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ABSTRACT

General circulation controls on the annua! rainfall cycle and on the
inter-annual rainfall variations over the central interior of South Africa
are examined. The major type of synoptic system delivering rainfall to
the region is one in which circulations at tropical and temperate latitudes
are linked through interaction of a westerly trough with a low over
trosical Africa. These systems supply 36 per cent of the rainfall and
changes in frequency of the systems are major determinants of monthly
reinfall depa~ sres. Meridional flow is poleward at all lavels for these
Sysutnia wil +* #nergy and momentum are transported from tropical
to temperate {atitudes by the meun circul-*an. Generation of momentum
and energy in the tropics, which fores 2 Hadlev Circulation across

¢

southern Africa, is a necessary conaition for the formation of these
systems. The annual rainfall cycle is controlled by the annual cycle of
energy release over southern tropical Africa which is dependent upon
latitudinal displacemants of the Inter-Tropical Convergence Zone. Rain-
fall anomaiies are determined in part by inter-annual variations in tropical
energy release. The net toroidal circulation over southern Africa is a
Hadley Cell only in the high seasons. 1n the transitional seasons a Ferrel
Circulation is dominant. Two factors actount for the changes in the
toroidal circulation - stronger forcing of the Hadley Circulation by
tropical energy release in the January to March summer and eastward
displacements of a standing wave over the subtropical Atlantic Ocean in
the transitional seasons. Contral of rainfall anomelies by changes in
tropical heat release is thus stronger in summer than in the transitional
seasons. The Scuthern Oscillation represents a major control on tropncal

heat r~lease over Africa. The Southern Oscillation signal is tr

to southers Africa via the Walker Circulation acress the tropical [ndian
Qcean. The sense of the Walker Circulation changes between summer and
the transitional seasons such that control on heat relesse is stronger in
summer. Rainfall anomalies are thus determined te a greater extent by
changes to the Walker Circulation in summer than in the transitional
seasons.
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Isolaric maps of mean pressure do not provide a satlsfactory
basis for explaining the differences between the summer and
winter climates of southern Africa, The normal circulations
are similar in the two seasons and there is no marked seasonal
change In the directlon of the prevailing winds. (n order to
unpderstand the summer rains and winter droughts It 1s neces-
sary, as In temperate latitudes, to examine individual synoptic
sliuations. Those with which the summer ralns are assoclated
are neither frequent enough nor sufficlently strongly developaed
to impose a characterlstic pattern upon the iscbars of meun
pressure.

S.P. Jacksen, 1852
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Frontisplece.  METEOSAT image on 22 February 1979 of o
tropical-temperate trough with assoclated cloud band across
southern Africa.
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PREFACE

Over few inhablted regions of the globe s rainfall as variable as in the
subtropics.  Situated below the rogions of atmospheric descent in the
Hadley and Ferrel Cells the stibiropics are semi-arid and desert regions
as a whole with sufficient rainfsil to support only suitably-adapted [ife
forms. Certain subtroplcal reglons, typically on the eastern sides of the
continents and close to warm ocean currents, are favoured with sufficient
rcinfall to support extensive agriculture and industry, Yet aven in these
reglons rainfall remains Jistinetly variable from year to year, with periods
of abundant rainfall aiternating with periods of drought, As population
pressure on the avzifable land mounts so there is progressive migration ‘
into the more arid regions and attendant increased dependenca of the
population on changes in the climatic, and in particular in the rainfaif,
environment.

Widespread attention was first drawn to the impacts of rainfall variations
in the African subtropics during the Sahelian drought of the early 1970's,
which had severe consequences for a population that had migrated inte
the region during a decade of abundant rainfzll in the 1850's, Insuffi-
cient rainfall to adequately support the Sahelian population has continued
into the 1980's during which derade severe drought has afflicted the
southern African subtropics alse  The determination of the dynamics of
droughts in regions such as the African subtropics represents a major
hal} to at heric scientists as no tive account of the causes
of the droughts over either region of Africa has yet been given. Dy-
namics of rainfall variations over subtropical southern Africa, and in
particular over a region in the central interior of South Africa, form the
focus of the study presented in this thesis. Annual average rainfall over
the region Is of the order of 500 mm - sufficient for dryland farming of
crops such as vorn in years of normal or above-normal rainfall. Rainfall
distributions are, however, such that below-normal rainfall occurs more
frequently than above-normal rainfall, Grop fallures have occurred
regularly in the reglon during the early years of the 1980's.
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The fundamental unit in which the dynamics of rainfall variations may
be studied is the synoptic system. In 2 recent statement the Director
of the South African Weather Bureau has expressed the opinion that "it
is undoubtedly true that South African weather systems and the associ-
ated weather and weather phenomena have as yet not been adequately
described". The accuracy of this statement beyond dottbt,  Dynamic
mechanisms forcing the development of convective or stratiform clouds
over the subcontinent also remain obscure, tmpartant limitations are
therefore present in the level of understanding of the dynamics of rainfall
systems over southern Africa and in the manner in which the development
of these systems is controlled by the general circulation of the atmosphere
so as 1o produce periods of above- and below-normal rainfall.

Two premises are accepted as a basis for the work covered in this thesis.
The first is that study of the origins of the annual rainfall cycle over
the subcontinent is a prerequisite to the investigation of the causes of
the rainfall variations. The second that the origins of the rainfall vari-
ations are inadequatsly understood and may only be interpretad in terms
of clrculation variations on the global scale. Investigation of the causes
of the rainfall variations is thus made only after examination of the origins
of the annual rainfall cycle. In 1952 S.P, Jackson noted that "those
{synoptic systems) with which the summer rains ave sssociated are neither
frequent enough nor sufficiently strongly developed to impose a charac-
teristic pattern upon the isobars of mean pressure”. [t is insufficient
to study either the annual cycle or the variations in terms simply of the
overall circulation, Rather they should be studied in terms of
rain-bearing synoptic systems. A classification of synoptic types
producing rainfall s therefore developed to act as a pivot around which
the annual cycle and the variations are studied and intespreted.
fntra-annual and inter-annual variaticis in the circulation and in the
meridicnal momentum fluxes across the central interior of South Africa
are intarpreted in terms of changes in frequencies of the major types of
synoptic systems to develop models of the general circulation controls on
tha rainfall cycle and on the varlations. Associations between the rainfall
and the Southern Oscillation, the major known mode of global circulation
variations, are incorporated into the latter model.
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Specific objectives pursued are:

a) to define a classification of the various circulation types over the
central interior of South Africa;

b) o determine the contributioas of rainfall under each circulation
type towards the mean annual rainfall and towasds the variaticws;

c) to detail the thermodynamic and kin-matic structures and the
meridional momentum fluxes for the overall atmosphers and for each of
the types of systems;

d) to develop a mode! of the general circulation controfs on the annual
rainfall cycle over the western Orange Free State;

&) to invastigate the changes to the circulstion parameters and to the
meridional momentum flux accompanying the rainfall variations and hence;

f) to develop models of the general circulation contrals on the rainfall
variations ove' the western Orange Free State and,

g) to detail the extent to which the circulation variations are related
to the Southern Oscillation,

The thesis is divided into three sections. In Part ) the background lit-
erature is reviewed and the classification of circulation types developed.
The annual cycle of rainfall and the circulation is studied in Part il and
3 model of the origins of the annuai rainfall cycle developed. Rainfall
and circulation variations are studied in Part [l and dominant circulation
controls on the rainfall variations are summarised in appropriate modeis.
The extent to which phase changes of the Southern Oscillation may rep-
resent mechanisms forcing the circulation variations is also explored.

During the course of the research sections of the work have been pub-
lished. Substantial portions of Chapter 2 have appeared in the Journal
of Climatology and of Chaptar 3 in the South African Geographical
Journal. Part of Chapter 10 has been presented at the st /nternational
Conference on } femisph Meteorology, Other papers covering
refevant work have been published in the Journal of Climatology and the
South African Journal of Sclence and in the proceedings volumes of the
Seminar on Principal Component Analysis In the Earth Sciences and the
2nd South African Natlonal Hydrology Symposium. Unpublished presen-
tations of the work were made at six South Africun conferences.
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CHAPTER 1

ol

BACKGROUND

P
il

RAINFALL VARIATIONS OVER SOUTH AFRICA

T

Rainfall over South Ajrica is a function both of time and space.
Well-defined seasonal rainfall regimes are spatially distributed across the
subcontinent such that the phase of the annual rainfall cycle over the
[ interior of the country, with itz summer maximum, is closely inverse to '
that over the west coast (Keen and Tyson, 1973; McGee, 1977) (Fig. =
2-1). Two approaches have been adopted in the development of statisticai
daescriptions of the variations. In the first the emphasis has been on the b
temporal rather than on the spatial aspects. Despite numerous investi- -
gations inte the possibility of trends in the rainfall over the country
(e.g. Varster, 1957; Hofmeyr and Schulze, 1983; Louw, 1965; Brook and
Mametse, 1970; Tyson et al., 1975; Onesta and Verhoef, 1976) no avi- 3
dence has been obtained for the existence of either positive or negative =
tendencies except, perhaps. over limited raglons (Dyer, 1976a). Simi-
larly there are few regions in the eantire continent over which defined
trends are prasent {Ogallo, 1979). An alternative hypothesis that the
rainfall undergoes quasi-periodic fluctuations as opposed to finear trends
has been extensively studied both over South Africa [(Schumann and
Thompson, 1934; :yson, 1971, 1880; Tyson et af,, 1975; Tyson and Dyer,
1975; Tilbury, 1975; Vines, 1980; Louw, 1982; Kelbe et of., 1983) and
ovar other regions of the con‘inent (Dehsara and Cehak, 1970; Rodhe
and Virji, 1976; Dyer and Marker, 1878; Ogallo, 1878; Eckert, 1980; .
Masson, 1980; Nicholson and Entakhabi, 1985a, 1985b} .
Quas|-periodlcitios are certainly present In various areas but generally
account for only a small proportion of the variance at each location. In
the second approach spatral in addition to temporal characteristics of the
variations have been described through the use of either simple statistics
(e.g. Schulze, 1965; Louw, 1978a, % 9b; Glllooly and Dyer, 1979; van
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Rooy, 1980) or principal component analyses (Dyer, 1975, 1976a, 1979a,
1980a, 1980b, 1981, 1882). Resuits of the principal component analyses
in particular testify to the spatial In addition to the temporal complexities
of the flelds of the variations and to the dependencies of the fields on
rainfall from different types of synoptic systems even across reglons with
similar mean rainfall cycles.

A unifying objactive of many of the statistical investigations has been to
provide a foundation for the long-range prediction of rainfall over the
subcontinent, About 30 per cent of the variance of the annual rainfail
totals over South Africa may be lained by quasi-periodicities of the
order of 18 years, a proportion that has proved sufficient to act as a
basis for providing estimates of future rainfall tendencies over the inte-
rior of the country on time scales of the order of 10 years (Tyson and
Dyer, 1975, 1978; Dyer, 1976b, 1977; Dyer and Tyson, 1977). To dats
these estimates have satisfactorily veflected observations (Lindesay, 1984)
but the physical basis for deducing future rainfall tendencies from his-
torical fluctuations has not been defined. Work to formulate an appro-
priate foundation hes begun (Tyson, 1981; Miron and Tyson, 1984},
Otlter statistically-based forecasting techniques promising improved spa-~
tial and/or temporal resolution of the prognoses over that provided by
Tyson and Dyer (1978} have been partially developed. Techniques in~
clude those based on associations of rainfail with surface pressure (Dyer,
1876c, 1979a), sunspot cycles {Dyer and Gosnell, 1978) and temperstura
(Dyer, 1980c¢) in addition to further methods based on quasi-periodicities
{Katsiambirtas and Louw, 1980; Louw, 1982). No confirmatory studies
of the predictions made by any of these techniques have been made,

Various statistical techniques for long-range rainfall prediction have been
developed for many areas of the World, the most promising of which are

based on tal i with heric and aphis li
in other parts of the globe (Nicholls, 1980). To date only Dyer (1978¢,
1979a) has to use tel it (with the latitude of the high

pressure system off the east coast of Australia) for long-range prediction
over South Africa, More detailed models of the general circulation con-
trals on rainfall over southern Africa than presently avallabla are re-
quired prior to the development of forccast medels based on
teleconnections. |deally such modols would incorporate spatial variatlons




on intra- and inter-seasonal scales that are associated with the different
types of synoptic systems so that any teleconnections associated with each
type of system may be individually identified. Spatial scales of Investi-
gatlons of the circulation changes actompanying the rainfall ~variations
over South Africa have, to date, been restricted to that of the subeon-
tinent in two types of studies, Both the overall circulation changes be-
tween wet and dry periods {Rubin, 1958; Triegaardt and Kits, 1963;
Hofmeyr and Gouws, 1964; Tyson, 1981; Miron and Tysen, 1984) and the
circulations associated with specific rainfall events have been examined.
The latter group of analyses include case studies of synoptic situations
producing excessive rainfall over short periods (Triegaardt and Kraus,
1957; Triegaardt, 1961a; Estie, 1978, 1981) or extended periods (King
and van Loon, 1958; Taljaard, 1981a) or damaging hail (Held, 1877; Held
and van den Berg, 1977; Held and Carte, 1979; Kelbe and Garstang,
1986). There are also a few equivalent investigations of the circulation
during dry periods (King and van Loon, 1958; Schulze, 1984). No
systematic studies of the daily circulation types associated with either
dry weather or rainfall over any reglon of the country have, however,
Dean conducted. It is presently difficult to determine the
represantativeness of the circulations revealed by the case studies or the
manners in which the observed circulation changes reflect the various
types of systems associated with rainfall or dry weather. Nor is it
possible to ascertain the contributions of the types of systems investi-
gated in the case studies to the mean cirzufation, to the rainfall or to
the circulation and rainfall variations over any given region. Should the
use of tieleconnections be efficacious for long~range rainfall prediction
over southern Africa, as is impliad by Dyer's (1976c) results, then the
recognition of the major circulation types over the subcontinent and the
establishment of their links with the general circulation may provide the
basis of an efficient method for the Identification of the required pre-
dicters. it is towards the development of a suitable synoptic climatology
of circulation types, of simple modals of the atmospheric dynamics in
which the major types are synthesised into the general circulation and
of the identification of s teleconnection possibly suitable for prediction
uf southern African rainfall that the work presented in this thesis is
directed,
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types of synoptic systems so that any teleconnections associated with each
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HYPOTHESIS AND DATA

The hypothesis on which the thesis is developed is that monthly rainfatl
totals over the central interior of South Africa increase with enhanced
poleward momentum fluxes across the subcontinent. A rationale for this
hypothesis is presented in Chapter 5 while its validity is tested in
Chapter 10. Formulating the hypothesis in terms of adjustments in one
of the fundamental parameters of the general circulation, rather than
directly in terms of circulation differences batween wet and dry periods,
facilitates interpretation of the links between both the cycle of annual
rainfall over the antral interior of South Africa and the rainfall var-
ations with the gicbal-scale circulation.

Rainfall variations over two regions in the central intarior of South Africa
are studied. Both regions lie in the Orange Free State, cne in the west
and the other in the east. The term rainfall season is used to reres to
the months October to April following Harrison (1983b). For reasons
outlined in Chapter 7 the high seasons are defined as summer, which
refers to the period January to March, and winter, which refers to the
period July to ber, The i tr season includes the
months April to June and the vernal transitional season the months Oc-
tober to December. Two sets of rainfall data have besn used, both
suppliec after quality checks by the South African Weather Bureau.
These include monthly rainfall district data across the country and daily
moan rainfall depths estimated from data from 79 stalions in both study
regions. District data are available from 1921 and data for individual
stations from 1946, Both data sets terminate at the end of 1977, Satellite
images obtained from polar-orbiting satellites have been published by the
United States Department of Commerce (1967-1977). Annual rainfall over
the Orange Free State during the 1967 & 1977 peried ranged from ex-
tremely dry to unusually wet. Upper-air data for all South African
stations for the period 1968 to 1977 have been subjected to quality con-
trols by the South African Weather Bureau. Upper-air data are available
on a regular daily basis only for the study reglon in the western Orange
Free State, from the station at Bloemfortein (29°6'S, 26°18'E) situated
centrally within the area. Al other climatelogical data have been ebtalned
from the World Weather Records and the Monthly Climatic Data for the
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World (Smithsonian institute, 1934, 1944, 1947; United States Weather
Bureau, 1959, 19G58-1968; United States Department of Commerce,
1957-1977).

ANALYS!S TECHNIQUES

Two exploratory techniguas for subdividing data sets into orthogonal
subsets are employed, namely principal component and harmonic analysis,
Principal component analysis Is applied to district rainfall data in Chapter
2 in the development of the classification of system types, to the monthly
rainfall totals from sach type in Chapter 9 to determine the type(s) of
system principally responsible for the rainfall variations, and to some
indicators of circulstion adjustments in the southern African region de-
rived from satellite imagery in Chepter 9 to determine the fundamental
mades of the circulation changes that account for the rainfall variations,
Seasonal c¢ycles of various parameters are studled through sppropriate
harmonic analyses of monthly data. These parameters include the rainfall
from each type of system in Chapter 3, the basic upper-zir circulation
‘variables and the various components of the poleward momentum flux at
Bloemfenteln in Chapters 4 and 5 respectively, and the circulation and
flux variations with rainfall in Chapters 8 and 10,

Princlpal component anulysis is & multivariate technigque in which the
number of dimensions of a data set is reduced without major loss of in-
formation, Frequently there Is a major degres of collinearity between the
various variables of a data set and principal component analysis is often
used as a preliminary filter to reduce associated effects in subsequent
analyses. No model Is assumed in principal component analysis and thus,
in the strictest terms, the extracted components are purely mathematical
functions with no guaranteed resl physical properties. Experiance indi-
cates, however, that the components normally reflect physical properties
inharent in the data set. Only a brief outline of the essentials of prine
cipal component analysis will be given here. Comprehensiv = ~unts
may be found in many textbooks including Kendall (1975) a. dia et
e (1979).
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The are linear binations of the ariginal observations in

the data matrix defined such that: a) the first component extracts the

maximum variance possible from that of the set; b) the second component
extracts the maximum possible of the remaining variance subject to the
restriction of orthogonality with the first component; c¢) all further com-
ponents extract the maximum possible of the remaining variance subject
to the restriction of orthogonality with all higher components. Given n
vapisbles within the data set then n components will be created which
together retain the complate variance of ihe set, Often, however, the
major proportion of the variance is captured by a relatively small number
of the higher and the r ini ts, for most prac-
tical purposes, may be discarded. Thus there is a net decrease in the
number of dimensions to be considered in addition to the reduction
achleved in the problems asscciated with collinearity amongst the vari-
ables. Components may be extracted from the covariance or correlation
matrices of the data set. §n this study components have been extracted
from the correlation matrices.

In n-dimensiona! space a data set may be viewed as n vectors of varying
magnitudes measured as projections on n oblique {i.e. correlated) axes.
A new sat of n orthogonal principal axes is defined from the same origin
such that the variance of the data along the first axis representing the
first principal component is a maximum, Similarly the second principal
axis is selected so that the variance along the axis is a maximum subject
to the axis being orthogonal to the first, and so on. The directions of
the principal sxes are defined by the elgenvectors of the covarlance or
correlation matrix. A simple geometric interpretation of the eigenvectors
has been given for the case of a 2 by 2 data matrix in which they are
the primary and secondary axes of the seliipse centred at the origin
passing through the data points in two-dimensional space (Gould, 1967).
fn this case the length of either sigenvector is given by the appropriate
elgenvalue, In the more general case the eigenvalues measure the vari-
ance of the data along the eigenvectors and are the roots of the char-
acteristic equation of the app ‘opriate matrix, Calculation of the cosines
of the angles between the principal and the orlginal axes produces the
toodings matrix, When components have been extracted from the corre-
fation matrix the loadings represent the correlations between the principal
and the original axes and may be obtsined simply by scalar multiplication
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of the eigenvectors by the square roots of the corresponding eigenvatues.
Magnitudes of the joadings for each variable on each component normally
facilitate clustering of variables into groups for which there is or is not
a high degree of collinearity. Two simple techniques are employed to
achieve the clustering of the variables. In the case of the rainfall ana-
lyses of Chapter 2 spatial mapping of the loadings is used to permit
subjective clustering of the rai.fall districts into groups whereas in alf
other cases clusters are formed from those variables with foadings ex-
ceeding an @ priori-selected value, Projections of the original vectors
on the eigenvectors are contained in scores matrix which represents
correlations between the componants and the observations, Scores are
calculated in Chapter 2 where they represent time series of rainfall as-
soclated with each component. These time series are employed {n Chap-
ters § and 10 o obtain correlations of rainfall with other geophysical time
series,  Computational details of principal component analysis are pro-
vided in Appendix A.

