8 3 4 7
4 NA 2 NA 2 HA s
NA 2 NA 5 NA 2 NA

B o P

A -




Table 4.7

Model performance of cla &5 a variable on test vs control data (catchments selected randomiy)

uskd with sl dana

U.5.A. BRTA HATAL DATA
"Humid" Cactchments Arid” Catchments
Test S~
Lis-|] 3405 K ¥ i} oz 4228 6303 4501 504 M5 HIHLE YTh3 U2H20
Lic |5C5 SMB 505 SME O S505 MBS0 SME O SC5 SMB 505 SMB GCS fME 505 5N | SC5 SHE SCS SHA SLS SMA
) (-} (-1
la} "Test™ daca using P e M a4 M O 99 W & 0O B8 54 I B8 WM M 65| . 97 2 OE 1T 5
clyn 0,2 .
{contral} Fy.22 01 48 1,55 102 29 11 .1 50 02 3,38 .66 2,93 5F 2,19 37 j2.03 2.54 2,15 84,356 1.3 42.47
-1 -}
6] Equatian with 5 c |2 9% &0 3+ B8 97 .31 58 4 G55 L3 5 A9 91 @M1 &7 | B9 92 1% 07 X 08
variables developed
from “contrpl® dazaJFy | B2 13 0 0 O 4 om0 6 2 07 53 229 57 M 43| 02 v 33 67 2,25 605
vsed with “Lgst"
data
{1} -}
c) Equation with B |4 % 45 30 % % A0 5B M B 23 % W % Fe &7 B 92 a4 07 o B
#aridles geveboped
from “contml™ dacaJ P71 7 58 6 D6 17 04 1 0 08 54 230 153 6 4D | 07 U 36 M 2,40 .55
used with "Lesi”™
daca
|a) ALl data, wslng ]l 92 s M 3 9oM % B T2 WM o4 M M 25| 8 9% 0 A m 37
ciy, » 0,2
—::Entrnll Fpl.&r @310 50 1,0 11 50 07 28 02 .90 29 65 6,26 239 821,97 2,81 54 2,19 1,52 J0.B4
-1 i-)
|2} Equation with 5 p|,49 B & O 0 O OST B oM A B 51T 25 25 51 5] 83 90 8 56 .m0 .0
varlsh s, develeped
from all data end |Fy) .46 09 23 20 09 .0 02 004 00 04 D4 M 47 3,5 47 263 | .6 03 1 10 2,35 §.60
used with all data
-r -]
Fi Equation with A 0|, B 79 & W B 5 ,J& .5 M7 .4 SO0 .26 2 L0 (G4 B2 90 2 56 0 NiFs
variables, developed
from al) data and [ Fy] .20 03 01 4 09 06 02 003 .1 03 04 0 A6 347 6 2,54 3 DA 10 05 2,02 5.9

G/
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statistic D shown in Table 4.7 is the Coefficient of
Determination and the statistic Fq 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 Fy tends to zern, the less
systematic error occurs in simulated stormflows.

From ar examination of Table 4.7 the following general
nbservations may be made:

(i) For both SCS-STD and SC5-5MBZ versions of the model,
the simulated stormflows generally are improved, for
some  catchments markedly (in terms of model
efficlency and systematic error, i.e. B higher; Fy
lower) when the variable cl; is compared with the
fixed iy = 0,2,

(ii) In applying the multivariate-derived coefficlent of
I, only the "best" five variables need to be used;
there 1is hardly any further improvement when all
eight variables are used to generate & clj;.

(iii) The improvements by a multivariate-derived cl; are
more evident in the SCS-5TD than in the SCS-SMB2
version of the wmodel, probably because  the
conventional SC5-STD model can have only three
values of CN {those for AMC-1, -II and -1II) rather
than the range of CNs which may be derived in the
SC5-5MB2 model .

{c) General Equations for the Coefficient of Initial Abstraction

Following the improvements in the performance of the 5CS
imode! by making the coefficient of I; a variable, the
procedures  described opreviously for determining a
multivariate coefficient were applied to the combined data
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sets (i.2. test plus control events) of the three groups
of catchments. The resulting equations for improyed
coefficients of I, are listed below for the conventional
5CS stormflow equation (SCS-5TC) and for the moisture
budget medified version eof the SCS stormflow equation
(5C5-5MB2).

(i} U.5.A, "Humid" Regions

1]

0.0146 51 + 0,0203 Du - 80,0532 50
+ 0,0023 CNSCS + 0,0009 [3 -
0,344

cly for SC5-STO

0,0094 51 - 0,00723 CNSMB -
0,0604 50 + 0,C015 P + 0,0102 Du +
0,5753

cly for 3C5-SMBe

{ii) U.S5.A, "Arid" Reginns

cly for S5-5T0 -0,0074 D0+ 0,0075 CHSCS  +
0,0118 31 + 0,0124 A + 0,CCCE P -

0,5542

1]

cly for 5C5-5MBZ = ,0055 DD + 0,0229 SI + 0,009% A
+ 0,001 7 - 0,LCE8 CHSVE +

0,35a1

(iii)} Natal

1]

cly for SCS-STD = 0,0123 P + 0,0144 CNSCS -
0,018C Du - 0,0062 I3 +

0,108 DD - 1,3115

cl, for SCS-SMB2 = 0,0202 P + 0,0753 CNSMA -
0,017% Du - 0,0096 Iyg +
0,0247 A - 6,211
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In these equations,

P = rainfall amount (mm),

Du = duraticn of rainfall event {h},

Iau = Maximum 30-minute intensity
(mm.h-1),

A = catchment area {(km?),

$1 = mean catchment slope {percent),

S0 = stream order, and

drainage density {km.km'zl.

=3
L]
I

CONCLUSIONS

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

{a)

(b}

(c)

(d)

A coefficient of 0.2 is an gverestimate if the published
plot by the SC5 of I, vs 5 is analysed, and a more likely
value from the plot would be 0,12 which is in ling with
values found by other researchers in the U.S.A,

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

A4 copefficient of 0,05 was found to be generally more
applicable to those Natal catchments tested than the
recommended value of 0,2,

By the application of physiographic and rainfall
variables, & serizs of multivariate equations was deve-
ioped which result in improved estimates of stormflow by
convent{onal and modified SCS equations.
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It i5 in this last-named point that further research is likely to
he most promising. The equations which have Deen presented have
been derived from a wide specirum of hydrological environments,
but should be used only within the range of the values of
individual variables for winich they were developed and within
constraints {=.g. 0,3 cl, 0.03). On ungauged catchments,
regional and seasonal estimates of Iyg and rainfall duration
would have to Dbe 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 rathaer than determining a variable
coefficient of ifnitial abstraction, eaven more improvement in
model performance may be achieved by determining a wvariable
amount of initial abstraction.
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CHAPTER 5

MODIFIED SCS LAG EQUATIONS FOR [MPROYED ESTIMATES OF

PEAK DISCHARGE RATES!)

E.J. Schmidt and R.E. Schulze

INTRODUCTION

The 55 equaticn for the estimation of peak discharge rates s

given by
% = 0,2083 A4 ' Eq. 1
D/2 + L
whera
ap = peak discharge rate (m3.s5°1},
A = catchment area (kmz}.
Q = unit volume of stormflow (mr),
0 = unit duration of effective rainfall (h), and
L = catchment lag time {h}), an index of response time

of runoff to rainfall.

1)

This chapter surmarizes research firdings reported in  full
in an Interim Report entitled "Improved estimates of peak
flow rates using medified SCS5 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 metric wnits (Schulze and

Arnald, 1979) as

L = 10.8¢50 4 25,4)0.7 Eq. 2
7069 y®.5
where
| = hydraulic length of the catchment (m),
y = average catchment slope (percent), and
5! = potential maximum rétentinn of the spil {(mm} for

average antecedent moisture conditions.

When the entire catchment {s contributing uniformly to runoff, it
is usually sufficlent to relate lag time to the catchment's time
of concentration (T.) with the equation given by Kent (1973} as

L = 0,67, €q. 3

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

THE NON-LINEARITY OF CATCHMENT RESPONSE

The calculation of psak 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, {.e. lag, 15 related solely to
catchment invariant physiographic factors, (namely, hydraulic
length, retardance and slope, as in Equation 2}, thersby
introducing linearity into the response factor.

Criticisms of wunit bydrograph methods comronly pertain to  the
assumpfion of linearity, which is the major assumption of wunit
hydrograph theory and is regarded as contrary to hydraulic theory
applied to overland and channel flow (Mash, 15958}, The nesd for a
more mathematicai 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 (Matural Eavirooment Research Council, 1375) 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 urit hydrograph  procedure,
to account for wvariations in rainfall inputs, is apparent to

overcome the [imitations of the approach.

APPROACHES TO RESEARCH

Yarious 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 approximztion 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 4 catchment is [nvestigated 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 Incrementa! hydrograghs 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 explaingd in terms of
catchment and rainfall characteristics,

Tc) The time Tresponse 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 [nitial
abstraction from the total storm rainfall. Initial
abstraction will be obtained from recorded riinfall 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 Ilocation, c¢limate, vegetation,
physingraphy and lithology of these catchments are summarized in
Tabie 5,1.

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



Table 5.1

Catchments and their characteristics

. Latitude & Elevation M.AP, Catchment, Catchment Hydraulic length Average EH“
Country Loacation Longi tude {m} Climate (mm) Yegetation [dentifi- frea of catchment Catchment
cation (km ) {m} S5lope (%)
foshocton, OH 41]:22-!4 KFX| Sub-humid 975 Pasture 26003 0,01 128 13,4 73
B2°D{ W
Stillwater.0K 36%27 N 293 Sub~hunid 725 Grassland 37001 0.068 145 4.3 B
QFYas W 37002 {372 959 4,7 a0
usA Hastings. HE 40"1B"N 547 Sub-humid 600 Grassland 44005 .05 140 P 9
98"35"w
Safford. AZ J2°51'H 1090 Arid 225 Egarse shrub, 45003 2,100 4530 6.6 79
110700 W 85% bare 43002 | 2,760 5895 i.08 15
Albuquerque. I5°05'N 1605 Arid 175 Shrub and 47002 0,164 Bo2 11,0 g7
[ 1 TR short grass,
ML pare
DeHoek 29 015 1450 Sub-humjd G50 Grassitand ViM12 0,500 126 20,0 |
29°10°E vinzg 0.410 a0a 10,1
K] 0,450 936 152 M
Fouthern
Africa
Jululamd 8805 250 Humid 1450 Grassland WIMIEG 3. 222 3632 19.5 kX
11944 E HIMI7 0,659 700 18,9 £3
Sources @ Arnald (1980); Schulze [1982]

og
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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 rafnfall amount (mm),

Du = duration of rainfall (h)},

Is3p = most intense 30-minute period of rainfall
(mn.h-1},

En = kinetic energy of the storm [J.m2), as
calculated froem the Wischmeier and Smith
{1958) equation, and

API = 5-day rainfall total preceding the event

{mm).

The 0Qu and [3p indices were characterized regionally using the
available data base in order to make comparisons.

DETERMINATION OF LAG TIMES BY SINGLE TRIANGULAR APPROXIMATIONS

Although computer wodels are used freguently o superimpose
incremental hydrographs to obtain a compound hydrograph, it is
often preferable and, in the absence of autegraphic rainfall
data, necessary to assume a single triangular approximation of
the runoff hHydrograph. 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 technigques require the determination of the duration
of effective rainfall for each eveat for the catchment in
question using available rainfall records or, in their absence, a



88

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 sach 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 these obtained using the 3C5 lag eguaticn. For each
catchment, Iinear runoff distributicons of peak discharge
regressed con runoff yolume were derived and combined with
Equation 1 1o 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 SCS5 lag
equation. The Coefficients of Efficiency, E {Aitken, 1973}, for
peak discharge estimates using the relevant lag times, are also
given.

Deviations betwesn 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-catchmeni variaticons of [ag time. The
variables used {n the analysis and which have beer, defined in the
previous section, were APL, P, En, Du and I3p.

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 I3 (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 Detween En and I35, they were
combined as Elyg, an index which appears to be a good indicator
of rainstorm ¢lassification 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 wsing single triangular procadures and the
5CS lag equation :

Estimated
Catchment SC5 Lag
Catchment La? Time Ey Time Ez
min) {min)
26003 8.0 0,46 2,6 - 7N
37001 31.4 0,68 8.5 - 4,95‘
37002 44 .0 0,81 21,9 - 1,40
44005 6,6 0,71 5.2 0,59
45001 19.6 ¢.93 66,3 - 0.3
- 45002 11,8 Q.89 60.0 - 0,54
47002 g.,2 ¢,90 9.8 g,48
ViM12 44,9 0,97 10,2 - 16,06
ViM25 83,7 0,77 18,5 - 5,44
V7MO3 78,9 0,69 14,3 - 28,66
HiMi6 252 ,1 0,99 34,3 - 50,25
WIM17 117.0 0,74 13,7 -112,38
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capacity and which has already been shown by Wischmeier and Smith
{1958) to be a good {ndicator of rainstorm class in terms of
erpsion-praducing capacity. Improvements to estimates of peak
discharge rates based on the relevani catchment lag time (Table
€.2, Column 2}, when intra-catchrent variations in lag time due
tn 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 vyield satisfactory eguations to link intra-catchrent
variations in [ag time with starm characteristics which would be
widely applicable. This was attributed to the complexity of the
rale played Ly wrainfall and catchment characteristics in
determining dominani runcif processes,

From the above, it was concluded that the SCS lag equation did
not provide good estimates of catchment lag time when compared
with estimates bhased on simple procedures esbodying a single
triangular approximation of recorded events with an assumed
effective rainfall duration equal to the catchment critical
response time. [t was further thought that while (mproved
estimates of peak discharge could be obtained when incarporating
indices describing the individuzl rainfall event, a generalized
eguation could not be developed to describe adequately the
factors invelved.

DETERMINATION OF LAG TIMES BY INCREMEMTAL TRIANGULAR HYDROGRAPHS

Superimposing incremental hydrographs determined from incremental
periods of effective rainfall snablas the synthesls of peak
discharga and the total time distribution of runoff for a
recorded storm event. The accuracy to which the synthesized
runoff hydrograph approximates the recorded runoff hydreograph
depends on the representativeness of the shape and lag time of
the incremental bhydrograph to be used in the synthesizing
procass.
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The lag time required to superimpose incremental triangular
hydrographs to Fform a synthetic hydrograph of peak discharge
pqual to recorded peak discharge {optimized lag time) was
determined for 172 events from catchments 26003, 37001, 44005,
45001 and WiM17, for which prepared data were readily available,
Following the procedures employed previously when using single
trianqular hydrographs, recorded volumes of runoff were utilized
in the calculations and the shape of the {ncremental hydrograph
was held to cenform to standard 5CS procedures. Since the
pracedures were not restricted by assumptions of a temporally
uniform rainfall, distributed over an empirically determined
' duration, the gbjective was to ascertain the reliability of the
lag estimates derived previgusly.

{wing to non-linear processes not accounted for by unitgraph
theory, lag time exhibited marked differences between the storms
on & particular catchment., It was  assumed that for  a
sufficiently large sample the resulting mean lag time represented
adequately the catchment lag time, An index of the accuracy tn
which the shape of the recorded hydrograph was modelled by the
gsynthetic nydrograph was obtained by combining digqitized 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 indicatian 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 aof the 172 events the recorded peak discharge could not be
simulated by means of adjustments to the incremental hydrograph
lag time. Such accurrences 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 5C5 lag time and optimized storm lag time
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Figure 5.2 Comparison of the hydrographs synthasizad using the SCS lag

tima and the optimized storm lag time with a recorded hydregraph
on catchment 26003 on June 4, 1941 [Schmidt and Schulze, 1984)
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{10, 8 min) for an event recorded on catchment 26003, The SCS lag
equation produces a quick response time with a resulting rapid
responsa in generated runoff to ths bursts of rainfall indicated
in the hyetograph for the event (Figure 5.3}, ln reality a slower
response  time was present with a resulting dampening of the
runoff processes.

Table 5.3 indicates for each catchrent:

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

{ii) the standard error of the mean storm of f[ag time,
(iii) the SCS lag time {c.f. Table 5.2),

{iv] the mean Ceefficients of Efficiency for the hydrogranhs
synthesized for each event using the optimized storm lag
time (Ey) and the 3C5 lag equation (Ep), and

{v) the mean ratio of peak discharge, synthesized using the
S€%  lag equation, divided by the observad peak
discharge, namely @./dq.

[t 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 WiM17 (Table 5.1} with “resulting
excessive over-estimates of peak discharge. For catchments 45004
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
gstimated catchment lag times and 5CS lag times

Estimated SCS

Catchment Standard Lag uM
Catchmenti{Lag Time Error Eq Time Ep —
min}  of Mean {min) g
26003 6,7 1,7 77,2 2,6 21,5 1,4
37004 39,6 1.2 8,5 ° 8,5 -423.0 2,2
44005 5.4 0,5 72,1 5.2 45,0 1.0
45001 20,4 1,5 71,9 66,3 35.4 0.5
45002 8.6 1.1 53,9 60,0 -9.,3 0,3
WIMI7 | 150.,5 17,9 70,9 13,7 -520.8 3.8
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using single triangular hydrographs. HNo 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 rainfzll intensity throughout the storm. It appears
that when wusing incremental procedures, unless the wunit
hydrograph can be adjusted from burst to burst within storms,
rainfall non-linearity can only be acccunted for by providing
localised rainfall depth-duration relationships, to be uysed
together with & representative catchment lag time.

The catchment lag times generated using single  hydrograph
procedures  {Table 5.2) are associated closely with  those
estimated using increment3l 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 BETWEEMW
DIGITIZED RAINFALL AKD RUNOFF

Lag time has been defined as the time from the centre of mass of
affactive 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 WIM17. Lag times were measured for each event
and averaged for each catchment o determine an index of
catchment {ag time. Table 5.4 depicts the means of the storm lag
times of each catchment, their standard errors as well as the -
minimuem and maximum values and hence the range of the storm 1lag
times. While the index of catchment lag time compares favourably
with catchment lag times estimated using single and incremental
triangular procedueres, the high degree of scatter among measured
storm lag times suggests that estimated sample means fTor
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

Mean Standard Minimum Max imum Range
Catchrent | Lag Time Error of Lag Time Lag Time {min)
{min) Mean (o} (mm}
26003 8,61 4,12  -44.0 53,4 97 .4
370014 41,983 8,23 -75,8 129,9 205,84
44005 1,97 1,83 -29.,0 45,5 74.5
45001 13,80 5,1 -54,2 94,2 148,4
45002 10,85 4,02 -5¢,2 71,0 121,2
WIM17 92,72 21.51 - 1,0 228,56 229.6
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superimposed incremental hydrograph procedures. The measurement
of large negative lag times was common, due %o pcorly
synchronized ralnfall and runoff racorders, which suggests that
measured time differences between rainfal] and runeff provide
poor indices of runoff response to rainfall.

DETERMINATION OF LAG TIME FOR UNGAUGED CATCHMENTS

Catchment lag times determined using singie and incrementzl
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 cannct
be applied easily to calculate flow Limes.

The dominant physicgraphic variables explaining the variancg in
lag time were catchment area, A, and average catchment slope, y.
~ The mean annual precipitation for the caichment, #™AP, an index
used widely to characterize overall climate and moisture status
of a catchment, and the average of the most intense 30-minute
perinds of rainfall for the storms of 2ach site, an index of
potential runoff from rainfall, provided the best indices
accounting for residual variations in lag time,

MAR has a major influence on both soil conditions and their
drainage characteristics (Bedient, Huber and Heaney, 1978} and is
a deminant 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 440035, Qenerally exceed
infiltration rates and tend to produce overland flow conditions
while long duration storms of [ow intensity, such as those
recorded typically -in Zululand, generally tend to  initiate
subsurface flow. Although storm characteristics wvary 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 {mproved estimates of lag time
when incorporated with physical catchment characteristics in an
empirical lag equation.

