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ABSTRACT

The dissertation opens with a review of current world-
wide developments in agrociimatology. This highlights the
dearth of objective crop-weather studies on a macroscale in
South Africa. Maize yields for 38 magisterial districts
of the Qrange Free State are examined in relation to mean
monthly vaiues of rainfall and temperature for the period
1950 to 1965 inclusive. Initia)ly these districts are
grouped into homogsnegus maize regions using principal
component analysis; after vhich maize-climate relationships
are analysed on a regional basis using muitiple regression
techniques. Regressicvi' models are then estended to
enable forecasts of maize yields to be given in January.
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PREFATORY NOTE

The world food crisis is a problem which is receiving ever
increasing attention from government agencies, scientists and
decisjon makers in general. The current food shortage is a
consequence of the surge in wurld population over the past few
decades, and the resultant intensified pressure on arezs of arable
Yand. Coupled with the increased human pressure on land is the
control exerted by climetic Factors and variations thereof, on
agricuitural production. These climatic changes occur on both
short and long term time scales and their effects become more
drastic as man penetrates areas which are climatically marginal for
agriculture,

The concern over the food shortages has led to the initiation
af several international agrometecrological projects for the large
scale monitoring of crop production. Until now, predictions of
crop yields were 1imited to smail scale studies using detailed
climatic data. For large scale regional forecasting of crop yields

to be feasible, the data must be commonly used and readily available.

The present dissertation comprises an analysis of the potential
monitoring of regional crop yields in South Africa. A single crop,
namely maize , has been chosen for analysis within a defined vegion,
the Orange Free Statu, More specifically, the aims of this disser-
tation are:

(i} to examine any structural relationships existing between
selected climatic parameters and maize yjelds in the Orange
Free State and

{i1) to investigate the plausibility of using stochastic models
for forecasting annual maize yields.




<hapter 1 pre: an introduction to the world food problem;
an historical synopsis of rainfall varjations fn South Africa,
and the scope of agrocliimatology in South Africa and the rest of
the world, Analytical techniques used in the analysis of
maize yields and cTimatic factors are contained in Chapter 2.
Chapter 3 is concerned with the formation of homogeneous maize
growing regions; and in Chapter 4, structurul maize yield-
climate relationships are investigated. In Chapter 5 the
models are extended for forecasting purposes. Finally in
Chapter 6, conclusions are drawn and the results of the disser-
tation summarized,

During the period of research for this dissertation, parts
of the material presented herein have been publiished. A synopsis
of the work contained in Chapters 3 and 4 has been accepted for
publication in Nature {1977}, Those aspects of Chapter 4 not
containea in the first paper have been presented in a paper in
Agrieultural Meteorology (1977} vol.17.
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during the final drafting of the dissertation. To my mentor and
supervisor Dr, T.G.J, Dyer, I extend my warmest thanks for the
stimulating discussions, valuable sdvice and assistance that he
provided throughout the period of research.

The research was funded by grants from the University of the
Witwatersrand and the Council for Scientific and Industrial Research




Chapter

Chapter

Chapter

1

w e

@n

2

Moo oo
P N P

2.6
2.7
2.8

3

3.1
3.2
3.3
3.4

CONTENTS

INTRODUCTION

Background to the World Food Problem

Progress in Agroclimatology .

Effects of Climatic Variations on Food

Production

Rainfall Variations over South Afr1ca

a brief synopsis T
Agreciimatology in South Africa

THEORETICAL ASPECTS OF THE ANALYSES

Introduction ... ... ... .

Maize data
Rainfall data ... ...
Tempe:ature data he e

Principe Component Analysis ..

2.5.1
analysis e

2,5.2 Principal component anaiysis on maize
iel . e e

The Components of Annual Maize Yields

Multiple Linear Regresson

The Examination of Res1duals from the

Regression

THE FORMATION OF HOMOGENEOUS MAIZE REGIONS

Introduction ... ... ...
Principal Component Analysis
Rotation of the Eigenvectors

General properties of principal componen‘

Formation of Regional Time Series for Yields ...

26
26

41

1
i
l




Chapter 4 MAIZE - CLIMATE RELATIONSHIPS

! 4.1 Introductien ... . . il e eae 44
4.2 Data used in the Mu1t|ple Regress!ons e e A4
4.7.1 Rainfall [ T £
4.,:.2 Temperature Cir ke es ean ae. 46
4,2,3 Temporal Variations ... ... ... ... 46

4.4 Regression with Temperature and Time ee 4., 48

< 4,5 Final Regression of Yields on Ra1nfa11,
é ‘emperature and Time vee eae -1
3

: 4.3 Regression with Rainfall and Time ... ... ... 48
|
i

Chapter 5 MODEL. EXTENSION FOR FORECASTING PURPOSES

3

.

Intreduction ... .ov oor aer e e 66
5.2 Examination of Residuals from the REQ)ESS\OH e 67

5.3 A Method for Midseason Foreuast1ng of #atze
Yields L T T PO T

5.4 Testing the Models ... ... ... ... ... ... 73
{ Chapter & CONCLUSIONS P
References P P -

i
;
i
|
i
i




CHAPTER 1

INTRODUCTION

1.1 BACKGROUND TO THE WORLD FOOD PROBLEM

That the world is suffering from a food crisis due to its
burgeoning population is a well known fact, Yet it is only now
that this probiem is receiving the attention it warrants from

international organisations, governments and the public (Baier,1974).

Since tha middie of this century, increases in agriculiural
production have become more and more dependent on the intensified
exploitation of oxisting agricultural land., This was made
possible by an advancing techaology such as the increased use of
agrochemicals, the introduction of high yielding varjeties of crops
and other cultivation practices, in what became known as the Green
Revolution (Revelle, 1974).  Although increased yields of major
worid crops rasulted from these measures, the rising demand for
food from the expanding world population and greater buying power
of the developing countries exceeded the grain supply {Landsberg,
1974).  The net result has been a downward trend in world grain
reserves (Robertson, 1974a).

The problem of nourishing a world population already too
Yarge to support itself, is further complicated by variations in
climate (Newman and Pickett, 1974). Such climatic variations
occur on short term scales, for avample year to year changes and
on lona term time scales in the farw of climatic trends (Thompson,
1975a,b).  Tha increased awarei.-» .F such phenomena stems from a
number of climatic shocks since 1960,  These range from the
reappearance of the Arctic ice off the Icelandic coast (Clarke,
19705 Kristjannson, 1969; Kukia and xukla, 1974) and an increased




incidence of monsoan failures in India {Jagannatnan and
Parthasarathy, 1973; Winstanley, 1973a,b), to alternations of
unaccustomed droughts and hot weather in many regions in middle
1 'ftudes in byth hemispheres (Bryson, 1873; Gribbin, 1974;
Jenkinson, 1975),  These -hanges have tended to dislocate world
trade and price stability and have raised the spectre of food
shortages (Lamb, 1975a).

The recent drought in the Sahelian region of Africa has
aroused unprecedented attention.  This drought reached a climax
in 1973 after three successive bad years in which rainfal
averaged approximately two-thirds of the median rainfall value
{Winstanley,1973 a}. During this period many people and vast
numbers of cattle and game died {Bunting et at, 1975, 1976).
Median rainfall in 1974 and 1975 alleviated conditions in the area.
Landsberg {1975) considers the 1970-72 Sahelian drought to be a
repetition of similar prolonged droughts in 1913-14 and 1940-45,
The greater concern felt about the recent drought reflects the
degree to which pepulation pressure in the 1970‘s and the associated
effects on rural activities have triggerad greater ecological
and socio-economic effects than have previous droughts. (Aust. Acad.
of Science, 1476). It is significant that murt agricultura
production in many parts of the world is underwiken in regions
climatically marginal for agriculture. Henze the increasingly
severe effects of recent droughts and floods are due more to the
increased human pressurs on the land, ther * rease in
climatic variability.

Considering the socio-economic consequences of climatic
changes in conjunction with changes in productiun policies in
many countries (Gribbin, 1974}, it is clear that the present food
situation is hi *ly vulnerable to the vagaries of climate. The
Tow world food ~ks are of the same order of magnitude as the
weather-induced ».unge of variability, and are close to the critical
Timit for annual carry-over, which is eight to ten percent of world
food production {National Oceanic and Atmos. Admin., 1973).  Hence
we are not even in a position to cope with *hose climatic
fluctuations which normally occur from year " year in any epoch,
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This new hand-to-mouth food situation necessitates fresh
technjcal approaches to assess current crop conditions and yield
expectations (Russell, 1976). The analysis of regional crop
yields in relation to ¢l dc factors has important practical
applicciions. - It is for instance, most useful to be able to
provide information on probable crop yields during the growing
season.  Yields obtained on a commercial basiu are likely to
differ somewhat from those produced in field experiments. Data
used in microscale and mesoscale studies are detailed and frequently
of a phenological nature, whereas macroscale analyses use

" measurements over a geographical region and represent much larger
quantities of production.

1.2 PROGRESS IN AGROCLIMATOLOGY

Agricultural meteorology is the study of those aspects of
meteorology of direct relevance to agriculture, and currently
concentrates mainly on micrometeorological aralyses. On the other
hand, agroctimatelogy is concerned with the broader applications and
use of such studies in agricultural planning (Smith, 1976).

There are a number of crop-weather simylation schemes for the
assessment of agricultural risk, for example that of Baier (1973a,b).
Several crop-weather models have been developed for specific crops
and climatic regimes. They are commonly based on simple or multiple
regression methods, and include selected climatic parameters within
the set of predictor variables. For large scale studies it has
been found that precipitation and temperature terms are usefu
predictors of crop yields, as well as being commonly recorded and
readily available (Bourke, 1975). Climatic data are usually
expressed as pentades oy monthly values but where records are
available, daily values are also used. Non-climatic data such as
5011 type and fertilizer application rates have also been included
in the regression models (for exampie, Bryson, 1974).

Canadian wheat yields have been studied by Baier and Robertsan ﬂ
{1967), Baier and Williams (1974), Robertson (1974b) and Williams !
et al (1975); other North American work includes that of Dale and !
Hodges (1972}, Gross and Rust (1972), Hanks (1974), Pochop et al




(1975) and Runge (1968). Lewin and Lemas (1974}, Lomas and
Shashoua {1973) and Lomas et ai (1974) have concenirated on the
influence of weather on agriculture in semi-arid regions. A great
deal of research on the effects of climate on maize and rice yields
is currently underway in India (Bhargawa et al, 19743 Ghildyal

and Jana, 1967; Huda et al, 1975, 1976; Mane and Dastane, 19713
Sreenivasan, 1974 and Sreenivasan and Banerjee, 1973},  Receni
work in Japan on rice yields includes that of Murata {1975} and
Murata and Togari (1972) amongst others, Seasonal crop yield
predictions are currently being made in several wheat producing
countries, cspecially the U.5.S.R. (Degtyareva, 1973; Federov,
1974; Polevoj and Myzina, 1973 and Zheltaya, 1974}.

Following a proposal passed at tie recent conference on the
world food supply concerning the menitoring of crop expectations,
the United States is mounting a Large Area Crop Inventory Experiment
(L.A.C.I.E.) (Hammond, 1976). The first part of this project is
the acquisition of informatiun from satellite photo-images, and
the second part involves the use of weathar data in regression
models,

The cost involved in a project such as L.A.C.1.E. would be
prohibitive for many countries. Sufficient agricultural and
climatis data is however, available in the government records of
most countries. It is now time for the climatic information buried
in the meteorological archives of the world to be unearthad and
used in agricultural planning, Similarly crop yield data, for
example from government censuses, must now be exploited to
provide weather-based assessments of the current state of regional
food production.