Mathamatically optimal vectors in n-dimensional space need not necessarily
be ths outcome of a principal component analysis, Counsider ths simple
case in which the original data set forms two similar clusters in
n-d'mensional space. Extraction of the maximum possibie variance in this
event will result In the sigenvector of the first component being dirscted
towards the centre of gravity of the two clusters rather than towards
either of the clustars themselves, Rotation of the eigenvectors may be
applied to handle this situation and to simplify the interpretation of the
components, A discussion of the principals of rotation as developed for
factor analysis Is provided by Comrey {(1973).  Rotation of principal

is a valid hni when have been extracted
from the correlation matrix {Browne, 7983), An example of components
of South African rainfall prior to and after rotation is given by Dyer
{1975y, Varimax rotation, introduced by Kalser (1958), tends to increase
high leadings and decrease low loadings. Resultant distribution changes
after Varimax rotation have been used to assist the intarpretation of the
compo.ents derived in Chapter 8, Component interpretation in Chaptar
2 velles on the spatial distribution rather than on the magnitudes of thu
loadings and consequently no rotation has been applied.
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Harmonic analysis 1s a technique by which cyclic data may be reseolved
into sums of sine and cosine series. Complete mathematical details of the
technique are discussed by Rayner {1971} and Bloomfield {1976} and are
summarised in A dix A. Two applicati of harmonic analysis are
commonly adopted In metecrology. In the first zonal harmonics are ex-
tracted from uniformly-spaced data around a line of latitude. If, for
example, the data were 500 mb heights then the zeroth harmonic is the
mean height around the zone and the first harmonic represents a single
sine curve describing daeviations of the heights from the mean, i.e. the
Jisplacement of the centre of the polar vortex from the pole itseif, and
is often referred to as wave 1, Other harmonics simitarly represent
higher numbers of waves fitted to the data and are referred to as waves
2, 3 and so on. The second application, used in Chapters 3, 4, 5, 8
and 10, fits harmonics to time series at a poipt. Because monthly data
are used in all cases only six harmonis in addition to the zeroth harmonic
(i.e. the mean} may be derived. The first harmonic then represents the
annual cycle of the parameter, the second harmonic the semi-annual cycle,
and so on. Application of either technigue runs into interpretation
problems when the data may aot simply be resecived into harmonics. For
example, a harmonic analysis of supfate slevations around the Equator

would not produce s single harmonic in which the continents may be im-
mediately recognised because these are not uniformly distributed around
the globe. Several of the higher harmonics would together describe the
disposition of the continents. Despite this problem harmonic analysis,
itke principal component analysis, remains a valld and valuable technique
with which to make instructive exploratory investigations of da a sats.
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CHAPTER 2

A GENERALISED CLASSIFICATION OF SOUTH AFRICAN RAIN-BEARING
SYNOPTIC SYSTEMS

INTRODUCTION

Classification of circulation types has frequently been adopted in
meteorological research as a technique to assist interpretation of the
complex flow changes associated with both the mean circulation and its
variations over a given region. [t is normafly assumed in classification
approaches that ciimatic means are reflecions of the integrated effects
of each circulation type across a number of years while climatic variations

are the of 1 inte | frequency adj .
A further implicit assumption is that the variance of the circulation within
eaci type may to a first approximation be neglected such that climatic
averages and varistions may be viewed as simple aggregates of the
weighted means of each circulation type. Although this latter assumption
may not neceysarily be valid there is consensus that classifications pro-
vide vatuable tools for preliminary climatic investigations. An extensive
review of the objectives, techni , appli and problems of the
classification approach has been given by Barry and Perry (1973).

Mast classifications have been developed in terms of eithet pressure or
flow fields through techniques which emphasise the typical spatial dis-
tribution of pressure over a region (e.g. Lund, 1963; Kutzbach, 1967;
Brinkmann, 1981), the distribution of pressure systems such as
anticyclones and depressions (e.p. Elliott, 1988); Vowinckel and
Qosthuizen, 1853; Vowinckel, 1954; van Loon, 1958; Yeshino, 1968; Bacry
et al., 1981), the direction of the flow over a region in combination with
the disposition of synoptic systems (e.g. Barry, 1960; Murray and Lewls,
1866; Lamb, 1972) or the movement of specific types of systems such as
cyciones (e.g. Thomas, 1960a, 1960b). Rainfall statistics are subse-
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quently developed and interpreted in terms of the flow represented by
each category within the classification, Four pressure field classifications
have been developed In southern Africa using surface data alone.
Vowinckel (1955a, 1956) subjectively developed models of typical tlow
fields assoclated with fine or various types of wet weather across both
South Africa (specifically for the Pretoria region) and southern
i Mozambique (specifically for the Maputo region). Alternatively, using
Lund's (1963) objective technique, Longley (1978} identifled several
dominant circulation types in terms of characteristic 'pattern days' over
four sections of Scuth Africa in both the winter and summer seasons.
Both the seasonal varlation and an indication of the contribution to re-
gional rainfall for each synoptic type are provided by the two classi-
fications for South Africa but in neither case is an Indication given of
the importance of individual synoptic types in the determination of raiufail
anomalies. A fourth scheme, derived originally to facilitate the study
of wind power potential along the South African coastline (Diak and
Garstang, 1984}, has been appiied to the study of rainfall over the
eastern T=inivaal {Diab, 1984). In all schemes the dynamic: .f each
& system have not been examined such that the mechanisms producing the
associated rainfall ramain to be investigated.

An alternative approach to the development of a classification over
southern Africa is followed in this Chapter. The upper-air circulation
is undoubtedly of c¢ritical importance in the controt of cloud development
over the region but upper-air data are too scarce to be used to formulate
a classification, In order to partially bypass this problem the traditional
approach described above is reversed and the ralnfall itself is used to
define the classification. A isted c.reulation fields are subsequently

i for each gory. One disad ge of this hal is that
it is limited to rainfall events - no sub-classification of circulations
producing dry weather may be formulated. A classification for the
eastern Orange Free State has already been subjectively devsloped along
these lines using a combination of satellite and surface pressure data for
1 one rainfall season in which the prime parameter for incluslon of an event
in a particular category was the distribution of cloud over the subconti-
nent as revealed by METEOSAT imagery (Erasmus, 1980). Surface data
were used to ensure simllarity of the surface dynamics for each type of
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system. Monthly statistics of th= rainfall and of the tropospheric circu-
Jation for each type of system were subsequently deduced.

A hnd is employed here in the of a classification which
has major advantages over Erasmus’' (1980) method. Satellite imagery is
used in combination with a prineipsl component analysis of menthly rainfail
fields to develop the ciassification by identifying those synoptic systems
whose spatial cloud and hence rainfall distributionz, as revealed by the
satellite imagery, matches the spatial loadings fields of the higher com-
ponants, The inclusion of the principal compsnent snalysis in the tech-
nique has the potential advantages that the spatial fields are objactively
defined and that an estimate of the rainfall variance accounted for at any
point by each system may be obtained. Time series of rainfall from each
of the classifiad systems also result from the principal component analysis
and the future use of thase In the study of the interactions between the
systems and the general circulation witl be discussed.

ANALYS|S TECHNIQUE

Since the first i of principal analysis to statistical
forecasting (Lorenz, *956) many meteorological flelds have been studied
by this technique in:fuding Northern Hemisphere 500 mb heights
{Cradduck and Flood, 1969; Horel, 1981), European and North American
surface temparatures (Gray, 1981; Rasmusson et al/., 1981) and annual
cyclone frequencies over eastern North America (Mayden, 1981}, Prin-
cipal component analysis has frequently been used as a technique for
developing nbjectively-defined classifications of meteorological parametars
(e.g. Christensen and Bryson, 1968; Brinkmann, 1981) although, when
used in the analysis, rainfall has never solely formed the basis of the
classification. Neverthelass increasing attention has been paid !n recent
years to the study of rainfall through the determination of principal
components, usually to form the basis of a subsequent statistical anelysis
of the spatial and temporal properties of rainfall over a region, to facil-
itate the study of assoclations betwesn rainfall fields and the atmospheric
circulation or to identify regions with common precipttation character-




istics,  Principal component analysis, or refated techniques, has been
applied to the study of rainfall over North America (Stidd, 1967;
Kutzbach, 1967; Seilers, 1968; Skaggs, 1975; Willmott, 1977, 1978;
Klugman, 1978; Johnson, 1980; Waish and Mostek, 1980; Diaz and
Fulbright, 1981; Diaz, 1981; Walsh et of,, 1982; Karl and Koscielny, 1982;
Legates and Willmott, 1983; Kim et af., 1984; Granger, 1984), North
America and Eurasia (Barnstt and Preisendorfer, 1978), the British lsles
(Perry, 1970a; Gregory, 1975; Johnston, 198%1; Wigley et of,, 1884;
Logue, 1984; Woodworth, 1985), various parts of Europe {Tabony, 1981;
Molteni et of,, 1983; Goossens, 1985), Israel (Gabriel, 1972), India and
south-east Asla (Gadgil and iyengar, 1980; Bedi and Bindra, 1980;
Rakhecha and Mandal, 1881; Reiter, 1983; Campbell et af., 1383; Cadet
and Diehl, 1984: Suppiah and Yoshino, 1984), ‘‘awaii (Lyons, 1982), the
globsl tropins {Kidson, 1973), various sections of north Africa (Aoyade,
1977; Klaus, 1978; Gregory, 1982; Melice and Wendler, 1984), East Africa
{Ogailo, 1980}, Mauritius (Dennett, 1878), the southern continents
(Pittock, 1987, parts of South Americs (Pittock, 1880; Teixera and
Reiter, 1985), Australia (Wright, 1974; Pittock, 1975; Austin and Yapp,
1878; Wigley and Qipu, 1983} and New Zealand (Salinger, 1980). in South
Africa principal have bean ployed to delimit regions of lika
precipitation characteristics (Dyer, 1975), to investigate links between
rainfall and the general circulation {Dyer, 197%a) and to provide de-
scriptions of rainfall fields and of their properties (Dyer, 1979b, 1980a,
1960b, 1987, 1982; Mather, 1983; Kefbe, 1983; Kelbe et of,, 1983).

Two major probizms present themselves in any principal component anal~
ysis. The first is the seloction of the cut-off level below which all
subsaquent components will be rejected. The second, of particular jm~
portance hare, is the physical interpretation of the retalned componsnts.
Fraguently some o priori-defined numerlc value Is employed to determine
the sut-off fevel, such as an eig lue of unlty, as i by Kaiser
(1960}, an explained variance of {say) 90 per cent (used in the present
study for the initial ratention of components), a specifiad number of
components or a limiting elgenvalue as datermined by the scree test
(Cattel), 1966}, Al such techni , although retaining h {
consistency, suffer from the imposition of physical arbitrariness. There
can be little doubt that the most satisfactory method, but normally the
most difficult to apply in practice, Is to limit the number of components
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to those to which a physical interpretation may be attached, This latter
approach raquires the o prior! of the L that 1
physical interpretations of the results of the purely mathematical manip-
ulations, at least for the higher components, may be found. ‘There are
ne theoretical grounds for. nor indeed any general agreement on, the
acceptance of this postulate but experience suggests that it may be true
(a.g. Christensen and Bryson, 1986; Kutzbach, 1987; Salinger, 1980).
The postulate is accepted here.

in the present case printips} component analysis is applied to extract
eigenvectors describing spatial patterns of ¢, .vall anomaly distributions.
Ta & certain extent the geographical shape of the area over which data
are analysed predetermines the spatial distribution of the Joadings en the
higher components (Buell, 1975), The loadings fields of the
eigenvectors, when mapped, nevertheless dslineate clusters of rainfalt
cistricts over which rainfall anomalies are coharent. inspection of the
Ioadings fields ard the correlation matrices vonfirms that the regions of
highest loadings on the major components dafine areas over which rainfall
anomalies are well correlated {Sharen, 1883a). Such anomalies repres-
ented on & given component ars surmised to result from variations in
ralnfall from a single type of synoptic system whose spatial rainfall dis-
tribution matches that of the loadings fisld of the component. Identifi-
cation of the system will be simplified if the spatial rainfall distribution
remains quasi-constant for all systers of that type and that no other type
produces a similar distribution. As will be seen the two conditions are
satisfied by the major disturbances over South Africa,

{deally the analysis should be run on daily rainfall series. Problems of
missing and occasionally inaccurate data, not to mention the marked
spatial inhomogeneities atsociated with short-period convective ralnfall,
howaver mitigate against this approach. lnstead monthly (September to
Aprii) district rainfall dats for 64 districts across South Africa (Fig. 2-1)
for the period 1921 to 1877 have been utilised. Thase have the advan-
tages of being means taken across a min of five rep i

stations within limited, climatologically-uniform areas defined by the South
African Westher Bureau and of belng reasonably wniformly distributed
across the country, Thus the influences of inaccurate data and of

tocal I

{-g spatial inf it in addition to those result'ng from
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Flgure 2-1. Seasonal roinfall distribution across South Afrfca
{after Keen and Tyson, 1973). The dots locate the centres of
the 64 South African Weather Bureau rainfoll districts for which
data were used In the analysis, The Escarpment separates the
high interfor platesu from the lower-lylng coostal reglons. Ree-
tangles define the areas of the eastern ond wesiern Orange Free
State.

non-uniformly distributed data (Karl et of., 1882), are reduced. The
price paid for the use of the district data is the loss of information over
the iar north-east and much of the dry north-west of the country. As
the objective is to fdentify daily circulation features the dats have been
standardise<d by district (i & mesn of zero and a standard deviation of
unity) to sliminate the effects of soatlai and locational (e.g. aftitude)
variations, This approach varies from earlier work on the same data set
(using July to June totals for the period 1921 to 1975) in which per-
centage variations from the means were treated elther as raw {Dyer, 1982)
or standardised {Dyer, 1881) input to the analyses.

in a study of rainfall over a 2° by 2° block of the castern Orange Free
State it has bsen demonstrated that monthly rainfall totals could be ade-
Guately described by the frequency of raln days alone (Harrison, 1883b}.
These results have been verified for the western Orange Free State.
Thus monthly rainfall totals at any point will be determined simply by
the frequency of passage of each type of system. If, during certaln
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months, a given type of system crosses a region rather more or rather
less frequently than normal then the change will !'» reflected in both the
resulting rainfal) totals and in the correspondingiy ...her or lower scores
of the eigenvector describing the relevant pattern. The identification
of the synoptic systems surmisad to be represented on each component
were consequently deduced by inspecting poiar-orbiting satellite imagery
during months of unusually high or fow scores (defined as deviations in
excess of one standard deviation frem normal) for an increased or reduced
frequency of systems whose rainfail pattern matches the loadings field
of the eigenvector.

One further aid was used to assist the Identification process.  Most
eigenvectors include both positive and negative loadings. On a daily
basis this indicates that relevant systems producing rainfall over the
(say) positive region will most likely be associated with dry weather over
the negative region. and vice versa, The zero loading isopleth provides
a rough indication of the limit of influence of either system
notwithstanding any overlap that may occur. A principle of mutual
exclusiveness of circulation patterns may, in consequence, be proposed.
That is, in order for rain from one system to be disassociated with
contemporaneocus rain from the alternate system, the atmospheric circu-
tation giving rise to the one system shouid preciude that of the alternate
system.

‘THE CLASSIFICATION

Tropical-temperate troughs

The major component of the September < April period, Component A,
accounts for in excess of 35 per cant of the variance in all months (Fig.
2-2). Sputial foadir- = fields in all months are similar to that of January
(Fig. 2= ‘. A « ta-west to south-east ridge of high loadings crosses
the caatral inerior of the country, with weak and sometimes negative
ioadings on the south-west coast and relatively weak positive leadings
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Flgure 2-2. Variance (per cent} explained by eizh comporent
discussed In the text numbered by month. Cemannents glven
similar physical interpretations are linkvd und given an identi-
fying letter, The ldentification of Component E we> omblguous
in December. The underlined Hour:s give the varfance explained
by Components A to F.

ovar the northern Transvaal and suuihiis and easiern coasts. A weak
surface trough of like orientation to thut of the major axis of Component
A but dispiaced we: rd has been d i In summer mean pressure
flelds, Daepeniry of the trough appears to coincide with petiods of
heavier rainfall « “ubin, 1956; Taljaard, 1958; Hofmeyr and Gouws, 1964).
The trough is fi quantly found in daily summer 850 mb height analyses
and s normally associated with a well-defined boundary separating moist
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Figure 2-3. a} Loadings (x10-%} on the ,irst January component
as an example of Component A. b) Loadings {x10~*) on the
second January component as an example of Component 8,

air to the sast from dry air to the west. Thunderstorms, which develop
preferentially within a 300 km zone extending eastward from the bound-
ary, denoting the zone to be a region of surface convergence (Taljaard,
1958} . N

No indication of the dynamic nature of the surface trough was available
until sateflite observations revealed its axis to frequently delineate the
western boundsry of a band of clouds connecting the tropical cloud
masses over central Africa to a temperats cyclone to tvhe south of the
continent (Figs. 2-4 and 2-5 and Frontispiece), On such vccasions the
trough is a surface manifestation of circulations associated with one of
several cloud ban.s distributed around the Southern Hemisphere
{Streten, 1973) and marks, according to Johnson (1969), "the strong
confluence of the low-level flow into an asymptote of convergense along
or on the eastern edge of the band". Mesoscale observations in the
eastern Orange Free State have confirmed that the bands develop in rev
gions of marked forced low-lave! convergenca between air flows around
two eastward-moving anticyclones in cenjunciicnt with a
by isally ] P . They ar- often assouiaiunu with suee
face cald frontal passage., South African meteorologis*s have expressed
tha opinion that fronts rarely invade the interior of the country during
the rainfall season months {Triegaardt and Kraus, 1957; Taljaard, "C72),
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Figure 2-4. Top - TIRDS-N Image of a truncated trough with
associated cloud bond terminating at a coostul depression on 21
Februory 197%. Lower - Surfoce {over oceans - mb - dashed),
850 mb {over land ~ gpm - dashed} and 500 mb (gpm - jull}
correspondiny 12602 analyses odopted from South African Weather
Bureau anafysss.

Case studies of known fronts, al' associated with severe weather condi-
tions, have been provided by Triegaardt and Kraus {1957), Tucker
€1871), Meld and van den Berg {1977}, Estie (1978) and Held and Carte
(1979}, The eastern Orange Free State cbservations indicated, however,
that the fronts were associsted with marked mesosz.’e wind direction
shears but onfy with rei- . * smail temperature and ¢ - surg deviations.
Neither of the (atter may be readily resolved by t.»rwuonal synoptic
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Flgure 2-5. As Flgire 2-4 but for a tropical-temperate trough
with assactated cloud bund terminating ot o temperate cyclone
(not seen on sotellite Image - see Frontisplece) on 22 February
1979,

analyses, Subsequent analyses have suggested that the mean frequency
of transit of the bands across the interior of South Africa during the
warmer months, and hence of fron*al passage, is of the order of once in
seven days. This figure {s in agreement with results obtalned from
{nternational Geophysical Year data (van Loon, 1965) and from spectral
analyses of daily pressure at South African coastal stations
{Preston-Whyte and Tyson. 1973). Surface troughs initially asseciated
with bands muy, however, subsequently be replaced by cold-low level
highs. Surtace circulation features are unreliabie guides to the presence
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of a cloud band. The bands appear to form uniquely, however, on the
leading edges of cyclone wave troughs, as indicated by Johnson (1969)
and Streten (1973), at times when a tropical low extending throughout
much of the troposphere i{s present over central Africa at about 20°% 4
{Harangozo and Harrison, 1983). [n view of the continuity in time and
space of the upper-air (rather than the surface) trough systems associ-
ated with cloud bands will be titled tropical-temperate troughs. These
systems are equivalent to the 'polar trough in the easterlies’ discussed
i by Riehi (1945).