The regression e2guaticn developed is given as

L = AQ.35wapl, 1 r = 0,93 Fq. &
41,67 yU .3G13u{h8?
where
L = catchment lag time (h},
A = catchment area {kmf),
y = average catchment slope (percent),
MAP = mean annuwal precipitation (nm), and
I4g =  average maximum thirty minute period of rainfall

for the location (mr.n-13,

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 5C5 equation (Equation 2) and the
equation- gQiven above (Eguation 4), is given in Figure 5.4, The
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diagram indigates the close approximation of the point
distribution to the 1:1 line when Equation 4 is used to estimate

lag Lime,

Empirically-derived relationships are applicable anly (n areas
gdequately represented by the original data base. While a wide
range of catchments was examined in this study, it must be
concliuded that similar research, encompassing the techniques
discussed, should be conducted using a4 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 commonly found in South Africa.
improved modelling efficiencies can only be expected with an
accompanying expansion of data for testing purposes, undoubtedly
pne of the major restrictions in South African hydrological
research today.

COMCLUSIONS

In an attempt tn estimate peak flow rates more realistically
using the 5C3 model, several procedures towards the improvement
of estimates of lag time were examined. (it ¢an be concluded that
improved catchment estimates of lag time can be onbtained for
ungauged catchments by incorporating indices of climate and
regional rainfall characteristics into an empirical lag eguation,
Intra-catchment wvariations 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 RAINFALEL DISTRIBUTION FOR USE [N THE SCS MODEL

INTRODUCT ION

The distribution of rainfall intsnsities is one of the primary
inputs into hydrelogical models used for hydravlic design
purposes on small catchments. Since the 505 medel uses daily
rainfall input, regional synthetic rginfall distributions have to
be used. In the 5C5 manual for Southern Africa the Type [ and
Type II storm rainfall distributions were adapted provisionally
by Schulze and Arnclid (1979). Type I "iow" intensities were
associated with maritime climates and/nr winter rainfall regions
aof the southern and western Cape <oast while the Type II
distribution, yielding higher peak discharge rates, are more
typical of the Southern African interior characterized by high
intensity thunderstorms, wusuvally denerated over small areas.
These two rainfall distributions, in which D-duratinn rainfall is
expressed as a ratio of the 24-hour rainfall, Hhave been
illustrated in Chapter 1 {Figure 1,3},

In the 1979 publication on the SC5 technique for use in  Southern
Africa, the authors stated: "Tentative research intn time
distributions of rainfall in South Africa indicates

(i} that for design storms the Type II distribution can be
used throughaut the country and

(il) that even use of the Type Il distribution may
underestimate peak rates of runoff 10 4 varying extent
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in parts of the country. The time distribution of
rainfall in South Africa {s a key area for future
research in hydrology” (Schulze and Arnold, 1979).

THE WMEED FOR REVISED 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 distributicns 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 5CS distributions For the easiern
#.5.A. by Cronshey {1982}, in which more "intense"
distributions than the Type Il were found.

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 | and Type [I distributions. The starm
raiafall  distributions are, furthermore, apparently not
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 {llustrates this.



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

Selected Durations {hours}
Location
0,083 0,167 0,25 0, 1,00 2.0 4.0 6.0 10,0 16,0 24,0
{5 min) {10 min} (15 min)
Inland
Durban {LB) 0,13 0,18 0,23 D,3 0,45 0,55 0,63 Q0,69 0,80 ©¢,9 1,00
Makatini 0,14 0,22 0,26 0,36 0,47 0,57 0,66 0,73 0,81 0,88 1,00
Coastal
Kokstad 0,18 0.30 0,40 0,53 0,59 0,69 0,63 0,60 0,72 0,85 1,00
Pietermaritzburg 0,18 0.1 (0,38 0,48 0,59 0,66 0,74 0,78 0,81 0,87 1,00
Ladysmith 0,20 0,31 0,38 0,54 0,67 0,73 0,78 081 0,85 0,90 1,00
Estcourt 0,18 0,32 0,41 o,60 Q@,73 0,84 O,87 Q.89 0,93 0,96 1,00
Cedara 0,17 (0,26 .34 0,45 0,57 0,68 0,79 {¢.,85 0,88 0,92 1,00
Waterford 0,20 a,.n 0,38 0,52 9,65 0,73 0,80 ¢,85 0,93 0,9 1,00
Mewcastie 0,17 0,26 0.33 0,52 o065 ¢,73 0,79 0,84 0,89 0,96 1,00
Generalizations used in 5.A.*
Midgley-Pitman Coastal 0,10 0,15 0,19 4,26 0,36 0,47 0,58 6 0,78 0,89 1,00
Inland 0,15 0,24 0,3 0,44 0,5 0,64 0,76 0,81 0,87 0,93 1,00
Adamson Coastal/Winter 0,12 0,19 0,23 6,32 0,41 0,53 0,67 0,725 0,85 0,99 1,00
Summer Region 0,15 0,25 0,32 0.0 O,60 0,72 0,82 0,87 0,92 0.,% 1,00
SCS Type | 0,10 0,13 0,15 6.2y 0,28 0,37 0,49 0,57 0,72 0,85 1,00
Il 0,12 D22 D.28 0,3 0,45 0,54 0,64 0,70 0,77 0,87 1,00

* From tabulations and re-calculations, including interpolations and extrapolations

A1)
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PROCEDURES TO DEVELOP REYISED STORM RAINFALL DISTRIBUTIONS FOR

SOUTHERN AFRICA

{a)

(b)

(c)

From the digitized rainfall data base for MNatzl stations
ratios of D-hour to 24-hgur ratnfalls were calculated for
selected critical storm durations using & number of extreme
value distributicns (Schulze, 1984).

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, B, 10, 12, 16 and 20 hours. On
the same graph, the twa 505 and the Adamson (1981)
distributions were also plotted. The assumption of a
symmetrical distribution of rainfall iptensity within a
design storm may be arqued, particularly for short duration
thunderstorms in which the highest intensities frequently
gecur near the beginning and not {n the middle of the
evant, or after runoff has already begun. The event which
is distributed symmetrically does, however, produce a
nigher 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 alse bean used by Cronshey {(1982) {n  his
revision of raipfall distributions for the Soil
Conservation Service of the U.5.0.A.

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 [ distribution

SA Type [[ : Durban's 10 year return period and SCS Type
IT distributions
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SA Type I11 ; Adamson's summer region distribution,

SA Type IV : Estcourt's 50 year return period distribotion,

RESULTS : TENTATIVE SYNTHETIC STORM RAINFALL DISTRIBUTIONS FOR

SOUTHERN AFRICA

fa)

(b)

()

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 Thours are the
distributions used most commonly on small catchments, this
section of Figure 6.3 has bsen 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 SCS5 manuwal 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 desion rainfall event and the
centering of the highest intensities around 12h00, as
Cronshey [1982) has now alsg proposed for the SCS model in
the U.5.A.

The D-rour to 24-hour ratios for the four distributions, as
well as the ranges of the ratios, are given for selecied
durations in Table 6.2,

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 Hatal stations were
analysed to determine which distributions would apply at
those nine locations. Results are suymmarized in Table 6.3.
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Takle 6.2 D-hour to 24-hour ratios and ranges of ratios (bracketed) for the four proposed storm rainfall
distributions for Southern Africa

Buration Ratios and Ranges of Ratios() for Storm Rainfall Distributions

S.A. Type I S.A, Type I S.A. Type III S_A. Type IV

5 minutes 0,083h | 0,085(7 - 0.,100) 0,125{0,100 - 0,140) 0,165(0,140 - 0,188}  0,210{0,188 - 7}
10 minutes 0.167n | 0,130{? - 0,165}  0,210(0,165 - 0,235) 0,260(0,235 - 0,295) 0,330(D,295 - ?)
15 minutes 0,250n | 0,160{? - 0,215) 0,270{0.215 - 0,305) 0,340{0.305 - 0,380}  ©0,420({0,380 - ?)
20 minutes 0,333h | 0,180(? - 0,245) ¢,310{0,245 - 0,355) 0,400{0,355 - 0,445)  0,490({0,445 - ?)
30 minutes 0,500h | 0,215(? - 0,292) 0,370(0,292 - 0,430) 0,490{0,430 - 0,547)  0,605(0,547 - ?)
A5 minutes 0,667h | 0,260{? - 0,342) 0,425{0,342 - 0,495) 0,565(0,495 - 0,637}  0,710(0,637 - ?)
60 minutes 1,0 h | 0,295(? - 0,375) 0,455(0,375 - 0,535) 0,615(0,535 - 0,695}  0.775{0,695 - 2}
90 minutes 1,5 h | 0,345(? - 0,425) 0,505{0,425 - 0,590) 0,675(0.550 - 0,757) 0,840{0,757 - 7}
D,622) 0,705{0,622 ~ 0,782}  ©,860({0,782 - ?)
0,647) 0,720{0,647 - 0,800) 0,880{D,800 - 7]

120 minutes 2,0 h G,380(?* - 0,460) 0,540{ 0,460

180 minutes 3,0 h 0,382(7 - 0,478) 0,575{0,478

ril
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Table 6.3 Storm rainfall distribution types applicatle to Matat
stations

Storm Rainfall Distribution Type for Selected

Durgtions

Raturn] 5 1 15 30 45 60 120
Location |Periedimin min min min min min min
‘Knkstad 2 v v Iy Iv [ [II [11
10 I[1I Iv Iy IT1 [II I11 I
50 Il [TI Iy Iir [11 [II Il

tieter-
aritzburg 2 111 IIl 111 il [ I I11
10 [11 Iv Iy 111 Il | IL1
50 I11 Iy Iy [11 I11 11 [[1

katini 2 I IEI [l Ii1 [1f (Y [I1

10 4 il Il Il Il Il [I
S0 IT [1 El tI Il Il [l
Durban 2 I 11 {1 11 L fl 11
10 [ [ I I [ Il [l
50 LIl I [t [E 11 {1 {[

iLadysmith| 2 [I1 iIf [1I [[f (il (il
10 ¥ v I ELI I [1r [l
S0 Iy [¥ I¥ Iy Iy ¥ [

[Estoourt r4 ¥ 1Y [y ¥ [l [il [l

10 111 ¥ Iy Iy [V iy (v
50 I[1 Iy Yy Iy [¥ IV I¥
Cedara 2 v [l (Il (1 [l [[1

I
10 111 [1] [1I Fll [Tl (rl [l
50 11 IL1 Il il 111 (1 i

Waterford] @& I¥ v [l [I1 1 i1 [l
10 v IV v [I1 LI [1I (11

50 I¥ v [y I{1 I¥ (il Il
lewcastle; 2 I11 [ [LI ILI I (1 ITI
10 [ Il LII I 11 I[1 [I1
50 [ Il IT1I Iy [v ¥ Iy
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Clearly, if 30 years' digitized data per station are
assumed to be the most accurate data available for those
locations in Saouthern Africa, then the newly proposed
synthetic distributions [II and IV are warranted, and it
appears that the U.5.A. Type ! and I[I distributions,
hitherto accepted for Scuthern African conditions, would
have underestimated peak discharge rates on  small
catchments by the SCS methad, [t is also of significance to
note that synthetic storm rainfall distributions are not
necessarily independent either on return period or on
eritical storm duration at any one location {Table 6.3).

On & Southern African scale, the regionalization of the
faur distributinns can only be attempted very tentatively,
because for most of the subcoentinent digitized data far
long perinds {i.e. exceeding 25 yedars) are not yet
available outside MHatal. The tentative regionalizatior
shown for the 50 year recurrence interval in Figure 6.5 was
compiled wusing the digitized data for #atal stations
supplemented by information published by the Sauth African
Weather Bureau {1974) and by Widgiey and Pitman {1978}, It
shoutd be noted that frequent discrepancies were evident
between data values and therefore Letween the synthetic
rainfall distributions calculated from the three sources of
data. The dependence of the distributions on duration and
recurraence |{nterval were also noted again. The following
very generai observations may nevertheless be made from
Figure 6.5;

(i) The S.A. Type [ distribution ocgurs only in a very
rarrow band along the snuth ¢oast and in a buige
along the west coast of the Cape Province.

{11) Mast of Southern Africa has a S.A. Type IIT storm
rainfall distribution, and not a Type Il
distribution.



117

—3% 20* 3¢ ag® Iyt

Figure 6.5 A tentative regionalization of storm rainfall distributions
in Southern Africa
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({it} S.A. Type IV distributions appear to occur in
isnlated rather than in broad regions  throughout
Southern Africa.

fiv) There is evidence that the relatively less (intense

S.A, Type [1 distribuetion occurs in the central
Orange Free State.

EFFECT OF STORM RAINFALL OISTRIBUTION ON PEAK DISCHARGE ESTIMATES

1f, as has been shown clearly in this chapter, the SCS Types I
and I1 storm rainfall distributions under-estimate short duration
design rainfalls contribeting to the peak flows over mest regions
of Southern Africa, then the effects of diffesrences in synthetic
storm  distributions need to be examined. This was done by
calculating peak discharge rates for the four rainfall
distributions using seven incréemental hydrographs, by the method
nutlined step by step in the Worked Example 3 of the SC5 manual
for Southern Africa (5chulze and Arnold, $979). The following
[nput variables were used in the calgulations aof the example
below;

Catchmert area = 1,5 kmé
Coefficient of Inifial Abstraction = 0,05
Curve Number [I = B3
Curve Number adjusted fnr antececent

moisture conditions = 51,3

Storm rainfall 93 mm



g

20,04 mm

Stormf low

]

variable, betwesan
0.5 and 1.0 hours.

Lag

Results were plotted in Figqure 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 I¥ distribution had applied, the under-estimation would
have been nover B50%, all other variables having remainad
unchanged.

CONCLUSION

Synthetic storm rainfall distributions have to be used for peak
discharge estimations by the 5C5 model, which uses dafly rainfall
input. Evidence ¥rom digitized rainfall data for Matal stations
confirmad an earlier suggestion by Schulze and Arnold {1979) that
the SCS Types I and II rainfall distributions under-estimated
peak discharge rate estimations over 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 propesed. [t was furthermore illustrated that
estimates of peak discharge rates are highly sensitive o the
rainfall distribution curves used.

These findings underline the plea made previously {(for example,
by Schulze, 1984} for support of operaticnal programmes to speed
up the digitization of rainfall records from throughout Southern
Africa. These data are vital to thousands of design decisions
involving many mitlions of Rands each year.
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CHAPTER 7

HYDROLOGICAL CHARACTERISTICS AWD PROPERTIES OF SOILS IN
SOUTHERW AFRICA : RUNOFF RESPONSE

INTRODUCTION

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

{i) absort,
(ii) retain and
{iii} releasefredistribute

water that is a prime regulaior of the response of a  catchment,
and the snil is the medium in/through which the other
hydrolagical processes can operate.

Soils data are often used in hydrological computations by
"lumping" the characteristics of many $9ils found within a
catchment to derive an average arsal parameter. A catchment is
not, however, a “lumped" system in regard to soils, and
prangunced differences in magnitude and sequence of hydrological
processas  may be observed within a  catchment., Spatially
homogenenus  soil units with respect to hydrological response are
thus c¢ritical in defermining 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 af Southern African
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seils are now described.

AIMS

{a)

(b)

(c)

Any meaningful hydrological categorization of the over 500
snil  series now recognized in Southern Africa has to hbe
undertaken within the framewcrk of the existing and now
established and accepted “binomial system of seil
classification” as presented by MacVicar et al, {1977}. The
concepts embodied in this classification are therefore
cutlined at the outset. It is imperative, however, that
hydrological modellers and  engingering ¢consultants
designing structures on small rural catchments in Southern
Africa acgualnt themselves and become conversant with the
detailed classification by MacVicar et al, (1977) and with
envisaged changes to the classification.

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

_ Hydrologically the lateral movement of soil  water

{interflow) 1is being recegnized as an important mechanism
in runeff production. A simple categorization of the
interflow potential of Southern African soils is therefore
also glven.

HYDROLOGICAL CLASSIFICATIONS OF S0ILS - NOTES OF CAUTION

A Tew notes of caution regarding hydrological classifications of

soils

nezd to be sounded before technical details of Chapters 7

and 8 are presenied.



{a)

(b)

{c)

{d)
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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 classiflications have been undertaken, field
experience may prove the need for re-classification in
future,

Categories, groups and values are given (n these two

.chapters at the level of the soil serigs. However, values

of the tabulated soil moisture constants, for example, have
been derived; the 5CS soil grouping and the {interflow
potential categories, or the other hand, have been deduced.
It must be stressed that all groupings should be viewad as
generalizations and that all values derived are ball-park
figures, to be treated as first approximations when used in
hydrological decision-making.

Following on (b), it must be emphasised that the
generalized information given in Chapters 7 and B 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 Socuthern
Africa.

Soils classifications, like many others, are dynamic (in
nature, changing as more experience {s ogained or as
laboratory aralyses becomg available. The "binomial system
of soil classification" for Souihern Africa is known to be
under revision at the present time (Mac¥icar, 1984) and it
will, imn all probability, be superseded in the nexi five
years. However, being the classification that users of
padnlngical information in Southern Africa regard as the
"official one at present (and it will remain such for
the ensuipg few years) this "binomial system" bhas been
retained as the one for which all scil series groupings are
presented in this report.
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THE BIMOMIAL SYSTEM OF SOIL CLASSIFICATION FOR SOUTHERN AFRICA

50il, as thg maedium in which hydrological processes occur, has @
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-organizatlon  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 (MacYicar et al, 1977) of diagnestic _horizons
{Figure 7.2). In the diagnostic horizon concept 2 grouping of
pedological features is recognized. For example, organic carbon
content, colour, siructure, thickness or expansive properties
~ distinguish the five diagnostic topsoil horizons., On the other
hand, eluviation, gleying, colour variegations, cencretions,
redistribution of clay materials, differential weathering,
podzalization or lack of development are used to categorize the
15 subspil diagnostic horizons recognized in  Southern Africa
(MacVicar gt al, 1977).

The grouping of specific kinds and seguences 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) s0il texture (clay content, sand grading},
{ii) base status in terms of leaching,

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

{v) spyrface physical properties,
(vi} colour of the B horizon,
(vii) consistence of the B horizan,
{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 10
hydrological response, cannot be generalized bet must De
determined {n situ and added as a further descriptor of the soil

series, namely, the s¢lil phase. Figure 7.3 iliustrates the above
concepts.

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

HYDROLOGICAL RESPONSE GROUPING OF SOUTHERN AFRICAH SOILS FOR THE
SCS MODEL '

Background

A nhydrological response grouping of Southern African soils was
first undertaken 1in 1979, The guidelines and criteria for the
classification were formulated together with colleagues who had
wide pedological, engineering or agronomi{c experience and who
were drawn from the University of - Hatal, the Department of
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Agriculture at Cedara, the 50il and [rrigation Research Institute
and the Hydrological Research Institute, both {n Pretoria.