1.3 EFFECTS OF CLIMATIC VARIATIONS ON F00G PROGUCTION

A problem in crop yield forecasting arises when we come to
consider long term predictions of crop production. The choice to
be made 1ies between hasing long term agricuttural development on
climatic normals or on projected trends. Climatic normals are
generally based on the perfods 1920-1950 and 1930-1960, which were
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in fact, highly abnormal (Mason, 1976). The alternative is to
extrapolate trends observed over a lorg period of time and over
large geographical areas. The latter alternative, provided

our concern over climatic variations is real,should be the obvious
choice. Indeed, Lamb (1975b) has described the nsed for the
understanding and prediction of long term climatic fluctuations

38 g matter of tmmediate and growing urgency (p.9).

In an analysis of rainfall records for India, Winstanley
(19732,b) showed that irreguis.: fluctuations are Superimposed or
Tonger term trends.  Monsou: rainfall during the drought of 1973
was at a Jow point of an irregular fluctuation, ceincident with a
Tonger~term downward trend, which had first become apparent in the
late 1920's. By extrapolating past trends, Winstanley showed
that the future seasonal rainfall is 1ikely fo decrease to a
minimun around A.D. 2030. Ever if this downward trend does not
persist, it is evident that seasonal rainfall receipts in India are
not stable,  This pattern also holds truz for the Sahel region
of Africa and the Middle East. Agricultural and economic
planners should therefore anticipate periods of above and below
average rainfall in the future {Bunting et al, 1975; Landsbery,
1975).  The Togical conclusion of this discussion is that seasonat
raiifall forecasting is vital if early warnings of food shortages
are to be obtained.

The analysis of Indian rainfall variations clearly shows that
instability of climatic patterns is of the utmost importance to
agriculture.  In South Africa there have been several investi-
gations into variatiuns in rainfall. Bearing in mind the
agricuttural implications of such knowledge, a brief historical
account of this work is given.

1.4 RAINFALL VARIATIONS OVER SOUTH AFRICA:
A BRIEF SYNOPSIS

Far many years, the question as to whether South Africa is
drying up or alternatively whether rainfall is uadergoing cyclic
variation has been a subject for discussion. Strictly speaking
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the term eyclical should refer only to oscillations of constant
amplitude and period. In the early South African literature
ayelizal has been used, rather loosely, to imply the presence
of escillatory patterns in the rainfall series.

Early explorers such as Moffat {1842) and Livingstone (1857)
veported that lalkes and rivers were abundant in areas that are now
semi-arid,  Inceed Wilson (1865) was adamant that the Kalahar
had become drier, a statement which accords with the conclusion
reached by Wallis (1935) after analysing rainfall records for
Bechuanaland. The view generally held by the public was that South
Africa as a whole was drying up {Agric. Jour, Union S.Afr. 1913;
Barber, 1910).  These popular beliefs however were refuted by the
findings of the Union Parliament Sepate Select Committee on
Drought, Rainfall and Soil Erosion. In 1918 Schwartz wrote the
first of a series of papers dealing with the desiccation theory.
His views and plans were later criticized by Cox (1925}, Kanthack
(1930}, Kokot (1948) and Schumann and Thompson {1934}. Hutchins
(1888) and Tripp {1888) were the first to claim that rainfall
variation was eyelieal in nature. Hutchins was concerned with
correlations between sunspot activity and rainfall, and
concluded that the 12.6 year sunspot cycle determined rainfall
patterns in Natal and the Cape. Tripp, on the other hand, believed
that cycles did exist but found no evidence to support the view
that they were related to sunspot activity. Nevill (1908)
found evidence for & periodic 18-year signal in Natal's rainfall,
while Cox (1925) suggested a periodicity, 14 years in length, for
Cape Town. Van Reenen (1925) examined rainfall records for South
West Africa for the period 1771-1925 and isolated an oscillation
with a mean period of 30 years. Peres (1930) examined the record
for Lourenco Marques (1909-1929) and suggested an oscillation with
a period Tength of 20 years. This latter finding is questionable
because of the short time series for rainfall.

By dividing the country into four climatic regions and
considering rainfall over each, separately and in combination,
Levinkind (1941) found that rainfall return periods varied from one
part of the country to another. More recently, Glover et ai {1954)
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considered the peric---- behaviour of rainfall in terms of return
periods, whilst Vo. 1957) suggested a general decline in
rainfall in the sou Cape Province betwean 188) and

1950, This find: .owever, was not corroborated by Brook and
Mametse (1969) whose work supported the conclusions of Hofmeyr
and Schulz (1963: regarding the spatial dependence of rainfall
variations.

Investigations of rainfall variations in South Africa
culminated in the recent analyses of Tyson (1971, 1972) whose
work suggests the reality of an 18-20 year oscillation and
delineates its distinctive regional occurrence. Further support
for the physical reality of this particular rainfall oscillation
1ies in the similar but inverse oscillation in temperature that has
been observed over the country (Keen, 1971). 1In an analysis of
157 stations with records extending from 1910 to 1972, Tyson et al
(1975} dispelled the belief that Scuth Africa is undergoing
progressive desiccation. Instead it has been shown that rainfal
has ordered temporal variations which are spatially depandent
In particular they isolated weak oscillations with wavelengths of
16-20, 10-12 and 3-4 years, and the quasi~biennial escillation,
each having & specific regional occurrence.

The latest work is that of Dyer (1375 a,b,c; 1976 a,b,c,d) who
has dealt with several problems related to the statistical analysis
of rainfall series over South Africa. Much of his work has arisen
from an interest in the possible use of stochastic models in fore-
casting annual precipitation totals. Dyer's most recent work is
concerned with the interrelationships between meridiona
fluctuations of the Southern hemisphere high pressure belt and
precipitation receipts over South Africa (Dyer, 1976d). These
findings suggest that the two variables are significantly
associated, and provide a means of suppiyng forecasts for rainfall
with small standard errors of the residuals.

With this background in mind it is appropriate to consider
the.brvbader applications of this knowledge jn the agricultural
field. It is within the framework of the world food problem that




the recent research into rainfall behaviour patterns must now be
viewed. In South Africa, as in the Sahel and India, extended
periods of below and above average rainfall are to be expected,
Future agricultural and economic development should therefore,
take note of these trends so that the effects of adverse climatic
fluctuations can be offset, or at Teast eased. Year-to-year
variations of crop yields in South Africa are "argely due to
climatic factors, of which precipitation and temperature are the
more important {Wellington, 1960). The fact that climatic factors
1imit crop growth in this country, as elsevhere, is sufficient
Justification for the analysis of crop-weather relationships in
South Africa.

1.5 AGROCLIMATOLOGY IN SOUTH AFRICA

The available literature has shown that agroctimatological
research in the Northern hemisphere is flourishing. Many of the
world's important cereal producers are situated in this hemisphere
as iliustrated by Table 1. Thus the maintenance of their key
positions in a competitive world market is sufficient incentive
for their being leaders in the field of .agrociimatology.

To date Tittle progress in the field of agroclimatology has
been made in the Southern hemisphere. This is probably due %o
the combined effects of the geographical fsolation of the southern
continents; their underdeveloped nature and their minor status in

world agricultural trade. Excluding the work denr (i974),
Nix and Fitzpatrick (1969 ) and Russell {1973) in. a
general feeling of apathy towards agroclimatology ay. 0 prevail.

Nevertheless the expense involved in providing aid to famine-
stricken areas of the world is by no means insignificant. An
assistance scheme such as that in current use, becomes unviable
when there is no Tonger a grain surplus in developed countries.

It is imperative therefore, that all countries should forecast

crop expectations so that early warnings of food shortages can be
obtained. Progress in agroclimatology in South Africa is no
different to the rest of the Southern hemisphere,  Numerous
popular articles on agriculture and the weather have been published.
These papers tend to be descriptions of weather-crop interrelation-



TABLE 1.- AGRICULTURAL STATISTICS FOR 1873 AND 1974
SHOWING TOP WORLD CEREAL PRODUCERS (ATl
figures in 1000’s of tonnes).

(After Fullard, 1976).

Maize Yields 1973 1974
¥orld " 310391 292998
U.5.A. 143435 118144
China 30384 31085
Brazil 14059 16085
U.5.5.R. 14216 12142
South Africa 4160 11035
Argentina 9700 9900
Wheat Yields 1973 1974
World 377272 3023

U.S8.5.R. 109784 43800
U.5.A, 46408 48807
China 36002 37002
India 24735 22073
France 17792 18906
Canada 16453 1422

Australia 12094 11200
Rice Yields 1973 1974
World 324468 32320

China 111954 115275
India 66613 61500
Indonesia 21900 22800
Bangatadesh 19356 17222
Japan 877 15902
Thailand 14898 13175
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ships or advice to farmers os how to overcome climatic hazards;
for example Baier®(1962): Make better use of ratnfall or

De Jager {1971): How to beat the weather. Other articles in a
similar vein include those of de Bruyn (1970}, Fabricius (1971 a,b);
Haylett (1968); Moll (1969); Tidmarsh (1968); Tredoux (1962) and
Whitmore (1948).

Several attempts at assessing the agroclimatological potential
of South Africa have been » ‘e,  For instance, Nuttonson (1961)
basad hic study of winter rainfall areas on official records and
the reports of government agencies; Whitmore (1950) discussed
agrometeorological problems of farming in the Orange Free State
in relation to seasonal fluctuations of temperature and rainfall,
optimal climatic conditions for different crops and finally, to
jand use. At present the Department of Agriculture is rumning a
research project dealing with agrocliimatic evaluation in the
Republic of South Africa (Buys, 1973). Several workers have
adopted a more objective approach to climatic data and crop records;
such as Baier*(1963) Crafford and Nott (1970, 1971); de Jager
{1974); de Jager and Mallett (1972); Garlipp (1976); Jarrett et al
(1966); Maliett {1972); Myburgh (1971) and van Jaarsveld (1973).

Gartipp {1976) studied annual waize yields recorded at Potchef-
stroom from 1953-564 to 1966-67 in relztion to rainfall over
different parts of the growing season, and thereby isolated that
part of the growing season most sensitive to rainfall.

Unfortunately his misuse of simple Yinear regression in the analysis
detracts from the reliability of the findings. Mallett (1973)
described a mathematical mode) for maize yield predictions using
daily climatic data, especially those of soil moisture, atmespheric
evaporation and rainfall in conjunction with soil composition.

Such an approach would be of Timited value however, for broad

scale analyses since these cli{matic data {excluding rainfall} are
not readily available or commonly recorded.

A striking characteristic of the local scientific literature
in agroclimatology is that the analyses are restricted to the
micro~ and mesoscales. This commonly takes the form of working

Bajer* - different to previous author,
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in small areas under selected field conditions; using detailed
climatic data, such as daily values and where possible, crop
phenological data.  This has obvicus disadvantages for the large
scale monitoring of crop yields.

There are two distinct approaches to the computer simulation of
agricuitural production systems; that of the deterministic type
and that of the stochastic type of modelling (MNewman, 1974). The
deterministic approach is basad on mathematically formulated
relationships with ewpirical Lonstants when necessary (see Mallett,
1973).  This type of model is more applicable to a specific
production system and usually requires meteorolcgical data taken
over short perieds., The stochastic approach depends on fitting
statistically the best possible empirical relationships and is more
adaptable to relating climatalogical data to agricultural
production in a geographical region. It is the latter approach
that is more appropriate for the present study and will be used in
this dissertation.

In agroclimatological studies that focus on the possible
prediction of crop yields, it is usual to concentrate on the major
staple crop for the region under study, The climatic: parameters
ineluded in the statistical model are most commonly, precipitation,
temperature, incoming solar radiation and if possible, evaporation
(Smith, 1976).