Studies ¢ satellite imagery point to two basic forms taken by
tropical -arate troughs, each producing similar spatial rainfall dis~
tributions. i the first (Fig. 2-4) the associated cloud band terminates
at a coastal disturbance on the south coast - these systems will be titled
truncated troughs; in the second (Fig. 2-5) the connection to the
temperate cyclone is complete. The first form frequently precedes the
second, as in Figures 2-4 and 2-5. Daily cloud band locations in the
vicinity of Africa for the two months of January during the period of the
satellite record with ths highest and lowest scores on Compenent A are
shown in Figure 2-8, With no allowanze made for missing or problematic
data bands were present during both months on 23 days with similar
frequencies for the months of January in other years, The fraquency
of band formation is thus independent of rainfall over southern Africa.
Marked variations in the locations of the bands and hence of the troughs
occur, however, betweer wet and dry months. During the wat month
of January 1974 (Fig. 2-6a) the bands were concentrated over the interior
of South Africa, with few in the reglon of Madagascar. A marked shift
in band locations towards the Madagascar region occurred during the dry
-onth of January 1969 (Fig. 2-8b).

Components A and B together explain close to 80 per cent of the total
varlanca in all months (Fig. 2-2), The loadings field of Component B
bisects that of Component A Into two regions of opposite sign, the zero
loading: isopleth on Component B (Fig. 2-3bJ running approximately along
the major axis on Componert A (Fig. 2-3a). Equivalent orientations of
the two oppositely-loaded reglons on Component B to that of the major
axis on Component A suggest that Component B might also represent
ralnfall from tropical-temperate troughs., Bands were frequent over the
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Figure 2-6. Dally central axes of cloud bands estimated from
satel’ « ‘magery for a) January 1974; &) Jonuary 1963; c) Jan-
uary

western interior during January 1874, a month with a high positive score
on Component B and heavy ralns over the normally dry Karoo (Taljaard,
1981a) (Fig. 2-8a). In January 1975, with a high negative score on
Component B and drought over sections of the Karoo, & much reduced
frequency of bands over the western parts occurrad {Fig. 2-6¢). Con-
versely the frequency of bands over the esstern interior increased from
1974 to 1875. C A d ibes. rafore, the general rainfall
associoted with the north-west to south-vast orientated troughs, wheieas
Component B differentiates botween periods of preferential relccation of
the troughs over the subcontinent to the east or to th west of the axis
on Component A.

Component C explains a little over four per cent of the variance of the
rainfall of the months January to March (Flg. 2-2)}. The loadings field
of this Component (not Hiustrated) includes four celis of similar orien~
tation to the major axis on C. A, The C t appears to
provide further spatlal differentiation batween trough locations.

Cloud bands, similar to those over South A4~ are one of the major
characteristic features of the Southern M- were circutation visible on
most satellite jmages. Seasonal and annual climatological mean locations
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Flgure 2-7. Locations of cloud bands over the Southern Hemi-
sphere during the period November 1968 to October 1971 in o)
December to March, b) April, May, October and November, c)
June to September and d) the year adapted from Streten (1973}.
Plots were developed from flve-day averopr brightness satellite
mosalcs and [sopleths glve percentoge frequencles that axes of
bands were locater within 5° Jutitude by 10° longltude squares.

of the bands (Fig. 2-7) have buen deduced from 5S-day average satelli’a
brightness finlds by Streten (1973). Band numbers during any given
period range between zero and seven but during the austral summer
season the most common number 1s thyee. OFf thesa three tws are normaily
the gquasi-perranent bands, present throughout the year, of the central
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Figure 2-8. 8rightness patterns in the southern Alrican region
for a} February 1971 and b} February 1969 adopted from Krueger
and Winston [1974). Heavy stippling denaotes the brightest aress
[high cloudiness) and llght stippling the darkest dareas (fow
cloudiness}.

Pacific and Atlantic Oceans. The band across the Indian Ocean is the
only one to undergo a seasonal locational migratfen, anti-phase to that
of the Indian Qcean Anticyclone, between the western ocean in summer
and the eastern ocean In winter, Two oceanic regions of band locations
appear in Figure 2-7 on either side of South Africa but that in the
Atlantic Ocean in winter reflects the aea fog and the stratus decks of
the region, Streten (1973) suggests that the Madagascar region (s the
climatologically-preferred location of the African bands. & should be
noted, h - /er, that the period of analysis on which these results are
based wwus a predominantly dry one over southern Africa and s such,
as in Figure 2-6, was one in which the bands tended to develop prefer
entially across Madagascar rather than across the subcontinent. Also
indicated in Figures 2-6 and 2-7 is a tendency for the bands and hence
the troughs to be bimodally distributed in space off the east coast of
southern Africa. The bimodal distribution is well displayed in satellite
brightness fields (Fig. 2-8 - cof. alsa Fig. 3a of Heddinghaus and
Kruager, 1981} and has been suggested as a possible cause of the vela-
tively fow rainfall over the Limpopo Valley along the northern border of
South Africa (Harrison, 1884¢),




Figure 2-9. a) Loadings (x10-%) on the third January component
as on exomple of Component D, &) Loodings ({x10-2) on the
fourth January component as an example of Component £. ¢}
Loadings (x10-%] on the sixth Japuary component as an example
of Component F.

Coastal depressions

Componant D, which may be identified from September to April, reaches
pezks of explained variance in November and February (Fig. 2-2). A
negatively-ioaded area {s present in the loadings fleld of Component D
across the central and western Interlor of the countey (Flg. 2-8a). High
positive loadings ara found along the southern coast, extending o a weak
positive area across Matal and the Transvaal, Orography appears to play
a role in the definition of the field immediately to the north of the south
coast (cf. Fig, 2-1). Rain along the south coast ocrurs with the passage
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Floure 2-10. As Flgure 2-4 but for the coastol depression of 9
February 1373 - a case with more extensive Injand cloud than
often found.

of coastal depressions ahead of cold fronts and, infrequently, of the front
itself. The majority of the cyclonic disturbances are shallow coastal lows
but study of the satelllte imagery indicates that some of the depressions
develop through a significant depth of the troposphere and bring ex-
tansive cloudiness and rain onte the Interior plateau (Fig., 2-10), Rainfall
from bands of cumulonimbus clouds, which on occasion connect the
tropical cloud masses with the coastal depressions across the eastern
parts of the country, possibly provides a basis for the interpretation of
the positive loadings in this area, Coastal lows form in several areas of
the world but those along the South African coast are probably the best
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developed and have been the subject of several theoretical studies (Gill,
1877; Bannon, 1981; Anh and Giil, 1981}. Spectral analysis of surface
pressures at stations around the South African coast has indicated that
the typical frequency of passage of coastal iows along the coast, about
once in seven days, remains quasi-constant throughout the year
{Preston-Whyte and Tyson, 1873}. There are, however, severai different
typos of coastal lows, the typical modes of behaviour of which have been
descri’ »d by Estie (1984). The major distinguishing featurs between the
archetypal coastal lows and the coastal depressions of the present clas-
sification appears to be the reiative location west of the vortex of the
upper-lovel westerly wave associated with the cold front, Coastal lows
are limited in the vertical direction to about the 850 mb level by the
subtropical inversion, a consequence of the lack of coupling between the
lower vortex and the upper-level wave. Should the phase difference
between the lower and uppar-level systems be reduced such that the wave
overlies the surface low then development may proceed inte the
upper-troposphere (Estie, 1984; Anonymous, 1984) with the consaquent
formation of 2 coastal depression.

Subtropical cyclones

Fow discussions of the synoptic situation dascribed by the negative
loadings on Component D have appeared in the literature, The region
in question s covered by clusters of cumulonimbus clouds extending
southward from the tropics. (n general the cloud clusters terminate in-
fand from the south coast and develop under ¢enditions in which the
surface flaw is dominated by an intens~ cell of high pressure resident
on the eust coast (Fig, 2-11}. A strong low-level flux of moist air is,
consequently, presant out the South Afrlcan Weather Bureau 850 mb
analyses frequently fall to indicate the presence of any suvrface disturb-
ance which might explain the ralnfall, Upper-level westerly waves are
in all instances remote from :ne continent, On some occaslons a cyclonic
vortex, normally jimited to the upper tropospheras, is clearly apparent
in the satellite imagery and inspection of rad'osonde data has Indicated
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Figure 2-11. As Figure 2-4 kut for the .ubtropical cyclone of
18 Januory 1976 {NOAA-~4 imuoge - note the 24-hour deote bregk
at approximately 30°F),

this to be cold cored. This latter property togethar with the distucb-
ances’ tropical origins suggests that the systems may be similar to the
summer-time tropical oceanic upper-lavel cold-cored lows observed over
the Atlantic and Pacific Oceans. Sometimes refarred to as subtropical
cyclones these lows have most recently been discussed by Kousky and
Gan (1981), Shimamura (1981, 1982), Kelley and Mock (1982) and Johnson
atd Snook (1483), If this is the case then thelr structure may be dif-
ferent from the lows of the tropical circulations at 15 to 20°8 which,
aceording to Taljaard (1972), extend throughout much of the troposphere
and are cold cored only in the lower layers and warm cored above. The
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two different types of jows may normally be readily differentisted in the
satellite Imagery. Subtropical cyclones are associated with heavy rainfall
over parts of South Africa - a case study for a system identified in the
satellite images as 2 subtropical cyclone has been given by de Villiars
(1977).  Heavy falls from 'east wind troughs’, which are probably
aquivalent to subtropical cyclones, tend to be concentrated inte the pe-
riod December to March according to Taljaard (1982a). In February 1972
there may have been an unusuat contribution to rainfall en this component
when Cyclone Eugaenia, cne of the rare (ndian Ocean tropical cyclones
to mount the interior piuteru ©* »¥cina, provided rainfall with a distrib-
ution spatiaily consistent with the negsiive region of the icadings fieid
of Component D,

The atmospheric circulation patterns required for the development of the
synoptic systems described by Component D conform with the principle
of mutual exclusiveness. Coastal depressions and subtropical cyclones
are primarily disturbances within the westerly and tropical easterly flows
respectively, in synoptic terms development of a coastal depression re-
quires the presence of upper-leve! divergence as supplied by a westerly
wave. The fact that the interior regions are nermally devoid of cloud
at such times indicates that upper-level convergence must dominate this
area, Alterratively subtropical cyclones develop under conditions of
upper-level divergence in the tropical easterly flow together with,
normally, attendant upper-level convergence over the coastal regions.
Displacements of the zane of convergence are reflected in latitudinal ad-
justments in the location of the upper-ievel subtropical high,

Wast coast cyclones

Component E, which may be traced from Qctober to March but for reasons
presently not understood does not appesr in February, accounts for in
axcess of 7 per cent of the variance in the outer-season months of No-
vember and March (Fig., 2-2). Two major regions of high loadings appear
on the component, a primary positive area over the centraf western Cape
coast and a negative area along the Natal coast (Fig. 2-9b). Cyclones
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Filgure 2-12. As Flgure 2-4 but for the wust coast cyclone of 3¢
January 1975 [NOAA-4 {mage - note the 24~hour data break at
approximately 30°E).

affecting the west coast appear to give rise to the positively-ioaded re-
gion. These develop eithar close to the land mass or in the subtropical
eastern Atlantic Ocean and, when in the vicinity of the coast, are gen-
erally connected by cloud bands tc the tropical cloud masses over
northern Namibia (Fig. 2-12). Frequently the tropical masses and rain{uil
extend into the north-eastern portions of the countrv and possibly ag-




count for the positive loadings there. During such ssquences the eastern
coastal and inland regions tend to remain dry under the influence of a
strong cell of high pressure, Studies of the subsequent behaviour of
the cyclones indicate that they usually follow courses towards the
south-east and head into the southern Indian Ocean with minimal infiuence
on rainfall over other areas of the country, Hence these systems are
not to be confused with the coastal depressions described by Component
B, There do not appear i~ be any studies of these or of similar systems
aither over South Africa or elsewhere in the world.

East coast troughs

Rain over Natal, described by the negative loadings oh Component E, falls
with the passage of a deep overland surface low pressure system located
towards the northern end of a cold front. The clouds associated with
such a trough extend into the interfor but are separated fron the tropical
masses to the north (Fig. 2-13). Several case studies ¢ 2ast coast
troughs which produced heavy rainfall, including that of .1 Heerden
(1¢71), have been made.

Whereas mutual [usi on C D is intained by a
latitudinal differenti-tion between tropical and temperate disturbances
exclusiveness on Component E results “rom an equivalent primarily lon-
gitudinal differentiation. West coast cyclonss appsar to davelop only at
timas of active tropical convection, an observation suggestive of a dy-
namic link with the easterlies in thelr formalion. Tropical upper-level
divergence Is thus present over the western portions of the country at
such times, with westerly upper-level convergence associated with the

dry weather over the eastern regions. Alternatively, upper-level con-
vergence usually dominates the west coast and divergence associated with
a cyclone wave the east coast with the passage of a trough, Longitudinal
displacements of the upper-ievel subtropical high reflect the shift in the
zone of convergence.
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Flgure 2-13. As Figure 2-4 but for the east couost trough of 17
Morch 1979,

Tropical depressions and cyclones

Component F appears only in the months of December to February and
is most prominent in the latter month (Fig. 2-2). Except for a beit along
the east coast loadings on this componeut are weak (Fig. 2-9¢) and no
physical Intarpretation of the fields over the western areas has been
found. Only to the east of roughly the 30°E meridian are relatively high
positive loadings found. inspection of the setellite imagery suggests that
rain in this reglon results from the southbound passage of tropical de-
pressions and cyclones (of. the rainfall distributions for several tropical

%,

A o a



Figure 2-14. As Figure 2-4 but for the tropical cyclone of 30
January 1976 (NOAA-4 image).

cyclones presented by Dunn, 1985) (Fig. 2-14). Suppressed conditions
normally deminate the adjacent interior when a tropical cyclona Is located
over the eastarn coastal belt. Tropical cyclones regularly form In the
westarn Indian Qcean during the later austral summer months (Pellatt,
1972; Gray, 1978) but rarely supply rainfall to South Africa itself. Those
systems that do affect the continent seldom mount the interior plateau
(Sellick, 1958) but re-curve back inte the Indian Ocean after brushing
the eastern littorial, Although not included in the period studied here
the summer of 1983/B4 vas exceptional in this respect as two cyclones
supplied heavy rainfall over southern Mozambique and northern Natal
within a short period of January and February 1984 (Poolman and

i
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Terblanche, 1884; Kovacs et af., 1985). A list of the major cyclones since
1958 that have directly affected South Africa has been provided by
Poolman and Terblanche (1984) while case studies of some of these etorms
have been made by Gouws (1966a) and Quinn (1977). In late February
and early March 1978 a remarkable tropical vortex, which initially re-
sembled an overfand tropical cyclone in the satellite imagery, travelied
south over southern Africa between the 20th and 26th parallels (Kumar,
1977). During the later part of the period the vortex became embedded
withitn a tropical-temperate trough acress South Africa.

Cut-off lows

Although not directl incorporatea nto the classification cut-off lows are
also important rain-bearing systems aser South Africa. Cut-off lows may
be responsible on oczasion for heavy rainfall over limited parts of the
country, particularly during the %ransitiural seasons (Taljaard, 1982a).
Case studies of systems producing exceptional rainfall have been given
by e Roux .and Taljaard (1952}, Triegaardt and Kraus (1957}, Stranz
and Taljaard (1963), Estie (1981) and Taljaard (1985).

DISCUSSION

A generalised classification of the major synoptic systems responsible for
rainfall over South Africa has been developed - il is summarized in Figure
2-15. Tropical-temperate troughs with asso arad cloud bands connecting
the tropical cloud masses to temperate cyclones are the most important
contributors to rainfall over the interior of the country, as aisc over
Zimbabwe (Smith, 1985). Subtropical cyclones also contribute to the
rainfall over the interior of the subcontinent. Rainfall along the coarts
and the adjacent interior regions is supplled by coastal depressions,
cyclones on the west coast and sast coast troughs. Tropical depressions
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and cyclones affect the easternmost regions of the country, and on rare
occasions the interior, during the high rainfall season months. Cut-off
lows have not been uniquely identified in the analysis. Known cases have
appeared in the satellite imagery as being elther embadded in
tropical-temperate troughs, as producing cloud distributions similar to
those of the subtropical cyclones or as disturbances with rainfalt dis-
tributions incompatible with any of the loadings fields. Mean circulation
fields for each type of system as deduced by Harangoezo (1988) are con~
sistent with those given in Figures 2-4, 2-5, 2-10, 2-11, 2-12 and 2+13.
1t ts important to note that most rainfall over the interior of the country
results from systems that develop aneously with convecti
outbreaks over central Africa. Consequently periods of limited tropical
convective activity over the cantinental latitudinal 10 to 20°S belt may
be expected to be predominantly dry over South Africa. Any future
comprehensive theory of the causes of the rainfall variability over the
country must therefore incorporate aspects of the variability over central
Africa also.

Consistent results have been obtained between months for the higher
components whose loadings fields remain notably uniform in terms of both
the locations and the magnitudes of the major regions of high positive
and negative loadings. Such an outcome may only be expected provided
a quasi-constant spatial distribution of rainfall from each similar system
is maintained between months, Studles of the satellite imagery indicate
that this condition w.s met. Several reasons for this may be suggested
in which the local phys « sphy and the location of the country in relation
to the major circulation rsatures of the hemisphere play major roles. The
almost complete absence o temperate cyclones with their variable tracks
over the country during t + rainfall season months must be an important
contributing factor, rer Instance, the troplcal-temparate iroughs
produce quasi-uniform rainfall diz*ributions regardiess of the location of
the terminating tempsrate cyclone white ralnfall distributions from coastal
disturbances are constrained by the topography of the subcontinent.
One possible reason that identification of the rainfall distributions asso-
clated with the cut-off lows was not possible from the analyses is that
these tend to be Inconsistent from storm to storm by contrast with the
distributions from the other typas of system. The results presanted here
ara, therefore, the consequence of a unique set of physiographic and



climatological controls on rainfail distributions over South Africa and
thare is no reason to expesct similar outcomes of comparable analyses for

regions elsewhere in the world.

The new classification may be compared with the earlier schemes of
Longiey (1976) and Erasmus (1980). Unfortunately Vowinckel's (1955a)
scheme, developed prior to the satellite era, cannot readily be uontrasted
with the results given here, The satellite images for the summer pattern
days categorised by Longluy (1976) have been inspected ‘or the presence
of the systems classified here. The coastal disturbances of the prasent
classification appear on one or more of Longley's pattern days for the
vopstal regions. Rainfall on the pattern days for the interior of the
cour-ry resulted in all cases from purely tropical disturbances, l.e. on
no pattern day for the interior were tropical-temperate troughs present
across the subcontinent, This observation may be taken as an indication
of the difficulties involver lentifying upper-tropospheric circulation
conditions suitable for r com surfaca duta alone. Cirgulations as-
sociated with tropical-w. . a ate troughs, whether terminating at a coastal
disturbance or at a temperate cyclone, are tie major suppllers of rainfalt
ovar the eastern Orange Free State according to Erasmus {1980). Coastal
depressions and east coast troughs are also important contributors to
rainfall over the region. Subtropical and west coast cyciones as well as
tropical ' vulones were not included In Eprasmus’ (1880) classification.