The parameter which provides the basls for a hydrologlcal
rasponse classification of soils in Southern Africt was
formulated as a "typical amount of infiltration for the sofl at
likely molsture content to the point of maximum runoff rate".
This premise is somewhat different in concept 1o the ona
described by the SCS in the National Engineering Handbook (USDA-
SCS, 1972) in which the "minimum rate of infiltration for 2
thorpughly wetted bare soil assuming maximum swelling” forms the
basis of spoils grouping. The reason for altering the concept of
classification is that & comparison of the actueal physical
properiies of soil series in the U.5.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-5CS, 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 soi! at the surface, which
is controlled ny surface conditions),

fii) its permeability {i.e. the rate at which water moves

in the soil, which is controlled by the soil
horizens), and

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

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

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

501l Group £. Moderately high runeff potentiai. Infiltration
rate is slow or deteriorates rapidly in this
group. Permeability is restricted. Soil depth
tends to be shallow.

Soil Group D. High runcff potential. Soils in this group are
characterized by very slow infiltration rates and
severely vrestricted 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 felf that a four-fold grouping of scils was too
coarse for the 5C5 model, and three intermediate soil groups have
therefore been used in the classification of soil forms and
series. Thesa groups are A/B, B/C and /0, thus'giving seven soil
groups in all.

Classification Procedure

Ezch soil form, &ccording te its overall diagnostic properties
(MacVicar et al, 1977] was initially placed in one of the seven
groups. The saries within each spil 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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fa) Texture {t}: Soils with A-horizon clay content exceeding
35% were downgraded one group; whera clay content was less
than 6% and cparse sand made up at least 6% of the soil
fraction, soil serigs were upgraded one group.

(b} Leaching {1}: Dystrophic (highly leached) spils were
upgraded one group while eutrophic soils were downgraded
one group,

{c) Water Table ({w}: Series with a high water fable
typically present were downgraded One group.

{d) Crusting (c): 5Soil forms which typically displayed a
crusted surface, but where {rusting was absent at series
lavel, were upgraded ong group, and vice-versa., Soils
exhibiting a hardening of the 8-horizen {e.g. a ferrihumic
B-horizon) were downgraged one group. There ®Ray be
exceptions to these general rules, for exampie, 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 spil 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 procedurse has
nevertheless been kept, pending detalled lnvestigation. Future
research and experience will also determine whether/to what
degree expansive soils should be downgraded (Cass, 1984}.

Because of the variable nature of so0il bproperties within a

specific series, some further guidelines for adjustment in the
field are given.

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

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

(¢) Topographic position: Generally series in bottomlands may
be downgrazded and serles 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 Mountatn sandstones would be upgraded
relative to the same series derived from Dwyka tillites).

The nydrulugiﬁal 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 50!l groups is used in conjunction
with different agricultural and non-agricultural land use and
treatment classes, which are detailed in the SC5 manuzl for
Southern Africa {Schulzs and Arnold, 1879).

POTENTIAL FOR INTERFLOW

With the advent of research into distribuied hydrologiczl models
in Scuthern Africa, a grouping of soil forms and serjes into
their potentizl for interflow becomes necessary. The potentlal
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 {nducing 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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interflow unlikely,

some/ low interflow potential, and

{iii} high interflow potential

has nevertheless been attempted.

The following criteria waere used as initial 'rules of thumb' to
demarcate soils with a 'low interflow potential', namely the
presence of

(1)

(ii)

(111}

(iv)

(v)

(vi)

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

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

a lithocutanic horizon (Cartref, Glenrgsa, Maye and
Nomanci forms under certain field conditions);

a ferrihumic horizon {Houwhoek and Lamotte forms),
although many variants of the ferrihumic horizon with
little ogr much sesgquioxide hardening ma& axist and
testing in situy becomes imperative;

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

moderately abrupt textural changes typical of certain
series of, for example, the Constantia form.
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Spils with a 'high interflow potential' are characterized by

(i) hard plirthic B-horizons {for example, Glencpe and
Wasbank forms);

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

(1ii) highly abrupt textural changes down a soil profile {for
example, Estcourt  and  Sterksprult +{orms with
prismacutanic B horizons, Kroonstad with a gleycutanic
and certzin series of the Constantla and Vilafontes
forms). '

Using the above 'rules of thumb' as an initial quide, the 51
s0il series were classed into their interflow potential in Table
F.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 'some'
and all Bonheim, Cartref, Inhnek, Dakleaf and Shepsione series an
'unlikely" interflow potential.

It should be noted in regard to interfiow potential, that in situ
examination of soil conditions is crucial. Furthermore, it may be
seen In Table 7.1 that not all series of & given soll form
respend  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, Lamofte and ¥Yalsrivier forms).

Aspects of the runoff respanses of Scuthern African spcils having
been discussed in terms of the soil grouping used for the SC5
model as wel! as in regard to the interflow potential of soils,
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the second chapter on hydrological characteristics of soils
focusses an water retention properties of saoils.
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Table 7.1 Hydrological classifications of soil forms and series
found in Southern Africa

Legend

A - Tow runoff potential £l - clay

B - moderately low potential S - sand

¢ - moderately high potential Lm - loam

B - high runoff potential ¢ - interflow unlikely

¢ - crusting X - someflow interflow potential
1 - leaching XX - high interflow potential

t - texture

W - water table

Soil Code Soil SCs 505 Clay  Typical Inter-
Form Series Group Adjust- Distri- Text- flow

-ing ment bution wural Poten-
Factor Model Class tial

ARCADIA Ar 40 Arcadia C/0 2 i

o

Ar 11 Bloukrans /D 2e Cl 0
Ar 21 Clerkness /o e (] 0
Ar 41 Fenzaam C/p 2 1 0
Ar 20 Gelykvlakte C/D 2e Cl 0
Ar 10 Mngazi £/o 2e Cl 0
Ar 32  Nagana C/D 2e Cl 0
Ar 12 Houkloof c/D 2e | o
Ar 31 Rooidraai C/D Ze (M| 0
Ar 30 Rydalvale C/D e Cl 0
Ar 42 MWanstead C/D 2e €l 0
Ar 22 Zwaarkrygen C/D 2e (1 1!
AVALON Av 13 Ashion . AR +1 b SLm X
Av 26  Avalon B ic SCiLm X
Av 12 Banchory A +1/+1 ia 5 b4
Av 27 Bergville B/C -t 1d  SCl X
Av 37 Bezuidenhout C -t/-9 1d SC1 X
Av 33 Bleeksand B/ -1 1b sLm X
Av 34  Heidelberg B/C -1 ib Stm X
Av 20 Hobeni A8+t 1a LmS X
Av 14  Xanhym A/B +1 b Sm X
Av 24 lLeksand B ib Sm X
Av 10  Mastaba A +1/+% 1a Lms %
Av 32 Middelpos B +t/-1 1a $ X
Av 31 Mooiveld B +t/-1 1a LmS X
Av 25  Hewcastle AfB +t 1b Sim X
Av 17  MNormandien B +1/-t 1d  sCl X
Av 22 Rossdale A/B +t la 5 X
Av 16 Ruston B +1 1c SClLm X
Av 16 Soetmelk B/C -1 1 SCILm X
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Table 7.1 {continued)

Soil Code Soil SCS  5Cs Clay Typical Inter-
Form Saries Group Adjust Distri- Text- flow
-ing -ment bution ural Poten-
Factor Model Class tial

AVALON Av 21 Ulithecek A/8 4+t 1a Lm3
(contd} Av 30 ViljoenskroonB +t/-1 1a  Lm§
Av 23 Villiars B 1t SLm

Av {1 Welverdiend A #1/+t 1a  im§
Av 35  Windmeul 8 #t/-1 b Slm
Av 15 Holweberg A +1/4t  1b  Slm

S Pkl DG DR el el

BAINSYLEI By 23  Ashkelon A/B 1b Clm

X

By 36 Bainsvlei B -1 1c SClum X
By 12 Camelot A st 1a S X
By 20 Chelsea A +t 1a LmS X
By 30 Delwery Y S T | 1a Lms X
By 13 Dunkeld A/B 1b SLm X
By 16 Elysium A/g 1 SCllm X
By 10 Hlatini A +i 1a Lms X
Bv 34 Kareekuil B =1 1b Stm X
Bv 31 Kingston A/B +t/-1 1a Lm3 4
Bv 26 Loneires A/B ¢ SCitm X
By 25 Maanhaar A +t 1b Slm X
Bv 11 Makong A +t 1a LmS 4
By 27 Metz B -t 1d sCl X
By 22 Oosterbesk A +t 1a s X
Bv 37 Ottosdal B/C -t/-1 id sC1 X
By 24 Redhill A/B 1b SLm X
Bv 32 Trekboer A/B #t/-1 1a § X
By 15 Tygerkloof A +t 1b SLm 4
Bv 33 Vermaas B -1 1b Stm 4
By 21  Yungzma A +i 1a LmS ¢
Bv 35 Wedgewood  A/B  +4t/-1 i  Slm X
8v 17  Wilgenhof 8 -t 14 5Ci
By 12 MWykeham A/B 1b Slm X
BONHEIM Bo 41 EBonheim c/o -t 13 Lm& 0
Bo 20 Bushman C 2c SCILm 0
Bo 30 Dumasi C 2c SCim H
Be 31 &lengazi c/D -t 2d  sC1 0
Bo 10 Kiora C 2c SCltm g
Bo 21 Rasheni C/D -t 2d SC1 0
Bo 11 Stanger /D -t 24 sCl 0
Bo 40 Mesnen C 2c SClLm 0




140

Table 7.1 (continued}

Soil Code Soil 5CS SCS Clay Typical Inter-
Form Series Group Adjust Distri- Text- flow
-ing -ment bution ural Foten-
Factor Model Class tial

CARTREF Cf 10 Amabele B/ st Ba LmS 0
Cf 12  Arrochar C Sc SCiLm 0
Cf 13  Byrne C/D -t 5d SC1 {
Cf 21 Cartref C 5b Slm D
Cf 22 Cranbrook C 5c SClLm 1]
Cf 30 Grovedale B/C 4+ 5a S Q
Cf 33 Kusasa B/C 4+t 5b Stm 0
Cf 32 HNoodhulp C 5c SCilm 1]
Cf 11  Rutherglen ¢ 5b Slm 0
Cf 20 Materridge B/C ™ +t Sa LS 0

CHAMPAGNE Ch 11 Champagne D 2c SLm 0
Ch 21 Tvanhoe 1] de SCilm 0
Ch 10 Mposa D 2c Slm 0
Ch 20 Stratford D 2o SCiLm 0

CLOVELLY Cv 33 Annandale B -1 16 Slm 0
Cv 18 Balgowan B -t te ¢l 0
Cv 40 Bleskop A +t 1a LS D
Cy 36 Blinkklip B -1 ic SClLm 1]
Cv 17 Clovelly B -t 1d SC1 0
Cv 28 Clydebank B -t e Cl ]
Cv 35 Denhere A/B +t/-] 1b Sim 1]
Cv 46 Dudfield A/B 1c SC1Lm ]
Cv 11  Geelhout A +t . 1a LmS 0
Cv 25 Gutu A +t 1b SLm 0
Cv 47 Klippan B =% 1d SCl 0
Cv 38 Klipputs B/ -t/-1 1e Cl 0
Cv 10 Lismore A +t 1a LmS 0
Cv 12 Lundini A +t ia S 0
Cv 34  Makuya B «1 b SLm ]
Cv 14 Mossdale A/B 1b Slm ]
Cv 48 Nelspan B -t 12 Cl Q
Cv 27  Newport 8 -t 1d 5C1 i+
fv 16 Qatsdale A/B 1¢ SClLm 4]
Cv 23 Ofazi A/B 1b SLm 0
Cv 41  Oranje A - 12 LmS 0
Cv 32 Paleisheuwel A/B  +t/-l 1a S 0
Cv 31 Sandspruit A/B  +t/-1 1z LmS 0
Cv 22 Sebakwe A +tf-1 1a 5 0
Cv 45  Skipskap A +t ih SLm Q
Cyv 21  Sonnenblom A +t- ia LmS 0
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soil Code Soil sCS  SCS Clay Typical Inter-
Form Serias Group Adjust Distri- Text- flow
-ing -ment butfon wural Poten-
Factor Model Class tial

CLOVELLY Cv 26 Southwold A/B 1c SCium q
{contd) Cv 15 Sowasio A +t 1b Stm ]
v 24 Springfleld A/B ib Slm 0
Cv 30  Sunbury A/8  +t/-l fa  LmS 0
Cv 37 Summerhill B/C -t/-I id SC1 Q
Cv 42 Thornhill A +1 1a S 0
Cv 44 Torguay A/B 1o Sim 0
Cv 20 Tweefontein A +t 1a LmS 0
Cv 43 ¥Yaalbank A/B 1b Slm 0
Cy 13 Vidal A/B ib Cilm ]
CONSTAN
-TIA Ct 25 Cintsa B de Stm/SCILm XX
€t 12 Lopstantia 8 Ja LmS X
Ct 23  Dwesa B 3e SLm/SCILm XX
Ct 22 Fencote B b S/SCIlm XX
Ct 13 Harkerville B 2b SLm D
Ct 24 Kromhoek B 3e SC1/5CiLm XX
Ct 14 HNoetzie B Zb Slm ]
Ct 20 Palmyra B 3b 1mS/SCIlim XX
Ct 10 Strombolis B 3a Lms X
Ct 11 Takai B 3a S X
Ct 21 V¥lakfontein B Jb Lms/SClLm XX
Ct 19 MHynberg B 2b Slm i}

ESTCOURT Es 20 Assegaai
' Es 11  Auckland
Es 22 Avontuur
Es 35 Balfour
Es 40 Beerlazagte
Es 37 Bufrelsdrif
Es 42 Darling

b kI imS/SCILm XX
0 b LmS/5tm XX
0 ic 5/SC1lm XX
B e LmS/SCltm XX
D 3c LmS/5C1Lm XX
b 3k SC1/C1 i
D 3c 5/5CI1tm XX
Es 13 Dohne D 3a Stm/5C1Lm XX
Es 31 Elim D 3b LmS/Sim XX
Es 33 Enkeldoorn D e Stm/SCiLm XX
Es 36 Estcourt D || SCILm/SC1 XX
Es 14 Grasslands D e SLm/SCitm XX
Es 41 Heighis 0 3c LmS/SC1ILm XX
Es 10 Houdenbeck D 3b Lms/Stm XX
Es 21 Langkloof D e Lm3/SCIlm XX
Es 30 Mozi D b tmS/Sim XX
Es 12 Potela D b S/SLm 3 4
Es 16  Rosemead D 3h SClLm/SCI XX
Es 32 SoldaatskraalD 3b S/5lm ) 4
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Soil Code Soil 5C5  5CS Clay Typical Inter
Form Series Group Adjust Distri- Text- flow
-ing -ment bution ural Poten-
Factor Model (Class tial
ESTCOURT E5 34 Uitylugt D Ja Sum/5C1Lm XX
(contd) Es 15 VYredenhosk D g LmS/SClLm XX
Es 17 Zintwala D 3k sCl/ch XX
FERNWOOD Fw 49 Brinley C - ib Slm £X
F¢ 11 Fernwood A 1b SLm 0
Fw 21  Langebaan A 1B SLm 0
Fw 42 Mambarne C - 1b Sm XX
Fw 10 Maputa A 1b Slm 0
Ffw 20 Motopi A th Sim 0
Fw 22 Saldanha A ib Slm 0
Fw 12  Sandveld A ib SLm 0
Fw 30  Shasha B -¥ ib Slm 4§
Fw 41 Soetvlei C -w 1b Slm XX
Fw 32 Trafalgar B - 1b SLm xx
Fw 31 MWarrington B8 - 1b Sim XX
GLENCOE Gc 18  Appam B 1c SClLlm X
Gc 33  Beatrix B/C -1 1b SLm X
Ge 20 Boskuil A/B 4+t ia Lms X
Gc 15 Delmas A/B s+t b Sim |
Gc 10 Driepan A/ +t 1a Lms X
Gc 24  Dunbar B 1b skm X
G¢ 26 Glencoe B ¢ SCILm X
G 37 Graspan c -t/-1 id  5(1 XX
8¢ 11 Hartog A/B 4t {a Lms £X
Ge 13 Klipstapel B ib slm XX
6c 32  Kwezana 8 +t/-1 13 S § 1
¢ 33 Leeudoorn B/C -1 1b Slm XX
" G6c 36 Leslie B/C -1 1c  SClbm XX
€c 27 Ontevrede B/ -t 1d SCi iX
6c 21 Penhoek A/ 4t 1a Lms XX
Gc 31 Ribblesdale B +tf-1 13 LmS XX
Ge 17  Shotten a/c -t 1d 5C1 iX
Gc 23 Strathrae B ib SLoy iX
Gc 22 Talana A/B 4t 12 S %X
Gc 12  Tranendal A/B 4+t 1a 5 XX
Ge 235  Uitskot B +tf-1 1B SLm XX
Ge 30 Ylakpan B +t/-1 1a LmS XX
G¢ 14 Heltevrede B 1b Stm b
Gc 25 Wesselsnek A/B 4+t 1b SLm 94
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Soil Code Soil SCS 5Cs Clay Typical Inter-
Form Series Grovp Adjust Distri- Text~- Tlow
-ing -ment bution ural Poten-
Fagtor Model Class tial

GLENMROSA Gr 28  Achterdam B/C 5¢ SClim X
Gr 27 Dothole B/C 5¢ SClLm X
Gr 24 Dunvegan B/C &b SLm X
Gr 15 Glenrosa B +t 5b Slm X
Gr 13 Kanonkop B/C 50  Sim X
gr 22 Knapdaar B +t 5a 5 X
Gr 26 Lekfontein B/C 5¢C 5CiLm X
6r 25 Lomondo B +t 5b Slm )4
6r 21 Majeng B +t ba LmS X
Gr 20 Malgas B +t ba LaS X
6r 10 Martindale B8 +t Sa Lm5 X
Gr 11 Oribi B +% ha Lm$ X
Gr 12 Paardeberg B +1 5a $ X
Gr 14 Platt B/C 5b  SLm X
Gr 29 Ponda " -t 5d SCi X
Gr 18  Robmore B/C 5¢C SClkm X
Gr 19 Saintfaiths C -t 5d 5L X
Gr 23 Southfield B/C . &b stm b4
Gr 17 Trevanian B/C 5¢ SClim X
Gr 16 MWilliamson B/C : 5¢ SCILm X

GRIFFIN &F I0 Burpside A b Sbm 0
6 11 Cleveland A ic SCila 0
6fF 32 Cradock B -t/=-1 14 | a
Gf 20 Erfdeel A . 1b Stm 0
GF 13  Farmhill A/lg -t 1e Cl 0
Gf 12 Griffin AfG -t 1d 5C1 0
Gf 22 Ixopo A/R -t id  5Cl ]
Gf 30 Runnymeade A/B -1 ib SLm 0
Af 33 Slagkraal B ~t/-1 1IN | 0
Gf 21  Umzimkulu A ic 5C1im 0
Bf 31 MWelgemoed A/B -] 1c  SCltm © O
GF 23 Iwagershoek A/B -t 1e 1 0

HOUWHOEK Hh 20 Albertinia € 2a EmS b4
Hh 10 Elgin G 2a Lm5 X
Hh 21  Garcia C 2b SLm XX
Hh 31 Gouna B/C +t 2b Slm XX
Hh 30  Howuwhoek B/C +t 2a 5 X

Hh 11 Stormsrivier C 2h SLm *X
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Soil Code Soil SCS  SCS Clay  Typical Inter-
Farm Series Group Adjust Distri- Text- flow
-ing ~-ment bution ural Poten-