In this dissertation maize, being the major cereal crop
produced in South Africa, is the object of attention. It is
grown on a large scale in an area known locally as the majze
quadrangle, of which the Orange Free State forms a substantial
part (Fig. 1). In view of the importance of maize to South African
agriculture and the implications of the aforementioned rainfall
varfations, it would be valuable to examine structural relation-
ships between maize and climate in South Africa

The Orange Free State in being representative of the maize-~
producing block, provides a framework for such an analysis.
Annual maize yields for the period 1949-50 to 1964-65 will be
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Fig. 1~ Map of Southern Africa showing the maize Guadrangle
of South Afyica, of which the Orange Frae State
forms a substantial part.



13

analysed for 38 magisterial districts. The climatic data to be
examined are monthly rainfall and temperature values for the same
interval (1950-1965).  This 16-year interval has been chosen
since, after 1965, the maize yield records are incomplete., It
was considered better to work with an homogeneous series of
shorter length rether than ene which included interpolations.

Various statistical techniques will be employed for the
analysis of crop-clim-te relationships. In the first instance,
principal component = 1tvsis and subsequen{ vector rotation wil
be used to form homoger- .« maize arowing regians., This serves
to reduce the complexity »f the original data set and the number
of variables io be analysed. The use of principal component
analysis hasnot hitherto been used in agroclimatology, although
its use in climatology is wicespread (Colgate, 1975; Craddock
and Flood, 1969; Dyer,1975¢; Hannes, 19764 Kidson, 1975}
Kutzbach, 1967; Trenberth, 1975),  This particular application of
the technique in the formation of maize growing regions is original
and offers numerous possibilities for other types of agriculturai
data.

By fitting a two-way fixed effects linear model to the data
within each region it will be possible to determine single regiona
time series. These single time series will then be submitted to
stepwise multiple regression for the analysis of structural maize
yield-climate relationships. Fina)ly the feasihijity of using the
regression models to forecast majze yields as early as possible in
the season will be explored.

In the present analysis the use of a shorter record (1949-50-
1964-66) offers an advantage that should not be overlooked. It has
been shown that South African rainfall series, G0 years in length,
have associated variability due to osciliatory behaviour patterns.
The reliability of using these longer but unstable series in a crop
forecasting model is doubtful. It would be preferable to use short
series, their complexities being less than Jonger ones, and hence
would be more appropriate for any forecasting eguations that may be
developed,
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There are two main factors which contribute to the current
world food crisis. Firstly, the expanding world population which
is rapidly reaching its limit for the available food supply;
secondly, climatic variations, both short term fluctuations and
Tong term trends which tend to dislocate the precaricus balance
existing between the supply and demand for fooc. The situation
can only deteriorate as agriculture in the marginal regions
intensifies, since it is these areas that are most sensitive
to the vagarie »f climate. The need for weather forecasting
5o that crop erpectations and hence food shortages can be predicted,
has been stressed.

In South Africa, rainfall and to a lesser extent temperature
1imit crop production. Rainfall pétterns however, are not stabie
and exhibit oscillations that are spatially dependent in their
occurrence.  Hence agricultursl planning should not be based
on long term means, but should anticipate extended periods of
above and below average rainfall in the future.

The present state of agroclimatological research in South
Africa has been examined and a change of emphasis from micro-
and mesoscale studies to broad scale analyses has been advocated.
The object of this dissertation is to examine structural
relationships between maize yieids and climate in the Orange
free State, Original applications of sophisticated statistical
techniques will prove useful in analysing the crop and climate
data, Finally the feasibility of predicting majze yields using
stochastic models will be expiored.

_#



CHAPTER 2

THE THEORETICAL ASPECTS OF THE ANALYSES

2.1 INTRODUCTION

Information on the acqui on and selection of maize
yield data and climatic data 15 civen. The statistical
techniques used in the subseguent analyses of the crop and
climatic data are not dealt with {n much detait, but sufficient
is supplied to prevent ambiguities arising in the discussion of
the results. The techniques used are principal component
analysis, stepwise multiple linear regression and spectral
analysis using the maximum entropy method

SENTION I;  THE DATA
2.2 MAIZE DATA

Figures for maize production (200 1b. bags) and area planted
{morgen} were obtained for 38 magisterial districts from the
agricultural censuses for the period 1950 to 1965 inclusive.

The length of series to be analysed may seem rather shart but
the data available prevented an extension of the time interval.
Records after 1965 were incomplete and it was decided that inter-
polation of the missing values in the series was undesirable,

in what is intended to be an exploratory exercise. In considering

data prior to 1950 it was evident that fewer magisterial
districts could provide the necessary maize figures. Therefore
rather than Tose spatial coverage by using data before 1950,

and not wishing to interpolate gaps in the maize yield series
after 1965, 1t was decided to limit the analysis to the period




1950-196% inclusive.

The maize production and acreage figures were converted to
yields {200 1b. bags/morgen), providing a (16 x 38) input data
matrix.  This maize yield matrix will be subjected to principal
component analysis for the purpose of reducing the number of
variables to be analysed and in order that uncorrelated homo-
gensous maize growing regions will be formed. .t is for these
maize regions that rainfall and temperature data were sought.

2.3 RAINFALL DATA

It is appropriate to use rainfall records as published in
Part 10 of Climate of South Afr‘ca {Weather Bureau,1972),
because goverﬁment establishments and commercial concerns make
common use of officially defined regions. The records provide
monthly mean rainfall series over relatively small areas for the
periud 1950-1965 inclusive. Further details relating to the
selection of rainfall series for each maize region will be given
later, once these maize regions have been defined.

2,4 TEMPERATURE DATA

A Yimited number of temperature recording stations provide
continuous records for the perfod 1950-1965. Since temperature
is a conservative element over large areas (Williams et ai, 1975),
particularly when the topography shows little relief, it was
decided that a single temperature station for each maize region
would be sufficiently representative. Mean monthly values of
temperature were extracted from the annual reports published by
the Weather Bureau (Weather Bureau, 1949-1965).  Complications
arése in the selection of temperature data due to the fact that
both 08h00 and 14h00 recording times were available. As with
rainfall data, detalls of the procedure adepted for choosing the
best series will be furnished once the maize regions have been
defined.

In the case of both rainfall and temperature, the seasonal
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year (July to June) is used since this is relevant to plant
growth and hence to maize production, These monthly values of
rainfall and temperature constitute the set of independent
variables in multiple regression modeis where annual yields are
the dependent variables. This exercise is carried out for each
maize region.

SECTION IX: ANALYTICAL TECHNIQUES
2.5 PRINCIPAL COMPONENT ANALYSIS

Principal component analysis is a mathematical technique
for the rear—angement of the variance in a data matrix and its
representation by a new set of orthogonal variables called
principal components. The broad objectives of principal
component analysis in the field of meteorology are:

{a} to reduce the dimensionality of the problem

by replacing the measured and intercorrelated
“variables by a smaller number of uncorrelated
{orthogonal) variables and

(b

ta interpret these uncorrelated variables in
terms of recognizable physical processes
(Craddock, 1973).

In recent years principal component analysis has proved to
be a useful technigue in climatological investigations. The
foundations were Jaid by the work of Lorenz (1956), Bagrov
(1959) and Gilman (1957). Since then significant advances have
been made by studies dealing with the broader climatological
aspects of the technique (Colgate, 1975; Craddock, 1965;
Craddock and Flintoff, 1970; Craddock and Flood, 1969;

Grimmer, 1963; Jakovleva et al, 1968;  Kidson, 1975; Kutzbach,
1967, 1970; Rinne, 1971; Stidd, 1967 and Wallace and

Dickenson, 1972).  The majority of the abovementioned references
deal with the analysis of pressure and temperature fields, often
with the aim of long range forecasting. An excellent review of
such work has been given by Craddock (1973).
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In this dissertation principal component analysis will be
used in a quite different application and as recommended by Dyer
{1975¢).  The technique wil} be used to form uncorrelated
homogeneous maize growing regions thereby reducing the dimensions
of the original {16 x 38) data matrix, and hence the number of
variables to be analysed is decreased.

2.5.1 General Properties of Principal Component Analysis
Principal components, also referred to in the literature

as eigenvectors or empirical orthogonal functions, have a

number of important properties:

{a) they are uncorrelated Tinear functions of the

original variables that is,

B i=1, o, B (2.1)

where Ai is a new set of uncorrelated variables; p is
the number of variables x and 1ij are the eigenvector
or principal component constants and are estimated

from the data. In particular if the original variables
are normally distributed, the new eigenvectors are not
only uncorrelated but independent (Kendall, 1975).

{b

the first principal component is that linear combination
of the original variables which extracts the largest
possible proportion of the variance attributable to
these variabies. The second eigenvector has the
Targest quota of the remaining variance, subject to
being uncorrelated with the first eigenvector and so on
(Kendall and Stuart, 1966).

(c

they are derived as the eigenvectors of either the
covariance or correlation matrix (Cattell, 1965). When
the former is used, the patterns that emerge reflect
the absolute depariures and thereby highlight smali
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scale features present in the data set. On the other
hand data used in the correlation matrix are expressed
as standardized anomalies (that is, covariance divided
by the standard deviation), which tend- to emphasize
relative variations and thus broader scale patterns.

The contribution of any comporent to the total

variance of the data field is given by the corresponding

aigenvalue, and provides a convenient measure of its

relative fmportance. The cutoff value for eigenvalues

aontributing a significant reduction in the total
variance is frequently taken as unity {Kaiser, 1961;
Jol1iffe, 1972). Nevertheless the choice is somewhat

arbitrary, and in practice one chooses the criterion that

best suits the analysis (Ratkowsky and Martin, 1974).

(d

they are not of a predetarmined form as with spherical
harmonics for example (kupper, 1972), but rather the
pattern developed is a unique function of the data
sample to which they apply (Mitchell et a7, 1966).

2.5,2  Principal Component Analysis on Maize Yields

There are several modes of analysis available as shown
in Table 2.

TABLE 2 - VARIOUS MODES OF PRINCIPAL COMPONENT ANALYSIS

Mode Variable (column} CObservations {rows)
R characteristics entities

Q entities characteristics

0 occasions characteristics

P characteristics occasions

T occasions "entities

N entities occasions.

In this dissertation S mode is used: ﬁag1steria1 districts

i e i o sitis 4 B
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represent the variables (entities), years the observations
(occasions}, and the elements of the data matrix aré annual
maize yields (Rummel, 197C}.

It is not uncommon for the ejgenvectors from the direct
anatysis to present a somewhat confusing picture. This is
because some of the loadings, that is the correlations
between the original variables and the new eigenvectors, are
such that their interpretation is ambiguous. What is
needed is for the eigenvectors to be brought into some sort
of accordance with the original variables; for example,
by maximizing or reducing to zero as many of the loadings
as possible {Child, 1970). Furthermore, since the factors
are uncorrelated, it is desirable that a particular varjable
is not heavily loaded on more than one component (Kendall,
1975).  The mathematical procedure for doing this is the
rotation of the eigenvector matrix.

The technique of rotatior was really designed for
factor apalysis; its justification in principa) component
analysis is that it often obliges by removing unwanted
confusion, the type of whici has been mentioned earlier.
In rotating the efgenvector matrix, we find the orthogona
Tinear transformations £o a number of new factors which
represent the begy fit relationship between a cluster of
variables.

Rotation of the eigenvectors has been performed using
the varimax method of Kaiser (1958). The IBM Scientific
Subroutine VARMX has been used for this operation. The
eigenvectors are rotated in such a way as to maximize
the sum of the variances of the squared loadings within
each column of the rotated loading matrix. The genera)
effect is to produce large,or small loadings and to avoid
intermediate values. This serves to remove ambiguities
fram the eigenvector matrix,

The principal component analysis was therefore, usefully
employed in reducing the complexity of the original {16 x 38)

S USRS
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maize yield matrix. Rotation of the eigenvector matrix

brought about further clarification of maize growing districts.