Study ¢ .he monthly loadings fields has “acilitated the identification of
the most important rain-bearing synopt: systems over South Africa, has
provided an indication of the spatia! =nvarage of rainfall from each system
and, through the lcadings, has giver an estimate of the rainfall variance
of each district accounted for by th. systems. None of the disturbances
has, to date, been sub i to al vy ic synoptl tys and,
at present, the basic large-scaiz at-~s~hetic sirculation patterns required
for their development have not b . defined. Although the study of
these circulation patterns forms ti - « thrust of the work reported in
this thesls an alternate approsch . itz problem Is provided by the
present analysis,

Through the principal component an:tvses approximate /ndividual 57-year
time series for the Identified syncptic systems have been derived which,
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at least for the tropical-temperate troughs, are realistic representations
of the true series of rainfall from the systems (Harrison, 1984d). While
the time series will not be discussed in detail they provide a potentially
important link in the search for the atmospheric circulation centrols on
South African rainfall and may per it the identifivz .ion of the separate
controls on each system. One frequent application of principal component
analysis of rainfall time series has been to assist in the identification of
atmospheric circulation controls on rainfall over a particular region, ei-
cher by inspecting periods of unusually high or low scores on a given
component for consistent circulation anomaly patterns (Salinger, 1980;
Dyer, 1982) or by correlating the component scores with other
geophysical time seriss (Kidson, 1975; Pittock, 1975, 1980; Dyer, 197%a;
Walsh et al., 1982). Care is necessary, however, in the interpretation
of the results. Correlation of c-wponent with other geophysical time
series  requires, as a consequence of the principle of mutual
exclusiveness, the Implicit assumption that all synoptic systems repres-
ented on an eigenvector are similarly, but inversely, controlled by the
same geophysical phenomenon. This important assumption remains to be
testid and for the monthly series developed here may only ke automat-~
ically valid for components describing rainfall from tropical~temperate
troughs., The imposition of the same climatic control on the frequency
of development of, say, subtropical cyclones and coastal depressions {on
Component D} s not so immediately accepteble but Is equally not im-
plausible. Nevertheless the principal component scores may form an im-
portant link in future studies of the interactions between the general
circulation and South African rainfall on the global scale and are used
for this purposs In Chapters 9 and 10,

CONCLUSIONS

Through a bination of principal analysis of standardised
monthly rainfall flelds and inspection of sateilite imagery a generalised
classification of rain-bearing disturbances over South Africa has been
developad, Tropical-temparate troughs with associated cloud bands
connacting the troplcal clreulations with mid-latitude cyclones are the
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major contributors to rainfa | over the interior of the country. iesser
: intributors to interdor rain’azll include tropical and subtropical cyclones,
Coastal rainfrli results from cyclonic or frontal disturbances. This
classification forms the basis of the structure of the stratifications of the
rainfall and atmospheric circulation data used in the remainder of this
thesls. As such the classification facilitates interpretation of the rainfat!
variations over the central interior of South Africa in terms of the ac-
compariying atmosiherlc circulation vacillations in a manner not previousty
attained.
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CHAPTER 3

THE ANNUAL RAINFALL CYCLE

INTRODUCTION

Several different types of synoptic sy-tems occur over the central interior
of South Africa and snanges in the frequency and amouat of rainfall from
each of these systems determines the covrses of the annual cycles of both
the circulstion and the rainfall. Temporal distributions of the various
circulation types may be readily ascertained through examination of the
associated rainfall totals and rain day frequencies. Harmonic analysis
has often been used to determine the phases and amplitudes of the annua!
and shorter-period cycles present in avarage monthly data. One of the
eariiest applications of a technique which resembles harmonic analysis to
monthly rainfall data was that of Schumann and Hofmeyr {1938) in South
Africa. Single sine waves were fitted to data from individual stations
to delineste regions with coherent annual cycles. Since the first full
application of harmonic analysis to rainfall over the United States of
America (Horn and Bryson, 1980) the technique has been applied in many
areas including other parts of North America (Sabbagh and Brysen, 1962;
Walker, 1964; Shulman and Lebleng, 1974; Scott and Shuiman, 1879),
centeal America (Hastenrath, 1968), tropical South America (Caviedes,
1981), central Africa and some South Atlantic islands (van Leon, 1972a),
South Africa (McGee and Hastenrath, 1966), India (Lettau and White,
1964), the south-west Pacific islands {Fitzpatrick et of., 1966), Australia
{Fitzpatrick, 1964) and New Zealand (Rayner, 1871). In addition anaual
and semi-annual cycles have been surveyed through harmonic analyses
on the global scale (Hsu and Wallace, 1876a). tn all cases only the in-
tearaf cycle, rather than the cycles of rainfall from the various types
of systems, was studied,




Catalogues of circulation types may be used to study the seasonal fre-
quency distributions of each type together with the distributions of
rainfall (Barry and Perry, 1973; Barry et af., 1981) but there do not
appear to be any applications of harmonic analysis to data stored in the

i Yet the hnique is p ially a powerful one that permits
identification of the major contributors to the integral cycles, of any
cycles present for individual systems but hidden in the integral data and
of phase changes between the overall and the systems' cycles. Harmenic
analysis is applied in this Chapter to menthly totals over the Orange Free
State of rainfall and of rainfall from each sirculation type to identify the
systems principally accounting for the amplitudes and phases of the main
cycles in the integral data.

THE CATALOGUE OF CIRCULATION TYPES

Satellite images have been utilised to develop a catalogue of circulation
types for the 11-year period 1967 to 1977 through subjective classification
ot daify synoptic situations into the cctegories illustrated in Figure 2-13.
Note that truncated troughs are not illustrated in Figure 2-15. Cloud
bands link tropical lows with west coast cyclones (Fig. 2-12) and it is
rainfall from the bands rather than from the cyclones that affects the
Orange Free State. The term west ceust troughs will be used in reference
to these systems. Rainfall season classes were used throughout the year.
Surface synoptic charts supplied by the South African Weather Bureau
were used to assist the classification procedure. All rainfall systems
which could not be included in one of the major categories were grouped
under the lLeading 'unclassified’. Cut-off lows account for many of the
unclassified events in the winter months, but during the rainfall season
the majority were weak systems producing locallsed convective showers.
Tropical-temperate troughs, truncated troughs, west coast troughs and
subtropical cyclones, for which the cloud link to the tropicai circulations
is continuous, will be referred to collectively as tropical systems, East
coast troughs, coastal depressions and unclassified systems, the majority
of which were not linked to the tropical cloud masses, will similasly be
referred to as temperate systems.
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THE CONTRIBUTIONS OF INDIVIRUAL SYSTEMS TO THE ANNUAL
RAINFALL CYCLE =

Tropical systems supplied about 60 per cent of the total rainfall over both
areas of the Orange Free State during the period 1967 to 1977 of which ¢
the major contribution came from the tropical-temperate troughs (Fig. :
3-1a). West coast troughs provided more rainfall to the western than W
to the eastern Orange Free State. OFf the other systems nene delivered
more than 17 per cent of the total rainfall. Unclassified systems, by
contrast, accounted for more rain days over the esstern Orange Free
State than any other system including the tropical-temperate troughs
{Fig. 3-1b). Rainfall over both areas fell from tropical systems on only -
40 per cent of the rain days and consequently mean daily rainfall was
higher for the tropical than for the temperate systems (Fig. 3-1c).
Similarly, both the mean areal coverage of the rainfall (Fig. 3-1d} and
. the mean highest point rainfall (Fig. 3-te) were higher for the tropical
than for the temperate systems. The absolute highest point rainfalls were
recorded from tropical-temperate troughs but +' iz v.s clear differen~
tiation between statistics for tropical and tes 'stetms in this case
(Fig. 3-16).
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A significant reduction in the amount of data that need be handled in the
study of the rainfall variations problem may be effected, without major
foss of Information, by considering significant rainfall only (Harrison,
1983b).  Days of significant raln are defined, following Riehl et af.
(1973), as days on which the rainfall exceeded the mean dailly rainfall
! scross all days in the study peried, including the no rain days. The
minimum ralnfall for inclusion as 2 significant raip day, for the period
1946 to 1977, is thus 2.8 mtn in tho eastern and 2.1 mm in the western i
Orange Free Stste. Significant rain days account for 84 per cent of the |
summer rzinfall but for only 39 per cent of the rain days in the eastern
i Orange Free State, Equivalent figures for the western Orange Free State
are 87 and 38 per cent respectively. ! of n lgnificart days
from the 1967 to 1977 data results in a substantial reduction in the number
of raln days (Fig. 3-2b) but in only a smatl decrease in the included total
vainfall (Fig, 3-2a). The largest decreases in both parametars occur for
the unclassified group. Tropical systems accounted for a higher pro-
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. Figure 3-1. {Integral ralnfall system statistics for the period 1967
i to 1977. In a} and b) ordinates are totals for the 11 years.
Closses are muarked by: 1 - Truncated troughs; 2 -

Tropical-temperate troughs; 3 - West coast troughs; 4 - Sub~

tropical cyclones; 5 -~ East coast troughs! 6 =~ Coastal de~

tressions; ] - Unclessified systems. Figures above blocks In

. a) ond b) indleate percentage contributions of each system to

eastern and western Orange Free State totals respectively.

portion of the significant rain days (about 62 per cent) than temperate
systems., The distinction batween statistics of mean daily vainfall, mean
areal coverage and mean highest point rainfalls for troplcal and temperate
systems is Jargely eliminated by considering the slgnificant rain days only
{Figs, 3-2d and 3-2e). In the remainder of this Chapter significant
rainfall only will be considered, except whare otherwise stated, The
major effect Is to reveal trends in the data .iore clearly then would oth-
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Figure 3-2. As Filgure 3-1 but for slgnificant roln doys. Note
the change of ordinate scale for ¢} from that of Flgure 3-Tc.

erwise be the case through the reduction of the 'noise’ generated by the
farge number of light rain days.

Distributions of ranked daily significant rainfall from each system may
be described through the expression

y = ax exp {Bx) ¢ ¢

where x s the cumulatlve percentage of the number of rain days, y is
the cumdlative percentage of the rainfall, « and 8 are constants and e
s an error term {Harrison, 1983b). Incressing values of B indicate in-
creasing skewness of the distribution, The expression describes the
distribution of dally rainfall amounts independently of the number of rain
days. Distributions of dasily rainfall amounts for all traplcal systems other




than the truncated troughs over the eastern Orange Free State are more
highly skewed than the integral distribution (Table 3-1), indicsting that
the tropical systems tead to account for the heaviar rainfall. The range
of values of 5 for the western Orange Free State varies from that for the
east because of the lower bound on the limit of significant rain days (2.1
as against 2.8 mm), Highest skewness over the west is associated with
the east coast troughs and the unclassified systems. Ths eest coast
troughs, rather than the tropical systems, therefore provide the heavier
rainfall in the west,

Rainfall over the Orange Free State is limited mainly to tite summer months
(Fig. 3-3). Mean monthly rainfall is highest in January over the east
and in February over the west. The seasonal cycles of the number of
rain days are similar to those of the rainfall, Rainfall from
tropical-temperate troughs, which dominates the rainfall cycle over the
Orange Free State during the period 1967 to 1977, accounts for 60 per
cent of the rainfall in January (Fig. 3-4). Like those for most of the
other systems, the monthly distributions of both rainfall and rain days
for these troughs are bimodal with the major peak in January. (n the
case of truncated troughs the major peak occurs in November. Sub-
tropical cyclones, which develop over the Orange Free State most fre-
quently in February, alone are unimodally distributed throughout the

Table 3-1, Values of 8 (x10-*) for significant rainfail and for
significant rainfall from each system. Values are glven for both
the eastern ind the western Orange Free Stote. In excess of
99.5 per cent of the varlance was explalned by the model in afl
cases. The systems are arranged In order of decreasing values
of B over the east.

System East West

Tropical-temperate troughs
West coast troughs
Subtropical cyclones
Integral

Truncated troughs

Coastal depressions
Unclassified

East coast troughs
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Flgure 3-3. Anpual cycies o rainfull and of frequency of rain
days both for all rainfall, a} and b), and for significant rainfall,
c} and d}. Full lines - eastern Orange Free State; broken lines
- western Orange Free Stote, Ordinates represent totuls for the
perfod 1967 to 1977. Note the change of ordinate scale between
b} and d}.

year. Rainfall from subtroplcal cyclones is greatest, however, over the
eastern Orange Free State in December with only a secondary maximum
in February.

East coast troughs supply rainfall throughout the year apart from the
mid-winter months (Fig. 3-4). Distributions for these troughs are
trimodal. Coastal depressions are most important during the early summer
months through until December and then again in March. Rainfall from
unclassified systems Is mainly limited to the early and late winter months
but peaks in the contributions of the unclassifled systems to both rainfall
and rain days oceur in December. Between them east coast troughs and
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Figure 3-4, Annual cycles of significant rainfall, of percentage
contribution to Integrol significant rainfall and of frequency of
significant raln doys for each type of system. Full lines -
eastern Orange Free State; broken lnes - western Orange Free
State. Morths along the absclssae. Ordinates represent totals
for the period 1967 to 1977, Note thut the ordinate scoles for
the tropical-temperate troughs and for the percentage contrib-
utions of the east coast troughs and the unclassiffed systems
differ from those of the remaining systems.,

unclassifisd systems account for the greater proportion of the winter
season rainfall whereas troplcal systems dominate the rain patterns in the
summer months.

Results of the harmonic analyses of total rainfall and of significant rainfali
are similar in terms of explained varlances and phase angles indicating
that the elimination of the non-significant rainfall has fittie effect on the
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seasonal cycles. More than 90 per cent of the variance is captured by
the first harmonlc (annual cycle} of the rainfall for ooth areas (Table
3-2), in agreement with the results of Mcfee and Hastenrath (1966).
Only over the western Orange Free State does the second harmenic
(six-month cycle) contribute an appreciable proportion of the variance.
Similarly the annual cycle is dominant in the seasonat rainfall distributions
for all tropical systems apart from the west coast troughs. The second
harmonics actount for more than 10 per cent of the variance for rainfall
from the west coast troughs and the temperate systems apart from the
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unclassified systems. A semi-annual cycle (45 per cent of the variance}
with maxima {n late Ap. October is also present in monthly frequencies
of cut-off lows which pradusce heavy rainfall over South Africa {Taljaard,
1982a).

Phase angles of the annual cycles of rainfall from many of the systems
correspond closely with that of the total rainfall (Figs, 3-8a and 3-5¢)
with early and late January maxima over the eastern and western Orange
Free State respsctively. Approximately half of the amplitude of the an-
nual wave is accounted for by rainfall from the tropical-temperate troughs
in both areas. Phase anglas for rainfall from few of the systems differ
Table 3-2. Varionces explained by the six harmonics of significant
integral rairfall and of the slgnificant ralnfall for each system.
Explained varfances in excess of 10 per cent ure emphasised,
Upper rows refer to the eastern Orange Free State; lower rows

to the western Orange Free State.

Harmonic

Synaptic system

Integral

Tropical-temperate troughs

Truncated troughs

West coast troughs

Subtropical cyclunes

Coastal depressions

East coast troughs

Unclassified
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by more than 15° (15 days) from those of the integral distributions.
The amplitude of the six-month wave is about three times as large over
the western, with mid-March/September peaks, than over the eastern
Orange Free State, with mid-June/December peaks (Figs. 3-5b and 3-5d).
Over the eastern Orange Frea state the amplitude of the wave {s exceeded
by that of rainfail from the tropical-temperate troughs. Phase angles for
vainfall from 2l systems differ by more than 30° (15 days) from those
of the respective integral distributions,
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Flguras 3-5. Amplitudes (ordinates) and phase angles {ubscissae)
of the first, v} and ¢), and second, b} and d), harmonics of the
significant rainfoll distributlons of Flgures 3-2 and 13, Ampil-
tudes have been odjusted to an ennuadl busls. Phase angles are
marked with the date(s) of the maxime.



DISCUSSION

The annual rainfall cycle over the Orange Free State (Fig. 3-3) results
from rontributions of varylng amplitudes, phases and periods from a
number of types of systems (Figs. 3-4 and 2-5). Tropical systems z.d
associated rainfall dominate the annual cycles accounting for more than
50 per cent of both the significant rainfall and the significant rain days
for the months October to April (Fig. 3-8). Temperate systems account
for more than 50 per cent of the rainfall and of the rain days only in
the relatively dry winter months of May to September, and for all rainfall
from June to August. Further, rainfall from tropical-temperate troughs
cutwelghs rainfall from any other type of system, in confirmation of the
eartier results of Erasmus (1980). The circuladion of the
tropical-temperate troughs fs thus a major component of the integral
circulation while rainfall from the troughs largely determines the ampli-
tude and the phase of the annual cycle over the Orange Free State.

A hiatus in the monotonic rise of monthly mean rainfall in December, as
occurs for rainfall from the tropical systems other than the subtropicaf
cyclones (Fig, 3-4), is a common feature of statistics for many stations
in the Transvaal and the Orange Free State (Schulze, 1965; Louw,
1979a). For the period 1967 to 1977 this hiatus is perhaps only weakly
apparent in the sastern Orange Free State data and appears in November
in the western Orange Frea State data (this jatter minimum does not ap-
pear in data for the 3)-year period 1946 to 1977). The hiatus arises from
a sharp decrease in rainfall from the tropical-temperate troughs. Rainfall
from the temperate systsms and from the subtropical cyclones increase
in December in comparisnn to the adjeining manths but insufficiently to
offset the decrsase from the troughs. The December hiatus is apparent
in the frequency of thunderstorm days {Je Roux, 1953) and in the dis-
tributions of monthly mean precipitable water and of daily probabilities
of rain in the Orange Free State (Louw, 1978b). A similar break in the
rains ocsurs in Zimbabwe in late January (Lineham, 1972).  Schulze
(1985) has suggested that the November rainfall peak might be associated
with a ‘temperate’ or 'cyclonic' rainfal regime and the Janvary peak with
a 'tropical’ regime. No support for this suggestion is obtained from the
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Flgure 3-6, Ps g6 manthly cor ns to Integral signif-
leant rainfall and number of significant rain days by the tropical
systems. Full lines - eastern Orange Free State; broken linc.
« western Orange Free State.

present results as tropical systems account for about 80 per cent of the
rainfatt and the rain days in both November and January (Fig. 3-6).

Study of the satellite images indicates that there was a general decrease
in Decembet in the frequercy of all tropical~temperate troughs in the
African region, & decrease which was often, but pot always, apparent
in data for individual years. The effect avolves, therefore, on a scale
comparable with that of the general circulation and is not merely a local
phenomenon, East coast and tropicel-temperate troughs develop under
broadiy imilar conditions of the westerly circulation in that both systems
are associated in their temperata sections with westerly cyclone waves.
The only immediately apparent difference between the two s that the eust
coast troughs troughs have no cloud link to the tropics., Equivalently
coastal depressions may be similar to truncated troughs apart from the
lack of the tropical connection. Both of these temperate systems provide
more rainfall in December than in the surrounding months, The inference
is that for presently unknown reasons the circulation in December inhibits
the formation of links between the tropical circulations and the temperate
systems. The daecrease in frequency of all tropical-temparate iroughs in
the African sector In December indicates that the major circulation
changes occur in the tropical rather than in the temperate regions. By

comparison the January circulation is more canducive to troplcal-temperate




interaction than that for any other month while the circulation for No-
vember is particufarly suitable for the formation of trunceted troughs
(Fig. 3-4).

The peak of the annual cycle changes from aarly Januvary over the eastern
Orange Free State to early February over the west, a change matched
by corresponding adjustments in the annual cycles of rainfall from the
tropical systems (Fig. 3-5). Thus the rainfal) maximum occurs later in
the season over the mora western parts, as demonstrated by the harmonic
analysis of McGee and Hastenrath (1886) and the observations of Schufze
(1965} and Louw (1979b}. Spectral analysis of rainfall across the country
has suggested, on the other hand, that the annual wave progresses
eastward during the rainfall season (Keen and Tyson, 1973). No physicai
interpretation of this discrepancy can be given. The westward propa-
gatien of the annual wave in time results from an imbalance in the seasonal
distribution of rainfall across the Province, rainfall being deficient over
the west in comparison to over the east until February (Fig. 3-3). Parity
in the frequency of rain days is reached only in April but in the fre-
quency of significant rain days in February. (n the fater rainfall season
manths western ralnfall and rain day frequency exceed those of the sast.
No single system or group of systems is responsible for the low early
season rainfall over the western parts - only the west coast troughs
deliver equal rainfall to both areas {Fig. 3-4). Percentagt: contributions
w monthly rainfall for both areas from most systems are similar
throughout the year. From February tropicai-temperate troughs and
subtropical cyclones supply roughly equal amounts of rainfall to both
areas. Truncated, west coast and east coast troughs and coastal de-
pressions, on the other hand, afl defiver more rain to the west than to
the east during the later part of the season. Rainfall from all systems,
therefore, contribute towards the equalisation over the two areas, but
that from only certain of the systems, the east coast troughs in partic-
ular, accounts for the excess rainfall over the west (Fig. 3-4), The east
coast troughs also tend to contribute the heavler rainfall over the west
(Table 3-1). Hence the fate season western rainfall peak resuits from
an increased temperate in addition to tropical circutation influence.