Factor Model Class tisl

HUTTON Hu 10  Alloway A 1a Lms Q
Hi 11 Arnot A 13 Lm5 Q
Hu 18 Balmaral AR -1 ja cl 0
Hu 25 Baontberg A 1b Skm 1]
Hu 22 Chester A 1a 5 0
Hu 24 Clansthal B ib Slm Q
Hu 27 Daveton A/B -t 1d  sCl 0
Hu 17 Farpingham A/8 -t 1d  5€) 0
He 31 Gaudam A -1/+t 1a LmS 1}
Hu 47 Hardap A/lB -t id SCi 0
Hu 16 Hutton A ic SCIim 0
Hu 21 Joubertina A 1a Lms 0
Hu 15 Kyalami A b Slm ]
Hu 23 Lichtenburg A ib  Slm 0
Hu 40 Lowlands A 1a Lm5 0
Hu 43 Maitengwe A th Ska i}
Hu 37 Makatini B -t/-1 1d 19 | Q0
Hu 44 Malonga A 1b otm 0
Hu 33 Mangano AR -1 1b Sum 0
Hu 38 Marikana B -t/-1 1e cl 1]
Hu 14 Middelburg A 1b sum 0
Hu 48  Minhoop A/B -t e (1l D
Hu 32  Moriah A -1/+t la § 0
Hu 26 Msinga A 1c SCllm 0
Hu 41 Hyala A 1a LmS D
Hu 3% Portsmouth A -l{+t b SLm 0
Hu 42 (QuaggafontzinA ia 5 1]
Hu 30 Roodepoart A -1/+t fa LmS 0
Hu 46 Shigalo A 1c SClLm ¢
Hu 36 Shorrocks A/d -1 1c SClLm 0
Hu 12 Stonelaw A 1a L3 g
Hu 45 Yergenoeq A 1b " Sim 0
Hu 28 Vimy AR -t 1e () 0
Hu 13 Hakefield A b Slm D
Hu 20 Whithorn A 1a LmS 0
Hy 34  Zwartfontein A/B -1 ib Cllm 0

INANDA Ia 10 Fountainhil! A 1c SCILm 0
Ia 11 Inanda A 1d SC1 0
Ia 12  Sprinz A 1e Cl D
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Soil Code soil 5C5  5Cs Clay Typical Inter-
Group Adjust Distri- Texi- flow

-ing -ment buticn ural Poten-
Factor Mogdel Class tial

INHDEK Ik ¥11  Coniston C/b -t 2d SC) it
Ik 10 Cromley C 2¢ SCILm Q
Ik 21 ODrydale c/D -t 2d SCl o
Ik 20 Inhoek C 2c SCllm D
KATSPRUIT Ka 10 Katspruit C/D 1d SCl1 ]
Ka 20 Killarney C/D 1d SC1 0

KRANSKOP Kp 1G  Kipipiri A 1c SCllm D
Kp 11 Xranskop i 1d SC1 0

Kp 12 Umbumbulu e (1 0
KROONSTAD Kd $7  Avoca ¢/0 3h SClum/SCl X%
Kd 18 Bluebank C/D 3h SCILm/SC1 XX
Kd 22 Katarra C/D 3c S/5Citm XX
kd 20 Koppies C/0 3 LmS/SClLm XX
Kd 13 Kroonstad C/D 3e Sn/SClLm XX
kd 14  Mkambati C/D 3b Sn/SCILtm XX
kd 10 Rocklands g/D 3b LmS/5m XX
kd 15 Slangkop £/ e LmS/5CILm XX
Kd 12  Swellengift C +t b S/5Lm XX
Kd 18 Uitspan C/T 3h 5CILm/SC1 XX
Kd 21 Umtentweni C/D 3c LmS/SClLa XX
Kd 11 Velddrif c/D 3b LmS/Sum XX
¥d 19 VYolksrust 1] -t ik SCL/C XX
LAMOTTE Lt 10 Alsace A/B 2a LmS X
Lt 21  Burgundy B +C 2a LmS XX
Lt 14 Chamond A/B 2b SLm ) 4
Lt 22 Franschhoek B +C 2a LmS Ax
Lt 25 Hooghalen B +C Zb Slm XX
Lt 12 Lamotte A/B 24 LmS X
Lt 11 Laparis A/B 2a LmS X
Lt 15 Lillesand A/B Zb Slm X
Lt 20 Lorraine B +C 2a LmS XX
Lt 24 Ringwood B +C 2b SLm XX
Lt 23 Tillberga B +C Zb SLm .4
Lt 13 Vevey A/B 2b SLm - X
LONGLANDS Lo 22  Albany ¢/ -t 1c 5Cllm XX

Lo 32 Chitsa c/n -t 1c SCilm xX
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Soil Code Soil SCs 5C5 5CS Typical Inter
Form Series Group Adjust Distri- Text- flow
-ing -ment bution wural Poten-
Factor Model Class tial
LONGLAKDS to 21 Longlands C 15 Sim XX
{contd) Lo i1G Orkney c 1a LmS XX
Lo 30 Tayside c 1a 3 XX
Lo 31 ¥aalsand C tb Slm XX
Lo 20 Vasi C 1a LS XX
Lo 11 Waaisand C 1b SLm XX
Lo 12 Waldene c/D -t 1c SC1lLlm 1§ 4
Lo 13  HWinterton ¢ - 1d SC1 44
MAGH A Ma 12 Frazer A/B e ¢ it
Ma 11 Magwa A/B td SC1 D
Ma 0 Milforg A +t 1c SCllm 0
MAYO My 10 Mayo C 5L SClim X
My 11 Msinsini £/ -t Bd  SC] X
My 21 Pafuri c/o -t 5d SC1 4
My 20 Tshipise c 5C sCl 4
MILKWOOD Mw 10 Dansland ¢ 2¢ SClLm X
Mw 21 Graythorpe C/D -t 2d  5Cl X
M#¢ 11 Milkwood £/ -t 2d SCl 4
M« 20 Sunday C 2c SCllm X
MISPAH Ms 21 Hillside C 2¢ SCILm XX
Ms 22 Kalkbank C 2¢ SCllm i
Ms 11 Klipfontein C 2c SClLm XX
Ms 12 Loskop £ Zc SClLm XX
Ms 23 Misgund C 2c SClLm XX
Ms 10 Mispah c 2c SClLm XX
Ms 20 Muden c 2c SCILm XX
Ms 13 Plettenberg ¢ 2c SCllm XX
Ms 14 Winchester C 2¢ SClLm 4.4
Ms 24 V¥Yredendal C 2e SCitm X
NOMANCT No 71  Lusiki 8 5d SC1 0
No 10 Nomanci B 5c SC1lm 0
OAKLEAF Ca 43 Allanridge B tb Stm D
da 45 Calueque A/ +t 1h Slm ]
0a 21 Doornlaagte A/B 4+t 1a Lm5 4]
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Soil Code Soil SC5 505 Clay Typical Iinter-
Farm Series Group Adjust Distrl- Text- flow
~ing -ment bution ural Paten-
Factor Model Class tial

OAKLEAF 03 25  Hazelwood A/B st ib - Sm 0
(contd} ©Oa 17 Highflats B/C -t 1d SCI 0
' 0a 22 Holpan AfB 3t 1a 5 0
Da 36 Jozini B 1c SCllm 0
0a 23 Kirkton B 1b Slm ]
0a 13  Klipplaat B 1b slm 0
Q0a 37 Koedgesviei B/C -% 1d sC1 0
Da 16 Leaufontein B 1e SCilm 0
0z 26 Letaba B (1= SCltm g
{a 34 Levubu B 1b Slm ¢
0z 46 Limpopo B 1¢ SCltm 0
0a 41 lLovedale AR +t 1a Lms 0
Da 11 Madwalent A/B 4T 1a Lm$ ]
fa 24 MagersfonteinB 1b sum 0
Da 27 Makulek B/C -t 1d SCl 0
0a 12 Mbanyana A/B 4+t id 5 0
0a 47 Mutale B/C -t 1d sC1 0
0a 42 Naulila A/B 1a 5 0
0a 30 Qakleaf A/B 4t 1a LmS D
0a 44 Okavango B ib SLm 0
fa 31 0Qshikango A/B 4t 14 LmS 0
0a 15 Pollock A/BE  +t 1B Slm o
0a 14 Rockford B 1o Slm i
Ja 32 Sazela A/B 4t 1a 3 [+
0a 10 Smaideel A/B 4+t 1a Lm% {
0a 33 Vaalrliver B 1b SLm ]
0a 35 Venda A/B 4t 1b SLm 0
0a 40 VYoorspoed A/B 4+t 1a LmS H
Da 20 Warrention A/B +% 1a LmS 0
PINEDENE Pn 27 Airlie B/C -t id SC1 b
Pn 12 Bethlehem A +tf+1 13 S X
Pn 25 Chatsworth A/B  +t 1b Sim X
Pn 1§ Eykendal A +t/+] il Sim ) 4
Pn 13 Fortuln A i+l 13 Lms X
Pn 13  Graymead A/B 41 b Sum X
Pn 22 Hermanus A/B 4t 1a S X
Pn {7 ¥ilburn B -t/+1 1d SC1 X
Pn 32 Kleinrivier B +t/+] 12 5 X
Pn 36 Klerksdorp B/C -1 1¢ SCllm X
Pn 34 Nagtwagt B/C -1 b S X
Pn 33  Qewer B/C -1 ib SLm X
Pn 16 Ouwerf A/B 4} 1¢ SClLm ) 4
Pn 30 Papiesvylei B +t/-1 1a LmS X
Pn 14  Pinedene A/B ] ib SLm X
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S0il Cade Soll SCS  5CS Clay Typical Inter-
Form Series Group Adjust Distri- Text- flow
-ing -ment bution wural Poten-
Factor Model Class tial

PINEDENE Pn 11 Radyn A +t/+1 1a La5 L
(contd) Pn 20 Rotterdam A/B  +t 1a  LmS 4
Pn 31 Stormsviei B +t/-1 1a LmS X
Pn 26 Suurbraak B tc SCltm X
Pn 24 Tulbagh 8 1b Slm X
Pn 23  Vyeboom g ib SLm 4
Pn 21 Wemmershoek A/B +t 13 LmS X
Pn 37 Witpoort C -t/ -1 1d 1N | A
Pn 35 Yzerspruit B +t/-1 1b S5um X
SHEPSTONE 3p 12  Addington A 33 La5 0
Sp 11 Bitou A 3a  LmS 0
Sp 13 Gourltz A 2b Stm D
Sp 15 Inhaminga A 2 SLm 0
Sp 22 Xunjane A 3t LmS/SClLm O
Sp 23 Pencarrow A Je Stm/SCI1im 0
Sp 24 Portobello A 32 Slm/SCILm
5p 25 Pumula A Je Sm/SCllm O
Sp 14  Robberg A 2b Slm 0
Sp 21 Shepstone A 3c LmS/SC1im O
Sp 20 Southbroom A 3c Lm3/SCllm 9
Sp 10 Tergniet A 3a LmS |
SHORT- Sd 11 Argent B id sC1 0
LANDS 54 {0 Bokuil A/B 3t 1c SC1Lm b
54 0 Ferry B 1 SClLm V]
5d 21  @Glendale B/C -1 1d SC1 0
Sd 20 Kinross ;| -1/+t 1c  5Clm 0
$d 12 Richmond B/C -t 1e N 0
Sd 22 Shortlands ¢ -1/-t e (€l 0
Sd 31 Sunvalley p/C -1 1d 5C1 0
Sd 32 Tugela £ -1/t 1e Cl D

STERK- S5 27 Antioch D 3k SC1
SPRUIT &8s 13  Bakklysdrift D ac Skm
S5 15 Dehoek D Je LmS
S5 10 Diepkloof D b LmS
S5 17 Driebaden D 3k SCl
S5 21 Graafwater O 3b LmS
55 25 Grootfontein D Je LmS
D

Ss 20 Halseton 3b LmS

IS G T DG e Pef e Dek
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Seoil Code Soil SCs 505 Clay Typical Intar-
Farm Series Group Adjust Distri- Text flow
-ing ~-ment bution ural Poten-
Facter Model Class  tial

STERK 55 24 Hartbees D 3e Sim i
SFRUIT Ss 12 Ruacana 0 b 5 X
{contd) Ss 22 Silwana B 35 X
55 23 Stanford D 3e SLm X

Ss 26 Starkspruit D 3h SClLm X

Ss 16  Swaerskloof D k|| SC1Lm *

Ss 11 Tina D 3b Lms X

55 14 Toleni B 3e Slm X
SHARTLAMD Sw 12 Breidbach D —L {e c1 b4
Sw 21 Broekspruit /D 1d  SCl X

Sw 32 Hogsback 1} -t 1e Cl X

Sw 40 Malakata C/D 1c 5C1 X

Sw 41  Hyoka c/D 1d i | X

Sw 42 Omdraai 0 -t e Cl X

Sw 22 Prospect D -t fe Cl X

Sw 10 Reveillie c/D ic SCILm X

Sw 30 Rosehill C/D ic SClLm X

Sw 11 Skilderkrans £/C id i | X

Sw 31 Swartland C/D 1d SCl X

Sw 20 Uitsicht C/D 1c S5ClLm X

TAMBAN- Tk 10 Fenfisld C : 2c 5CILm 4
KULU Tk 20 Loshoek L Z2c SClLm X
Tk 21 Masala C/D -t 2d SC1 4

Tk % Tabankulu c/o -t 2d 5C1 %

VALS- ¥Ya 31  Arpiston C/0 id SC1 X
RIVIER V¥Ya 32 Chalumna ¢ -t 1e Cl X
¥a 21 Craven ¢/D 1d SC1 4}

VYa 30 Herschel £/h ic SClLm X

Va 12 Liiydale D -t 1e o | 0

Ya 41 Lindley cC/D 1d 5€C1 X

¥a 22 Marienthal ¢ -t 1e C1 0

Va 42 - Sheppardvale D -t 1e cl X

Ya 10 Sunnyside C/D ic  S5Clbm 0

¥a 40 Vvalsrivier C/D ic SCILm X

Ya 11 Waterval c/D id 5C1 ]

¥a 20 Zuiderzee c/D 1c SClLlm 0
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Soil Code Soil 3CS  5CS Clay Typical Intar-
Farm Series Group Adjust Distri- Text- flow
-ing -ment bution ural Paten-
ractor Model Class tial

VILA- ¥F 45 Blombosch 8/A 3e Skm/SCILR XX
FONTES ¥F 23  Blythdale BfA Jde Sm/SCllm XX
¥f 31  Brenton B/A 3a LmS XX
¥f 24 Chantilly B/A 3e  Clm/SCIlLm XX
¥f 44 Dassenhoek B/A 3e Sle/SClLm XX
¥f 21 Fairbreeze B/A 3¢ Lm5/5CLE XX
¥YFf 43 Geelbek B/A Je SEm/SCila %X
¥ 11 Hudley 8/A 3a LmS XX
Vf 22  Klaarwater B/A 3¢ LmS/SCILm XX
¥f 34 Knysna BSA 2b Slm b4 4
VF 40 Kransduinen B/A. ic LmS/SCILm XX
¥f 20 Matigqulu B/A 3c LwS/SCILm XX
Vf 41 Mazeppa BfA 3c LmS/SCIim XX
¥¥ 35 Maulvlei B/A 2b SLm XX
¥f 10 Moreland 8/A 3a LmS XX
¥f 14 Moyeni B/A 2b S5lm iX
VF 26 Nhamacala B/A 3 Sim/sCllm XX
¥F 33 Rheebok 8/A 2b Stm XX
¥f 30 Sedgefield B/A 3a Lm5 iX
Vf 32 Swinton B/A 3a LmS b4 4
¥f 13 Tinley B/A 2b SLm XX
Vf 42 Vallance B/A 3¢ LmS/SCILm XX
Vf 15  VYilafontes B/A Zb 5lm XX
Vf {2 Zeskoe B/A Ja Lm5 XX
WASBANK Wa 12 Burford C 2c SC1lLm 4 4
~ HWa 13  Endicott ¢/o -t 2d SC1 X
Wa 30 Hamman B/C +L 24 5 44
HWa 10 Hoopstad B/C +t 2a LmS X
Ha 1t Kromvlei C 2b Sbln I
Ha 20 Rondeviei B/C 4+t 24 LmS XX
Wa 31 Sandvlei B/C +t 2c SCllm XX
Wa 22 Warrick C 2c SClLm XX
Wa 21 Wasbank ¢ 2b SLm xx
Wa 32  Winterveld ¢ 2c SCibm xx
WESTLEIGH We 10 Chinde B/C +t 1a Lms X
We 32 Bavel C 1c SCIlm b4
We 22 Devon L 1c SCILm }§
We 20 Kosi B/C +t 1a LmS }§
We 30  Lapgkuil B/C +% 1a s X
L

We 31 Paddock B/C +t b Slm
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Table 7.1 {continued)

Seil Code sail SC3 5CS Clay Typical Inter-
Form Series Group Adjust BDistri- Text- flow
-ing -ment bution ural Paten-
Factor Model Class tial

WESTLEIGH We 12 Rietvlei C ic SCllm X
(contd) We 13 Sibasa C/D -t 1d  scl X
He 11 Mestleigh [ 1b Sl X
We 21 Mitsand c b Skm X

WILEOW- Wo 21 Chinyika 1] 2d SCY

BROCOK Ho 10  Emfuleni D 2¢ SCIlLm
Wo 20 Sarasdale D 2c SCllm
We 11 Willowbrook D 2d 5C1

cooo
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CHAPTER 8

SOIL WATER RETENTION MODELS FOR SOUTHERN AFRICAN S0[LS

R.E. Schulze, J.L. Hutsen'} and A. Cass?)

INTRODUCTION

The ampunt 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 herizons) and by plant  root
extraction.

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

1)  Spil and Irrigation Research Institute, Elsenburg

2} Department of Seil Science and Agrometeorology, University
of Natal, Pietermaritzburg
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thern calculated fTrom 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 modeils from Seuthern Africa and the U.S5.A.

DEFINITIONS DF 50IL WATER RETENTION CONSTANTS

Soil water analysis amounts to the arbitrary division of water in
spils into 2 number of categories which are useful in  assessing
the amount of water available for plants, the storage capacity of
spil  and many other characteristics of hydrelogical and
engineering importance (Rawls et al, 1382),

Definitions -of three soil water retenfion constanis are
neécessary.

{a) Poresity. Porosity is the percentage of seil volume
pccupied by voids, f{.e. the maximm so0il moisture storage
or saturation, The matric potential at poroslty 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 capiilary and osmotic forces that are great enough
10 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 scils in nature and FC can be described as the
soil moisture content Delow which the  hydraulic
conductivity f{s sufficiently small that red{stribution of
moisture due to hydraulic head gradient can be ignored. A
defipition in terms of matric potential is difficult owing
to the fact that FC may vary with fexture, 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) Milting 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 canmot move
over even short distances to the roots fast enough to
satisfy the transpirational demand. The matric potential at
this point is uswally accepted to be -1500 kPa.

Using these definitions one can define plant avajlable
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 s0il water store necessitate the estimation of
values, for wuse in models, of porosity, field capacity and
wilting point.

Traditionally, available moisture has besn estimated only after
time-consuming and expensive laboratory analyses of the spil. The
association of the three retention constants with soil physical
properties has long attiracted the attention of soil scientist and
hydrologist alike, and many relaticnships have been published.
These have been reviewed recently by Hutson (1583), who states
that these efforts have met with partial success only, and
considering the complex and variable nature of scil, little
improvement in such relaticnships can now be expectied. 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 shage, 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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Detailad and precise retentivity measurements provide insight
intc the manner in which wvarious soil  properties  influence
retentivity and add toc the data base frem 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
spil 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 ranga of
anzlyses 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 facititate the mathematical description of retemtivity 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

@, = By + B 501 + 8350 +Bygey
in which
88 = water retention in mm/mm for a given matric
potentizl
with
b = -5 to -30 kPa at Tield ¢apacity and -1500kPa at

wilting point,
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Cl = percent clay,

5i = percent silt,

?h = bulk density in Mg.m~3, and
Bi.4 = regression coefficients.