By plotting the factor loading of most importance to each
magisterial district, delimitation of an area was made
possible.  Using this method uncorrelated homogeneous
maize growing regions were defined.

2.6 THE COMPONENTS OF ANNUAL MAIZE YIELDS

A two-way fixed unreplicated Tinear model has been fitted to
sets of homogeneous time series for groups of districts, as defined
by the principal component analysis. Thus for each maize growing
region, the input matrix consisted of s columns, where s {s the
number of districts in that region; and n rows, where n s
the number of years in the series.

This technique makes it possible to investigate the behaviour
of the three components of which annual yields are assumed to
consist.  The model can be defined as

g o= WA oagh Byt oegs y dsL., 05 ek, s (2.2)

where Xis is the annual maize yield for the {i-th year and the
J-th districtiu  is the overall mean annual yield for a region
containing a set of s districts with records of annual yields

for a period of n years; oy is the 1i-th 1level of the regional
temporal effect series (A); B 3 is the j~th Tlevel of the regional
temporal spatial effect (B) and Eij is the micro or residual effect,
defined as the N (0,0% ) error varfab®> The interaction aj By s
between the main effects A and B is assumed to be zero (Afifi and

Azen, 1972).
2,7 MULTIPLE LINEAR REGRESSION

Multiple linear regression provides a measure of the inter-
relationship between a set of independent {predictor) varisbles
and the dependent variable {predictand). There are 2 types of
relationship between independent and dependent variables:

RN SO
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deterministic and structural. The latter will be used because
the former infers a perfect relationship which does not apply to
the data being analysed. A structura) relationship accommodates
this Tack of perfection by including what is commonly referred to
as an ervor term.

The technicue of multiple tinear regression is therefore,
based on a structural relationship between Yi some dependent
variable and a number of xik'sthe independent variables, that is:

P
Yg =, oo Xt Eg s el (2.3
=1

where p is the number of independent variabies in the regression,
the «'s are the weights or regression coefficients to be deter-
mined and & is the 1-th residual on Y; . These coefficients
are determined by lsast squares. In the present analysis the
dependent variable is annual maize yield and the independent
variables include monthly values of rainfall and temperature,

and a term for ordered temporal variations. Using this technique
the internal dependence structure between yield, rainfall, temp-
erature and time will be investigated,

Conventional multiple regression pulls into the regression
the full set of predictor variables made available. Some of these
variables may however, be redundant causing the regression to be
inefficient.  Consequently there are a number of procedures for
selecting the best regression function, Stepwise regression is
one such procedure. As new variables are incorporated into the
regression model those variables included at eariier stages are
re-examined, A variable which may ha“e been the best single
predictor to enter at an early step may later become superfluous
due to the relationship between it and other variables now in the
regression (Smiilie, 1966).

The order of stepwise insertion of variables into the
regression equation is determined by their partial correlation
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coefficients, which take as given those variables already in the
model., The squares of the partial carrelation coefficients give
the proportion of the variation in Y unaccounted for by those
variables already in the regression. Hence the variation intro-
duced next into the regression function is that one which
accounts for the largest proporticn of the remaining variance
{Draper and Smith, 1966},

The exact sequence of inclusion or deletion of a variable is
therefore:

{i) if the variance contribution of the variable in the
regression is insignificant at a specified level of
significance, this variable is removed from the model.
If no variable is to be removed then the alternative is

(i1} 1if the variance reduction obtained by adding a variable
to the regression is significant at a specified Tevel of
significance, this variable enters the regression. This
process is continued until no more variables are admitted
to the model and no more rejected.

Straight forward multiple regression was first used in agro-
climatological studies by R.A. Fisher in his classic study of the
influence of rainfall or wheat yields at Rothamsted (Fisher, 1924).
Since then regression techniques have been widely used in crop
forecasting models as has been shown earlier, Few research
workers have used the stepwise approach in trying to find the
optimal yield predictors. Unfortunately where the technique has
been employed the description of the methodology is unclear and
generally confusing, for example Baier (1973 a,b) and Wiliiams
et al (1975},

In the present dissertation stepwise regression is used to
examine structural relationships between maize yields and climate
in the Orange Free State. The technique produces an economical
subset of rainfall and temperature values and time, as the set of
predictor variables, based on their combined effects on the
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predictand, annual maize yields.
2,8 THE EXAMINATION OF RESIDUALS FROM THE REGRESSION

The residuals from the regression are defined as the n
differences,

R i=1, .an (2.4}

where V4 is an observation and ;1 is the corresponding

predicted value obtained ysing a fitted regression equatian.

From this definition we can see that the residuals ¢j are the
differences between what is actually observed and what s predicted
by the regression equations that is, that amount of the variance
which the vegression equation has not been able to explain

(Draper and Smith, 1966}, Thus the e can be thought of as

the observed errors if the model is correct

These residuals from the ragréssions will be analysed using
the maximum entropy method devised by Burg (1968, 1970, 1972).
The technique invelves the maximization of the energy content
of a time series yielding the equation for a power spectrum,

28py
P(F) =

* (2.5)
/1 + 3 Yy oxp {~i2nfka)
k=1

where A s the sampling {futerval, ¥ {s the frequency, P the
power or spectral density; PN is the mean output power of the
series afier whitening by a filter of Tength N and vy, is the
k-th coefficient ¢f the N ~ point prediction error filter
{Ulrych et al, 1973; Smylie es al, 1973).

The structure of Eq.(2.5) eliminates resolutien conskraints in
short series because the frequency response of a digital filter
can be computed for arbitrary values of frequency (Currie, 1973
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a,b ; 1974 a,b,c). The maximum entropy method also provides an
unbiased estimate of spectrum shape because no fixed smoothing
windows are applied {Lacoss, 1971; Carrie, 1974 a}. Finally
in contrast to an unsmoothed fast Fourier transform spectrum,
maximum entropy spectra are smoother and more stable.

Limitations of the maximum entropy method ave that it is
computationally expensive compared to a fast Fourier trarsform,
and that no cbjective criterion is available for truncation of
filter length N {Currie, 1974 ¢). However, the same weakness
is alse true of conventional spectral techniques (Jenkins and
Watts, 1968). In addition, practice shows that amplitude
estimates tend to be biased {Currie, 1974 c).

The purpose of examining the residuals is to investigate
that fraction of the variance in maize yields that has not been
accounted for by regressions. The spectra produced from the
analysis will indicate the presence or absence of any oscillatory
patterns present in the yield series. For practical purposes,

a trigonometric term would need to be included into the regression
model, should such oscillatory patterns be present and significant. f

The techniques outlined above provide an objective and a
fresh approach to the analysis of maize yields in the Orange Free
State, when records of annual totals for 38 magisterial districts
are considered as a set of time series. Furthermore the applica-
bility of the techniques is not spatially restricted, and should
prove of value over other areas of the earth's surface; nor
is their suitability Timited to the analysis of maize yields, but
also many .ypes of agricultural data would respond well to
these techniques. The results of the analyses of maize yields
and climate are next presented,
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CHAPTER 3

THE FORMATION OF HOMOGENEOUS MAIZE REGIONS

3.1 INTRODUCTION

Principal component analysis has been used to replace the
individual maize yield series with a new set of uncorrelated
variables, which account for mest of the variance in the origina
yield data. It prévides an objective method for delimiting
maize growing regions within the Orange Free State, and has the
added advantage of reducing the number of variables to be analysed.
Vector rotation brought about further clarification of the newly
derived orthogonal variables.

By fitting linear two-way unreplicated models to the results
obtained from the principal component analysis, these maize regions
could be represented by single uncorrelated time series. These
models are effective in decomposing the individual series into
three effects, namely, a ragional temporal effect, a regiona
spatial effect and a residual or micro-effect, Subsequent
analyses were carried out on the regional temporal aoffect for
each maize growing region.

3.2 PRINCIPAL COMPONENT ANALYSIS

A principal component analysis has been carried out using
the correlation matrix on the maize yield series of the 38
magisterial districts; the input matrix over the period 1950-1965
was thus of dimension {16 x 38}, The criterjon frequently used
for the truncation of eigenvectors is that of Kaiser (1981) which
rejects eigenvalues less than unity as a cutoff. Using this
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criterion we find that the first 8 eigenvalues account for 93,25
per cent of the total variance in maize yields (Table 3.1).
Kendall (1975) advises strongly against empioying rule-of-thumb
methods for cutoff values. Rather an intuitive value should be
taken after investigating a mumber of possible values.

TABLE 3.1 VARIANCE EXTRACTED BY EACH OF THE FIRST & EIGENVALUES
TOGETHER WITH THE ASSOCIATED CUMJLATIVE PERCENTAGE
OF THE TOTAL VARIATION IN MAIZE YIELDS.

Eigenvalue Variance Cumulative percentag:
number extracted of total variance
1 17.70 46,57
2 7.09 65.24
3 2.94 72.97
4 2.22 78.81
5 1.92 83.85
6 1.36 87.43
7 1.20 90.59
8 1.0 93.25

Since the object of this exercise is to form homogeneous
and uncorrelated maize growing regions, it seems fit to explore
the varicus possible groupings, before deciding on the truncation
point for eigenvalues. Thus it would be useful to be able to
depict spatial patterns in maize yields that may occur in the
Orange Free State. The easiest way of doing this is to map the
coefficients or loadings of the eigenvectors for each district.
This will show the Tevel of correlation between each district's
maize yields and the newly determined orthogonal variables. Using
the Burt-Banks formula (Child, 1970), toadings greater than 0.50 are
significant.

The contour field of the first eigenvector shows little relief
over most of the province with Toadings decreasing towards the
south and east (Fig. 3.1 upper}. Tuis pattern is similar to that




Fig.3.1~

Contours of the first eigenvector show tittle

relief over most of the Orange Free State M
(upper); but for areas in the southwest, this
component shaws significant association with
maize records over most of the province E7%4
{lower).
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found in the contour pattern of mean yields in the Orange Free
State (Fig. 3.2}, a relationship suggested before by Craddeck and
Flood (1969). The first eigenvector relates te mean yields which
are significantly common to the northern and central parts of the
province {Fig. 3.1 lower). The northeastern half of the Orange
Free State is positively correlated with the second eigenvector;
negative correlation occurs in the southwest (Fig. 3.3 upper).
Areas with significant loadings on this component are shown in

Fig. 3.3 Tower. The third principal component shows spatial
compensation, similar in extent to that of the second eigenvector,
between areas of positive association in the northern and southern
regions, and areas of negative association in the east and west
{Fig. 3.4 upper}. On a broadscale this pattern is similar to that
of the overall variance field; zones of greater deviation in the
north and south being separated by an east-west corridor of lesser
variance (Fig. 3.2). Areas border ‘ng Lesotho and southern districts

show a particular affinity for the third eigenvector (Fig. 3.4 lower).

The pattern of the fourth principal component exhibits more
Tocalized features than Tower urder eigenvectors (Fig. 3.5 upperj,
yet significant peaks and troughs are still present (Fig. 3.5.lower),

Eigenvectors above the fourth revealed more localized, random
patterns rather than depicting regional ones. The purpose of the
principal component analysis was to remove redundancies from the
data matrix, thereby reducing the number of variables to be analysed,
and to form groups of districts based on their similar behaviour
patterns. Hence it is clear that localized Teatures must be
«.oided. The provisional eigenvalue cutoff of 1.0 that was used
eartier, is thus no longer appropriate; the number of eigenvectors
to be used will be limited to 4, accounting for 78.8 per cent of
the total variastion in maize yields.