The six-month rainfall wave alss progresses westward during the season
(Figs. 3-5b and 3-5d). Tha summer maximum of the six-month wave
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occurs in mid-December over the east and in early March over the west.
Thus the wave is almost 180° out of phase over the two reglons of the
Orange Free State. Both harmonic (McGee and Hastenrath, 1986) and
spectral (Keen and Tyson, 1973) analyses have indicated that the
six-month wave Is of greatest amplitude over the western sections of the
country where it reaches maxima during the equinoctiai months (Fig.
2-1), Present results confirm these facts but also indicate that rainfall
from no Individual system has a six-month wave corresponding In phase
to that of the integrol wave. Over both areas only rainfall from the
tropical-temperate troughs and the subtropical cyclones have midsummer
maxima on the six-month wave, Maxima for the remaining systems occur
in early April/October in the west and a month later in the east. Second
harmonics may arise from purely mathematical origins and do not neces-
sarily reflect identifiable physical mechanisms. It is often difficult to
determine the appropriate source of the second harmonic when its ampli-
tude is small in comparison with that of the first harmonic. The second
harmonic may, for instance, describe the deviations of an annual cycle
away from a pure sine wave. Alternatively, for stations with a pro-
nounced dry season, both the amplitude and the phase of the second
harmonic may be constrained mathematically to counterbalance the 'nega-
tive’ rainfall amounts appearing on the first harmonic during the dry
season, an eoffect referred to as ’'phase locking' by Hsu and Wallace
(1976a). It is, perhaps, reasonable to propose that a second {or lower)
harmonic has a physical origin only when a plausible mechanism has been
identified or when the cycle is evident on inspection of the raw cata.
No a priorl reason may be forwarded to expect a six-month cycle in the
rainfall and inspection of Figures 3-2 and 3-3 suggests that only for the
west coast and east coast troughs and coastal depressions do rainfall and
frequency maxima with spacings of approximately six months exist, There
appears, therefore, to bz no physical hasis for the apparent equinoctial
rainfall maximum over the western Orange Free State, a feature which
may be present in the integral statistics as a result of the asymmetric
temporal rainfall distributions. Second harmonics for rainfall from the
individual systems may arise In a similar manner although those for the
tropical-temperate troughs and the subtropical cyclones may result from
phase locking while those for the west coast and east coast troughs and
coastal depressions may reflect real phenomena.




CONCLUSIONS

Harmonic analyses of rainfall fram the major types of rain-bearing systems
over the Orange Free State reveal that the annual cycles of rainfall and
of the circulations associated with rainfall are dominated by those of
tropical systems, l.e. systems for which there Is a continuous cloud link
to the tropical circulation. Rainfal) from tropical systems accounts for
more than 60 per cent of the total over both areas and for more than 80
per cent In January. Tropical-temperate troughs titute the major
class of tropical system In terms of frequency and of contribution to
Orange Free State rainfall, Rainfall from tropical systems is largely re-
sponsible for the phase and amplitude of the rainfall wave over the in-
terior of the country and for the December rainfall hiatus. Whereas
rainfall from and frequencies of the tropical systems are dominated by
the annual cycle those of the temperate systems are also modulated on
higher frequencies and in particular on 2 semi-annual cycle. Phases of
the semi-annual cycles are not ccherent with those for the integral cycle
and thus thern is no physical basis for the apparent equinoctial maximum
of the six-moth wave obser.-d over the western Orange Free State.

. o Only 250 km separates the centres of the two regions of the Orange Free
; State yet marked differances in the details of the system contributions
o towards annual rainfall cycles over the regions otcur. These differences

have beea illustrated in terms of the changes in the phases of the rainfall

and of the contributions o tatal rainfall from each of the types of sys-
i - tems. A detailed interpretation of these spatial adjustments requires the
development of circulation statistics for both regions but these are
presently available only for the westarn Orange Free State, Rainfall and
rainfall variations over the western Orange Free State therefore form thu
major fotl ln the remalnder of this thesis.
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CHAPTER 4
THE ANNUAL CYCLE OF THE ATMOSPHERIC CIRCULATION
INTRORUCTION
The history of the d of circulati it logies for the

Southern Hemisphere extends back into the nineteenth century. Data
from the extensive shi, ping fleets of the late nineteenth and first half
of the ieth canturies facilitated the d of cli logies of

surface temperatures, pressures and winds over the predominantly
veeanic Southern Hemisphere (van Loon, 1972b, 1972¢, 1872d; Hastenrath
and Lamb, 1977, 1879%a). Upper-air circulation climatologies have prima-
rily been established in the past 30 years although preliminary analyses
for the lower tropospt were { through extrapol of surface
data {Teisserenc de Bort, 1893). Regular upper-air soundings from a
timited network of stations first became available after the Second Worid
War but the major stimulus to the expansion of the data network came
with the International Geophysical Year of 1957 to 1958. Based on data
from the international Geophysical Year and from careful analysis of daily
surface and upper-air flelds ln the South African Weather Bureau's
Southern Hemisphere Atmospheric Project a saries of atlases were devei-
oped {Taljaard et af., 1989; van Loon et of., 1971; Jenne et of., 1971;
Ceutcher et of., 1871) which have formed the foundation for an extensive
series of d of the h hare’s large-scale civculation {van
Loon, 1965, 1967a, 1972a, 1972b, 1972¢c, 1972d; Taljaard, 1967, 1972; van
Loon et af ., 1988; Starr et of., 1969; Viswanadham et of., 1980}. Further
expansions of the reporting network since 1360 have facilitated the de-

lop of additional cli logies based on radi de data (Newsll et
al., 1872; OQort and Peixoto, 1983; Pelxote and Uowt, 1883) but there
remain large areas over which extrapolatlon of data is necessary, New
platforms for data collection over the oceanic reglons, including floating
buoys (Guymar and Le Marshall, 1981} and, in particular, satellites have
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rendered possible the development of high-guality daily hemispheric data
sets from which improved details of the circulation are being obtained
(Le Marshall and Kelly, 1981; Bengtssor et of., 1932; Le Marshall et
al., 1983). Data collected during FGGE have also permitted development
of detailed climatologies of the flow over the Indian and western Pacific
Oceans (Suml and Murakami, 1981; Murakeml and Sumi, 1982; Cadet,
1983).

Ciimates of the continental areas have naturaily been easier to study than
those of the hemisphere and available cli logles include those for South
America (Kreuels et of,. 1975; Chu and Hastenrath, 1982). Atlases of
the surface circulation have been preparcd for Africa (Jackson, 1961;
Thompson, 1965) both of which also incorporate basic details of that of
the upper air. Data from the network of pilot and sounding stations were
used for the e rliest studies of the mean circulation over South Africa
{Cox, 1935; Jackson, 1952; Hofmeyr, 1952, 1953, 1954; Taljaard, 1953),
The rad de network was i for the international Geaphysical
Year and collected data formed the basis of the first systematic studies
of the upprer-air circulation over the continent (Mofmeyr, 1961, 1862,
1970).  Subsequent climatologies for South Africa itself have all been
devaloped based on conventional duta (Schulze, 1965; Katsiambirtas,
1979; Taljeard, 1981b),

As a preliminary to the study of the contrals on the frequency of de-
velopment through the year of the various types of synoptic systems
exerted by circulation in the southern African region a climatology of the
circulation over Blosmfontein s developed in this Chapter. Only the
integral circulation is considerad as the sverage ciroulation for each type
of system Is discussed elsewhere (Harangozo, 1986}. Objectives include
the development of sn overview of the atmospheric structure over the
central Interior of South Africa within the context of that of the Southern
Hemisphere and the in of the properties of the meridlonal flow,
a parameter of major !mportance In terms of the hypothesis that rainfall
variations are related to the meridional momentum flux, Harmonic analysls
of monthly mean values is omployed to investigate the structures of and
hence the controls on the seasonal cycies of each paramater,
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Basic upper-alr statistics have been tabulated for all radiosonde stations
in South Africa and Namibia (Fig, 4-1 and Table 4-1) by Katsiambirtas
{1978) and the mean monthly circulation over southern Africa as revealed
by these data described by Taljaard (1981b). Monthly mean values of
temperature, geopotential height, mixing ratis, dry and total static en-
ergy and zonal and meridicnal wind componants in addition to the monthly
standard deviations of temperature, geopotential height and zonal and i
meridional wind speeds have been calculated from Bloemfontein data at
the surface (around 870 mb} and at 850, 800, 700, 800, 500, 400, 300,
200, 150 and 100 mb. Above 100 mb the number of ohservations declines
rapidly with height. Data for the 1200 GMT ascent were used (0000 GMT
ascent data ave available only from 1974).  Analyses of the various
t; d  deviati are p nted in Appendix B, For the meridional
component a reversal of the normal convention has been used in that a
northerly, 1.e. poleward, wind /s taken as being positive.

The problems invelved in bandling upper-ale data are wafl known.
Notwithstanding sampling errors biases may develop in the dats set to~ ¥ .
wards light wind (Priestly and Troup, 1864) and, possibly with certain .
of the oider balloon tracking facilities, towards cloud-free conditions.

Further bias may be introduced by the continued collection of .
thermodynamic data while the balloon is no longer being tracked. This .
fatter bias is present in the Bloemfontain data in that the number of

temparature observations at 100 mb is typically 80 per cent of the number

at the surface in any menth while the corresponding proportion of wind |
observations at the same level is typically 55 per cent. Such biases may [
affect In an unknown manner any of the upper-air statistics discussed

in this thesis, Nevertheless, following Newell et af, (1872}, it wilt be

assumed that all errors introduced are randem and sum to zero, Con-
\

q y have been caleulated frow ali ilable data. Of all b
the parameters recorded by radi des the heric molsture contant i
is the most difficult to measure nccurately, Rasmusson (1972) has dis- ) |
cussed the problems involved, Over the period studied three different K

types of radiosonds have been released at Bloemfontein and there is some
concern over the consistency and accuracy of the humidity values meas~ ’
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Figure #-1, Locations of seuthern Africo rodiosonde stations.

ured by each of these types of equipmant (McGee, 1976; Taljaard, 1983).
With reference te the present results it is felt that any errors should

Table 4-1. Locatlons of selected stations In the Southern Hemi-
sphere.

Alexander Bay 28°34'S 16°32'E Harare 17°50's  31°01'E
Bloemfontein  29°06'S 26°18'E  Luanda 8°51's  13°14'E
Bulawayo 20°09'S  28°37T'E  Maputo 25°55'S  32934'E
Cape Town 33°58'S 18°36'E  Marlon !sland 46°53'S  37°52'E
Cocos island 12°11'S 96°49'E  Nairobi 1°18's  36°45'E
Dar es Salaam  6953'S 39°12'E  Port Elizabeth 33°59'S  25°36'E
Darwin 12926'S 130°52'E  Pretoria 25955'S  28°13'E
Djakarta 6°11'5 106°50'E  SANAE Base 70018's 2021w
Durban 20958'S  30°5T'E  Tahiti 17°33'S 149°37'W
Easter Island  27°10'S 109°26'W Windhoek 22°29'S  17°28'E
Gough Island  40°21'S  9°B3'W
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be reflected quasi-uniformly in the mean statistics for all months and so
mixing raties have been calculated directly from the data with no cor-
rections applied.  Thus the annual moisture cycle as discussed below
should be representative of actual conditions even if the absoiute mag-
nitudes of the calculated mixing ratios are in error.

THE ANNUAL CYCLE

Thermodynamle parameters

The oceans play a major role in the contral of the temperature cycle over
the Southern Hemisphere. Maximum temperatures of the surface air over
the oceans at around 30°S are reached in mid-February rather than in
late December (van Loon, 1972b; White and Wallace, 1978), a phase which
remains constant in the cycle of the zonally-avsraged temperature as high
as 300 mb (van Loon et of., 1968; Newell et of., 1974). Above 300 mb
the time of the maximum shifts from February to mid-August at 100 mb.
Qver Bloemfontein the surface air temperature reaches a maximum in early
January, indicating a continental control on the annual wave directly
related to the cycle of insolation {Fig. 4-2a). Continental controls are
also reflected in the amplitude of the surface wave which is double that
of the zonal average, as is also the case over Australia (van Loon,
1972b). Between the surface and the 300 mb leve! the date on which the
temparature maximum is reached changes progressively from early to
mid-January, {icating that the | control is at least
to this level, Only near the amplitude minimum at 200 mb does the phase
match that of the oceanic atmosphere below 300 mb, The amplitude of
the annual wave, iike the magnitude of the temperature itself, remains
greater than that of the zonal average up to the 300 mb level. in the
tr the litude increa: agaln to 4.5°C, a value comparable
with that below 200 mb and larger than those given by either van Loon
et al. (1968) and Newell et of, (1974) for the zonal mean or van Loon
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Figure 4-2. Results of harmonic anolyses of monthly mean tem-
perature ond geopotentiul helght flelds at Bloemfontein: a} ist.
harmonic of temperature; b} 2nd. harmonic of tsmperature; ¢}
1st. hormonic of geopotential height; d) ind. harmonic of
geopotential helght. In ¢} ond d} surface values refer to har-
monfcs of the pressure itself uslng the ampiitude absclssa scole
In units of mb x 10-%,

and Jenne (19703} for the African region. The date of the masimum at
Bloemfontein (mid-July) is sbout one month prior te that given by the
earlier analyses. Temparaiure variations in the lower equatarial
tr phere have bieen feitad inn terms of the differences in the tropical

meridional circulations between the northern and :suthern summers (Reed
and Vieek, 1969}, the lower temperatures accompanying the more vigorous
ascent in troplcal Jatitudes of the sustral summer. Following Oort and
Rasmusson {1970) these circulations are strongest In February and Au~
gust, during which months the annual lower stratospheric temperature
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wave at 30°S reaches its lowest and highest values respectively. Over
Bloemfontein the maximum temperature at 100 mb is reached in mid-July

poranesusly with the in the layer between 500 and 300
mb at the same location and during a period of persistent subsidence over
the subcontinent.  Thus there appears to be a lacal extension of the
continental control on the temperature cycle into the lower stratosphere
in terms of both the phase and the amplitude of the annual wave. Var-
iances explained by the annual tempera’ura wave {above 90 per cent
everywhere except near the 200 mb amplitude minimum) remain similar
both in the zonal average (van Loon et af., 1868) and at Bloemfontein
at all levels.

A mid-winter peak in the surface pressure is a standard continental
feature in the Southern Hemisphere subtropics (Hsu and Wallace, 1976b;
van Loon and Rogers, 1984) and is present at Bloemfontein (Fig. 4-2¢),
The amplitude of the Bloemfontein surface pressure wave, 3.8 mb, is
somewhat lower than the estimates of van Loon (1972c) and Hsu and
Wallace (1876b) (8 and 5 mb respectively) based on data in the sdas of
Taljaard et af, (1968}, The reversal of phase between tha lower and the
uppor troposphere is consistent with the annual temperature wave and
occurs in means across the oceanic sector 60 to 120°E (van Lasn, 1872¢).
Amplitudes at Bloemfontein tended to be upiformly lower than those ob-
tained for that sector although at 200 mb the ampliitude is comparasble
with that of the zonal average. In with the i | in-
fiunce on tha annual temperature wave the peak of the height wave
develops contemporaneously with that of the temperature wave (Fig. 4-2a)
and earlier than that in the ®0 %o 720°E sector. The phase of the
geopotential helght wave remains steady fnte the stratosphere and so does
not reflect the reversal of the temperature wave. A primary barotrople
structure of the annual thermodynamic wave Is signified by the syn-
cheonism of the temperature and height cycles in the layars between 800
and 300 mb. The amplitude of the height wave is rather smaller, how-
ever, than required to compensate for that of the temperature wave, a
result that suggests thst a baroclinic companant to the wave is also
present, In the lower troposphere and in the stratosphere the structure
of the wave is principally baroclinle, At no lavel does the varlance ex-
plained by any lower harmonle excead that accounted for by the first,
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although at the level of the phase change at 700 mb the first four har-
monics all account for more thean 15 per cent of the variance.

Balow 500 mb the annual specific : ‘wmidity cycle, which never accovrts
for less than 93 per cent of the variance, reaches its maximum up to a
month later than the appropriate maxima or minima in the temperature
and geopotential waves (Fig. 4-3a}. Accordingly the moistiure cycle is
not directly associated with the annual thermodynamic cycle. Phase an-
gles increase slowly with altitude such that st the surface the maxi.sum
occurs on B February as against 2C January at 400 mb. The cycle of the
mean monthly precipitable water is dominated by the first harmenic. This
cyele peaks on 1 February, a result in good agreement with earlier cal-
culations for whe years 1967 and 1368 (McGee, 1978).

The seasonal distribution of the dry static energy is that of & stable
tmosphere. In the distribution of total static energy most of the influ-
ence of the addition of the latent energy appears in the lower layers of
the atmosphere during the relatively moist summer months (Fig. 4-4).
Ouring the rairfall season the energy minimum typical of thse
conditionally-unstable tropical and subtiropicai atimospheres becomes ele-
vated ‘o the 600 mb leval as compared to its Jocation st around 800 mb
ddring the more stable winter months., Variances explalned by the six
harmonics of the distributions of both dry and total static energy re-
mained similar at all levels. The major effects of the addition of the fatent
energy are to approximately double the amplitudes of the waves in the
lower tropusphere and to adjust somewhat the phase angles of these
waves, Beiow 600 mb the meximum of the first harmonic occura around
5 to 10 ‘smuary for the dry static energy on aciount of the continental
controls but around 20 January for the total static energy (Fig, 4-3c).
This latter peak date remains quasi-constant up to 200 mb above which
level the phase reverses to a mid-winter peak. The annual cycle of the
total static energy thus reflects that of the temparature rather than that
of the geopotential heights [n confirmation of the cbservation that tem-
perature changes are not fully compens.ied by sppropriate thickness
changes., One consequence of thc constancy of the phase of the annual
cycle of the tutal static energy in the tr pi is that the i

thermodynamic instasbility over Bloawfontain develops around 20 January.
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Figure 4-3. As Figure 4-2 but for: a) 1st. harmonic of specific

humidity; 8} 2nd. harmonic of specific humldity; c} 1st. harmovic
of tetul static energy; d} 2nd. harmonic of total static eaergy.

Kinematic parameters

At all Jevels the first harmonic of the monthly distribution of the zonal
, wind is dominant (Fig. 4-5a). The phase of the annual wave indicates
: that the August zonal wind maximum cannot be directly related to the
thermortynamic  eycle over Bloemfontein with its January peak.
Bloemfontein lies at a latitude at which the first harmonic of the
zanally-averaged geostrophic wind dominates the annuat cycle (van Loon
et of., 1968), The amplitude of the wave at Bloemfoniein is less than
that of the zonal mean which is dominated by the stronger winds over
the eastern hemisphere (van Loon, 1972d),
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Figure 4-4, Seasonal distribution of totel stavic energy at
Bioemfonteln ([ kg-x10"}.

Througheut all manths the mean meri ‘onal flow at levels up to 500 mb
is poleward but above that level the direction of the flow reverses four
times during the year (Fig. 4-6), reversals reflected in the resuits of
the harmonic analyses. The variance explained by the first harmonic
exceeds that accounted for by the secon. only up to 700 mb above which
level the .acond harmonic is dominant (Figs. 4-5¢ and d). Equivalently
the phase of the second harmonic is such that summer maxima are limited
to the pariod 25 January (200 mb) to 5 March (700 mb) whereas the phase
for the annusl wave varies continuously with height except below 700
mb where the maximum occurs around 5 November, roughly at the time
of the surface zonal component annual maximum.
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Flgure 4-5. As Figure 4-2 but for: a) 1st, harmonic of ronal
component; b} 2nd. harmonic of zonal c.mponent; c) 1st. har-
monic of d/onal ; d} 2nd. harmonlc of m ol
component.

THE SEMI-ANNUAL CYCLE

Kinamatic parameters

Above 500 mb the second harmonic explains over 50 per cent of the
variance of the distribution of the meridional component at all levels (Fig.
4-5d). Low-level maxima of the meridional flow occur around 850 to 800
mb but the height of the upper-level maximum (200 mb) is clearly defined
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Figure 4-6. Seusonal distribution of the meridienal component
at Bloemfonteln {ms-'). Northerly, 1,e, poleward, winds are
positive. Stippled oreos denote equatorward winds.

onty at times of peak equatorward flow. Above 700 mb the maximum
polaward flow on the second harmonic corresponds to within a few days
with the maximum/minimum of the zonal flows on the annual cycle. Uniy
at 150 mb does the second harmonic explain as much as eight per cent
of the variance of the zonal components (Fig. 4-5b).