Regression coefficients with goodness of fit statistics for
Hutson's (1983) general wodel for stable scils are given in Table
8.1. The example below illustrates the use of the model, i
resulis of a mechanical analysis of the soil are availzble:

S0il ¢ Loam with 15% clay

25% silt
Bulk density 1,6 Mg.m-3

Water content (volume/volume) at FC :

_39 = -0,015 + 0,0576 + 0,143 + 0,074 = 0,260 mm/mm
Water content {volume/voclume) at WP :

9_15uﬂ = -0,0602 + 0,0483 + 0,077 - 0,0416 = 0,144 mm/mm

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

i16 mm water/m
soil depth

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

(i) vertic soils (with r¢ = 0,472)
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Table 8.1 Regression coefficients of the Hutson {1983) mcde!l for
the estimation of soil water retention constants for
stable soils

kPa Constant % Clay % 5ilt Bulk re 5
Density

- 10 0,0558 0,00385 0,00554 £,0303 a,e81 0,066

- 30 -0.0150 0 ,00384 a,00572 0,0463 0,764 (,055

-~ 100 0,0290 0.00361 g, 00441 ¢,0049 0,769 {1,050

- 504 ,1588 0,00347 04,00170 -0,0838 0,823 0,047

- 1500 {,0602 0,00322 0,00308 -0,0260 ¢,785 0,051
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® _y5gg = 0,0293 + 0,00606 C1 + 0,00265 5i + 0,0384 C
in which
C = percent organic carbon
and
{1t} for prismacutanic,
pedocutanic and
gleycutanic soils [r2 = 0,711)
E-ISﬁD = 0,01616 + 0,0052 C1 + 0,00222 5i

PRGBLEMS ASSOCIATED WITH RETENTION EQUATIONS AND SIMPLIFYING
ASSUMPT [ (S

The retention equations presented in the previocus section for
stable and unstable so0ils found in Scuthern Africa include clay
content, silt content, organic carbon content and bulk density as
variables. 0Of these variables only classes of clay content are
used by the binomial system of so0il classification for Southern
Africa (MacVicar et al, 1977) to distinguish between soil series.
Simplifying assumptions therefore have to be made in regard fo
silt content, organic carbon content and bulk density.

{a} Silt Content. Hutson {1983), in an analysis of cver 3000
Southern African soil samples, found that 50,1% of the
samples comprised sandy loams, sandy clay lcams, clays,
sandy clays, sands and loamy sands, If these ¢lasses are
examined on the Southern African fexture triangle it may be
seen that the 10% silt content value passes through all the
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zbove soil textural classes. Analyses also show that a
20% silt content is very seldom exceaded. A geperal silt
content of 10% may therefore be used with confidence in
water retention equations applicable to Southern African
soils.

Bulk Density. From data presented by Hutson (1983, p 78), a
bulk density of 1,3 Mg.m'3 may be assumad for the topsoil
horizon {this value also being used in agriculture for
fertilizer recommendations) and of 1,5 Hg.m.'3 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 108}.
SIMPLIFIED, GENERALLY APPLICABLE WATER RETENTION EQUATIONS FOR
SOUTHERN AFRICA
With the simplifying assumptions made above, Hutson's (1983)
equations for siable soils may be rewritten as :
®cc =9_4¢ = 0,1506 + 0,00365 C1 for the topsoil herizon
ang
®_40 = 0,1567 + 0,00365 Cl1 for subsoil horizons
and ’
8 yp = 91500 * 0,0572 + Q,00322 C1 for the topsoil horizan

and
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® 1500 = 0,0520 + 0,00222 for the subsail horizons.

For vertic {unstable) solls

Occ = 845 identical to the equations for stable soils

0,077 + 0,00606 C1 for all horizons

Swp = °_1s500

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

8,9 = identical to the equations for stable soils

@
-
[p]

n

= 9_15ﬂﬂ = 0,0384 + 0,00522 C1 for all horizons.

[47]
=
"

|

CLAY DISTRIBUTION MODELS FOR USE WITH RETENTION EQUATIONS

With soil water retention squations 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 horizens if the clay distribution down the
profile is known, From an examination of the 41 soil forms and
501 seil series defined by MacYicar et al, (1977), five clay
distribution models are proposed for Southern Africa. These are
illustrated in Figure 8.1.

{a) Mecdel 1, 1In Madel 1 clay distribution increases down the

sci]l 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-harizon
profile are reduced from the middle value of a clay class
for the topsoil horizon and increased for the subsoll
horizon. In asslgning topsoil and subsoil values of c¢lay
contents for the five classes of ¢lay 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-herizons and red apadal B-horizons for
the clay class 15-35%, but that the differances were
reduced with increasing clay content. Five submodels of
Model 1 are proposed, and respective clay contents are
given in Table 8.2.

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

Model 2. In Mode]l 2 the c¢lay distribution remains constant
throughout the soil profile. Five submodels of Model 2 are
proposed, in accordance with the five c¢lay classes
recognized in MacVicar et al, (1977), and the clay
. percentages assigned to the respective submodels are those
shown in columsn 3 of Table 8.2.

The soil forms conforming to Model 2 are Arcadia, Bonheim,
Champagne, Constantia {certain series), Dundee, Houwhoek,
Inhoek, Lamotte, Milkwood, Mispah, Rensburg, Shepsicne

(certain series}, Tambankulu, Vilafontes (certain series),
Wasbank and Willowbrook,

Mcdel 3. Model 3 soils display an abrupt textural (l.e.
clay content) transition from the topsoil to the subseil.
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Table 8.2 Topscil and subsoil clay percentages assigned to
the submodels of the water retention Model 1
Assigned Assigned
Typical Topscil Subsoil
Submodel Cliay Clay % Horizen Horizon
Class % Yalue Clay % Clay 3%
13 gd- 6 3 2 4
1b & - 15 10 8 12
1c 5= 35 25 17 33
1d 15 - 55 45 36 54
e > 55 60 54 66
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Three "degrees" of abruptness were recegnized, the least
abrupt change increasing clay content by 7%, the middle
class by 15% and the most abrupt change increasing clay
content by 256%. The result {s 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 Tabla 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 Yilafontes (certain series).

{d) Model 4. The clay distribution down & profile "bulges" in
the E-horizon in Model 4 - a resulf of chemical reducticn
following periodic waterlogging and iateral flow of water
causing a loss of clay particles.

Soil forms conforming to Mode]l 4 are yet to be determined.

(e} Model 5. Model 5§ represents a mirror-image of water
retention Mode]l 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. Suggesied submodel clay
percentages are listed in Table 8.4.

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

Each of the 41 so0ii forms desgribed to date in Socuthern Africa
was assigned to one (and in the case of certain forms, twe) 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

Assigned Assigned Exist-
Topsoil Subsoil ence
Submodel Clay Clay % Horizon Horizon in
Class % Added Clay % Clay % 5.A.
33 - 6 7 3 10
b 15 3 18
c 25 3 28
3d B - 15 7 10 17 X
& i5 10 25
T 25 10 35 X
39 15 - 35 7 25 32 X
h 15 25 40
i 25 25 50 X
3j 15 - 65 7 45 52 . x
k 15 45 60
I 25 45 70 *
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Table 8.4 Topsoil and subsall clay percenfages assigned to the
submodels of the water retention Mgdel 5

Assigned Assigned
Clay Topsoil Subsoil
Submodel Class % Horizon Horizon
Clay % Clay ¥
fa 0- & 3 1,5
55 E- 15 10 5.0
5¢ 15 - 35 25 12,5
hd 35 - 55 45 22,5
be > 55 60 30,0
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s0il 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 c¢lay contents of all clay distribution submodels
discussed above. By this procedure gstimates of soil water
content at field capacity and wilting point have basnh made for
Southern African soil conditions and are presented in Table 8.5
for topsoil and subseil herizons for both stable and unstable
soil forms.

TEXTURAL CLASSES OF SOUTHERN AFRICAN SOIL SERIES

Generalized values of retention constants have freguently been
given for texture classes. Since a silt content around 10% may be
assumed for most of Southem African soils, and since the
binomial system of scil 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
5801 soil series identified in Southern Africa were placed in
textural classes, wusing the Southern African textural triangle
given in Mac¥icar, et al, (1977). The textural classes are !isted
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 leoams; 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 spils)

nistﬁigﬁtiun FC in mm/m WP in sm/m
Model Topseil Subsoil Topsail Subsoil
1a 158 171 64( 49) 65( 59)
b 180 201 83{ 80} 91{101)
¢ 213 277 112{127)  158{211)
" d 282 54 173(226)  226{320)
e 348 398 231(320)  265(383)
2a 162 168 67 62
b 187 193 89 84
¢ 242 248 138{169)  133(169)
d 315 321 202(273)  197(273)
e 370 376 250(352)  245(352)
3a 162 193 67 84
b 162 222 67( 54)  110(132)
¢ 162 259 67( 54) 142185}
e 187 248 go( 91)  133(169)
h 242 303 138{168)  181{247)
K 35 376 202(273)  245(352)
4 - - - -
5a 162 162 67 57
b 187 175 89 68
c 242 202 138 92
d 315 239 202 124
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A COMPARISON BETWEER 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 iextural 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 (Tabkle 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.S5.A. If, howaver,
values of plant available water are examined, then the comparison
shows minimal differences (with the exception of an apparent
anomaly fn 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
éxample those listed in Table 8.6) may therefore be used with

confidence in hydrological models in Southern Africa until local
data become available.

CONCLUSTONS

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 c¢lasses (After Rawls et al, 1982)

Water Water
retained at retained at
Textural Effective =33 kPa -1500 kPa
class porosity tension tension
(mm/m) (mm/m} (mm/m)
Sand 417 91 33
Loamy Sand an1 125 55
Sandy loam 412 207 95
Loam AN 270 177
Silt loam 4B6 330 133
Sandy clay loam 330 255 148
Clay loam 390 318 197
Silty clay loam 432 366 208
Sandy clay 321 {?) 339 {7} 239
Silty clay 423 387 25
{lay 385 (%) 396 {7} 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 )

Water Retention {(mm/m) &t
Soil Textural
Class Flant
Field Capacity Wilting Ppint Available
Water
SA. US.AD S.A. ULS.A. S5.A. ULS.A.

Loamy Sand 165 125 65 55 100 70
Sandy Loam 190 207 86 95 104 103
Sandy Clay Loam 245 255 135 148 110 107
Sandy Clay 318 339 200 239 - 118 100
Clay 373 396 247 272 126 124
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modelling exercises or hydrological designs. Twp 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 MacY¥icar and his co-
workers, by which seil forms and series can be diagnosed largely
by visual, sequential characteristics with a high degrea of
accuracy in the field. The system is under revision at present.
The second was the seminal analytical work on hydroingical
properties of Southern African soils completed by Hutson &n 1983,
which has enabled <c¢ertain key hydrological wvariables {water
retention values) to be estimated with confidence.

The results which have been presented, sainly 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 amt further laboratory analyses of

soils are imdertaken. Certainly for detailed hydrological
 modelling the wvalues and classificetions 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 GEMERAL STRUCTHURE QF THE ACRU MODEL

HYDRQLOGICAL MODELLENG : BACKGROUND

A hydrological model provides a way of transferring knowledge
from a measured or & study situvation to an unmeasured situation
where mznagement decisions are needed in regard fo  water
resources systems (Branson et al, 1981}, A hydrological model is
therefore a quantitative expression of

(i) observation,

{it) analysis/simelation, and

{i1i) prediction/assessment
tar planning, design and management,

Literature and practice abound with a meltitude of iypes of
models developed for different applications related to water
resources, for example, for data management, design, cperation,
river basin management or research and teaching {Fleming, 1975).
All sound conceptoa! hydrolegical models, however, have been
developed 1in a sequence of decision and computational siaps. An
adaptation of these steps as given by Riley and Hawkins {1978} is
illustrated in Figure 9.1, The conceptual framewark, acesrding to
Riley and Hawkins {1978), cocmprises

(i) a problem sitezticn, far which

[ii) objectives have to be identified,
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(iii) available data have to be evaluated, then analysed,

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

(v} a working computer model has to be developed 10
aquantify the various procasses identified in the
conceptuai mogel,

{vi} the model (and/or component parts thersof) has to De
verified or validated ar calibrated against observed
data,

{vii) thereafter the madel has to be operated, sither as a
predictive tool or for detection ar identification
of certain effects (for example, water yield},

{viii) the results have to be interpreted and, finally and
ideally,

{ix) alternatives 1o the medel should be c¢onsidersd in
relation to the original problem situation.

THE ACRU HODEL : AlMS AND GEMERAL STRUCTURE

Aims

The model name ACRU is derived from the Agricultural Catchmentis
Research Unit of the Depariment 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
putlined in the previous section, the ACRU mopdel is belng
developed for genseral use, but with specific applilcabliity in
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Southern Africa. The model (s being develnped1} argund the
foliowing basic aims:

ajl

(D)

It is a "conceptual physical” mode! {Eagleson, 1983). [t is
"congeptual" in  the sense that it conceives of a one-
dimensiopal system in which the {mportant processes and
couplings are {dealized and Included in discrete time
units. The ACRU model is ®physical" to the degree that the
ability of the s0il to store and transmit water is
represented explicitly and that vegetation water use is
simulated, using variables which would be observable i{f the
hydrological system “"met the ldealizations" made {Ezgleson,
1983},

The ACRU model is an integrated model 1.e. it is a multi-
ourpnse and multi-component modgl, ocotputting at present
f.e. in the ACRY) version, either

(i) runoff elements {stormflow, basaflow), andfor
{ii} supplementary irrigation requirements, and/or
{1il} seasonal crop yields (maize, sugarcane).

In the few months of 1984 betweszn tha distribution of the
draft of this report for review purposes and the final
printing, numergus eadditions/modiflications to. ACRU1 have
been made, somg of which are mentionzd in the relevant
chapters.

1)

This model development is an ongoing process - what s
being described in Chapters 9 to 16 is a first version of
the model, namely ACRU1. The term ACRU1 is used where
referance 1s made specifically to this first version of the
model, while the genaral term ACRU refers to the model in
its broader, longer-term context.
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{c) The mogdel, by virtue of its structure, s a
emall catchments lumped model for use on  catchment 4dreas
under 10 km2,

{d} The model has daily time steps and as such uses daily input
of climatic data (rainfall amd potential evaporation).
Certain variables reqarding 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 Iocations in Southern Africa to be made by
{nterrogating S.A. Weather Bursau and other data files.

(e) The basis of the ACRU model revolves around daily muiti-
soil-layer moisture budgeting and developing the model
essantially into a versatile actual evapotranspiration
model. This distinguishes it from other hydrological medels
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 belng
used as the foundation on which quick and slow responses of
runoff may be simulated.

{f) In its final form the ACRU mpdel 1is vwvisualised as a
versatile, user-oriented and user-friendly mndel which
will, in time, be made available at various levels of
sophistication, depending on the computing facllities
available to the potential user,

Beneral Structure of the ACRU Model

The concepts of the ACRUY model in terms of input and objectives
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LOCATIONAL HYDROLOGICAL CLIMATIC S0ILS
Location Coefficients for Rainfall Depth of horizons
Station 1D - Initial Temperature Wilting points
Latitude abslraction Evaporation Field capacilles
Longitude - Drainage Porosities
Elevation - Stormflow Textural class
Calchment area —- Baseflow

Observed runoff

SPECIFIC ! RUNOFF COMPONENTS SUPPLEMENTARY IRRICATICON SPECIFIC CROPS
e.g. Stormflow e.g. To field capacity or by e.g, Maize
Baseflow fixed amount Sugarcane
OBJECTIVES I Design flow Design analysis
i e
BROAD RUNOFF IRRIGATION SCHEDULING AND CROP YIELD
l MODELS PLANMNING MODELS MODELS
OBJECTIVES | \ 4 /
I SOIL MOISTURE BUDGETING/ACTUAL EVAPOTRANSPIRATION MODEL
MODEL |

LANDUSE AGRONOMIC
Cropping factor Crop Lypse
Interception Growing season

loss - start
Rooting - length
distribution

Stress factor

Figure 9.2 The ACRU1 model : concepls
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are summarized in Figure 9.2. From the point of view of moisture
budgeting at daily level, the partitiening and redistribution of
moisture in the ACR1 wversion of the mdel is depicted
diaqrammatically in Figure 9.3. In a iwo-layered scil profile,
that rainfall which is not sbstracted as intercepiion or as
direct runoff, FTirst enters into the A-horizon. MWhen 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 <c¢haracteristics,
takes place from previously intercepted rainfall as well as
simulianecusly from the A-horizon and the B-horizon as  functions
of

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

(11} whether the vegetation is under moisture stress,
Downward redistribution of soifl moisture may be either saturated
or unsaturated, while unsaturated upward moisture redistributions
may alse take place, both redistributions being dependent on

relative moisture gradients.

REMARKS

Before embarking on the chapters describing detailed input,
technigues and output of this Ffirst version of the ACRU model,
the following points nesd to be stressed.

{a) This., and subseguent chapters in this report on the ACRU
medel de not cgnstitute & manual on the model.

{b) While performance tests of the ACRU1 model are given in
latar chapters and the runoff simulations are highly
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satisfactory and highly significant statistically,
potential users should apply the model with the caution
deserving of a “naw" model, and at this stage commuaication
with the author is requested on additional applications of
the model, on resulis and on obtaining the latest version
of the model.

{c} The ACRU wmodel 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 ACRU
varsion of the modal as {s shown in a subsequent chapter,
can simulate very satisfactorily in its initial run. If the
model performs unsatisfactorily under given circumstances,
however,. it s preferable that further research he
underfaken to detasrmine 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 lissed) may not be available at other
¢entres, thus possibly limiting scme of the statistical and
graphical output when used at other centres,

Following the introductizn to the ACRU model by reviewing its
dims and general structurs, the ensuing chapters provide detail
of the input requirements into the mcdel and its computatinnal
procedures,
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CHAFTER 10

LOCATIONAL ANDC CLIMATIC INPUT REQUIREMENTS AND COMPUTATIOMAL
PROCEDURES

INTRODUCTION

This chapter aims at desctribing the locational and climatic input
information which is required in the ACRUt wmodel, explaining why
the inmput is required in the model and what the computational
precedures 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 nput
requirements,

LOCATIONAL INPUT REQUIREMENTS

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

The following variables require commeat.

{a) AREA. The variable AREA is wused as a catchment
descriptor, as well 4$ in conversions of observed
catchment runoff, given in various units, to runoff in
millimetres. When catchment area is irrelevant, for
example, in ¢rop yield {t.ha"?) or supplementary trrigatiaon

1) Tables 10,1, 10,2, 10.3, 11,1, 11,2, 12,1, 131, 14,1 and
15,1, all of which show how control variables in ACRIN are
set gut, are of an {llustrative and informative nature. In
the computer program (Appendix 1), which is the latest
version of the ACRY model just prior to going to press.
thers may be sltgrations to the actual formatting given in
these tables.
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(c)
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(mm) options, AREA may be given as zerp or lefi hlank.

ALAT. Latitude, in additien to identifying location, is
used in potential evaparation (PE} estimations if the
{inacre PE optinn is selected (Linacre, 1977).

ELEY, Elavation is similarly used in the Linacre option for
PE estimations.