The above figures have proved helpful in analysing maize
yields. However, because the loadings are not always clearly
defined, that is either high or low, it was felt that eigenvector
rotation might further clarify the delimitation.

i
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Fig.3.2 -

|deviations of yields

isolines/Standard

Contour patterns where isolines are mean yields
{upper} and variance yields (lower) of the

Orange Free State. Areas of strong association
reveal the broad similarities to the first
and third eigenvectors respectively.
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The northeastern districts a.e positively correlated
with the second principal component
but negatively correlated in the southwest &I
(upper). A significant ridge of high loadings
occurs in the northeast ###% and troughs are
found in the southeast and southwest /777 (lower).
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On the third principal component, zones of
positive association in the north and south 3
are compensated for by areas of poor correlation
in the east and west £5%% (upper). Significant
coefficients are found bordering Lesotho /77
and in the south ¥ (lower).




Fig.3.5-

The pattern exhibited by ti
between areas of positive
assocfation {23
Significant troughs 7/// and peaks W
however are still found (lower).

urth component
and negative

is fairly Jocalized (upper).
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3.3 ROTATION OF THE EIGENVECTORS

The main purpose in rotation is to remove, or at least minimize,
ambiguities that may have arisen in the straight-forward analysis.
In other words, eigenvectors with mediocre loadings will be trans-
ferred into either a high or a low coefficient category. An
important property of rotation is that the to:al percentage of
variance extracted remains the same on rotation; it is merely
redistributed amongst the eigenvectors to enable clarification of
the contour field. In this study 4 eigenvectors have been rotated.

Mapping the loadings of the first rotated eigenvector reveals
greater spatial contrast (Fig. 3.6 upper), especially the north-
eastern area which is positively correlated with this component,
again at a level where coefficients greater than 0.5 are significant
{Fig. 3.7 lower}. Rotation of the second ejgenvector produces a
contoyr field, shown in Fig. 3.7 upper, which seems to be less
coherent than that produced in the direct analysis (Fig. 3.3. upper)
The zones of significant asseciation however, have undergone a
pleasing transformation, with the southwestern half of the jrovince
now having a strong affinity for this component (Fig. 3.7 Tower)

The third rotated eigenvector reveals a marked increase in the area
of positive correlation (Fig., 3.8 upper) with especially high
Teadings restricted to the south and a lobe to the north (Fig., 3.8
Tower). Rotating the fourth component clarifies areas of localized
opposed correlation (Fig. 3.9 upper), Areas warranting specific
consideration occur in the south and west (Fig. 3.9 ‘lower).

The results shown in Fig, 3.6 to Fig, 3.9 inclusive suggest
that groupings of magisterial districts on a basis of maize yields
is possible. This suggestion hinges un the alignment of districts
from different parts of the Orange Free State with certain specific
eigenvectors. Each yield series, that is for every magisterial
district, has 4 rotated eigenvector loadings. For each district,
the eigenvector with the highest coefficient has been noted and
mapped {Fig. 3.10). The result was extremely enlightening and, on
a basis of their similar affinity for a particular eigenvector,
the formation of homogeneous groups of districts becomes clear




¥ig.3.6 -

The first rotated eigenvector shows improved

spatial contrast between areas of high
and Jow correlation ¥ {upper). Significant

association is Timited to the northeast NN
{Tower).
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The second factor shows 1ittle relief
but for pockets of negative coyrelation in the
northeast (upper}.  Apart from a zone in
the soyth, high loadings are ubiquitous in the
southwestern half of the province 2% (lower).
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Rotation of the third eigenvector has increased

the area of high correlatiol
zones of weak association

relative to
(upper), and

has further clarified significant Toadings in

the north and south

(lower).




Fig.3.9+

38

%
have been damped by the fourth factor (upper).
Localized areas of significantly ligh Toadings
are still present (Yower) Sl i/},
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Fig, 3.10~

Showing uncorrelated homogeneous maize growing
regions based on their strongest affinity for

certain rotated eigenvectors.

iR NE

First rotated eigenvector

Second rotated eigenvector

Third rotated eigenvector

Fourth rotated eigenvector
Magisterial districts with incomplete
waize yield records
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Fig. 3.11-

Showing homogeneous maize growing regions:

numbering of regions is based on their unique

geographical situations rather than the :
dominant rotated eigenvectors within a group g
of districts. i
Blank areas depict districts for which complete }
records were unavailable. 3
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Unique geographical groupings were found for components 1 and 2.
For each of the third and fourth rotated eigenvectors, there were
two spatially distinct groupings. This made it necessary to refer
tn 5 spatially distinct maize growing regions.  Where possible
“hese maize regions are referred to by the corresponding

factor nimber, but where this is not appropriite, additional
numbers have been included (Fig, 3.11).

Having formed homogenscus groups of maize regions it would
be advantageous if each group could be represented by a single time
series.,  This would greatly simplify subsequent analyses. By
fitting a linear two-way unreplicated model to the maize yield
series for eaci district within a region, it & possible to isolate
the components of the annual yield seres. These components are:
a regional tempora) effect. a regional spatial effect and a micro
or residual effect for each region. It is the temporal effect
that is of interest to cur analyses.

3.4 FORMATION OF ‘REGIONAL TIME SERIES FOR YIELDS

A two-way analysis of variance was performed on the records
for each district within the 5 regions, Region 6 has been excluded
as thisis a single district and therefore has a unique time series.
iThe analysis of variance tabie for Kegions 4 and 5 is. not presented
here because of problems arising from too few degrees of freedom.

The linear model used in this analysis has been defined
earlier as

TR mr.ﬂ» By * T i=hiian g J=li.,s
wlhere %3 is the annual maize yield for the i-th year and the
J-th edntrict; y s the cverall nean annual yield for each
region; a; is the i-th Jevel of the regional temporal effect
series; Ej is the j~th level of the regional spatial effect and
e,. 15 the micro-effect. The analysis of variance table for
the tempcral effect is shown in Table 3.2; the null hypothesis
being Hy ali a1.=0‘
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TABLE 3.2~ SUMMARY OF THE ANALYSIS OF VARIANCE OF YIELDS FOR AN
UNREPLICATED FIXED TWO-WAY MODEL ON REGIONS T 70 3;
Hy @ AL &4=0 (Fis Fisher's F-statistics
N are degrees of freedom of numerator; v, are
degrees of freedom of denominator).

Region F Vi vz
1 21.72 15 195
Z 19.86 5 180
3 24.45 is 75
L

The results demonstrate that the regional temporal effect is
significantly different from zero in all regions, and the nulj
hypqthesis, H0 s all i= 0, can be rejected at the 0.07 Jevel
of significance. The mean temporal series for Regions 1 1o §
are shown in Table 3.3.

TABLE 3.3~ MEAN TEMPORAL SERIES FOR REGIONS 1 TO 5.

Region

Year i Z 3 [ 5
1949-50 -0.64 -1,23 ~2.23 1.72
1950-51 -1.11 0.46 -0.62 1.7
195152 -1.69 -2.51 -4.79 -0.44
1952-53 0.06 -0.50 -C.77 ~1.06
1953~564 -0.27 0.48 0.56 -1.02
1954-55 -1.08 -1,00 -0.30 1.99 i
1955-56 -0.97 0,33 -0.87 012 i
7956-57 -0.88 0.89 1.18 0.67 ;
1957-58 -3.05 -0.16 -0.71 ~1.22 -
1958~59 -1,54 1.03 -1.80 ~0.13
1959-60 0.47 0.42 -0,45 1.40
196061 1.8 -0.38 1.34 -0.31
1961-62 2.61 1.9 4,29 -0.63
1962-63 3.57 3.06 1.25
1963-64 0,97 -1.63 -1.35 .
1964-65 1.94 -1.17 2.1%

e
sS4
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N @
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The rejection of the null hypothesis implies that year-to-year
variations are not due to chance but that samples have been taken
from different populations of annual maize yields,

Principal compunent analysis has been employed efficiently in
reducing the complexity of the data matrix to be analysed. By
mapping the strongest affinity of each district for a certain factor
(that is,the highest factor loading}, a number of uncorrelated
homogeneous maize growing regions evolved. A two-way fixed effects
unreplicated linear model was then fitted to the time series within

. @ region, thereby determining regional time series representative

of the districts within that group,  These new series are used
in subsequent analyses and are referred to as the regional temporal
series.

of.
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CHAPTER 4

MATZE-CLIMATE RELATIONSHIPS

4.1 INTRODUCTION

Regional temporal series have been determined for each homo-
geneous maize region using a two-way unreplicated linear medel.
These new yield series are used with the appropriate rainfall and
temperature data in a study of maize-climate interrelationships.
Stepwise muTtiple regression is a useful technique for elucidating
such interrelationships, and in the present study shows that a
relatively high percentage of the variation in maize yields is
attributable to climatic factors and erdered temporal variations.

4.2 DATA USED IN THE MULTIPLE REGRESSIONS

4,2.1  Rainfall

It was mentioned earlier that rainfail records for
officially definad regions (Weather Bureau, 1972) would be
used, and that these rainfall series were available for
relatively swall areas of the Orange Free State (Fig. 4.1).
From Fig., 4.1 it is evident that a number of rainfall series
could be used, either as individual series or as the mean of
several individual series, as possible predictors of maize
yields within each region. By exploring in the regression al
possibie combinations of rainfall series tor a particuiar
region, this problem was overcome: that rainfall series
accounting for the largest amount of variance in maize yields
in each region was chosen. Where there was 1ittle to choose
between having an individual or combined series, the former was
chosen for ease in the practical application of forecasting




Fig. 4.1~

Regional rainfall districts of the Orange Free
State, as defined by the South African Weather
Bureau (1972).
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models to be developed later

4.2.2  Temperature

Earlier it was stated that single temperature stations
were chosen for each maize region and that monthly mean values
were available for both 08h0C and 14h00.  This latter
difficulty was overcome by adopting an approach similar to,
that used in choosing rainfall series. Both time series of
temperature were run through the regressi.n for each region,
and once again that series accounting for the largest pro-
portion of the variance in yield was employed in the final
regressions.  The rainfall and temperature that were finally
chosen for each region are given in Table 4.1

TABLE 4.1~ RAINFALL AND TEMPERATURE SERIES USED IN THE
FINAL REGRESSIONS. The series were selected on
a basis of their contribution to the tota)
variance of regional maife yields (S.A.S.T. is
Sauth African Standard Time).

Region Rainfall Series Temperature Series
1 Mean 73/60 Bethlehem 08hOO SAST
2 70 Bloemfontein 08h00 SAST
3 83 Kroonstad 0BhOC SAST
4 Mean B5/56 Fauresmith 14h00 SAST
5 70 Fauresmith 08h00 SAST
13 8 Fauresmith 14h00 SAST

4.2.3  Temporal Variations

An additional term has been added which encompasses
organized miscellaneous factors contributing to yield variations;
for example, the use of fertilizaers and/or high yielding
varieties of maize and other technological advances. For
conciseness throughout the dissertation, these factors will be
referred to as temporal variations.

[
|
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Ideally the annual sets of monthly rainfall and temperature
values, together with the term for temporal change should be
combined to form a set of 25 independent variables. This was not
possible however, since the number of years in the yield series
{N =16) must be greater than the number of predictor variables
{ p = 25) if sufficient degrees of freedom ary to be available.

In the first instance rainfall and temperature: would be r-n through
the regression separately. Thus in each case the number of
predictor variables would be 13.  This exploratory run was usefu
in providing a guide for choosing the critical rainfall and temp-
erature months for the final regression.