Tharmodynamic paratheters

The major contribution of the second harmonic to the thermodynamic cycie
is to the temperature distribution at 200 mb where It accounts for 60 per
cent of the varlance {Fig. 4-2b). The ampiitude of the harmonic at 200
mb, 1°C, is greater than that for the zonal mean at 30°S {van Loon et
af., 1968) and is comparable with that for the oceanic sector 60 to 120°E
(van Loon and Jenne, 1970b)., The second harmonic |s of importance to
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the cycle of geopotential heights only in the vicinity of the phase change
around 700 mb (Fig, 4-2d). The relationship between the temperature
and geopotential six-month waves Is similer to that between the corre-
sponding annual waves. Between 600 and 200 mb the maxima cccur almost
simultaneously In late February/August but near the surface and above
200 mb the waves tend towards an anti-phase relationship with one an-
other, As in the case of the annual waves tha temperature changes on
the semi-annual eysle ara not fully compensated by appropriate thickness
changas. Thus changes on both the annual and t+he six-month
thermodynamic waves through much of the trope phere are
quasl-barotropic in nature but in the highest and lowest levels both waves
have a baroclinic structura. At 200 mb the second harmonic of the dis-
tribution of the total static energy accounts for 32 per cent of the vari-
ance (Fig. 4-3d}, the tevet at which the second harmonic of the
temperature explains 60 per cent of the variance. No reflection of the
700 mb maximum in the geopotential heights is present in the semi-annual
energy wave.

DISCUSSION

Differances in the heat budgets of the southern African land mass and
of the surrounding oceans, such that the highest surface temparatures
are achieved in early January at Bleemfontein and in mid-February over
the oceans, are important determinants of the seasonal cycles of the at-
mospheric circulation above the western Orange Free State. Controls on
the temperature cycles exeried by the properties of the underlying sur-
faces extend upward to at ieast the stratospheric jet-stream zone® such
that timental infl are domi in the determination of both the

! The zones are: boundary zone - surface to 700 mb; barotropic zone -
700 to 300 mb; jet-stream zone ir two parts - the tropospheric
Jet-stream zone from 300 to 200 mb and the stratospheric jet-stream zone
from 200 to 100 mb.




phases and the amp'itudes of the cycles of the tempersture and pressure
above Bloemfontein {the various atmospheric zones and their properties
are described in Appendix C). Maximum atmospheric moisture concen-
trations do not, however, occur in early January but rather in early
February at about the same time as highest sea surface temperatures off
the east coast of the suk . One of the differences
in the phases of the annual cycles of the temperature and of the specific
humidity Is that the monthly-mean energy stratification, and hence of tha
thermodynamic stability, of the atmosphere is determired by the conti-
nental controls in conjunction with the controls on the moisture concen-
trations. Mixed maritime and ceontinental controls on the phases of the
temperature cycles at other southern African stations result in cycles of
the pressure gradients across the central interior of South Africa with
different phases to that of the per at Bl in (see A di
D) with resultant effects on the seasonal cycles of the wind components,
Presumably the differences in the phases of the cycles of the moisture
and of the temperature resuit in part from the mixed maritime and con-
tinental controls on the pressure gradients, Examples of the associations
between the cycles of the pressure gradients of the winds at Bloemfontein
may be glven for both the zonal and meridional components.

Above 700 mb the phase of the annual wave of the zonal component at
Bfoemfontein corresponds closaly with that of the zonal mean which in
turn is consistent with the annual cycle of the zonal mean temparature
gradient across 30°S (van Loon et af., 1968; Newell et a/,, 1974). The
inaximum zonal wind on the first harmonic corresponds to within a few
days with the maximum pressure gradients across 30°S as estimatad
through harmonic analysis of differences between 206 mb moathly mesn
heights at Pretoria and Port Elizabeth, the first harmonic of which ex-
plzains 94 per cent of the varianca. In geostrophic terms the pressure
gradient wave Imposes a variation of 7.3 ms-? on the zonal wind, a figure
which compares well with the observed 7.2 ms-!. Mean zonal winds in
the upper-troposphere are thus in quasi-geostrophic balance with the
pressure gradients. Below 700 mb in the boundary zone the maximum
of the zonal wind Is delaysd by up to fwo months from that in the
upper-troposphere {Flg. 4-5a) but at 800 mb the pressure gradient be-
tween Pretoria and Port Ellzabeth reaches a maximum on the same date
as at 200 mb., The amplitude of the wave at 800 mb, 1.1 ms-1, Is
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somewhat loss than that required for geostruphic balance (1.8 ms-t).
No equivalent change in phase in the lower troposphere occurs in the
20nally-averaged data (van Loeon et al., 1968) and there is, therefore,
a2 marked ageostrophic component in the boundary zone meam wind, as
noted by Taljaard (1981b). The ageostrophic component ls probably re-
latad to the influence of the topography on the flow,

Seasonal changes In the pressure gradient in the zonal direction across
Bioemfontein introduce 2 semi-annual cycle into the distribution of the
meridlonal component, a significant result in terms of the hypothesis that
rainfall varies with the poleward momentum flux. Harmonic analysis of
pressure gradients bstween the coastal stations of Durban and Alexander
Bay has been used to estimate the degree of geostrophic balance of the
meridional winds in both the lower layers, i.e. at 800 mb where the annual
wave of the distribution is dominant, and near the tropopause, i.e. at
200 mb where the six-month cycle is dominant. The stations are not,
however, ideally suited to the purpose because the mean 200 mb height
at Alexander Bay is higher thar that at Durban in all months apart from
January. The height difference results from the former station's location
to the west of the axis of the upper-levei trough commonly located across
the interior of the subcontinent during rain spells. At 800 mb on the
first harmonic {33 per cent of the variance) the gradient reaches a
maximum in early March whereas the paleward wind maximum is in No-
vember. Boundary zone meridional winds, as low-level zenal winds, thus
contain a marked ageostrophic component. At 200 mb the second harmonic
explains 47 per cent of the variance of the cycle of Durban-Alexander
Bay pressure gradients with the phase corresponding closely with that
of the Bloemfontein meridlonal winds although height cycles at both
eoastal stations are dominated by the annual cycle {see Appandix D).
The semi-annual cycle in the upper-tropospheric gradient fs a conge-
quence of the non-cohersnce of the phases of the annual cycles at the
coastal stations which results from varying continental and maritime in-
fiuences. Reasonabla agreement is obtained at both levels between the
estimated magnitudes of the appropriate waves of the geostrophic wind
(0.4 ms-? at 800 mb and 0.7 ms-* at 200 mb) and the observed values
(0.5 ms-? at both levels). In terms of the close phase relationship be-
tween the gradient and the componant it may be inferred that the flow
1 Bloemfonteln is in quasi-geostrophic balance,
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One important aspect of the results is the lack of a corresponding inverse
six-month cycle in the boundary zone meridional winds to that in those
of the upper troposphere. The persistent mean northerly flow in the
lower atmosphera is consistent with the presence of a Ferrel Cell over
the central interior of South Africa during the transitional months,
During the high seasons only the upper-level flow reflects that of »
Hadley Cell with the result that a transport of mass from troplcal to
temperate latitudes occurs. Poleward mean flow at most levels over
southern Africa is also noted in the meridional cross-sections of Newell
and Kidsonh (1979) and of Lindesay (1986). Assuming  that the
ageostrophic low~level circulation is a result of orographic effects induced
by the elevated subcontinental plateau then the meridional toroidal cir-
culation switches between the Hadiey and Ferrel Cells according to the
phase of the semi-annual cycle. Further the changrs in the 200 mb
meridional circufation on the semi-annual cycle together with the in-phase
semi-annual cycle of the temperature at that level are indicative of the
presence of the subtropical jet-stream tn the south and to the north of
Bloemfontein in the high and transitional seasons respectively (a summary
of the properties of the maridional circulation in the Southern Hemisphere
and of the jet is given in Appendix D).

The introduction of a semi-annual cycle in the sense of the toroidal cir-
culation through the year implies that there are important related changes
in the dynamics of the atmusphere over the central interior of South
Africa, No comprehensive model of the circulation controls of the rainfall
cycle may therefore be developed without incorporating relevant aspects
of circulation changes on the semi-annual cycie in addition to those on
the annus! cycle, Components of the circulation of the Southern Hemi-
sphers modulsted on 2 semi-annual cycle are reviewed and the origins
of the cycle discussed in Appendices D and E. Seaveral important prop-
erties of the circulation changas associated with the semi-annual cycle
are summarised in Figurs 4-7. First, meridional components modulated
on semi-annual cycles are limited to the central parts of the subcontinent,
Secondly, the circulation over the esstern parts of the subcontinent is
1y anticyelonic and lously cyclonic in the high and the

tr | seasons respactively, Thirdly, ths 200 mb component at
Gough Island is in the opposite direction to that at Bloemfontein on the
i ) cyele, ing that a ding wave lies over the Atlantic
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Flgure 4-7. Schematic [llustration of some majer surfoce and 200

mb features of the semi-annual cycle {n the African sector of the

B Southern Hemisphere (repected from Flgure E~1}. Medlan lo-

cations are glven for November (dashed) and Febeuary {fuff) of

the: subtropical anticyclones from McGee ond Hastenrath (1366);

Atlantic cloud band between 30 and 40°S from Streten (1971}

zenalfy-averaged sub-Antarctic trough from van Loon {1871q).

200 mb winds at Bloemfonteln, Gough and Moarion Istands ond

SANAE Base (marked with crosses) were taken from the present

results white the tropleal and polar zonal winds are bosed on van

Loon et al, (1968), At polar latitudes the appropriate turning

polnts fall in Aprit and October rather than In February and
August.

Ocean and that its longitudinal Jocation is medulated on the cysle, The
wave liss further west In the high seasons. Faurthly, the longitudinal
loc tlon of the Atlantic cloud band, like that of the wave, is modulated
on the sami-annual cycle and it s suggested that the locations of the
bands and hence of the tropical-temgerate troughs over South Africa may
be simiarly modulsted. Phases of the semi-annual cycles In the circu-

lation differ between low and high latitudes. Phases of the semi-annual

i




waves at Bioemfoitein are in closer sorve pondence with those in the
tropical, rather than in the polar, atmosphere

- Thus the seasonal cycle of the atmospheric environment over the central
interior of South Africa is complex with waves of varying phases and
periods dominant in the different cycles of the prme circulation parame-
ters as a result of the interactions between the continental and maritime
controls on atmospheric temperatura. 3ecause of the non-uniformity of
the cycles the mean circulation in each month is unique. Inspection of
the October to March circulation fialds for each type of system and for
dry days over the western Orange Free State presented by Harangozo
{1886) indicates that the structures of the systems also vary on a monthly
basis on cycles which are not always identical to those for the integral

: circulation. Inter-month changes in the dynamics of the systems must

accompany the changes in the mean circulation.

CONCLUSIONS

South Africa’s subtropical location and its surrounding oceans are two
of the major determinants of the circutation ovaer the Interior of the
country, Only the zonal flow above the boundary zowa is (argely un-
modified from that of the atmosphers over the oceans at 30°5; ali other
irculation parameters fudi the thermodynamic parameters and the
meridional flow are influenced by the presenua of the land mass. Con-
tinental influences controf the ecycles of the temperaturs and pressure
through the troposphere and into the lower stratosphere but that of the
molsture s also related to maritime factors. A= a result the energy
structure of the atmosphare ls determined by both continental and wmari-

tinte influances.

One of the major effects of the mixed continantal and maritime controls
on the clreulation Is the davelopment of a semi-annual cycle In the lon-
gitudinal pressuve gradient with the conssquent derivation of an equiv-
alent cycle in the meridlonal circulation across Bloemfontein, This cycle
is in phase with the semi~annual cycles in the tropical and subtropicat
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atmosphere of the Southern Hemisphere. As a result of the reversals
of the barotropic and jet-stream zones' meridional flow the toroidal cir-
culation is modulated on the semi-annual cycle with the Hadley Cell
dominant In the high seasons and the Ferrel Ceht in the transitional sea-
sons. Circulation changes on the seni-annual cycle represent important
compr ~nts of the seasonal changes of the atmospheric structure over the
centra, :dterior of South Africa. Continental and maritime controis thus
combine to produce annual and semi-annual cycles of varying phases and
periods in the circulation over the western Orange Free State and to
define th~ . .vironmant within which the various types of rain-bearing
systems « wnbedded,

[0




CHAPTER 5

MERIDIONAL MOMENTUM FLUXES

THE HYPOTHESIS

The tropicei-temperate troughs that maintain majei cloud hands in the
Southern rlemisphcre are distributed within a number of zanes located
over tiie oceans ind across the land masses of southern Africa {(during
the rainfall season menths) and Australia (throughout the year). La-
cations of the bands und hence of the troughs vary longitudinatly within
the zores on both short and long time scales and it has been suggested
that these displecemants may, in part, account for rainfall variations
ascross  Australia in the winter montns and over the subtropical Pacitic
Ocean isiands (Streten, 1973). Troughs in the vicinity of the African
continent tend to liv either over the African subcontinent itself or across
Madagascar; during wet spells in southern Africa troughs tend to overlia
tha subcontinent rather than Madagascar whereas in drv spells the pat-
tern reverses. The leading edges of upper westerly waves form the
subitropical and temperate portions of the troughs {Streten, 71973
I43: 1gozo and Harrison, 1983; Tapp and Barrell, 1984} awd accompanying
rsinfa.! over South Africa is thus associated with a poleward flow at those
levels (Harangozo, 1986). One of the apparently censistent character-
istics of the atmospheric circulation during wet periods is the enhance-
m. 2t of the poleward component of the flow across the country, Synoptiv
st 'tes of heavy rainfall events (Triegaardt and Kraus, 1957; Triegaerdt,
1¢612, 1961b; Gouws, 1966b; Taljaard, 198%a) and comparisons of wet and
uey ssriod mean circulations at the surface and in the upper-air
(Trisgsardt and Kits, 1963; Hofmeyr and Gouws, 1964) in addition to
diraut onalyses of wind directions (Miron and Lindesay, 1983; Miron and
Tysun, 1384) have all indicated that the poleward flow strengthens during
wat spuls. Longitudinal movements of the troughs, adlustments t~ tha
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meridional flow and variations in rainfall across South Africa may thus
be interraiated.

Inspection of satellite images reveals that cloud bands in the Southern
Hemisphere are normally rooted in regions of active tropical convection
and, in particular, (.. rction over the tropicai land masses., Recognition
of this fact has fed to the suggestion that the bands may be visual
markers of channuols of energy effiux from the tropics to temperate ati-
tudes (Johnson, 1969; Streten, 1973). This poastulate appesred to have
been verified in a quantitative study of the energy structure of the at-
mosphere over the North Pacific Ocean at times when bands equivalent
to those of vhe Southern Hemisphcre were rooted in Pacific typhoons
(Erickson and Winston, 1872). Analyses of the structure of the Southern
Hemisphere atmosg® == at 200 mb using data from the EOLE constant fevel
balloon experiment do not, however, substantiate the concept of chanpels
of energy efflux associated with the bands but instead suggest that the
bands form in regions of poleward eddy fluxes of momentum. According
to the theory of Eliassen and Palm (1961) the eddy energy fiux is in the
opposite direction to the momentum fiux and the bands may accordingl-
form in regions of energy flux into the tropn:n (Webster and Curtin,
1975). Evidence to support the | of and
energy eddy fiuxes at subtropical and temperate fatitudes in the Southern
Hemisphere has been obtained for two summer months of the FGGE year
by Paegle and Baker (1982) but the theory has not been confirmed for
the circulations of the band:s th . Recalling that ) inal
movements of the tropical -temperate troughs in the vicinity of the sub-
continent are related to rainfall variations over the continental intecior
it may be hypothesised that rainfall over the summer rainfall region of
South Africa varies directly with the poleward momentum flux across the
regian,

As a direct consegyuence of the dearth or data over the aceans most
studies of the momentum balance snd of the associated fluxes over the
Southern Hemisphire huve bean based either on zonally-averaged Eulerian
wind data (Obasi, i963a; Kidson et of. 1969; N.well et of., 1960; Nawsll
et gl., 1972; Newton, 1972; Johnson, 1983; Oort ane Peixoto, 1983;
James, 1983) or on Lagrangian data obtained from coastant-level balloons
(Solot and Angell, 1969, 1973; Angell, 1972; Webster and Curtin, 1974),
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he basic structure of the zonally-averaged circulation of the hemisphere
has been revealed through these studies which have thus contributed
towards the understanding of the ciimate of the nemisphere as a whole,
Yet marked regional deviations of the circulation from the zonal means
occur across the hemisphere (Krishnamurti, 1971a; Newell et of., 1972;
Newton, 1972; Webster and Curtin, 1975; Physick, 1981; Trenberth,
1981, 1982; Webster, 1983) which to date have roceived limited attention
and which are of immediate importance to local climates. Momentum fiuxes
and the momentum budget over several areas of the Northern Hemisphere,
including North . merica (Holopainen et of., 1980} and western Europe
(Holopainen, 1982), have been ined but equivalent harn Hemi-
sphere studies have been 3 ..d mainly to the relatively data-rich
Australasian region {Priestley, 3t !; Yoshida, 1967; Tucker, 1973; Newell
et of., 1874; Brotk, 1982). No previous studies have been undertaken
for southern African, Values of all components of the meridional mo-
mentum flux are calculated by month in this Chapter both for the integral
circulation and for eacn of the tyces of systems ip the classification.
Harmonic analysis is used to investigate the seasonal cycles of each
componeant.

BACKGROUND

Delailed discussions of the bas = theory of the glabal mementum balance
and of the meridional fluxes required to achieve the balance may be found
elsewhere (Lorenz, 1967; Palmen ond Newton, 1969; Reiter, 1969). Only
the essential details will be provided here in an approach following that
of Newton (1972). The vertically-integratad aiisolute angular momentum,
M, of the atmosphera at a point at latitude ¢ Is given by

M= I,",” {0*cos?s @ * acosg uldp/g 5-1

where o represents the radius of the Earth and the varlation of height
between the surface (st pressure p,} and the top of the atmasphere (at
pressure py, taken as 100 mb) has been ignored; 2 is the angular velocity
of the Earth and u is the zonal wind speed relative to the surface. The
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first right-hand term, referred to as the earth or 2 angular momentum,
is the angular momantum of the stmosphere were it {n soiid rotation with
the planet. The second right-hand term, the reiative anguvlar momentum,
is the angular momentum of the atmosphere relative to the Earth. Ab-
solute angular momentum increases with a stronger westerly component

of the zonal wind,

The flux of momentum (Mﬂ) associated with the meridional wind compo-
nent, v, is given by
= 130 viacoss @ + u)acoss dplg 5-2
where poleward meridinnal flows are positive. Values of all varisbles may
be decompased in the usual manner into a monthly mean value (denoted
by an overbar) and a deviation from the mean (denoted by a prime},
e.g. 4 ® u *+ u' such that Equation 5-2 becomes

ﬁ(’ = 1 (acosy Q7 * v@ * v'udacoss dplg. 5-3
The three right-hand terms represent the flux of earth angular mementum
and the fluxes of refative angdlar momentum by the mean (the circulation
flux) and the transient fluxes respectively. The first two terms define
the flux by the tarcidal circulation.

In order to compare the Blosmfontein results with those abtained for the
zonal means it Is necessary to integrate equation 5-3 around a line of
fatitude, so that

IA,] = 2natcos?eifiacosy o[7] * (v}[a] + [vxae] + Ve dplg 54

whare square bsrackets indicata zonal means and asterisks devistions from
the zonal means, The fast three right-hand terms now represent the
refative angular momentum fluxes by the mean flow, by the standing
eddies and by the transient eddies. Employing single station data it is
not rossible to estimate the standing eddy flux in the African region,
but thls flux is negligibly small at 30°8 both over the hemisphers (Newell
et af,, 1972; Webster and Curtin, 1974; Oort and Pelxoto, 1983) and in
the Australian region (Yoshida, 1967), It will be assumed that the
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standing eddies may be neglected in the present calculations, an as-
sumption consistent with the results of Webster and Curtin (1975) for

h Africa.  Compari between the zonally-avereged and the
Bloemfontein results may be made by contrasting the latter as zonal means
against the former.

Momentum fluxes have also been calculated for each type of system, A
'no rain' category has also been inciuded in the analysis. Days were
included in this latter category whenever there was ne recorded rainfail
over the western Orange Free State irraspective of any rain that may
have fallen over other parts of the subcontinent. Data far days on which
satellite imagas were missing have been uxcluded from the analyses. Data
have been grouped inte ‘rain' and 'no rain' categories and these dis-
tributions harmeonically analysed.