RAINFALL DATA SPECIFICATIONS

Rainfall data specifications are given In Table 10.2. 8oth
variabies in this sectian require comment.

{a)

(b)

PPTINF. For specific applications, users of the ACRU model
would prepare their own rainfali data on files (PPTINF=0),
according to & specified format. The format detazils and
other information are given in the program listing
{Appendix 1). Preparation of daily data for, say, a 30-50
year record is, hDowever, a time-¢onsuming operation prane
to errors. Since the South African Weather Bureau has
processed daily rainfall data for over 5000 stations and
these data are availabie on magnetic tape, an option
(PPTINF=t}) in the ACRU1 model facilitates reading these
SAWB data from a specified file at the University of Matal.
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
accunulated over a period of time. OISKRD rewritas the data
in the format required for the ACRU1 model,

PPTCOR. 0On certain catchments where information from
raingauges to be used under- or over-estimate typical
catchment daily rainfall systematically, or where it is
knawn that for some or other reason there is a systematic
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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} Daifly rainfall in mm and 1/10 mm is used in the ACRU
madel. An option for conversion from Imperial to
metric units is incorporated in the madel. Units of
rainfall are specified in the data format.

(ii} A number of error checks have been bullt intp the
program, for example,' if rainfatl 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 EVAPGRAT[ON

Being essentially a soil wmoisture budgeting and actual
evapotranspiration model, the accurate estimation of potential
evaporation is vital in the ACRU model. Since the model aims at
being user-grientated, routines for the estimation of PE by
energy balance pr combination methods have not been incorporated
gt the present stage, for lack of readily avallable data in
Southern Africa. At best the PE input in ACRUY is dafly A-pan
information, alt 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 cutlined in Table 10,3, The reasons for the
incorporation of a number of options gre ag follows :
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Estimation of potential evaporation
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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* duwe to some or other physipgraphic
discontinuity, In such circumstances, temperature-based equations
are employed to estimate evaporation. Their advantage s the
close relationship of temperature with elevation and other
physiggraphic factors, which allows temperature éstimatas from
techniguas such as trend surface analysis ({Schulze, 1381) tp be
used a5 & basis for PE estimates. A problem which then remains is
salecting the bDest or most appropriate temperature-based PE
equation. It is therefore necessary to pressnt a summary of the
threa 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 avallable, w=mean
monthly PE may be estimated by any one of three sethods.

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

PE(mm.mo-1) = 16{10T,/1}2 Dy;
in which
Ta = mean monthly air temperature { C},

—
n

gnnual heatr index,

12
E {Tai;5}1,514
i=1

L]



(1)

(iii)
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0.49 + 0,0179 1 - 0.000077 (¢
+ 0,000000675 13

o
]

Ori = daylength correction factor to adjust
for latitude and manth (i),

The 12 values of Dy are calculated for the respactive
latitude from a datz statement in the model.

Blaney and Criddle {1950) Method. Another standard

method, particularly useful for use with lrrigation
s¢cheduling, this method yields fair to good
estimates of PE in Sputhern Africa {Clemence and
Schulze, 1982). In this simple equation

PE{mm.mo=1) = (0,142 T, + 1,095}(T, + 17,8)0g;
where
Dgy = daylength correctian factor to adjust

for latitude and month {i],.

Agatn, monthly values of Dp are derived for the
latitude of the location from a date statement in the
modal .

Linacre {1977) Methed. Linacre {1977} attempted an

aporoximation of the Penman {1%48) equation by
"disaggregating" it and relating its comgonents to
temperature variables or replacing them with
gquivalent expressions/approximations involving
temperature values alone. The outcome is an empirical
foroula, simple 10 use, but with a basis which s
physical erough to be of general wuse, {.2. "with
sufficient accuracy for many practical problems and
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unusually modest demands as regards input data™
(Linacre, 1977, p. 8410},

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

PE(mm.mo=1) = 500T,/{100 - ALAT) + LINWIN(T, - T4)Dp;
{80 - T,)

where

LINWIN = wind factor,

Tm = Ty + 0,006 ELEY, with

ELEV = elevation above sea level (m}),

Dmi = aumber of days in the month (i),

ALAT = latitude in degrees, and

(T - Tg) = 0,0023ELEY + 0,37T, + 0,538 + 0,35R,, -

10,9 in 9C

in which

R = the mean dally range of temperature,
and '

Ran = the difference Dbetween the mean

temperature of the hottest and coldast
months of the year.

Other than the elevation and latitude of a location,
all other variables in the sguation 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 menths of the year when compared
with other temperature-based egquations commonly in
use {Schulze, 1983).

The variable LINWIN used in the Linacre equatien and
described briefly in Table 10.3, requires spme
amplification. The original equation contains a
constant t151 in  its place. During an
agrohydrological survey of Matal {Schulze, 1983},
estimates by the Linacre equation improved markediy
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 wonthly level for
locations on the coast vs inland vs a transitional
coastal-hinterland zone, are therefore applicabie
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
gquations 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, maost 1ilkely since it is derived by incor-
porating the physical factors which affect
evaparation.
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(b) Correction of pan data, PANCOR and CORPAN {312). If pan
data are wused, the assumption is that data are {rom
unscreecned A-pans. Correction factors are required to
obtain A-pan equivalent valuees, either if pans were
screened or (more likely) if values were available from
Symons-pans only. For the conversion of 5- 1o 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. IFf temperature-based equations for the
estimation of PE are used, or if monthly accumulations of
pan data are given, these are converted to dajly wvalues.
This procedure is undertaken in two steps at present 1}, A
weighted interpoclative technique, which also considers PE
values of the previous and the following months, calculates
“pentad" values of PE. Equal values of PE arg 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 a3 weighting of daily estimates of derived PE
according to the cccurrence of rainfall.
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CHAPTER 11

SOILS AND VEGETAVION ENPUT ANE COMPUTATIONAL PROCEDURES

SOILS IWFORMATION

In regard to seils 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 thai water which has drained to below the active
root horizon into this groundwater zone, has magnitude and is
released slowly as baseflow.

As a "apk" model, amounts of soil water at the three criticzal
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 so¢il horizons. These amounts
of socil water are, for mndelling purposes, functions of soil
texture and respective horizon depths. Soil water aiounts in
excess of WP value are available to plants, far
evapotranspiration and hence growth processes; soil water amounts
in axcess of FC are available for saturated drainage; soll water
batween FC and WP may be redistributed upwards or downwards,
inter alia, according to s¢il water gradients,

Hydrologically +the concept of a mulii-layered sqil system is
soung, 4as quickflow responses are supposedly highly dependent cn
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
tha active subsoil horizon{s).
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For typical operational use of the model, the adequacy of
information on scils is often a key issue. The questions in Table
11.1 on soil information therafore revolve arcund the adequacy
and estimation of spil storages at critical water retention
constants,

(a) Estimations of Soil Storages with Inadequate Soils Data.
Only two items of information need to he known when soils
data are inadequate. The first is an estimation of the
total active, rooting cepth of the soil. Three catedories,
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-herizon depths of ¢,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 c¢lass has to be assigned i.e. clay, lnam, etc.
Generally in Southern Africa, heavy textured snils are
clays {ITEXT=1), the very 1ight textured soils may he
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 so0ils
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 FO, 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 iwo
horizons are calculated.

(b) Estimat{ons of Soil 5Storages with Adequate Soils Data. The
term "adequate" is z relative one. [n the context of the
structure of the ACRU model it implies that both A- and B-
harizon values of water retention constants and soil depths
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are known. Effects of different clay distribution models
(Chapter 8} an runoff can therefore be accounted for by the
ACRI model.

Soil Moisture Redistribution.

(i}

{ii}

Saturated soil moisture redistribution (recharge)
takes place from the A- to B-horizon and from the B-
horizon 10 the groundwater store if the soil water
storages of the respective upper horizons are above
FC. 7The rate of drainage is exponential, at this
stage having been set at 508 of ‘“excess" water
drained per day, following Ritchie (1983).

Unsaturated soil moisture redistribution downwards

can take place from the A- to the 8-horizon below FC
on the condition that the A-horizon is the moister
of the 1two. Redistribution is dependent on the
moisture gradient between the A- and 8-horizon and
the "head" of water (i.e. amount of water ir 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 expresssad as the
fractional difference between the percentages of
mojsture 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
50il moisture percentage. The driving forces for
upward redistribution are the same as Tfor downward
redistribution, but the rate of movement 1is
restricted to 1% of the B-horizon moisture content
in calculations. The values used have been derived
fram the literature {for example, Kniesel et al,
1969; Stone et al, 1973).
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YEGETATION 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 oplant
stress sets in are required Iln the ACRU model. Information and
options are given in Table {1.2. The following background to the
variables used is relevant.

{a) Interception loss, VYEGINT. Typical values of inierception
loss in mm per rajnday have to be given for sach month of
the year in order to account for differences in
interception losses with stage of growth or dormancy.
Detailed values of YEGINT for different crops and their
development stages as well as for natura] vegetation types
found in Souihern Africa, and which may be wsed in the ACRi
model, are given by de Villiers {1975) and are summarized
by Schulze (1984).

Computational procedures involving YEGINT 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. '

fiii) On raindays which do not yleld 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 af the
model. The cropping factor is the coefficient by which the
daily A-pan {or equivalent) value {s multiplied in arder to
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Vegetation informatjon

Table 1.2
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account for the plant's potential evaporative demand, and
its values reflect, inter alia, growth stage, phenclogical
tharacteristics, canopy cover and aerodynamic resistance.

For cropped surfaces, representative CAY values may be
obtained from many sources of literature {(for example,
Doorenbos and Pruiti, 1977; Dunne and Leopold, 1978) or, in
Southern Africa, from the Department of Agriculture (for
example, Seil anmd Irrigation Research Institute). For
forested surfaces, walves of 0,85 to 1,10 may be used
{Roberts, 1%84), while for various grassland vegetations in
sputhern Africa, values have been derived by Snyman et al,
(1980). For bare (fallow or ploughed} surfaces 3 value of
0.3 may be assumed.

Proportion of roots in the A-horizon, ROOTA. In the ACRU
model, soil moisiure extraction takes place simulfansously
from both s0il horizons and in proportion to the rooting
densities within the respeciive horizons. Mo 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 wvaries seasonally; hence 12
typical monthly values are required. The correspending
proportion of roots in the B-horizon is (1 - ROOTA), The
proportion of roots in any one herizon has to account ©or
the effect of genetic and environment factars 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.

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 watar from the s0il water reservoir. When the
reservoir becomes depleted, the roots cannat absorb water
at a rate sufficient to meet demand, plant stress sets in
and the plant loses turgor. Subsequently, physiolegical and
metabolic pracesses ara affected and plant growth is
reduced, with attendant reductions in plant yield.

A problem faced in hydrologicsl modelling is to  determine
at what point in the depletion of the plant available
moisture reservoir the plant stress actually begins. In
modalling terms, the problem may be exprassed 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 af 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
nas frequently attributed differences in CONST to soil
textural properties, while athers, notably irrigation
modellers, maintain that stress sets in at a fixed soil
moisture content, for example, 0,5 PAM, Meyer and Green
{1980} found in Southern Africa that a value of 0,3 was
applicable to wheat. However, recent research by Slabbers
{188Q) shows that CONST may vary according to atmospheric
demand (PE} and the critical leaf water potential, ¢°©¢f of
different crops, the latter being an index of the hardiness
of crops in drought situations., Slabbers (1980) derived a
variable wvalue of the fraction of soil moisture at which
siress sets inm, and by his equation

CONST = 0,24 + 0,26 #CTEFE
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where
v C[ is referrad to as CRLEFQ in Table i1.2.

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 Iimplications of stress setting in at such
different levels of moisture content are highly significant
in terms of actual evapotranspiration.

SQIL MOISTURE BUDGETING PROCEDURES AND SEQUENCES

The rainfall, potential evaporation, soil and land-use variables
fiaving been explained in previous chapters or sections, this
section describes the moisture budgeting procedures and sequences
used in the ACRU1 modet for a typical day with rainfall.

(a}

(b)

tc)

The plant-intercepted water sicored 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
mpisture extraction,

The PE 1is then apporticned to the A- and B-horizons in
direct proportion to the rogting densities of the twon soil
layers {ROOTA, R00TB).

Actual evapotranspiration, AET, 1s calculated naext,
initially for the A-horizon.

{i} First check whether available scil moisture content,
SMC, carried forward from the final SMC of the

previous day, is above or below the plant stress
fraction, CONST.

fii) If above, AET = PET for that horizon.



{d}
(e}

(]

(9]

(h}

(1)
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(iii) If below, AET is a fraction of PET for that horizon,
depending on the degree of stress.

SMC is now reset, AET having been abstracted,
The above procedures are repzated for the B-harizon.

On a day with rainfall, the effective rainfall is
calculated either

{i) as the difference between net rainfall ({l.e.
rainfall - interception loss)! and stormflow, if
stormfiow occurs, or

(1E} as the difference between gross rainfall and
interception loss, if no stormflow occurs.

The SMC for the A-horizen is reset, by the additicn of

effective rainfall {if any}.

SMC for ihe A-horizon is then reassessed.

(i) If the SMCy is above FC, a proportion of the excess
water drains to the B-harizon, and SHC is reset.

{ii) If the SMC, is below FC, no resetting of its valug
is necessary,

The SMC for the B-horizon is considered next.

(i} The previous day's SMCp is reset by the addition of
water drained from the A-bhgorizon under saturated
conditions if present.

(ii) If 5MCg is now above its FC, a fraction of the



206

excess water (BFRESP, Chapter 12) percolates into
the groundwater zone and the SMCp has to ba resat
accordingly.

{1it) If SMCp is below FC, the storage does not require
resetting.

(i} 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-horizoms.
If so, the redistribution precedure and rate described

previously 1is applied, and the SMCh and SMCp  values are
reset.

{1} Similarly, a check for unsaturated upward redistribution is
undertaken and the procedures described above are applied.

fm) Final wvalues of storages and deficits for the two horizons
are calculated, either to be carried forward to fhe
follewing day, or to be stored for daily/monthly/cther
statistical output, or to be used in estimations of crop
yields,
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CHAPTER 12

RUMOFF SIMULATICH

INTRODUCTION

In the ACRU1 mpdel the generated runoff comprises baseflow and
stormflow, with the stormflow comperent consisting of & 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 gut 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 concegpt of the stormflow routine is based on the principle
that the runoff potential is an inverse function of the soil's
moksture status, a principle also implicit in the 505 model.
Notable conceptual deviations from the "standard" SC5  stormflow
equations as set out in the National Engineering Handbook (LSDA-
S5CS5, 1972) are examined in (a) to {Ff) helow.

{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 5CS model {(Figure 9.3).

(b} The potential maximum retention of the seil, 5, is
conceived as 3 moisture deficit, calculated by multi-
herizon moisture budgeting technigues as described in
Chapter 11. However, wunlike £he improvements to the 5CS
mode] which were illustrated in Chapter 3, the soil store
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in the ACRU model ranges from wilting point to parasity,
i.e. lncluding the saturated state above field capacity.
Furthermore, the moisture store's critical water retention
constants are determined as actual moisture contents of
the spil, not merely as a plant available water conient
suspended in an undefined location somewhere within a soil
profile.

The depth of the soil profile for which the moisture
deficit is calculated may be varied in the ACRUY 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
aestimations of stormflow. On the other hand, on land use
with dense canppy cover which can dissipate the rainfall's
energy and/or with deep litterforganic 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®
{transiatory) 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,
fli) stormflow generated by the A-horizon,

{iii) water which may be derived frem & soil interface
between the two spil horizons, as wel) as

{iv) stormflow which may he generated in the B-horizon,

The generated total stormflow may respond rapidly or slowly
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control variables

Runoff simulation

Table 121
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as runoff at & catchment's owutlet. 5Secils with a high
interflow potential (Chapter 7) would respond rapidly, as
would "small" catchmenis 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 mode!,
by the inclusion of z stormflow response coefficient
(fraction), expressed by the variable RESPQF in Table 12.1.

{e} In regard t0 baseflow generation, two response coefficients
are applied in the ACRU! model. The first relates to the
rate of water draining out of & saturated B-horizon store
inte the groundwater store. While this response is
intuftively 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 cpefficient 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 wvariable, COFRU, but 2% per day ({i.e.
COFRU = 0,02) is suggested as a starting wvalue 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.

fh}) [f no rainfall occurs, the starmflow store reledses an



{c)

(d)

{e)
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amount of delayed stormflow ({according to the coefficient
RESPOF} and resets the value of the store after release.

If rainfall occurs, the stormflow-generating roufine
becomes operational.

fi) Soil moisture deficit is determined either for ths A-
horizen or for the entire active soil profile, as
specified by SMOQEF.

(ii) If the net rainfall (observed rainfalli minus
interception) is less than the estimated Initial
ahstraction, no stormflew {s generated, the net
rainfall is infiltrated. into the s0i] and delayad
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,
quickilow i{s computed by applying the response
caefficient RESPQF to the starmflow store, and the
stormflow store is reset.

Snil moisture budgeting routines ({Chapter 11} are then
continued,

Basetlow routines become operative next.

{i} [f no contribution i{s made to the baseflaow store by
drainage, baseflow is calculated from the previous
day's groundwater store and the coefficient of
baseflow response and the stare'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 {ts drainage coefficient ({BFRESP),
then this contribution is first added to the baseflow
store before baseflow is released and the store is
reset.

(f) Finally, the baseflew and stormflow components are summed
for use in runoff simuiations.

REFERENCES
Ritchie, J.7. 1982, Ceres Wheat Model. Mimeographed.
United States Oepartment of Agriculture - Soil Conservation

Seryice 1972. MHational Engineering Handbook, Section 4,
Hydrology, Washingtonm, D.C.
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CHAPTER 13

SLPPLEMENTARY [RRIGATION REQUIREMENTS!)

INTRODUCTION

The irrigation requirements of plants can be determined for a
pericd of time

(i} if the water consumption ¢f the plant, i.e. its PE,
can be estimated for the period,

{ii) if the amounts of water from rainfall, which
replenish soll moisture, are known,

{fii) if it is known how much water the scil 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 sels in,

The ACRU medel incorparates the above factors and an aption for
supplementary irrigation has therefore been incorporated to  run
in  tandem with the s0il moisture budgeting routines. In
irrigation practice different types of supplementary irrigation
may be applied in accordance with climatic/crop conditicns and
available equipment. Furthermore, certain irrigation systems are
more efficient than others. Types of supplemeniary irrigation and

1) At the time of gning to print, the irrigation routines
included & further option on the assessment of irrigation
application, a more refined recharge analysis and an oaption
to size irrigation schemes in relation to dam capacities.
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its efficiency have been included, therefore, &s varisbles {n the
irrigation routine, tne options of which are glven in Table 13.1.

SUPPLEMENTARY [RRIGATION ROUTINES

The following variables require comment:

(a)

(b}

SCHEG. In the ACRU model one of three types of
supplementary {rrigation may be selected, These are

(i) irrigating to field capacity, or
{{i) 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 PLAOEF.

Irrigation pumping capacity or Jegistics involving
irrigation practice (labour or amount of piping available)
sometimes enables only a fixed amount of {rrigation o be
applied. In such cases the amount {mm) which can be
irrigated in ore application, AMTIR, has to be specified.