The criterion assumed for entry of a variable into a regression
is that the proportion of the variance in yields accounted for by
that particular predictor variable must be greater than or equal
to 0,01. Using this criterion a maximum of 5 months for each ot
rainfall and temperature were selected for addition into the final
regression.  Considering climatic and time dependent factors
together, thers was no region which contributed more than &
variables at a 5 per cent level of significance, to the final
regrassion functions.

The validity of the decision to regress yield on each set of
predictors separate’v '=s checked using a different system of

regression, Th! is based on an iterative method
{Veldman, 1967} - which was not justified because of
reater use of compu... we. This iterative technique puiled

into the model the same significant predictor variables as had the
earlier method based on the solution of normal equaticns. The
only differences encountered were in those variables that were rot
significant at the 5 per cent level which relate to random relation-
ships between maize yields and the predictor variables.

Having justified the decision to regress yields on each set
of predictor variables separately,it is appropriate to present the
results of the individual runs on rainfall and temperature. The
results of the final regressions once rainfall and temperature
months have been combined will be finally presentad.
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4,3 REGRESSION WITH RAINFALL AND TIME

In Region 1 maize yields are determined largely by September
rainfall, which zccounts for 26.6 per cent of the total variance in
yields (Fig. 4.2). Further south in Region 2 it is the midseason
months from November to January that are critical to maize yields.
The northern districts comprising Region 3 shuw that no single
month®s rainfall accounts for a marked porticn of the variance
in yields, but that months from January onwards contribute %o
yield variations, Region 4 exhibits the seemingly anomalous
result where the month accounting for the largest percentage of
the variance is oot the best predictor; October rain accounts
for 22.8 per cent of the variance and is pulled into the regression
fifth while May and July rainfall, accounting for 14.9 and 16.5
per cent respectively, are the best predictors of maize yields.
This is an advantage of using stepwise rather than conventional
multiple regression, Region 5 is similar to Region 4 in that
Cctober rain again accounts for @ substantial amount of the
variation in yields, namely 27.1 per cent; it differs Trom Region 4
in being the most valuable predictor month. The south western
part {Regicn 6) is unique in that May and June’s rainfall are most
significant. Since the final yields of maize are determined in
part by the extent of moisture retention or loss fraom the kernel,
it is possible that by harvesting later in the season in Region 6
the fy11 effect of rain during May and June would be felt. A
summary of the variance accounted for by significant rainfall
months and time is provided in Table 4.2,

4.4 REGRESSION WITH TEMPERATURE AND TIME

When considering temperature and time as the set of predictor
variables in the regression, it is seen that yields of Region
show some degree of dependence on both early (August) and Jate
season {April) temperatures (Fig. 4.3), The temperature pattern
for Region 2 is rather similar to that of rainfall; in both a
single month is critical for determining yields. November's
rainfall accounted for 35.2 per cenl of the variance in yields; here
temperaturas during March account far 38.6 per cent of the variation
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a Ragion 1 Regian 2

Ragian 4

Fig.4.2~ Contribution of different rainfall months to the
total variance in maize yields for each region.
Numerals dencte the order in which predictor
months were pulled into the regression.
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TABLE 4.2~ SUMMARY OF THE CONTRIBUTIUN OF RAINFALL MONTHS AND TIME
IN ACCOUNTING FOR ‘THE VARIANCE IN MAIZE YIELDS FOR ALL
6 MAIZE REGIONS.  PREDICTORS LISTED IN THE ORDER IN
WHICH THEY WERE DRAWN INTC THE REGRESS1ONS.

MULTIPLE CORRELZTION
Region Varjable
Coefficient (R) R” (%),variance
1 Time 0,65 4z.2
Saptember 0.83 68.8
April 0.87 75.7
December 0.91 82.9
HNovembher 0.92 86.3
2 November 0.59 3.2
December 0.73 52.9
January 0.79 62.1
March 0.85 72.6
July 0.88 7.2
3 Time 6.61 3.3
April 0,67 45,1
March 0.71 50.1
January 0.75 56.5
February 0.78 62.2
4 Hay 0,39 4.9
July 0.56 3.4
Jstary 0.59 .9
April .75 56.4
October 0.8% 79.2
§ Octaber 0.52 271
January 0.67 .5
Time 0.77 59.0
December 0.84 70.2
June 0.87 76.4
6 June 0.0 16.3
May v 052 26.8
March 0.58 33.6
Apri} 0.62 38,3
Time 0.66 42.9
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in yields. Whereas rainfall in Region 3 was not critical to yicids
this pattern is counterbalanced by the importance of temperature
December temperatures are a striking limiting factor to maize yijelds
in this region and account for 46.8 per cent of the variance.

Region 4 reveals patterns for temperature similar to those obtained
for rainfall. While there is no single month that accounts for a
sizeable amount of the variance in yields, September temperature
accounts for 25.9 per cent of the variance and Tate season months
(April and May combined) account for a similar percentage of

yield variations. Region 5 reflects certain of the properties
described for Region 2, in that both mid and late season temp-
eratures are effective in limiting maize yields; in particular

May and December temperatures account for 25 ° and 16.2 per cent
respectively, of the variation in yields., As with rainfal
patterns, temperatures of the late season months are dominant in
Region 6. The contributions of temperature months and time to

the total variance in maize yields are shown in Table 4.3,

4.5 FINAL REGRESSION OF VYIELDS ON RAINFALL, TEMPERATURE
AND TIME

This set of predictor variables was based on the rainfall and
tempetature months selected from the exploratory series of
regressions.  The temporal term was included in the final
regression, only if it played a significant role in the individual
regression runs using rainfall or temperature. As mentioned
eariier the maximum number of predictor variables pulled into the
final regression was 5. The contribution of each predictor to
the coefficient of determination can also ke expressed as the
percentage contribution to the total variance in yields that is
accounted for,  The latter natation will be used in the discussion
which follows, Using Fisher's F~statistic to assess significance
we find that variables entering the regression are significant
at the 5 per cent level.

Yields from Region 1 show a definite response to the climatic
bghaviour in the early part of the growing season. It is evident
from Table 4.4 that time accounts for 42.2 per cent of the varance
in maize yields. ’




Fig.4.3 -

i

a Reglon 1

fisglon &

Contribution of different temperature months to
' the total variance in maize ylelds for each region.

Numerals denote the order in which predictor
months were drawn into Ythe regression.

i
i
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TABLE 4.3 - SUMMARY OF CONTRIBUTION OF TEMPERATURE MONTHS AND TIME
TO THE TOTAL VARIANCE IN MAIZE YIELDS FOR REGIONS 1 TO
: 6 .  PREDICTOR VARIABLES ARE LISTED IN THE ORDER IN
WHICH THEY WERE DRAWN INTG THE REGRESSION.

i WULTIPLE CORRELATION
i Regloa | Variable eyt R ] R” (@) variance
: 1 Time 0.65 12.2
: August 0.7 55.0
: pril 0.82 66.8
March 0.85 72.9 i
; auly 0.89 79.0
i B Warch 0.62 38.6
; July a.70 .8
! Time 0.84 .2
: November 0.88 7.8
§ September 0.89 79.8
: 3 Decenber 0.68 6.8
; . February 0.82 66.5
; May 0.88 7.5
Septenber 0.9z 64.5
dune 0.98 89.1
4 September 0.6 25.°
aprit 0.65 41,6
Nay 0.70 49.6
: auly 0.82 66.9
i November 0.88 7.8
i
: 5 Hay 0.51 25.8
Decauber 0.65 2.0
: June 0.74 §5.0
; Harch 0.82 67.6
auty 0.85 n.s
3 June 0.6 37.0
Hay 0.70 49.4
Janvary 0.75 56.2
; Hovenber 0.7% 62.1
: Aprit 0.83 60.1
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TABLE 4.4~ CONTRIBUTION OF RAINFALL, TEMPER"TURE AND TIME
TG THE TOTAL VARIANCE IN MAIZE YIELDS OF
REGION 1. Ry refers to rainfall; T to temperature,
(R’ is cumulative).

Multiple Correlation

Variable Increase | F. Value
Entered |Coefficient(R) |R*(%),variance |in R% (%)| to enter
Time 0.65 42.2 42.2 10.24
Sept. (Ry) 0.83 68.8 26.5 11.04
Aug. (T) 0.89 78.4 9.6 5.35
Nov. {Ry) 0.93 87.2 8.8 7.50
Dec. (R,} 0.96 9.5 5.4 7.19

Septenber rainfall and August temperature account for 26.5 and
9.6 per cent of the variation in yields respectively., Fig.4.4
provides a pictorial representation of these relationships.

The criterion by which variables are eritered stepwise into
the regression was said sarlier to be the maximum a.out®t of extrs
variance accounted for. For this we look at the partial correl~
ation coefficients. In the case of Region 1 time was pulled into
the regression first because its simple correlation cocfficient (r)
is greatest. Using Table 4.5 as a guide it is seen that September
rainfall has the highest partial correlation coefficient at Step 2
(rp = ~0.678) and therefore enters the regression second. At
Step 3, August temperature has the largest p and therefore is
pulied into the equation third and so on, The order in which
variables are pulled inte the regression denotes their importance
as predictor variables of maize yields, when combined with those
already in the regression.

A perusal of the simple correlation matrix for Region 1
shows that only simple correlations for time and April temperature

- with yields are significant at the 95 per cent Tevel (Table 4.6).

Had we not examined *- - .artial correlation coefficients, the
predictive qualities o7 September, November and December rainfall




» Reglan 1

Reglan 2

Fig.4.4- Relative contribution of rainfall and temperature

months o the tota] variance in maize yields for

Regions 1 and 2.  Humerals refer to order in

which predictor months were pulled into the
regression,




TABLE 4.5-PARTIAL CORRELATION COEFFICIENTS FOR 4 STAGES
OF STEPWISE REGRESSION FOR REGION 1. Time was
pulled into the regression first because its simple
v was greatest (R, refers to rainfall, T to temperature).

Partial correlation coefficients (rD)
Step 2 Step 3 Step 4 Step 5

Variable

Aug.(Rn) -0.1841 0.1605 | -0.4230 0.2027
Sep. (Rp) -0.6777
Oct. (R,) ~0.1872 | -0,1307 | -0.2879 0.1654
Nov. (Ry) 0.3249 0.4233 0.6367
Dec. (Rp}) -0.1324 | -0.2802 | -0.6313 | ~0.6467
Apr. (Rn) 0.1850 | 0.4698 | 0.1729 | 0.0764

(T | -0.1223 ] 07147 | 0.0435 | -0.0405
Aug.(T) 0.4699 | 0.5553

Nov.(T) | -0.1737 | -0.0573 | 0.0280 | -0.0168
Dec.(T) | -0.0380 | -0.0315 | 0.0185 | 0.262
Mar, (T) 0.0965 | -0.1645 | -0.2176 | -0.3120
Apr.(T) | -0.2807 | -0.1168 | -0.4076 | -0.4915
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and August temperatures would have been missed. These months
account for a total of 50.3 per cent of the variance in maize yields.

TABLE 4.6~ SIMPLE LINEAR CORRELATION COEFYICIENTS (r) OF
' COMBINED RAINFALL AND TEMPERATURE MONTHS WITH
TIME, ON ANNUAL YIELDS FOR REGION 1. (* denotes
significance at the 95% level).

Variable r

Time ~0.65 *
Aug.(Rn) ~0.12
Sep. (R,) | -0.49
Oct.(Ry) | -0.06
Nuv.(R") 0.34
Dec.(R)) | -u.28
Apr.(R") 0.36
w1.(Ty | -0.28
Aug.(T) | -0.17
Nov.(T) | -0.22
Dec.(T) 0.10
Har. (T) -0.1
Apr.(T) | -0.68 *

In the final model it is interesting to note that April
temperature does not emerge as a predictor. This is because the
simple correlation coefficients (r) refer to variables in jsolation
and not in combination with several others. The partial correl-
ation (r_) on the other hand, takes as given those variables already
in the regression and hence describes a combined effect between
variables,

The final model for Region 1 is given in Eq.4.1

Y = 1.47 -0.35 Time -0.02 Sep (R) + 0,01 Nov (R} =-0.01 Dec {R
+ 0,70 Aug (T) (4.7)




58

where Y is the predicted annual maize yield. This regression
model accounts for 92.5 per cent of the total variance of maize
yields. The overall fit cf the equation is significant at the
99 per cent Tevel.