Glven | subsets each centaining " events within the data set of N events
then the terms of Equation 5-4 may be decomposed as:

= (1/N)in¥ 5-5
Gt

# QUNDEnETE, + T8 30 G, 5-8

(1/N)§n, 1Yy 57

Note that in fon 5-7 deviati are calculated from the Integral means
rather than from the means for each system. |In the identity for the
circulation flux, ¢@, twe terms are required for the decomposition. The
flrst term represents the circulation flux associated with each system
calculated independently of the integral mean while the second is the sum
of the cross products of the means for each systam, In most months the
magnitude of the second terin Is larger than that of the first but within
the framework of the decomposition the cross-product term has no direst
physical interpratation,
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ANNUAL CYCLE OF THE MOMENTUM FLUXES

The seasonal cycle of the zonal wind at Bloemfontein is dominated
throughout the surface to 100 mb layer by the first harmonic (Fig, 4-5a).
Hence the relative angular momentum (Fig. 5-1a) also follows a simple
seasonal cycle with a minimum in February and maximum in July, an
equivaient result to that obtained for the zonal mean at 30°S from
International Geophysical Year data {van Loon, 1965, Reductions in
relative angular momentum are referred to as spindown, defined by

(aff/at) = acoss (a/8t)ijadp/y. a

Spindown is two to three times as rapid between October and February
a5 belween July and October {Fig. 5-1a). Spinup is achieved over five
months only, the mejor changes occurring between March and Aprit and
between June and July, The seasonal cycle of the relative angular mo~
mentum over Bloemfontein is dominated by the first harmonic with s
maximum {minimum) in mid-August (mid-February) {Table 8-1).

The distribution of the earth angular momentum flux, as of the meridional
components in the barotropic and jet-stream zones (Fig. 4-6), is modu-
lated on a six-month cycle (Fig. 5-1b} with maximum values of the
poleward flux in the high seasons. The second harmonic accounts for
78 per cent of the variance of the fiux distribution with peak poleward
iransports in mid-February and mid-August (Table 5-1). Maximz in the
six-month cycle of the poleward fluxes ocour contemporanecusly with the
turn.ng points of the annual relative angular momentum cycle.

Signs of the circulation flux are determined by ¥ but magnitudes ars
controlled by both & and ¥, Accsrdingly maxima of ¥ are located in
the jet-stream zone (Fig. $-2) at lavels in which the six-month cycle of
¥ is most clearly defined. Maximum fluxes ocourr above 200 mb when the
flow is directed equatorward, but the leval of the maximum polewnrd flux
varies between the winter (150 to 100 mb) and summer (200 mb)} seasons.
These level changes are assoviated with the equivalent variations in the
fevel of the zonal following the L i displace-
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Flgure 5-1. Mean monthly values of a) the vertically-integrated
relctive angular momentum and spindown and of b} the earth
angufar momentum and the circulution and translent relative an-
gufar momantum fluxes, Abscissa In b} in Hadley Units (10"
kg ms~2}. Multiply abscissa In b) by 10 for earth angulor mo-
mentum flux. Figures In the lower part of b) glve the absolute
ratle of the transient to the circulution relotive angular mementum
flux. Polewara fluxes are positive,

ments of the subtropical jet stream (see Appendix D). Peak values of
the poleward flux are only one third of those of the equatorward flux
except at and above 150 mb in July. Befow 400 mb the circulation flux
is generally of comparatively small magnitude and Is always [(except at
530 mb in the early -ainfall season months) directed poleward. A peak
develops In the flux in the boundary and barotraplc zopes in the second
half of the year with maxima in August and Septembar In association with
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the stronger zonal winds of these months (cf. Fig. 4-~5a). Seasounal flux
varfations are dominated by the annual cycle in the bouadary and lower
barotropic zones with maximum poleward fluxes In September or October
(Figs. 5-3a and b). Above 600 mb the second harmonic explains in excess
of 50 per cent of the variance at most fevels with maxima in the late

Table 5-1. Detalis of frst and second harmonics of the momentum
fluxes. Amplitudes (Amp) are Hadley Units [ID** kg m*s-®),
Cotumn headed War' gives varlarse explalned by hurmonic while
that headed ‘Max' lists approsimite date of maximum polewara
flux.  For second harmonics dates are for the rainfail seeson
poleward maxima, In second column an ‘I indlcates results for
integral data, on 'R' resuits for raln days and 'NR’ resuits for
no rain doys,

Annual Wave Semi-annual Wave

Amp Var Max Amp  Var Max

Relative angular momentum - 10 dplg.

i 65.6 95.7 15 Aug 9.6 1.8 20 Nov
R 69.7 89.5 10 Aug 18.. 6.4 12 Nov
NR 62.4 95,8 23 Aug 43 0.5 7 Jaa

Earth angular momentum flux - IV dplg,
1 100.8 5.7 15 Out 3735 71.8 13 Feb
R 183.1 54.3 20 Jan 46.8 3.5 12 Oct
NR  200.7 24.8 15 Aug 324.3 58.3 10 Feb

Clreulation relative angular momentum flux - I8 dplg.

1 45 6.2 5 Sep 1.9 89.0 7 Feb
R 1.5 23.1 10 Mar 1.2 14.4 1 Jan
NR 1.8 2.0 15 Sep 10.2 €0.6 10 Feb

Transient relotlve angular momentum flux ~ Ivia' dplg,

1 17.0 52.4 25 Jun 8.4 12,8 5 Dec

R 5.8 37.6 5 May 5.2 29.7 5 Nov
NR 14.0 83.8 1% Jul 7.3 4.6 23 Dec
Total relatlve engular momentum flux - IVU dplg.

1 19.1 4.7 5 Jul 2.1 16,8 20 Jan

R 8.7 41.5 25 Apr 4.3 21.3 10 Nov

NR 15,0 36.5 20 Juf

12,3 24.7 25 Jan

wga
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Figure 5-2, Seasoral and vertical distribution of the circulation
flux of relative angulor momentum at Bloemfontein.  Surface
(SUR) Is at approximately 870 mb. Stippled areas denote
equatorward (negative) fluxes., Units are mis-%,

summer and winter months, Sixty-nine per cent of the vsriance of the
vertical integral of the circulation flux (Fig. 5-1b) is sccounted for by
the second harmonic with peak positive (i.e, poleward) fluxes on 7 Feb-
ruary and 7 August, a few days prior to those of the earth ar- ‘ar
momentum flux (Table 5-1).

Maxima of the transient relative angular momentum flux are aiso located
in the jet-stream zone but at somewhat lower levels in winter (around
250 mb n July) than in summer (around 150 mb in December) (Fig. 5-4).
The flux is nearly always directed poleward (i.e. positive correlation
between the eddles of the zonal and meridional winds). Only In the lowest
fayers between October and February is the flux systematically directed
equatorward; an equivalent feature is deplcted on the surface December
to February maps of Newsl! et af. (1972). More than the first two har~
monics are required to explain the major part of the varianca of the flux
at most levels (Figs. 5-3c and d) Only near the surface and at 150
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Figure 5-3. Rosults of harmenic analyses of refative angular

Huxes oi Bloemforteln: a) 1st, harmonic of the cir-
culation flux; b) 2nd. harmonic of the circulation flux; c) 1st.
harmonic of the translent flux; d} 2nd. harmonic of the transient
flux; e} 1st. harmonic of the total flux; f} 2nd. harmonic of the
total flux. Amplitudes ih mis-2,




Figure 5-4. As Figure 5-2 but for the translent relative angular
momentum flux,

mb does the six-month cycle account for more than 20 per cent of the
variance but the waves at these two levels are almost exactly mutually
anti-phase. in the let-stream zone the maximum poleward fluxes occur
in early June and December. Elsswhere the annual wave dominates the
seasonal cycle with the maximutn poleward flux in June, as is also the
case for the vertically-intagrated flux (Fig. 5-1¢ and Table 5-1}. Peaks
of the six-month wave occur with those in the jet-stream zone in early
June and December. Amplitudes of the first two [»rmonics are, at most
levels, at least double tha amplitudes for the zonal averages at 30°S
(Newell et af., 1974) and the levels of the amplitude maxims at
Bloemfontein and over the hemisphere corresponded closaly. The range
of values of the flux at 200 mb at Bloamfontein is inarkedly greater than
that at 30°S deduced by Webster and Curtin {19i1). Phase angles of the
annual and of the boundary zone i | waves at Bl agree
ta within about one month with those for the zonal wean but in the
barotroplc and fat-stream zones the semi-annual wave at Blosmfontsin is
anti-phase to that of the zonal mean.
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Flgure 5-5. As Figure §-2 but for the total relative anguiar mo-
mentum flux.

.o most months at most levels the magnitude of the transient is greater
than that of the circufation flux but the absolute value of the ratio of
the former to the latter rarely exceeds two {Figs. 5-Tb, 5-2 and 5-4).
Neither is domi , therefore, in the detsrmination of the
total relative anguiar momentum flux {Fig, 3-5). Like the transient flux
the total flux is, in general, directed peler.ard. Regions of aquatorward
fluxes cccur primarily in the Jet-stream zone in April, August and Oc~
tober. The phases of the first and second hacmonics of the flux (Figs.
5-3e and f) are compromises betwean those of the equivalent harmonics
for the transient and circulation fluxes (Figs. 5-3a to d). The first
harmonic explains in excess of 70 per cent of the variance of the flux
a%t most levels in the boundary and barctropic zones with maxima in
winter, A peak in the amplitude of the six-month wave is lecated at 150
mb with maxima in early January and July. In the harmonics of the
vertically-integrated flux poleward maxima on the annual and six~month
waves ocour in early July and in late January and lats July respectively
{Table 5-1).
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MOMENTUM TRANSPORT BY SYNOPTIC SYSTEMS

Distributions of the vertically-integrated relative angular momentum as-
sociated with each type of synoptic systun follow that of the integral
relative angular momentum (Fig. 5-8). Minimum values generally occur
in February but in January for the truncated and the east coast traughs
and in March for the 7o rain days, Moithly maximum values are normally
2ssociated with the systems which develop in conjunction with westerly
waves, the truncated and tropical-temperate troughs and the east coast
troughs, Inversely minimum values and therafore strongest easterly
components are associated with the primarily tropical systems, the west
coast troughs and the subtropical cyciones. On no rain days the refative
angular momentum is greater than the integral value in August to October
and in December to February. In most months the mean relative angular
momentum varies by less than a factor of two across the systems.

Eaith angular momentum is transported poleward on rain days and
equatorward on no rain days in all moaths except that in July, Augusi
sne September the no rain flux is poleward (Fig. 5-7Tb). During the
transitional seasons magnitudes of the rain and no rain fluxes are similar
such that the net flux is close to zero (Fig, 5-1b). In the July to
September period both fluxes are poleward while in summer the rain day
flux is dominant and thus in these two periods the net flux is poleward.
The second harmonic accounts for 59 per cent of the variance of the no
rain flux with a phase angle and an ampiitude close to that of the integral
flux (Table 5-1}. No equivalent wave is present in the rain day flux,
the variance of which is dominated by the first harmonic with the maximum
in mid-January. Six-month cycles appear to be present In the seasonal
oycles (Fig. 5-7a) for the coastal depressions and the unclassified sys-
tems in addition to of the no rain days, Fer the remaining systems in-
spection of Figure 5-Ta suggests that the fluxes follow primarily annual
eycles. Minima occur in December for the truncated troughs, in January
for the tropical-temperate troughs and the subtroplcal cyclones, in Feb-
ruary for the west coast troughs and in March for the east coast troughs.
Strongest poleward fluxes are supplied by the three types of systems
associated with cloud bands in most months. The other classified rainfail
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Figure 5-§. Monthly mean values of the vertically-integrated
relatiye ongular momentum of the synoptic systems.
systems also transport earth angular momentum poleward in all months
except October and November for the coastal depressions, March for the
east coast troughs and, possibly, January for the subtropical cyclones.
Earth angular momentum fluxes associated with the unclassified systems
are equatorward except in the months May to August.

Weightir- the fluxes of Figure 5-7a by the frequency of each type of
system {wwuation 5-5) produces estimates of the contribution of each
system towards the integral flux (Fig. 5-7b). During the rainfall season
the major parts of the poleward and equatorward fluxes are carriad on
the troplcal-temperate troughs and the no rain days respectively.
Tropical-temperate troughs are the only system for which the meridional
wind remains poleward at all levels in the months Octobar to March
{Harangozo, 1986}. The net flux contributed by the tropical-temperate
troughs remains quasi-constant despite the inter-month changes in the
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Figure 5-7. Monthly mean
vafues of the
vertically-integrated flux
of earth angular momen-
tum by each type of sys-
tem: @} mean flux for
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frequency of the troughs (Fig. 3-4). Fluxes contributed by the re-
malning rainfall systems are, in general, small by comparison. During
the winter months the east coust troughs and the unclassifled systenms,
in addition to the no rain days, provide a sizeable proportion of the {lux.
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Figure 58, As Figure
5-1 but for circulation
fluxes. In b} fluxes for
only certaln systems ore

® shown - thuse for the
2. remaining  systems are
| negligitle.
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The semi-annual cycle is dominant in the distribution of the no rain cir-
culation flux with poleward maxima in mid-February and August (Fig.
5-8b and Table 5-1). Momentum is transported poleward on rain days
in alt months except October. The latter fiux is of insufficient magnitude
to offset the equatorward flux on the no rain days such that the net flux
is equatorward In the transitional seasons (Fig. 5-1b). No particular
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harmonic of the rain day circulation flux distribution is dominant (Table
5-1). Seasonal cycles of the fluxes for the individual systems (Fig. 5-8a)
are similar to the corresponding earth angular romentum fluxes and the
tropical-temperate troughs and the no rain days are the major individual
contributars to the flux (Fig. 5-8b). The larger portion of the total flux
comes, however, from the cross-product terms of Equation 5-8 in most
months but it may be demonstrated that the major contributions to these
terms comes from the more frequent systems. Tropical-temperate troughs
and no rain days, as “ur the eartt anguiar momentum flux, therefore
provide the bulk of the civculation flux during the rainfall season months

From May to September the transient relative angular momentum flux on
no raln days, which is directed poleward throughout the year, is mark-
edly grester than that on rain days (Fig. 5-8b). During the rainfall
season the magnitudes of the two fluxes are comparable (except in De-
cember) and that on the rain days exceeds that on the no rain days from
February to April. Rain day fluxes are also always poleward except in
August and December and are higher in the first than in the sacond half
of the year. Fifty-four per cent of the variance is explained by the
annual wave of the no rain transient flux with a maximum in July but for
the rain flux the annual and semi-annual waves are of similar amplitudes
{Table 5-1). This latter semi-annual cycle, with May and November
maxima at the time of the peak Ferrel Circulation, is almost exactly
ant/-phase to the corresponding wave of the circufation fflux on the ne
rain days. Further the amplitudes of the harmonics are similar such that
the circulation flux on no rajn days tends to counterbalance the transient
flux on rain days. In the transitional months these two fluxes are closely
opposed {Figs. 5-8b and 5-3b). Both semi~annual waves are of sufficient
amplitude to appear in the cycles of the total relative angular momentum
fluxes on both rain and no rain days {Table b-1). Average monthiy
transient fluxes supplied by each system (calculated from Equation 8-7)
are poleward In most months (Fig. 5-9a}. No particular rain system
makes a dominant contribution to the net flux although the
tropical-temperate troughs account for the greater part of the poleward
flux in the transitional sessons (Fig. 5-8b). Only the tropical-temperate
troughs amongst the rainfall systems trausport the transient flux
poleward [n all months. Inspection of Figure 5-8a suggests that the
semi-annual cycle of the rain flux is present in the distributions for at



Figure 5-9. As Figure 5-7
but for transient relative
angular momentum fluxes.
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feast the tropical-temperate troughs and the coastal depressions and that
that of the coastal depressions Is anti-phase to that of the integral fain
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DISCUSSION

Theories of the global atmospheric momentum budget state that westerly
angular momentum s transferred from the earth to the atmosphere in the
region of the tropical easteriies and is lifted into the upper atmosphere
through the toroidal circulation and through vertical mixing of momentum
in regions of active gonvection. Except in a limited latitudinal zone on
either side of the aquator the toroidal terms of Equatien 5.4 play no
significant role in the latitudinal transport of momentum on the
hemispheric scale; the flux of earth angular momentum is identically zero
through conservation of mass within a zone on suitable time scales, i.e.

st [g)dp = 0 5-9
while most ifable sbservati avidence that the refative
angular momentum fiyx by the mean ilvw is small comparsd to that by the
transients {Newell, e' al., 1972; Webster and Curtin, 1974; OQort and
Peixoto, 1983}, Trarsients are ty primarily r bl
transporting the required flux across the subtropics whence vertical
eddies and the toreidal circulations of the Hadley and Ferrel Cells
transfer the momentum back to the lower atmosphere from where it is
returned to the earth through surface stressas in the westerly wind belt.
A problem with the observational confirmation of the negligibility of the
circulation flux lles in the accurate estimation of [F] in the Southern
Hemisphere, the valua of which has normaily been deduced indirectly from
global mass and momentum budget requirements (Gilman, 1965; Newell et
al., 1972; Oort and Peixoto, 1983). Direct calculations from Eulerian
observations have indicated that at 30°$ the magnitude of the eirculation
flux may be non-negligible (Qort, 1878; Houghton and Chervin, 1982)
but the rasult is thought to originate in the pr. spatial distribution of
data for the hemisphere,

for

Bloemfontein lies close to 30°S, the latitude at which the zonal mean
boundary between the Hadley and Ferrei Cells roughly lies (Newell et
ai., 1972), At this latitude the transient flux dominates the total
hemispheric flux but the clrculation over Bloemfontein differs markedly
from that of the longitudinal mean as a result of the diverse continental

X
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and maritime controls on the meridional flow. Conservation of mass within
a zone, as exprassed by Equation 5-9, does not hold at this single station
partly because of the persistent poleward drift In the boundary zone,
Only in April, May and November does the vertical integral of the
wmeridional velocity approximate to zero {Fig. 5-1b). In most months the
Integral is positive such that thers is a systematic poleward mass ffux
throughout the year except in May. Accordingly the toroidal terms make
considerably more important contributions to the meridional flux of mo-
mentum across the central Intarior of South Africa than to the net flux
across the hemisphare. In elaven months the absolute flux is dominated
by the poleward flux of earth angular momentum; only in May do eddies
make the major contribution offsetting the equatorward earth angufar

flux. The absol flux is, therefore, julated perimarily on
the six-month rather than on the annual wave of the circulation.

The poleward earth anguiar fiux across must be

unterb d by an equivalent equatorward flux elsewhere in the same
latitudinal zope. The major non-cancelling fluxes required to bafance the
budget on the hemispheric scale come from the transports of relative

angufar which are
(Fig. 5-3 and Table 5-1). By simple averaging of the monthly values
the annual mean relative angular momentum flux may Le estimated at 28.6
HU (HU = Hadley Units = 10*? kg m?s-*) resulting from contributions of
25.6 HU from the transient flux and only 3.0 HU from the circulation flux.
On an annual basis, therefore, the transients dominate the flux, a result
consistent with that obtained for the zonal average. The relatively smail
contribution of the circulation flux, howevar, results from the nulllfying
effect of circulation changes mouuloted on the six-month cycle and not
from any presumed small magnitude of the circulation as compared to tie
transient flux (the mean circulation flux calculated without regard to sign
Is 0.9 HU). in a study of the flux at two stations in the vicinity of
30°S in the New Zealand region Priestiey (1951) estimated the sirculation
flux to be roughly one half of the transient flux across the year, The
upper~tropospharic circulation flux over South America at 30°S is greater
than the translent flux (Virji, 1877 Aiternatively the circulation flux
is nagligible over Austrafia (v 57}, Although small on the
hemispharic scale cireulation therefore important on the re-

primarily on the annual cycle
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gional scale both around New Zealand on annual time scales and at
Bloemfontein and over South America on time scales of one month.