EFFIRR. The field efficiency of varlous irrigation sysiems
varies considerably, dependent on field equipment as well
as on local climatic factors such as spray deift. Jensen
{1980) for example, cites centre pivot systems as having
a 0,8 efficiency while travelling blg gquns are only
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Supplementary irrigation requirements
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0,7 efficient in the field. Field efficiency may thus be
varied by changing EFFIRR.

fc)  COWSTI. 1a an irrigation scheme, supplementary water
should be applied before stress sets in. The warlable
CONSTL, which In this routine signifies at what fraction of
plant avaiiable water consumpiive 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 c¢ption, the same moisture budgeting
sequences a5 used for dryland conditions {Chapter 11) are
applied, running in parallel with the dryland routine.

REFERENCES

Jensen, M.E, 1980, Design and operation of farm irrigation
systems, American Society of Agricultural Engineers, 5t.
Joseph, Michigan, U.5.A.

Hensley, M. and de Jager, J.M. 1980, Profile plant available
water : estimation of importance for {rrigation scheduling.
Workshop on Agronomic Aspects of [rrigation, M4ater Resgarch
Commission, Pretoria. 37 pp.
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CHAPTER 14

CROP YIELD ESTIMATIONS BY THE ACRU MODEL

PRINCIPLES OF CROP Y1ELD 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
15 characterized generally by water scarcity, c¢rop production is
frequently [imited by insufficient water at some stage during
the growing season and crop yield.-modelling becomes {mportant 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 yleld, resulting in broad generalizations
such as "for deep soils each inch of &zppual 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 stormflow 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 strass and ideally even for the sensitivity of yield to the
occurrence of moisture deficits at critical development stages.

The structure of the multi-fayer moisture budgeting ACRE 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 resaarchers, to run in
tandem with the model. To date, wmaize and sugarcane submeodels
have been incorporated into the model. The level of model
complexity is thai of so-called "evapotranspiration models® in
which the premise is made that crop production is related to
evapotranspiration or alternatively to soil mojsture deficit.
This premise has been shown to hold true, in general terms, for
many <crops, a5 is testified by the abundance of papers on this
subject in say, the Journal of Agronomy. over the past five
years.

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 Ffourth focussing on reductions of
yield due to stress in the critical fiowering 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

?m = ED{AETQS - 100;0,45 Eq.
1000
in which
¥ = maize (grain) yield {t.ha'1}, and

1} At the fime of going to print, new maize yield prediction
equations were being developed for Southern Africa, in the
Department of Agriculfural Engineering at the University of
Natal, Pietermaritzburg, based on a comprehensive data set
of “control” yields from research stations.
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AET tota! actual gvapotranspiration (mm)
from both the A- and B-horizons for the

duration of the active growing sessan,

gs =

From Eguation 1 it may be seen that a thresholg of 100 mm
AET is required for ma{ze yield,

{(b) _The Bu Pisani (1977) Model. This wvery simple model
relates

Y = 0,0092 AETgq Eg. 2

Tnere is no AET threshold in Equation 2; conssquently it
computes higher yields in dry years, but relatively lowar
yialds in moist years when results are compared with those
from the de Jager model,

(c} The Stewart (1977) Model. This model, developed i{n the U.5.A.
by Stewart et al, (1577) estimates maize yield as

Yo = 0,01828 AETgg - 3,0825 Eq. 3

This model has a threshold of maize yield at 168 mm AET.
However, Equation 3 has a steep siope; consequently (t
predicts higher yields than models (a) and (b) in “good®
years but lower ylelds in "poor" years and results in
higher c¢oefficients 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 astimates maize yield by

Yaq = Pyp0,8871S0 Eq. 4

whers



(e)

()

22i

pym = potential maize yield {t.ha'i}

= 4375 FETgs
1000 . 424.,4

in which
PE.Tgs = total potential evapotranspiration (mm)
from the A- and B-horizons for the
duration of the active growing season,
and
MSD = pumber 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-
norizons 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 pericd of maize experiences
stressed conditiocns.

At the present stage, maize yields astimated by the ACRU
model are approximations based on work by others., No
cognizance Is taken of  genetic factors or other
technological development which may ephance yields. The
yield estimate furthermore assumes good management ang
agronomic practice. (However, see footnote on previous
page.)

The input variables snd options for the crop yield models
are given in Table 14.1. Most variables are self-
explanatory. However, the planting date [(PLDATE) option
requires amplificatien. [f a computed planting daie is
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Table 14.1 Crop yield modelling : control varjables
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requested, this is calculated

(i) as occurring after Qctober 1 (before that, low soil
temperaturse 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
impiies 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 {3 an exfensive
literature in Sauthern Africa on ‘“optimum" maize
planting dates far different regions, related masily
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 duratlon
in Southern Africa.

SUGARCANE YIELD MODELS

As early as the 1960s, accumulated results had led ta the
conclusion that a linear relationship between crop water use
{actual evapotranspiration) and sugarcane yield might exist.
Thompson {1976}, collating overseas results from Hawait,
Australia and Mauritius with those from the South African Sugar
Association experiments &t Mount Edgecombe, Chakaskraal and

Pengola, cobtained an equation which, when metricated, may be
expressed as

TC = 9,53 (AET/100) - 2,36 Eq. 5
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where
Ye = annual sugarcane yield (t.ha"1}, and
AET = annual actual evapotranspiration {(mm).

Similarly, an equation waé gerived by Thompson for tonnes sucrose
yielded per hectare (Y] which gave

Y = 22 27 + 4 ,841(AET/100) - 0,1395(AET/100)2  Eq. 6

The implication is that approximately 9,5 t cana or 1,33 t
sucrose can be produced for each 100 mm water utilized in
evapotranspiration by the ¢rop. Such 3 representation between
yield and water use can bg used to assess average annwal crop
yields if annual actual svapotranspiration can be estimated. For
annual vyield estimates, a July 1 to June 30 growing sedason i3
taken for Southern Africa. A cropping factor of @,8 is applied
for each month of the year, following Thompson ({1977), and
actual evapotranspiration 1s assumed to decline from the
potential when CONST = 0,4,

REFERENCES
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CHAPTER 15

QUTPUT OPTIONS

INTROCUCTION

Dutput options available in the ACRU model consist of daily and
manthly summaries of moisture budget components, a separate daily
summary for the supplementary irrigation routine, swmaries with
probability analyses for mzize vield, sugarcane yield, runoff and
irrigation simulations, plotting options far observed  vs
simulated runoff and statistical analyses comparing the wmodel's
performance of simulated runoff with observed runoff, Qutput
options are inen in Table 15.1.

SUMMARY QF DAILY MOISTURE BUDGET COMPONENTS

The daily moisture budget components, all of which have units of
mm, are summarized in this option {an example is givenr in Table
15.2) and consist of

fi) rainfall=®,

(i) effective rainfall* (i.e. rainfall minus interception
or stormflow),

{iii) potential evaporation* (i.e. A-pan or its equivalent
valug},

(iv} potential evapotranspiration from the topscil* and
subsoil* horizons,

{v) actual evapotranspiration from the topseil* and
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subsoil* horizans,

{vi) soil moisture contents of both horizons at the end of a
day,

“{yti) moisture deficits {in relation to porosity molisture
contents)} for Doth horizons,

{viii) surplus soil moisture* released from a saturited B-
horizon as drainage,

{ix} wunsaturated moisture loss from the 8-horizon,
(%) the amount of water in the groundwater store,
{xi) Dbaseflow released from the groundwater store*,

(gii) stormflow® (quickflow plus "interflow") released from
the stormfiow store,

{xiii} total simulated runoff=*,
{xiv) ovbserved rungff*, 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 IRRIGATICN
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



1AL ] EUH TP T ] el e ]l ol ol ] ey o

B F EF O O O £ e L0 W LDl WAL W e e e podn Jn J.-.huumuuumuummmmnnumwun—u——n—--—r—u—n—r -
W el Pl S =l O T el i 0 N ) O

LA L o 00 w40 G T o L b 0 o md 2l Pt el Lt W0 000 = 8 ot e 0 AR A P o1 0 =t 0 o o e 0 I ] ALl Pt

[alxlalninialalunlainlialeie alnlals'nlalalalziotinloalalnlalnpialginlslalnisalnlnlnisllgla/nlnfaip alinlalaiglplslalnlalnls ninlolalnlaln s nisininin i alele alalelpinlalalyl

™ [n] ™ (] ™ Em| In] ™ n Il Imind [
=] [x] o =] [=] a Q [=] (1] L= [ T=] (5
- -~ r ”~ - - ™~ = - -~ - tn
—
It
Lol i@
] o
i ny LY N a ra LT N lu N T (1
- o [ -4 o ™ a~ ™ u - o 1w
- o =] = L+ ] = = =] o = vi'm iz Fed = = = X B o= B X ¥
- o 2 ' el T ™ " = s = AMD Y Y | M o iR BB D
T = o R —
- - &£ - - - - #J‘ ~t L% K1 E 0O = T ¥ & T Qg
—— ] Y A e ) - mc..---mnxu:-—--tﬂn-nﬂ-—u—'u-n:uﬂnz--—-—n—u—-::c'-u—wn-l r PO = F A4 3D N R O +H#
=L TRASTN RIS M E NA—LL T BTN EMAC TR IS D e ﬂﬂ?ﬂﬂ‘ﬂﬁﬁ'ﬂ'ﬂcc =M ra o o O = =
om - - ' BT o Ga o= Ll =] =0
Ft e wH AU E=LT Y F=sD UFET O F IR o T =L :--rnaz-c-nn:-cm.nn o -
Carais & LU T MR TS N g IO o [y Xl RS oY T TE T T o | e P T T 2 W T T M mE O H & m oW oE R WE M
- WL M i e LA ETr wAlrd ke i A LATLFIY P AT BIAAR fa W RN LA T R ey om
= = L A i v e W x L v D o st ) = LE s MDD - [~y ] cx A EDOD Y000 E DX O = D m D
ar —i+n —_— PN =1 i e e 0 ] m=— M L FONEOUATEO-SGC QA0SO C o
X—EE el b war Ll e P M e B e E = e e B e R T R TP
e For el am —n m nzm m m - r3m maq Trh - — - P e D ) il ) el (et L) e
Gl o 2 e o 7} = =2 =-a wd - ) i L T ] o (=R = = ek e Jow [ A=} =] Pl I Y ]
el kel A & ] e I =T L [ ] i 1 T = r a1 %] — [T Sl e L Pl B o S L Pl
TN e = m - - A m oelegr = 1) F (-] ] wr
DA e I ul 10y e B i1 A w47 ] =g mo iNOe - MYQT TOCTNMT M=T=TMATaT i
Cr LT B i L MLmZE L 7] -y L ] A - Ar o _ln] - LOimB MO0 L0 GoCOPD 1<
Triad L4 Lk e ne Th b f LY [ I O =L -— - RRmaniQe-g &ArmpeO'cgici b=
A T 180 ol - } Win wnh i - - Fla B =% ] = [ wzwn x M = 2 o =
- T A =i I = I = ITm - - M F e £l = - = . =HATEMPNO M oXSSTATAD [y =
= rOrnr a— e - e ] 1] L] FU lALA [} X2 i - =AU R N (A XLIHLOFAF A 1=
TeNCA R O O £ polnl = ~ -4 Mued WX 1= a1 = = Trle et TR B = e = Team 1
ECAT me - CaL+ FEEEE [4) - =— inm e - [= =T T D — FOoY REFEF 10
— wnPEt) Ogre - - ST I (=] LY e - T] - o> - Wi T X T W des g md =iy o
Mieta O™ an= M 3 ke me ey a3 THfm e = o I e Xrd i i =
il e Du T mun ETMLT w (= - T = xn - = O="M O 0 - Fmx 2 = & 1=
re a=r Cc -~ F A9r= Lal el — m — A Pl b W = SO OO D O 153
' = EE m - i - v v Mmem e nE " - =M ~ ~ ~ X m 1=
-3 I~ | =24 - ——] ] 2 = 4 L =L L] = =] - =L = O s 1 X & L]
T e T B 3 e - K3 P - T T = - k- T B ——— O I
- m o pe UM o A oGm = X —~E x Tl - - a —_ Fr R O Al YR -
[ LS ol ] m b =T et [ Ta O - X - a=a 00 0O 3 o o 3 - &
o= = E AN o - D= o [k TRRTT m -~ ™ ECHd = = O mm = o T =
N ™M =i mn inE m in & -t = X E -4 o > EFL 1 W g o oMo
T o A w P -] (PR, 1T W e m = (=] = ] o = X o
Fms= o " -t -1 1 = h 4 = L] L Ve A O = = = M L=
—— Qi - - o= - m ] Mz W -1 = = il o WM M M o= 0OF i X
(== - o (=l 8 — T ] - v P w (1] o o= m > = = C X
— = o ~ FE 3 £ o L N x ™ — [ (=2 - T - Sl - T
(= =3 " M- [l Il - (L= - - s a Z0 W W o o - r =
=arp [ ] C- n 7 — m = = OF -~ Q -~ Om i B A Mo o P
I LAY ateism [Foeae L~ ] A TFEL L X - W = -_— =-£ n ) m m o om -~ o =
] FED YUY TR MOTOA AW o O eY vxx X [x mE A & oa K E O e o
ooy - e = AT B Al TER DG mm MeSa HOT DT b = % = @ £ ® & M
e DI EZWE Wwn =xtmer m=f kX L AT me—— B G = —HS m M m = & M i O
[ W VDD Mo WHEOWOEO M IS DRNDHMAE - mDMN AxXT CED - x m O @ 0O N 2 3 m n
el RMNA NOQ =D S-S o wWel==t P L ) L e L ] o - m = = & 0O
™ o x a4 =m - - ad - [ Y = N =
au A H4w Omm Cep Lupg < e Il?ﬂllu =l =EEN =14 e O oe U F o o 0 O = o
F — i - M e o - Cump M M M D R N =
o [IPRE PR vy - T O - T 3 - C o h-cn-z:h- Il MO ECke Od= m E ] -2 - I =R L]
" — [* - m ™ v — k] — BT oW A wvowm WM F o
= 0] L - (21 = —L) = - o = O L
' ™ [ [n] b L - - -A Y O R R o= =D
m = - TE & E & B C B T COM
" - Ee &~ M~ ~ ¥ M~ - M x
-2 B = O = In B M
x ' O - e = X B
m m M m F M m x
g o aomaa I B
i |
[
= o
- =

suol3do Inding 4°5) @[qe}

S3TQRIATA 1041000
gae
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uaiiy 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 ampunt of supplementary irrigation added to the
soil profile {5 given, as are s0il moisture contents before
irrigation water is added {but after stormflow, if generated) and
after irrigation water i5 added.

MONTHLY StMMARY OF MOISTURE BUDGET COMPOMENTS

{Fxample ; Table 15.4}

Menthly 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 IRRIGATIGH REQUIREMENTS

{Example : Table 15.58)

This statistical swummary 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. lnput information whick {s relevant ta  the
simulation of {rrigation requirements iz also listed, for
example, cropping factors, the type of scheduling assumed, field
efficiency assumed or the method by wiich potential evaporation
has been estimated. The susmary further contains a monthly
frequency aralysis of irrigation reguirements for the 5%, [i.e.
1:20 year 'wet' peried), 10%, 20%, 33%, b0%, 67%, 80%, 90% and
95% (i.e. 1:20 year ‘dry' peried) levels of non-nccurrence (Table
15.5). This frequency analysis i% a useful tool for planning
purposes and decision-making when the variables invoived are not
distributed normally.
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Monthly summary of moisture budget components
UZK1R

Table 15.4

I L0
B SO D et = o O
Lok ad = IR Ly 1=l bl et L b L
I I L E IR L-]

Nmn e
ok
eyl
FRHNEAAKNNIERFANNK
=
-t .
-9 x =
[ T ey ey
oy T et 3 =4 =
fall WA AL e g
A E g o T

- T
- I P W e D S L
| % -1 o A SRS L
» - W W ] Pl e it v ) )
BT S———a T IO
K IO eS|
o Rk Juilbuoam s
- SRR~ LTI L]
w1 I SEEEN
L e —_——
- lHUAh o W
] m A 0 e 3 T L, Dl
| [ 1T 50 b L=
I e DL ot b= = vivI DT
Ly ] O =
e e i B b Pt LT =L B L
- - P L AT DTIC R0
L T [ - -0 w

I g Y L, o S e T
[T =R b WIS LEL S S m Ll B o ol
LI = ke ey —— zr —— T

e e o, 7 R L il T e e EDLP A
Lo T e U e e B s el D
e P P e U UL O ] PR BT T
o T L e Ll Y O el L~ LU
Wl gl by Gk o e P Rl S r o O e e L B

IRALIG
RELL.

OEL
CH5 .

HEV
FLCH PRUKRDFF RLNMCFF

5TORM= EST.

AUG 5EP ocv
CRATE- PBASE=
ALE FLLH

DEF »
B-HOR

JUH JUL
CEF «

HAY
ACAL TEST RUN

e o e

APR

U2krl113
S5eHelu SuMals

FEB MERR
4ET A-HOR BS-HOR A-HGA

JaH

HONTHLY SUEKARY OF HGISTURE BULGET

YERR MCNTH AAIKFALL &A

l.__.i..n-r.-_rﬂ.-..llulﬁuc
FE R RN ok opod
e L T h g E
Lol nf s hur

1G0.2
3T1.7

'3
«0
a1
O
N

A9.53

L)
*
[ "]

3.5
2.7

o
¥4
[ -1

2

1

]
1C.5
2.3

A9

DG RO DOoDo0
22 o000 D D200
EReLR LD oo
LR N I )

+CO0
«C0Q

&R PR R
117 9% +F ks &4
ISR WP WS
B Pl oL o T Sy

34,3

. L . o e

P e OV D T

A RN kY R REEE
bl Il . =RC Y
LI Tl

L g L - o T e ]
A E Y N n haaga
WY TUBA Py sl D
=t} =i g

WO Y ol T e T
I RN NN
e Lot =B S 7 4 T
WP L P e v 1 -l il

1 F PRl P o S s sl
RN TN
IO O Y AL e K PR el W )
T - N T b g ol ﬂ

IS o e Y g i O Y L]
[ XN AN 'l
O e g e =y O | D
S DD - S - o~
- -

B P o Gt P el
XN
A P T - et iy
U oW gl il Yy
- ol et

L N o T T
gl i

1= e e e [ o o e P
P e o e e P o o o e =

] k1Y

CRATH-
AGE

DEF «
A=-HUR

CEF.
A=-nOR

i“i;'

panils  adal TEST ALH
P=HGR

SaMalks &
A=pLR

PET AET

[

EFFECTI¥

YESA MONTH RE[KFALL RAINFALL

FORKTHLY SUEHARY OF MCISTURE AUODGET

1

e o] AF Pl o A al ol DT e
' EE RN,
ahmy =P L N
o b - LN R
L]

O3 M s Q| 2
MR EE TN
—-ry - Fdrwd Pry =
0 - ]

-
L R RN I ]
~ [ ] LB LR ]
- ——ry i W

]
L]
1
1
1

1

L]

L g s R =0 ]
P el o el P20
s O e g D L P
TR ENER

[ ) L ]
'

1

I

]

]

e ) W= e o Ll L
T R A E NN N
Pl T W L VT Y B
A ot WPl e et e et 7Y i B
P L b

e P o o o Tl o o |
A T - W
vy s il sl el g sy sl sl . |

M 0 T Ty o e
[ E NN ERENXN
oun e DOl O
m-D - N M

oy =0 APt O T D Sl
I EEL T RN
F=1 ) Y- - R Tl
B el i W D

P~

EBEEEEEEE-!H
Jm . Porie P P i e P = [ e



Table 15.5 Statistical summary of sdpplementary irrioation requirements ; an example
urEil ALCRU TEST R1xa

..