The multinle regression on maize yields of Region 2 shows
that climatic fectors during the latter part of the season exert
an important influence on maize yields. In particular mid and
late season temperature months are critical; March temperature
accounting for 38.6 per cent of the variance in yields (Table 4.7).

TABLE 4.7~ CONTRIBUTION OF ALL PREDICTOR VARIABLES TO THE
TOTAL VARIANCE 1IN YIELDS FOR REGION 2. Rn refers
to rainfall; T to temperature (R® is cumulztive

Variabie Multiple Correlation Increase | F value
Entered Cos/ticient(R)| R?{Z},varianceiin R*(%! | to enter
Mar.(T) 0.62 38.6 38.6 8.80
Nov.(Rn) 0.81 64.9 26.3 8.73
Dec.(Rn) 0.87 76.5 .7 5.96
Mar‘(Rn) 0.91 82.7 6.2 3.93

Another jimportant contribution in accounting for the variance
in maize yields for Region 2, is that of November and December
rainfall which account for 26.3 and 11.7 per cent of the variation
(Fig. 4.4). The final model which accounts for 82.7 per cent of
the total variation in yield(fq.4.2) does not include any temporal
effects on yields,

Y =11.71 +0.03 Nov (R) + 0.02 Dec (R) + 0.01 Mar (R)
-0.87 Mar (T) 4.2)

The overall fit of the regression equation is significant at
the 99 per cent level,



Fig.4.5-

Ragion 3

Relative contribution of rainfall and temperature
months to the total variance in maize yields 3
numerals denoting order of importance in the
regression, that is, order in which they were taken
into the regression.
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Maize yields in the northern gart of the Orange Free State,
that s Region 3, are more sensitive to teiperature tr.an rainfall,
The effect of December and February temperatures in accounting for
variance in mafze yields, is by no means insignificant; they
account for a total of 66.5per cent ofyield variations (Table 4.8),

TABLE 4.8~ THE CONTRIBUTION OF COMBIMED PREBICTOR VARIABLES TO
THE TOTAL VARIANCE 1IN MALZE YIELDS OF REGION 3;
R, relates to rainfall ; T s temperature (R? is cumulative).

Variable Multiple Correlation Increase | F value
Entered Coefficient(R)| R?(%),variance[in R*(%) | to enter

Dec. (T} 0.68 46.8 46.8 12,20
Feb. (T) 0.82 66.5 197 7.65
May (T} 0.88 7.7 .2 6.02
Sep. (T) 0.92 8.5 6.9 4.88

Fig. 4.5 {llustrates the relative contributions of the
different temperature months to the total yield variation,
Although the final regression function contains a mere 4 independent
variables {Eq.4.3) 1t accounts for a sizeable 84.5 per cent of the
variance in maize yields,

Y = 56.09 + 0,49 Sep {T) =~ 1.20 Dec (T} = 1.67 Feb (T)
- 0.86 May (T) R (4.3)

Interesting compensation between early and late season climatic
effects is exhibited by Region 4.  The early season effects
include July and September temperatures and October rainfall; the
Tate season effects are April, May and June temperatures (Table 4.9).
These results may seem rather odd, but bearing in mind that harvesting
is up to and including June (Garlipp, 1976), these results are
quite acceptable.



maize yields.

TABLE 4.9~ CONTRIBUTION OF RAINFALL AND TEMPERATURE MONTHS

IN ACCGUNTING FOR YIELD VARIANCE IN REGION 4:
Rn denotes rainfall and T refers to temperature
(R? is cumulative).

Multipie Correlation

Variable Increase | F value
Entered Coefficient{R) [R*(%),variance |in R¥(%) | to enter
Sep.{T) 9.51 25.9 25.9 4.90
Apr.(T) 0.64 41.8 15.6 3.48
oct. (R} 0.71 ' 50.7 9.2 | 2.23
May(T) 0.80 63.4 12,6 3.78
dul. (T) G.90 81.0 17.7 9.32

These interrelationships betv:en climatic variables are
{1lustrated in Fig. 4.5. The overall fit of the regrassion function
(Eq. 4.4) is significant at the 99 per cent Tevel and it accounts for
81 0 per cent of the total variaace in majze yields.

Y= 1086 + 0.05 0ct (R) + 0.69 Jul (T) = 0.7 Sep (T)
-0.89 Apr (T) + 0.76 May (T) (.4)

Region 5 shows several similarities to Region 1: both indicate
that climatic factors close to planting are of most importance in
determining final maize yields. 1In Region § , October , January
and December rainfall account for 27.1, 17.5 and 11.2 per cent of
the variance respectively while 16,1 per cent of the variation is
due to June temperatures {Table 4.10).

Fig. 4.6 illystrates the relatinships of climatic variables
to each other and their contributions . the total variance in




Fig.4.6
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Relative contribution of rainfall and temperature
months o the total variance in maize yields;
numerals denote order of {mportance,that is, order
in which months were pulied into the regression.



TABLE 4.10 - CONTRIBUTION OF ALL PREDICTUR VARTABLES TO THE TOQTAL
VARIANCE IN MAIZE YIELDS FOR REGION 5; Rﬂ is Rainfail
T is temperature {R® is cumclative).

Variable Hultiple Correlation Increase | F value
tntered [Coefficient(R) {R*(%),variance{in R*(%) [ to enter
DCt.(Rn) 0.52 27.1 . 27 5.21
dan. (R;) 0.67 44.6 17.5 4.2
Time .77 59.0 14.3 4,19
Dec. (R} 6,84 70.2 1.2 4.14
dun, (T) 0.93 86.3 8.1 11.78
Nov. (T) 6.97 94.9 8.6 15.21

Another similarity between Region 5 and Region 1 s that in
both regions, time accounts for a sizeable fractios of the total
variation in maize yields (refer to Table 4.4},  This clearly
serves to increase the coefficient of determination and the overall
tit of the model in both regions. The final regression function
for Region 5, given in Eq.4.5 explains 94.3 per cent of the tota
variation in maize yields.

Y= 4,00 + 0,08 Time - 0.01 Oct (R) + 0.02 Dec (R) +
0.01 Jan (R) = 0.39 Nov (T) + 0.42 Jun (T) (4.5)

Region 6 is quite different from other regions in that maize
yields are quite indifferent to climatic conditions between July and
December.  Late season rainfall and temperatures contribute 74.4 per
cent of the total variation in yields (Table 4.11). This surprising
result is illustrated in Fig. 4.6 which cnbances the differential
contributions of rainfall and temperature to the total variance in
yields,
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TABLE 4,31~ CONTRIBUTION OF ALL PREDICTOR VARIABLES TO THE
TOTAL VARIANCE 1IN MAIZE YIELDS OF REGION 6;

R, is rainfall; T is temperature (R: is cumulative).

Variable Myltiple Correlation Tucrease |F value
Entered Coefficient(R) [R%(%),variance {in R*(%) |to enter

Jun. (T} 0.61 37.0 37.0 8.22
May (Rn) 0.82 67.1 30.1 .87
Apr. (T) 0.86 74.4 7.3 3.4
tHov. (T} 0.90 81.0 6.6 3.84

The final model for Region & is shown in [q, 4.6

Y= - 15,57 - 0.07 May (R} - 0.48 Nov (T) + 0.44 Apr (T)
+ 1,34 Jun (T) (4.6)

This model accounts for 80.9 per cent of tre total varjation
in yields which is the lowest of all the regions hui :till a sizeable
amount of the variance,

The regression models developed for each region are efficient
in accounting for large fractions of the total variance in majze
yields, varyiny from 80.9 per cent in Region 6 to 95.0 per cent in
Region 6. It is well known that rainfall and temperature are
important to maize yields (Azzi, 1956). Contrary to expectations,
the findings of this analysis have shown that the contribution of
climatic conditions to yields is not limited to certain particular
stages in the growth cycle of the maize plant: for instance, the
importance of moisture during the flowering stage of the maize plant
“lias been stressed (Garlipp, 19765 Kiriakov, 1938)., Instead this
study has revealed that different months of rainfall and temperature




65

are limiting factors to maize yields in different regions of the
Orange Free Stata. In addition temporal changes, due to improved
farming practice and technology are frequently overemphasized.’
Of the 6 regions studied only Regions 1 and 5 exhibited temparal
variation to be of significance in determining yields; other
regions appear to be unaffected by such changes,

SN |
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CHAPTER 5

WODEL EXTENSION FOR FORECASTING PURPOSES

5.1 INTRODUCTION

Using stepwise multiple regression, linear models for predicting

maize yield: have been developed for each region. It was shown
that climatic Factors and time dependent changes did not account
for all of the viriance in maize yields. By examining the
residuals from the regressions it is possible to investigate that
fraction of the variance in yields not accounted for by the
regression models, Ideally the residuals should be randomly dis-
tributed; in the present study the presence or absence of non -
random behaviour, and the nature therenf, is examined. The
maximum entropy method of spectral analysis will be used for this
analysis. The presence of non-random behaviour in the residuals,
could have serious implications on yield estimates obtained using
these regression models.  This reason alone is sufficient justi-
fication for the analysis.

It has been shown that only certain of the original predictor
months were included in the final regression models for each of the
& maize regions. In other words, stepwise regression has
proved efficient in forming economical subsets of the original
independent variables. It would be of advantage if these models
could be used to obtain a forecast for the current crop as early
in the season as possible. In this chapter the possibility of
deriving an equation that provides a forecast in January will be

, investigated .
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5.2 EXAMINATION OF RESIDUALS FROM THE REGRESSION

The reut . tha regression have been subjeéted to
spectral ane” . The maximum entrcpy method has been used rather
than conventiunal spectral analysis because o® its suitability for
analysing short time series. Instead of the assumed random
distribution of the residuals, significant peaks have been found
in the spectra (Table 5.1}. The relative inportance of peaks is
assessed on a basis of a signal to noise ratio greater than 3
{Currie, 1974c). Using this criterion all peaks except three
are significant.

TABLE 5.1- WAVELENGTHS AT WHICH PEAKS ARE CENTERED IN THE SPECTRA
OF THE TEMPORAL SERIES FOR REGIONS 1 to 6.  INSIGNIFI-
CANT PEAKS ARE MARKED THUS *.

Region Peaks (wavelengths in years)
1 "10.00 3.33 2,31
2 12.00* 5.00 3.33 2.22%
3 8.57 4.00 z.22%
4 12.00 6.67 3.16 2.4
5 6.67 3.53 z.40
6 10.00 4.00 2,22

The clearly defined peaks revealed in the spectra show a
regional distribution in their occurrence {Fig. 5.1}, Regions
2 and 4 exhibit a weak oscillation wih a mean period of 12
years; peaks with wavelengths of 8 - 10 years are found in Regions
1,3 and 6; Regions 2,4 and 5 exhibiting signals with a mean
period of § years. Bearing in mind that the length of yield
series is 16 years; oscillations of longer wavelengths have

been taken care of in the regressions,

At the higher frequency end of the spectra, an oscillation of .
3 to 4 years is ubiquitous. It is especially strong in the
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Fig. 5.1~ Spectra of residuals from regressions with
Regions 1 to 6 showing ubiquitous distribution
of the 3-4 year and the quasi-biennial
oscillation and spatially dependent osciilations
in the longer wavebands.
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northern and southwestern parts of the Grange Free State (Regions
3 and 6) where it peaks on 4,00 years. This correlates well with
the 3-4 year oscillation in rainfall, the ubiquity of which has
been reported by Tysen (1972) and-Tyson, et al {1975).