LATITURE (51 = 29,73

COxS1TEDT {E) s Y0.lg

FLEVATILN tal) =10%0.00

POTEhT 1AL EVARCRATION §v DAILY A-PAN DATA
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syiILACLE SJIL MOISTURE CONTENT AT STRESS THARESHCLD = P31
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g o . T
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STATISTICAL SUMMARY QF STMULATED RUKOFF

(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 alse listed (Table
15.6}. This statistical svemary would be applied at ungauged
jocations 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 tao
estimate crop yields, ane crop at a time. In the case of maize
(Table 15.7), the estimated yields by each of the four models
described in Chapter 4 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 ylelds 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 RQUTINES FOR QBSERVEDR ws SIMULATED OUTPUY

(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
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Maize yield estimation : an example
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Table 15.8 Sugarcane yield estimation : an example
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have been incorporated as an optional output in the ACRY model.
At present this option is available for

{i) daily observed vs simulated runoff, cne 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 horizeons of a soil profile.

STATISTICAL SUMMARIES 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, varizances, standard deviations
as well as coefficients of determination and efficiency (Chapter
3) and the regression equation between observed and simulated
runoffs. HWarnings are given if systematic errors are detected in
runoff simulations. Examples are given In Chapter 16.

REFERENCE

Roberts, P.J.F. 1978, A comparison of the performance of selected
conceptual models of the rainfall-rupcf? process in semi-arid
catchments near Grahamstown. Rhodes University, Grahamstown,
Hydrological Research Unit. Report {/78.
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CHAPTER 16

MODEL PERFORMAMCE

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) u2M1B, a steep, predominantly Forested catchment at
Cedara {5chulze, 1979},

(il) VIM28, a small, flat, short grassveld catchment at
DeHnek {5chulze, 19383),

(11i) WIMI6, at 3,22 km® the largest of the catchments
tested, located in Zwluland and predominantly mediun
grassveld {Hope and Mulder, 1979), and

{iv) WIM17, 2 smaller Zululand catchment, again predominantly
grassveld (Hope and Mulder, 1979}

The performances of the model as reporied in this chapter were
TESTED OW  INITIAL RUNS, {.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 pbtained from
rither published material (Zululand; Hope et al, 1981) or from
computer printout provided by the Agrometenrclogy Section of the
Department of Agriculture, <Cedara. The ACRU mede! was tested for
the period 1977-82 (inclusive) for U2M1S, 1977-May 1983 for
YiM28, 1977-79 for WIM16 and 1977-81 .for WiM17, a period which
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contained the severe Zuwluland floods of 1977 as weil as the
drought of the early 1%680°'s.

The statistics of model performance for each of the four test
catchments are given for monthly runoff in Tables 16.1 1o 16.4
with runoff units, where relevant, given in mm. Results from the
three grassveld catchments are highly satisfactory.

(a}

{b)

(c)

(d)

for ViIMZ8 both Coefficients of Determination {D) and
Efficiency (E) are 0,948 (Table 16.2). MWhile the model
over-astimates means (12,1 vs 10,5 mm per month) the
daviations are conserved {27,1 vs 27.5 mm), The model
over-gstimates iIn fhe lower ranges and perusal of the
daily and monthly printouts point to over-astimations,
particularly in spring, when rainfall intensities are
ususally very low and the catchment responds very slowly
after dry winters.

Statistics of model performance for monthly runoff on
catchment WIMiE are generally exceljent. MNot only does
Table 16.3 show 0 and E values to be highiy satisfactory
at 0,972 and 0,975 respectively, but means and deviations
are conserved excellently &nd the regression coefficient
is 0,999,

Although land use and soils for WIM17 are similar to those
of WIMi6, the goodness of fit statistics (Table 16.4),
while still considered satisfactory, do not match up to
those of WIM16. The ACRYU model under-estimgtes 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-gstimation occurs primarily in the lower values
{base constant -7,7 mm); but “design" values are simulated
wel] {regression coefficient 1,004).

The least satisfactory performance of a "first" run was



Table 16.1  Statistics of perfarmance of menthly values, UzMid

UZMlB ACRU Te£S5T RUN

STATISTICS DOF PERFORMANCE OF ACRU MDDEL

—— kB e ko b o sk e v vkl e

A CCHPARISUN DF S1HMULATED AND
FCR MOMTHLY VALUES

TOTAL OLSERVED FLLOWS .
TaTAL SIMULATEL FLCWS =
MEAN DF OBSERVED FLOWS =
MEAN OF SIFULATEC FLCWS =
CORRFLATJON COEFFILIENT =
STUDENTS T VALUE =
RECRESSION COEFFICIERT =

BASE CONSTANT FOF REGRN. EQN. *
STANDARD ERROR OF S1MULATEC FLOW s
VARTANCE GF OBEERVED FLUW =
VAR] ENCE OF SIPULATED VALUES =
STANDARD GEVIATION DF X VALUES b
STAHODARD DEVIATIGH DF ¥ VALUES 2
PERLENTAGE DRIFFERENCE YN STANDARD DEVIATION =
CUEFFICIENT GF DETERMIKATELN =
CAEFFICIENT OF EFFICTENLCY "

BHBCAUTIONKREK SYSTEMATIC ERRCR CETECTEL A&#

370. 262
4114753
5420
5.T19
«B33
12,582
1.075
== 108
S4.741
G4.676
140,571
9.202
11.8546
~28.8486
» 6313

« 009

OBSEAVED FLOWS

A 4



Table 16.2 Statistics of perforwmance of monthly values, V1M28

ViMze A{RU TEST RAUN

STATISTICS OF PERFORMANCE OF ACRU MODEL

- —— g A k. — . S — A W W T P . S o A W AP

& COMPARISDN OF STHULATED AND DOBSERVED FLCHWS
FOR MONTHLY VALUES

TOTAL DASERVED FLGWA = R0S«224
TOTAL SIMULATED FLOWS = 935,.00AR
FEAN DF OBSERVED FLONWS = 10.457
PEAN OF SIMULATED FLCWS = 124143
CORRFLATION COEFFICIENT = «973
STUDENTS T VALUE = J6.863
REGRESSION COEFFICIENT = « 384
BASE CONSTAMNT FOR REGRM. ECN. = 1.027
STANDARC ERAOR OF SIMULATED FLOH = 54,311
VARIANCE OF OBSERVED FLOW b Tib.202
VARIANCE DOF S]MULATED VALUES = 755,827
STANTARD DEVIATION OF X VALUES = 2T«11%
STANCARD DEVIATICN DF ¥ VALUES = 2T.492
PERCENTAGE DIFFERENCE IN STANDARD DEVLATION = -1.393
COEFFICIENT OF DETERMINATICN = . 948
COEFFICISNT OF EFFTCIENCY = -G48

hO SYSTEMATIC ERRORS DETECTED

L¥e



Table 16.3 Statistics of performance of monthly values, WIMig

WiMls ACRU TEST RUN

STATISTILES OF PERFORMANCE OF ACRU MOCEL

o —— ———— ] ke kA

A COMPARISON CF S1MULATED AND DBSERVED FLLHS
FOR MOKTHLY WVALUES

TOTAL CBSERVED FLDWA ®  1412.%87
TOTAL SIFULATEL FLOWS = l4l&.222
MEAN OF DCBSERVED FLOWS s 39. 249
MEAN UF S1PULATED FLCHS = 39.%40
CORRELATION COEFFICIENT = 986
STUDENTS T VALLE = 34.077
REGRESSION COEFFICTENT = « 990
BASE LONMSTANT FOPR .REGAN. EON. = « 137
STANDARD ERROR OF S1VMULATED FLECH = T2.656
VAR| ANCE OF OBSERVED FLONW = 5408.091
VAR)ANCE OF SIPULATYED VALUES = 5549.275
STANDARD OEVIATION OF X VALUES = T3.526
STANCARD DEVIATION OF ¥ VALUES = The433
PERCENTAGE DIFFERENCE IN STANDARD DEVIATION = ~1.316
COEFFICIENT OF DETERMINATEDN = -372
COSFFICEFNT QF EFFICIENCY 2 “9TS

NO SYSTEMATIC ERRORS DETECTED

rve



Table 15.4 Statistics of performance of monthly values, Wik17

WIMIT ACRU TEST RUN

STATISTICS OFf PERFOARANCE OF ACRU MDCEL

i —— ik w aml wh WE o e B e T W W TEE W TR N N W

A COMPARISON GOF S)IMULATED AND QHSERVEL FLEWS
FOR MONTHLY VALUESA

TOTAL CBSERVED FLOW: = 2714156
YOTAL SIPULATELD FLDOWS = 22bl.&l5
FEAN OF O3 5ERVED FLDWS = 454736
MEAN OF STIMULATED FLOWS = 372494
CORRELATION CCEFFICIENT = =263
STUDENTS T VALUE = 214309
REGRESSION COEFFICTENT = 1004
BASE CONSTANT FOR AEGRN., EQN. = -T+738
STANTARD ERROR OF S1MULATET FLCW = 135.104
VARTANCE OF OQ8SERVED FLOW = 4%083.086
VARIANCE DF S]1PULATED VALUES = 44)10.528
STANCARD DEVIATION DF X VALUES = 63.6899
STANCARD DEVIATICN OF ¥ VALUES = 66,412
PEACENTAGE DIFFERENCE IN STANDARD NEVIATIDN = -3.932
COEFFICIENT OF DETEAMINATION = =328
COEFFICIENT OF EFFICIENCY 3 «922

KENCAUTIGHARY SYSTEMATIC CRRCR UGETECTEC #¢W

34
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achieved on Cedara's forested catchment U2M18 (Vable
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 anrd E
cpefficients have been reduced to 0,683 and 0,509
respectively. High flows would be estimated well
(regression coefficient 1,075) but low flows are under-
estimated slightly.

Perusal of individual days' and months' simulations shows that
the ACRUY 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 ACRU{ 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 rumoff responses
frequently appear one day out of phase with rainfall. These are
nroblems inherent in all daily models.

A major long term improvement could, hopefully, be brought about
with a daily mdel by taking a distributed rather than a lumped
modelling approach, and this 1s particularly the case in
catchments where vastly different land uses and soils occur on a
catchment, as on UZMI18.

The ACRU model has given highly satisfactory results en 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 HYDROLOGICAL

SIMULATION MODEL

R.E. Schulze, E. Murgatroyd, W.J. George and C.B8. Schuitz

Updating and improvements to the ACRU model are an ongoing
process, Latest available listings may be obtained frum

Professor R.E, Schulze

Dapartment of Agricultural Englineering
University of Matal

Pietermaritzburg

320t South Africa
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37 LNl HH=1
TFLRSUMRY I LE%, 779, 12%
29 DD 133 1=1,13
O 132 J= LJ,:II-I
132 ﬁlJ):ﬁDﬁTﬁ[ I
=L
CALL STATIY_H,aVE,SDEV , CVAR , UALUEY
EKHEAN {11 maVUE
STDILI=SDEV
CULI)=CWak
oN_ 135 3=1,7
135 PCTILECY, Ti=vALUE(T?
£33 COMTIMIE
WEETELS, 105 THEAD
VR ITELA L1 0& JALAT . ALONG  ELEY, BFRESP AESPOF COFPY COTA, ETHISOPET)
ME FORMAT OSSR, "LATITUDE e ady +=7 435 797 LO0bI TUDE (1 235 <=-
w,F?,3, /5% 'ELEVATION (H)* 33%0 = SF2 505y | ‘COEFFICIELT OF ' B3&INAG
»f RELEREE’ 4% ‘3z’ F7.2 c3¢ feherriciedl OF'OULEKFLGG RESPOWSE’ Zx,
wemt FF 2, 5%, 'COEFFICTENT OF BASEFLNE AESPOMGE' JK, = F7.2 F5K
1*§E¢rflcisur OF INITIAL ARSTRACTIOR «- F7.2,, 5, POTeetial fsiFdva
aTIOR BY ° 2191
LRITE (s, 112}
AR R AL
bl -
un%TE:ailéar:uEu1uTtIi,I=i,131
WEITELL ;&070)
L070 FORRATL{/ /52X " SIMULATED RUMDFF (MRPI" 52X, 31677 3/}
WRITELS an?1} _
5071 FORMATIZAX, JAN' 8%, " FEH’ |SX, "HARY TX,‘APR' 51 "MAY' 3K "IUn*,
#5x 0L 5% Taugt 5t cser 'Sk, roET L nE, cow? S5, roEC ! LB, TRl T 0
vRiTE e, bDF Ay txmEdhiid, 1510130
5072 FOPRATII1&X, "MEAR® 1SFR. 3 F9.2)
WRITelb, 60733 cornils, I=1 13}
B073 FORMAT (/2% > STANDaRD’ DEVIATION: ,137B.2,F% .23
WEITELL GO FATCOVIT), 1=1 13}
B074 FOAHATL/2X, 'CUEFE OF vwadIATION® ,12F8.2,F%.2})
MEITLLE, B0%AT
&075 EER?QI:gx?ag,*PRuanBILITT PHALYSIS /T2, 2007 =" /)
WEITELh, A0 PSYPLEMT (I, {PCTILELT, It , Fus,13]
B07S EORnAT S 16%,F3.0, %7, foFa. 2, Fvid) 7 '
c 136 CONTINUE
£ CHECK WHETHER IRRIGATION SUMMARYT 15 REOUIARSD
779 IFTICUMHY}132,146,142
Y42 Do 143 I=1,12
DO 143 Fa1iihm
144 x{E:-uInﬂ1¢:1,1}
palpH
CALL STATIX N, AVE,SDEY, CUAR VALUED
¥HEANI I 1mavE
sTutrr=sn%u
EJil1=Cia
145 PRTiEcT T EvmuE D)
= - =k
143 CONTIRUE’
WRITE(E, 105 YHEAD
’EE£E${a,Iaa}iLnT,nLnNG,ELEu,EQTHtEu?ETJ,IRETYFtstuznw,EFFIFR,
feb FORAAT (/5K L ATITUDE LH)7, 40K, =", F7.2,/5¥, LOM;ITUDE (E)’, 39%.°="
x E?.z féx ‘EtEua11uN :ha*'3¢x'--*'rv.h’fsx"?n?EET?nE EEAP& ATION
aby VAR FEx TIPRIGATION V619,754, 'FIELD EFFICIENCY® 367, m-,77.2
“, 5 :Euf%g?éLE SOTL MOLSTORE CONTERT AT STPESE THRESHROLL'w' ,iT.20
un11515:1151::nv<:: I1=1,12)
WRITE(S 1183 (POOTALTY  Ix1,12)
HEEEE(t,gBEEEUEGIHT[Ii,Iaf,]E]
alBn Eunnn%c?rg1x TIRRIGATION REQUIREMENTS /512,83 =*34)
WRITELL ADZ1} h
WRITE4 L, 6072 (XRERMLTY , I=T,137
WRITE(L, L0733 ¢ETDL]Y, 1= 13}
WRAITE¢R &BTAICEVIT), =1 13}
WRITEIL, 6070}
EE:%E?aizﬁﬁzarcaurtxt tPCTILELT,I),I=1,13}
= 1 =]
o 13 CONTIHUE ' PRI
£ TESTS DF MODEL FEPFORMAMECE
& CHECK WHICH DPTIONS ARE REQUESTED
IE/ICOMER.EQ. QR0 TO 999
IFtitunPn.En.l.un.1:uHPP,Eu.§11HEH
c FEFFORR CORPARTSON OF DRILY FLOME
WEITELS 76101HZaD
FOI0 FORAATE 17, 1%, 10, A4, S0¥, TOBE, /7 )
CALL oBjFudintsg: | sTmgy  AhvTal Locvas, 1)
JECJCONPR EQ. 136010 yod
c PENFORM COMPARISON OF MONTHLY FLOWS
7012 EORBATC ] T a X LOL, 77, AN% 2083 743
- =g 1]-*
CALL DBJ&UﬁIUﬁEﬂhi,Sihﬂhi,HNTALT,LDGU#L,E}
c 599 CONTIMJE
..... PLATTIHG SECTLON, ...
oot ELOTALHS F5Ing STaT-AaCK OF uMIu=MaTal TO_FRESENT
CC....GRAPHS (OF SIAULATED AND (JHSEAVED HOMTHLY FLOWS
ECII . TIRLHMG MUSY = 1. [F MOT NEEDED L[PLRMND MUST o
IFLIPLANG HE 13D TO 443
wRiftElh, 7010 I HERD
WHITELL, 93013
7401 FOAAAT[1%,I4% *PLOT OF ORSERVEDLH) AND SINULATEDCE) RMONTHLY FLOWS
¥: 7 S0% F5asinUCATED HONTHLY FLOW IN HEC/
#Shy, TA=nEASURED MONTHLY FLOU TIH MM/
#50% . ‘D=WARTABLES OCCUFY THE SAME POSITION', /)
CC....URITE HERDIMCS FOR T-AKIS
i ITF:&,?EUEI
uE EE‘?'QEEE{ MNTALY
= -1
?-{FLHRT!nNFLUtIPL!ii!tuu
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94431 CONTINUE
STu
fEHUC SURCHK
AT PE e
EMD

E e . . — g - - ———— T bl o T T — — -
c
E Erit OF FRIGRAM, SUBRDUTINELS FMALLDW,
E gy L S —— U e ——— okl k- N iy e — P - m
E FE POUTINE
c SUBROUTIHE FETENP(T,T1,ANHEY ,&,E ,7FACTOR , TALIH, FHITD)
DIMEMSTON Ti12) THARI 1Y TAINLI2Y , T1012Y  ECL21,DLIL2) ,Be12),
+FAcTORt gy ThLTl12:  Thitoiia)  Wikofet 12,3y Dalseim
OSHON/PETEAF FIENP  THaX  TRIH,EAPET DL, LINGTW ELEY ALAT
sTa pAYS/sL. .28 d1. 3., 3rilen, B0 0s 50 Bkl 5
DATA_VTHDFAZI. id 8, 18, 7)17 Tald1alk, 1674, 1.7 20 4 2d 7,
#30,,240, 14..11..12.5.1115,1é.;.1i.a th g 1S sl TN s,
LIt P T I T A T AT A I A O I - T F- M € L T R
1Fi TERR ,Z0, .3 THEN
WEETE R, 197
10 FORPRATISF1%, "TUL HaUl haDE AW EFRGR - YOU CANIDT REQULET s TEMPEES
’§¥E§ BASID F.E. METHOD WITHOUT TEAPERATUNE'!
. EHDIF
g CALCULATE HEEN TEHPERATURES
bo 29 1=1.12
¢ 20 IRt TN LA s, e
TFTEGRET ED 3o InER
THORETHRELTE METHOD
EﬁhE%LETE AHHUAL HEAT INCEX (ANHEI? AND HONTHLY TEWPEWATURE IMOERX (T1!
Tl uf ,
o0 36 Isi, {2
TIeThniRdbirs. grany 514
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c nuhnTE THE IHDEZX A
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EELEHL?TE qENTHLT VALUES OF POTERTIAL EVAP, E13 IN HM
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0 COMTTHUE
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E |
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n =0,
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® - - .
IF(TAITOVL:.LT. 4. 3TITDII =4,
E;%%?;?DE.lTﬁLIHtIlf{lhﬂ.*nLAT)+FHETDItIIhTHITbt1]IKEBI--T(IIII
| ]
G CONTIN
B0 LORIETVE
RETURH
g £HD
§ e _—
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SURqARD B
SURERA=S 0
EE:FE: 'nn
B mull .
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EUHSE=G , 0
Eunhiinu_ﬂ
S FLN
SUKE T=i, 0
FunIMTed, §
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BHed=l
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SynaTal. g
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ETFCTwh |
SGTCArag |
TOTAETED . O
TOTPET =00
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PETURN
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