An oscillalion in the wavelength of 2 to 3 years is also
apparent.  The peaks in this waverange are strongest in the south
and southwest {Regions 4,5 and 6) with signals weakening in a
northerly direction.  Although the spectral peaks in this wave-
range for Regiens 2 and 3, are not statistically significant, the
fact remains that they do exist. It has been argued that peaks
in the high frequency region of the spectrum are due te aliasing.
In addition to the widespread documentation of the guasi-biennia
oscillation {Godin, 1972; Trenberth, 1976; Wright, 1968},
the problem of aliasing diminishes when sampling is not from
instantaneous points on & continuous time scale. The isolation
of the 2 - 3 year oscillation in maize yields accords with the
fluctuation of similar wavelength found in South African rainfall
series (Tyson,1972; Tyson et ai, 19753 wuyor, 1975h).* It is
1ikely, therefore, that the observed 2 to 3 year oscillation is in
some vay linked to the biennial oscillation found in various
geophysical parameters.

The analysis has shown that the residuals are not random but
contain oscillatory components. 1T the regression medels are to
be used forpractical purposes, such as forecasting current maize
yields in the Orange Free State, then it will be necessary to
incorporate a trigonometric term into the regression model. The
inclusion of such a non-linear term  howover, goes beyond the
bounds of the presenl dissertation.  Instead, use of stochastic
models in forecasting yields is limited to the derivation of
muitiple regression functions based on data from Jduly to December
inclusive. This enables a forecast of the potential yield of the
current crop to be given in January.

5.3 A METHOD OF MIDSEASON FORECASTING OF MAIZE YIELDS

In an attempt to use statistical models for forecasting



70

purposes,a model for giving estimates in January, has been
developed.  This has been achieved by including only monthly
climatic data between July and December inclusive, as the set of
predictor variables in the regressions. In addition to the
inclusion of temporal variation as a potential predictor, a new
predictor variable has been introduced: the yield of the previous
year has been added and may indicate the potential fertility of
the land.

It was found that the feasibility of estimating maize yields
in January varied from one region to another. In Regions 1 and
3 it is highly likely that the regression given in Table 5.2,
could be used for forecasting yields in January. The amount of
tota) variance in maize yields accounted for by the models is
95.4 and 84.6 per cent respectively. In these two models the
yield of the previous year contributes substantially to variation
in current yields, Thus the introduction of this new predictor
variable nullifies the need to include, in Regions 1 and 3, a
trigonometric term in the models. December rainfall and August
temperature in both casas contribute to the high coefficients of
determination (R?). These results are most worthwhile because
considering the Orange Free State as a whole, Regions 1 and 3
are wel) within the southern boundary of the maize quadrangle
(Fig. 5.2). Midseason forecasting in these areas would therefore
be most useful.

In comparison with Regions 1 and 3, the results found in
Regions 2 and 6 were mediocre, Of the total variation in yields
for each vegion, 50.6 and 61.1 per cent respectively were accounted
for by the models (Table 5.2),  Although only 2 to 3 predictor
variables zre included in these models, a fair amount of the
variance in yields has been accounted for

Regions 4 and 5 exhibited the least affintty for midseason
forecasting of maize yields. In both regions single predictor |
months were significant at the 10 per cent tevel and accounted for
31.6 per cent (Region 4) and 21.6 per cent (Region 5) of the
variation in maize yields. Clearly it would not be prudent
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TABLE 5.2- LINEAR REGRESSION MODELS FOR FORECASTING CURRENT MAIZE
YIELDS IN JANGARY. THE FEASIBILITY OF USING THESE
MODELS IN PREDICTIONS LS INDICATED BY THE PERCENTAGE
OF THE VARIANCE ACCOUNTED FOR (R?),

Midseason Linear MaTtiple Correlation
Region
Forecasting Models Coeff.(R) .| R? (%)
1 ¥ =3.03 -0.46 Time -0.29 0.98 95.4
Yield .y
~ 0.02 Sep {R) + 0.01 Nov {R)
- 0.02 Dec (R) + 0.87 Aug (T)
2 Y = = 2.93 4 0.03 Nov (R} + 0.71 50.7
0.02 Dec (R)
3 Y = 37.30 + 0.3% Yield_, 0.97 84.6
- 0.03 Dec (R) + 0.89 Aug(T)
- 2.01 Dec (T)
4 Y = 12.66 - 0.58 Sep (T) 0.56 31.6
5 Y = 0.8 - 0.02 Oct (R) 0.47 21.6
6 Y =~ 6,37 + 0.61 Jul (T) 0.78 61,
= 1.10 Aug (T) + 0.58 Dec (T)
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5.2 - Generalized boundaries of homogeneoys maize

regions {1 - 6} in relation to the approximate
Timits of the maize guadrangle.

e 15 the Timit of the major maize
growing area.
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to attempt to forecast yields in January in these regions with the
models in their present form. The addition of a trigonometric
term however, may enhance these results.

5.4 TESTING THE MODELS

When sufficient data is available it is sometimes divided
into two parts; these are not necessarily equal. The first
section is usually langer and is used to estimate the parameters
in the model; the second, often shorter section, is used for
what is commonly .. . as testing the medel, In fact one is not
testing the mode] as has already been done by considering the
coefficient of muitipi~ correlation or the coefficient of deter-
mination. Instead it is the stability of the data-generating
process that 1s heing tested.  This policy which simulates
futura observations is particularly useful when forecasts for
several time units ahead are required (Montgomery and Johnson,
1976).  To apply this procedure rigidly when data is sparse
however, is neither advisable nor is it necessarily worthwhile,

In this dissertation regression models have beer developed
for providing a forecast of maize yields in January. In other
words, the parameters estimated in the model originated from the
period July to December inclusive. Hence using thaese nodels a
forecast for only the current year can be entertained, because
the predictor variables are generated from the previous year.
It is reasonable therefore to assume that, provided the coefficient
of determination attains an acceptable level, the generating process
will remain sufficiently stable for the model to give a reliable
forecast. It will also be recalled that a confidence interva
can be placed sn the expected value of a farecast (Draper and
Smith, 1966). In the present situation testing the generating
process is considered to be unjustified, The risk being taken 1is
that the underlying gencrating process may involve a step function
leading to unexpected results. In particular, a step function
would bring about a sudden alteration in the observed values and
not & gradual change,  There §s no evidence to suggest that this
is 1ikely to occur in the data under analysis here, Bearing in
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mind the small sample size available for testing stability, the
risk is therefore worth taking.

It has been shown that it is possible to use multiple
regression me '*1s with sets of predictor months truncated after
December, to provide forecasts of maize yields in January. The
most reliable forecasts were found in northern areas situated
within the limits of the maize quadrangie {Rngions 1 and 3). The
accuracy of yield estimates decreased as one progressed soutnwards;
it was sugyested however, that the addition of a trigonometric
term migit well cnbance their reliability., It was decided that
there was no evidence to suggest that a step function in the
generating process may occur, hence testing the accuracy of the
estimate on independent data was considered unjustified,
considering the small size of the sample.

=
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CHAPTER 6

CONCLUSTONS

The effects of climatic factors and variations thereof on
agricultural production have become a popular topic for discussion.
This interest stems from & er of climatic disturbances in
recent years and their effects rn man's activities, in conjunction
with our ever-increasing worid population.  Current agro-
climatological research is concentrated on the large scale
monitoring of crop expectations and the anticipation of food

" shortages. In South Africa relatively few workers have been

concerned with the quaniitative prediction of crop yields using
climatic data. Those that have, have dealt with single produstion
systems in mathematical models rather than large scale analyses
using statistical modelling techniques.

In this dissertation attempts have been made to show the
relevance of crop yield analyses in relation to climatic factors
over a geographical region in South Africa. The initial objective
of the dissertation was to examine structural relationships
existing between maize yields and climate in the Orange Free
State; secondly to explore the feasibility of using stochastic
models to forecast maize yieids., The specific results of the
investigation are best sunmarized as follows:

1. Principal compenent analysis has been used to
replace the 38 magisterial districts with a
set of orthogonal variables, which account
for most of the variance in the original data set.
Vector rotation achieved further clarification of
the new variables and permitted the delimitation
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of 6 homogeneous and uncorrelated majze growing
regions within the Orange Free State.

These homogeneous maize regions provided the input
data matrix for using a two-way fixed effects model
to isolate the independent components of annual
maize yields. These components are: the regiona
temporal effect, regional spatial effact and the
local or micro-effect. Only the tenporal effect
for each region was subjected to further analysis.
Using this approach the number of variables to be
analysed wes effectively reduced from time series
for 38 magisterial districts, to single time series
far each of the 6 maize regions,

For the purpose of studying maize-climate relation-
ships, the temporal series of each region was
subjected to stepwise multiple regression. Annual
yield was the dependent variable; the predictor
variables included monthly values of rainfall and
temperature, together with a term for temporal
varfation,

The regression models developed for each region
included at most, 6 predictor variables, at a
95 per cent level of significance. These
regression functions accounted for a sizeable
amount of the total variance in maiza yields,
the lowest being 80.9 per cent and the highest
95.0 per cent of the tetal variation in yjelds.

The muTtiple regression showed that maize yields

are strongly related to ratnfall and temperature

on a monthly basis. Results showed that the contri-
bution of climatic conditions to ylelds is not
limited to certain stages of growth in the maize
plant, Instead, different months of rainfall and
temperature are important throughout the year in
different regions of the Orange Free State.

Temporal variations were of significance in deter-
mining maize yields in Regions 1 and 5.  These time

[l
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dependent changes include improved technology

such as the introduction of high yieiding varieties
of maize, and other cultivation practices. On a
basjs of these results, the effects of tempora
changes in determining yield variations can be

said to be frequently overrated.

The residuals from the regression were analysed
using the maximum entropy method of spectral analysis.
This analysis provided a means of investigating that
fraction of the variance in maize yields unaccounted
for by the regression modeis. The residuals were
not randomly distributed but exhibited oscillatory
behaviour patterns which were regionally dependent
in their occurrence, particularly those of longer
wavelengths. A 3 to 4 year signal and the
quasi-biennial oscillation were ubiquitous in their
spatial distribution,

For practical purposes of forecasting yields in the
Orange Free State, it is recommended that in some
regions a trigonometric term be added to the regre-
ssion models; this would eliminate th2 oscillatory
components in the yield series and enhance the fore-
casting accuracy of the regression equation.

The feasibility of forecasting in January the
current crop yield has been tested, and was found
to vary between one region and another. It was
evident that this method would be most suited to
the north and northeastern parts of the Orange Free
State. As one moves further south however, the
plausibility of using this approach in predicting
yields decreases, and in the far south this method
is unacceptabie.  However, a spectral analysis of
the regression residuals has shown that yield
estimates in these areas may be improved by the
addition of a trigonometric term in the regressions.




The theme of this dissertation was an agroclimatological
analysis of maize yields in the Orange Free State. The results
have shown that distinct relationships beiween climatic factors,
namely, rainfall and temperature, temporal variations and maize
yields are present on a regional basfs., By developing regression
models for giving yield estimates in January it has heen possible
to show that the monitoring of crop expectations is not &n over-
optimistic goal. A major advantage of using regional time
series rather than the numerous individual district records is
that the labour involved in the analysis is effectively reduced,
Thus, given broadscale crop and climatic data, and employing
objective guantitative techniques, there are exciting possibilities
for the future development of agrociimatology in South Africa.
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