Two reasons based on the influence of circulation changes on the
six-month cycle may be offered to explain why the local importance of
the toroidal fluxes has not been recognised to date. In the southern
African sector of the Southern Hemisphere the semi~annual wave in the
meridional wind Is most pronounced over the central snterior of the sub-
¢ itinent, is almost non-existent in northern Namibia and is of reverse
phase at Gough lsland. Consequently a six-month cycle of the circulation
flux over other regions may either not be present or may be of inverse
phase to that over South Africa. Thus flux variations on the cycle are
partially spatiaily seif-cancelling. A second reason 15 that the periods
of averaging selected in the past have tended to conceal the six-month .
wave. |n general monthly flux estimates have used data for the months
of January and July only (e.g. James, 1983) while three-month seasonal
estimates have always been calculated across groupings of December,
January and February, etc. (e.g. Newell et of., 1972). Inspection of
i Figure 5-1b indicates that appropriate three-month seasons, less likely
i to suppress the six-month wave, would include the group January,
February and March, ;

H The annual relative angular momentum flux of 28.6 HU compares weil with
H other i for the thern Hemispt (Table 5-2). It shouid be 1
noted that direct absolute compdrisons are not necessarily valid as the
results presented in T nie 542 are based on transients calculated from
mean flows estimated acr . a variety of averaging periods, Many of the
earlier estimates indicat2u that the inter-seasonal variation in the flux
i is small, the fargest rangs being that of 18 HU obtained by Kidson et
. ‘ af. (1969). Over the cent-al interfor of South Africa, by tomparison,
' the poleward flux varies batween 6.5 HU in April when the transient and
L i circulation fluxes nounteract one another and 86.3 HU in July when they
cupport each other. This enhanced Inter-season variation may resuit
from the fact that the earlier estimates were made from averages across
data for several rather than for single months. More importantly It is a
consequenca of the mixed continental and maritime controls ou the flow
over Bloemfontein which give rise to a greater amplitude of the annual
eycle of the flux compared fo that for the zonal mean. Over Australia

- b e e [T 0
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Toble 5-2. Estimates (in some cases corrected to hemispheric
scale) of the poleward flux of relative angufar momentum dcross
30°S ({36°S for Priestley's data) from the present and earlier
studies. Units are Hadley Units (10°% kg m?s-?).

DJF MAM JJA SON YEAR

Priestley 1951 a3
Obasi 1963a 26
Yoshida 1967 28 39 40 32 38
Kidson et of . 1989 25 43 34
Newell et al. 1872 26 31 38 33 32
Newton 1672 30 34 39 35 34
Qort and Peixoto 1983 24 33 29
Present results 18 25 48 22 29

the seasonal fluxes at 30°S correspond closely with those of the zonal
mean (Yoshida, 1967; Newton, 1872}, .

Partitioning of the fluxes ~  rain and no rain components reveals that
significant differences i coperiies of the meridional circulation on
the two types of day {n the Ostobar to March period the flow is
generally poleward on rain days and generslly equatorward above 700
mb on no rain days such that the Hadiey Circulation is dominant on the
former and the Ferrel Circulation on the latter types of days (Harangozo,
1986). Consequently the associated toroidal fluxes are in opposite di-
rectior.® t.cept in winter when the no rain flux is also poleward, Phases
and a tudes of the various cycles of the fluxes on the rain and no
rain o . are such that the fluxes often counterbalance one another.
Amplitudes of the annual cycles of the foroidal fiuxes on koth types of
day, for example, are similar but phases are closely opposed such that
the fluxes are nearly mutually cariaiiing, Zero net fiuxes would result
were there not a persistent polews: § drift across Bloemfontein manifest

on the rain days. Similarly the: . it partial compensation between the
no rain circulation flux and the .. transient flux on both the annual
and semi-annuaj eycles. Cycles . arying amplitudes and phases which
are not apparent fiom inspection | . integral fluxes alone thus combine
to determine the forms of the ten: ' ‘istributions of the integral fluxes,

important differences in the do.uti .. perfods of the modulations of the
rain and no rain fiuxes oscur. 7ain earth anguiar momentum fluxes are
primarily modulated on an annual rycle; the semi-annual cycle of the in-

i
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tegral flux arises from appropriate changes to the equatorward no rain
flux. Alternatively the transient flux on rain rather than on no rain 1
days is modulated on a semi-annual cycle. Diverse sourzes and controls
on the fluxes on the two types of d /s are signified hy these phase and
period dissimilarities. Annual and semi-annual cycles in the rain fluxes 4
are also partitioned between the fluxes for the various types of systems. y
Semi-annual cycles in the toroidal fluxes are apparently present for the W
coastal depressions and the unclassified systems although the annual cycle :
is zominant in the net rain fluxea. The semi-annual eycls in the rala
3 transient flux appears to be the result of fluxes associated wit,e the .
tropical-temperafe troughs, For coastal depressions the semi-annusl wave
3 in the transient flux is anti-phase %o that in the flux on the
tropical-temperate troughs suggesting that the corresponding cycles of
i the structural modes (j.e. the wavelength, amplitude and efficiency of
momentum transport) of the waves accompanying these two types of
systems are inverse to one another. Flux changes on either cycle for
all nystems may not ba explained simply In terms of frequency changes
{cf. Fig. 3-4) and must therefore result from inter monthly adjustments
to the dynamic structures of the systems. More than 50 per cent of the
rain earth angular momentum flux is carried on the tropical-temperate
troughs during the rainfall season apd the transient flux on these systems
is similarly dominant in the transitional seasons. Contributions towards
. the lattar flux are similar for all systems in the summer months. Overalt
[ therefore the bulk >f the poleward absolute flux s associated with the
tropical-temperate troughs. Cycles of the rain toroldal and transient
fluxes are thus most closely rapresented by those of the fluxes for the
tropical-temperato troughs, In afl months the trop'cal-temperate trough
transient flux 18 poleward in partial confirmation of the inference of
Webster and Curtin (1975) that the cloud bands are located in regions
. of above-average fluxes.

SRp—

Strongest poleward transient fluxes are supplied in most months on the
| no rain days but the corresponding mean flow in the jet-stream zone, at
levels at which the bulk of the transient flux is carried, is anomalously
equatorward. |n order for the V& correlation to be positive the westarly
zonal component must also be weaker than normal on dry days, a fact
confirmed for most months by Harangozo (1988). Thus the poleward
i transient flux on dry days results from an equatorward transport of a
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weoker zonal component In comparison to that of the (ntegral
circuiation.  Inversely poleward fluxes on rain days arise from the
apomalous poleward transport of an enhanced westerly zonal component.
These conditions are typlcal of tifted troughs (Machta, 1949) in which
more momentum is carried poleward on the leading edges In association
with reiny conditions than equatorward on the trailing edges above dry
weather to produce a net poleward transport, According to Webster and
Curtin  (1875) southern Afpica Is, for unresolved reasons, a preferred
region of development of enhanced tilt of westerly waves and thus of
increased efficiency of momentum transport.

The semi-annual cycle in the transient flux on rain days may arise trom
one cr more of three possible causes: either from a correspondiig vari-
ation in the frequency of the rainfall systems, all other factors remaining

. or from corr ding changes tn either or both of the corre-
lation between the zonal and meridional winds on rain days or the mag-
nitude of the zonal and/or meridional wind variances. No accordant
alterations in the frequencies of the rainfall systems exist (Fig. 3-2) but

in the jet-stream zone there are seasonal changes in both the correlations
between the wind components (46 per cent of the variance with one
maximum In mid-December) and variations in the wind variances (Fig.
B-2) of appropriate phases. Inter-monthly changes in the structure of
the waves are indicated by these results such that maxima in the ampii-
tudes of the upper-tropospheric waves and highest efficiency in the
transport of momentum on rain days are attained in May and November.
These are the months of anomalous cyclonic flow over the westarn Indian
Ucgan and in which the South Atlantic Antivyclons, according to McGee
and Hastenrath (1966), is displaced eastward towards Africa on the
six-month cycle (Fig, 4-7), With the shifts of the anticyclone there may
be related changes in the wavelengths of the troughs associated with
rainfall over the western Orange Free State such that the typical wave-
length is a minimum at periods of maximum amplitudes of the waves in
May and November. The semi-annual cycle In tire flux is indicative of a
stronger baroclinic structurs of the atmosphere in the transitional than
in the high seasons, l.e. when the Ferrel rather than the Hadley Cir-
culation is dominant. Possible affiliated changes in rainfall patterns in-
clude an increased spatiai organisation of the storms in tha transitional
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seasons than in the summer season (Sharon, 1983b) and intru-annual
adjustments in the diurnal rainfall cycle (Mather and Harrison, 1986).

CONCLUSIONS

Magnitudes of the meridional relative angular momentum fluxes across the
central interior of South Africa are similar but the properties of .the
temporal distributions of the fluxes are unlike those of the zonal means.
‘The two major disparities both relate to the torcidal fluxes which make
important contributions to the absolute flux across Bl in but not
to that across the hemisphere and which are modulated on a 3emi-annual
cycle not previously detected in fluxes at 30°S. The presence of a
semi-annual cycle in the mean meridional flow is the source of the cycle
in the toroidal fluxes. As a result of the permanent mean poleward flow
in the boundar, zone there is a poleward mass flux across Bloemfontein
in eleven months of the year with strongest fluxes in conjunction with
the Hadley Circulations of the high seasons. Circulation fluxe: are

equatorward in the transitional seasons. Transient fluxes remain
poleward throughout the year and are modulated primarily on an annual
cvele with strongest fluxes in July.

Distributions of the fluxes on rain and no rain days and for the individual
types of systems differ markedly from those of the integral circulation.
Toroidal fluxes for the rain days remain poleward throughout the year
(except for the circulation flux In Octobsr) and are modulated on an
annual cycle with strongest fluxes in January, During the rainfall season
over 50 per cent of the earth anguiar momentum flux is carried along the
tropical-temperate troughs. Fluxes on the no rain days are equatorward
except in winter and are modulated according to the semi-annual cycle
of the meridional circulation, Transient fluxes on both rain and no rain
days are poleward throughout the year because of the tilted structure
of the westerly troughs over the subcontinent. No rain fluxes are
modulated on an annual cycle with a winter peak but rain fiuxes are
modulated according to both an annual and a semi-annual cycle, Paaks
occur ir May and in May and November respectively for the two cycles.




104

Phases of the semi-annual cycles of the rain circuiation and the no rain
transient fluxes are closely opposed, Trausient fluxes for the
tropical-temperate troughs appear to be modulated on the semi-annual
cycle of the rain fluxes and make the major contribution of any type of
system to the flux in the transitional seasons,

Adjustments to all components of the flux through the year indicate that
changes to the dynamic structures of the various types of systems cccur
between months. In particular adjustments following phase changes of
the semi-annual cycle indicate that there is a stronger baroclinic struc-
ture of the atmosphere in the transitional than in the high seasons,
Lengths of the westerly waves are reduced in the transitional seasons
when the standing wave across the Atlantic Ocean is displaced eastward
and the Ferrel Circulstion is dominant in the flow across the central in-
terior of South Africa, In summer, when the Hadley Circulation is
dominant and the Atlantic wave is displaced westward, the z:ructure of
the atmosphere is less baroclinic and the maximum poleward toroidal fluxes
on rain days oceur. The atmospheric environment within which the
various types of rain-bearcing systems are embedded is more complex than
revesled by earlier studies with circulation changes medulated on both
an annual and a semi-annual cycle contributing towards the circulations
which gevern the course of tha annual rainfall cycle.
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CHAPTER 6

RAINFALL AND THE MOMENTUM BUDGET

INTRODUCTION

The diverse properties of the meridional fluxes on the rain and the no
rain days need to be accounted for in any comprehensive model of the
circulation controls on the annual rainfall cycle over the central interior
of South Africa. These properties include the opposing directions of the
toroidal fluxes and the differences in the periods and the phases of the
dominant modulating waves of the flux components. In this Chapter a
basic outline for such a model is developed by considering the proparties
of the various dynamic mechanisms contributing towards the maintenance
of the zonal component on both rain and no rain days. Tropical-temperate
troughs supply about 35 per cent of the rainfall over the western Orange
Free State, a contribution that reaches 60 per cent in January and de-
termines the course of the annual rainfall cycle.  Tropical-temperate
troughs are also the most common type of rainfall system and thus the
circulation on rain days is regulated primarily by that for the troughs.
These troughs also account for the major portions of the polewsrd mo-
mentum transport during the rainfall season whereas the equatorward
transports by the mean circulation are effected primarily on the no rain
days. Thus the detalls of the desired model may be simplified by in-
corporation of only the circulations associated with the tropical-temperate
troughs and the dry days.




106

MAINTENANCE OF THE ZONAL FLOW

The zanal flow at a point at any level of the atmosphere is maintained
according to

(3a/0t) = - (/W0 * v((@/adtang ~ (ad/ay)) * of
- (8/a)a? - waii/ax) - (3/3)Wd - W(aii/az) 61

where the first right-hand term represents the latitudinal convergence
of the transient momentum flux, the second the changes in the relative
angular momentum resulting from meridional displacements of the circu-
fation associated with the mean flow and with the convergence of the
medians and the third, the Coriolis torque, the transformation of earth
angular momentum to relative angular momentum. Changes to the zonal
flow forced by the longitudinal transient flux convergence and by
advection of the zonal flow in a lengitudinally-sheared circulation are
~ described by the fourth and fifth - “-lar.d terms. Similarly adjust-
ments to the zonal flow throug “cal convergence of westerly
momentum and through the vertic. sn of mementum in a sheared
flow are expressed by the sixth an. ..vanth terms. In the tropics the
siith term describes vertical mixing of momentum in cumulus towers and
is referred to as the ‘cumulus friction' term. Vertical integration of
Equation 6-1 yields an expression for the maintenance of the relative
angular momentum at any location. Equation 6-1 is frequently used in
time-mean form In which case the left~hand side reduces to zero and only
the mean ageostrophic meridional component appears in the Coriolis torque
term. In the following the full form of the equation will be retained to
B facilitate interpretation of both the seasonal cycle of the intagral zonal
components at all |evels and of the cycles for the tropical-temperate
troughs and the no rain days. Estimates of the magnitudes of several
of the terms may not be made from the present data but the results of
the harmonic analyses provide a route towards tha interpretation of

Equation 6-1 at Bloemfontein.
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The toroidal terms

Of the torcidal terms the Coriclis torque is generally of greater magnitude
than the other terms in Equation 6-1 except at latitudes close to the
Fguator. Westerly momentum is generated when v Js poleward, as in the
upper branch of the Hadley Celi. Inversely westerly momentum is de-
stroyed by the Corlolis torque in the upper branch of the Ferrel Cell.
In the boundary zone at Bloemfontein the mean meridional flow is always
poleward (Fig. 4-6) ar. thus westerly momentum is generated through
the year. The Coriolis torque may be the prime forcing function main-
taining the zonal flow as the phases of the annual cycles of the meridional
and zonal boundary zone components are in close correspondence (Fig.
4-5). Above the boundary zone the meridional wind undergoes a
semi-annual cycle but no equivalent wave occurs in the zonal component
(Fig. 4-5b). Nor is one present in the zonal mean winds at 30°S (van
Loon et af., 1868). Generation or extinction of westerly momentum
through some of the remaining terms of Equation 6-1 must therefore
counterbalance the semi-annual cycle in the Coriolis torque. Westerly
momentum is gensrated on rain days as a result of the poleward
upper-tropospheric flows while it is similarly destroyed in most menths
on no rain days, Maximum destruction on no rain days occurs in May
and November and in these months the relative angular momentum on no
rain days is weaker than on rain days (Fig. 5-6). In February and
August when the no rain torque is either weak or, in the latter month,
generates westerly momentum, the relative angular momentum on no rain
days is higher than on rain days.

Latitudinal transient flux convergence

in general the latitudinal transient momentum convergence is of similar
magnitude to but opposes the action of the Coriolis torque (Newell et
al,, 1972). |t is plausible therefore that the convergence might undergo
a six-month oscillation of appropriate magnitude and phasa w offset the
generation or annthilation th.rough the Coriofis torque, It is not possible
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to directly test this supposition at Bloemfontein with the present data
but evidence exists to suggest that it may be valld. Poleward transient
fluxes at 500 mb south of 30°S followed a quasi-six-month oscillation
during the International Geophysical Year with maxima in March and
August but at 30°S, as at Bloemfontein itself, the annual cycle was
dominant (Newton, 1972). Equivalent results at temperate latitudes were
obtained from the GHOST data as well as indications that the latitudinal
convergence of the transient flux and the Coriolis torque tended to op-
pose one another on six-month cycles on the hemispheric scale (Solot and
Angell, 1969, 1973; Angell, 1972). There are no comparable results for
the subtropics but the semi-annual cycle in the transient flux on rain
days may indicate that an equivalent cycle is present in the flux coa-
vergence. No semi-annual cycle occurs in the relative angular momentum
on no rain days (Table 5-1} and thus a six-month cycle of generation
of westerly momentum by transient flux convergence may counterbalance
the destruction by the Coriolis torque. A weak six-month wave is,
however, present in the relative angular momentum on rain days with
westerly maxima closely contemporaneous with the equivalent poleward
maxima of the transient flux. Generation through the convergence term
may therefore undergo a i-anpual cycle on rain days in phase with
the cycle in the poleward transient flux.

Longitudinal transport and transient flux convergence

According to James (1983) the longitudinal terms may be of sufficient
magnitude to make an important contribution to the maintenance of the
zonal flow. Only at arouna 150 mb does the second harmonic explain
more than 10 per cent of the variance of J'F (Fig, B-2b), the cycle of
witich is dominated by the annual wave. In view of this fact and of the
absence of a large-amplitude second harmonic in the local or global zonal
winds It seems reasonable to conclude that generstion through the tran-
sient convergence and the longltudinal transport of momentum follows a
pradominant annual cycle.
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The mountain torque

The zona! mean meridional flux at a given latitude is balanced by the
stresses (l.e. the surface and mountain torques) to either side of that
latitude (Mewell et of., 1972), No similar balance between the stresses
and the flux may necessarily be expected on scales below the hemispheric
but it will be assumed in the following that the meridional fluxes observed
at Bloemfontein may be interpreted in terms of stresses in the southern
African sector of the hemisphere alone. Thus adjustments to the atmo-
spheric westerly mamentum from convargence of momentum into the region
will be neglected below. The mountain torque exerted by the raised
African plateau on the atmosphere is of comparable magnitude to that
assaciated with the Soutl. America uplands and s thus a major component
of the hemispheric net torgue (Newton, 1972). The surface pressure
gradient across the plateau, as represented by Durban and Alexander
Bay monthly mean 1000 mb pressure heights, Is positive in seven months
of the year (Fig. 6-1a). The gradient as estimated from differences in
850 mb heights or from the vertical integral of the torque to the 850 mb
tevel is aiso positive in most months. The mountain torque of the plateau
thus generates {when the gradient is positive) or destroys atmospheric
westerly momentum according to the peried of the year. There are
marked semi-annual cycles in the mountain torque (Table 8-1) despite the

Table 6-1. Detalls of first ond second harmonics of the mountaln
torque between Durban and Alexander Bay., Amplitudes {Amp)
are in metres (see text for detalls), Column headed Var' glves
varionce explained by harmonic while thot headed 'Max' lsts ap-
proximate dotes of moximum transfer of westerly momentum inte
atmosphere.  For second harmonfcs dotes are for roinfall season

maxima.
Annual Wave Semi-annual Wave
Amp Var Max Amp  Var  Max
1000 mb 0.81 53.5 30 Mar 0.39 12,4 22 Mar
850 mb 0.54 42,8 5 May 0,38 20.3 1 Mar
1000-850 mb 0.43 30.9 7 Sep 0.34 19.9 14 Jan
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Figure 6-1. o} Mountain torque ocross South Africa s repres-
ented by standard level helght differences (metres) at 1000 ond
850 mb between Durban and Alexander Bay; b) Monthly mean 850
mb helght grodients between Durban and Alexander Bay for rain
(sofld line} end no rain (dotted line) days In the western Orange
Free State adapted from Hurangozo (1986},

fact that the second harmonic makes an insignificant contribution towards
the 1000 and 850 mb height distributions at both stations. Phase angles
of the semi-annual cycles In the gradients are such that the peak transfer
of westerly momentum into the atmosphere oncurs at around the same times
as the maxima of the poleward flows (cf. Table 5-1) and of anomalous
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anticyclonic flow across the western Indian Ocean (Fig. 4-7). No pre-
aus indicators of a semi-anpnual wave in, or even of a possible change
i ¢ direction of, the mountain torque of the African plateau at 309S
ha .« seen obtiined {e.g. Newton, 1871} slthough the results of Wei and
Schaau' (1984} indicate that the African torque at 15°S reverses sea-
sonally. The sign of the total mountain torque of the Southern Hemi-
sphere does, however, vary during the year (Newton, 1971; Neweil et
al., 1972; Wei and Schaak, 1984; Wahr and Oort, 1984}, Throughout the
months October to March the height gradient between Durban and
Afexander Bay at 850 mb is positive on rain days but it is negative on
no rain days in December and January (Fig, 6-1b), Westerly momentum
is therefore transferred to the atmosphere except in December and Jan-
uary on no rain days. In alf six months except March the gradient, and
hence the transfer to the atmosphere, is stronger on the rain days.

Surface stresses

Relative angular momentum is generated and destroyed through stresses
between the surface and the easterly winds in the tropics (and polar
regions} and the westerly winds in the temperate latitudes respectively.
The fact that the flux by the mean flow in addition to the mountain torque
at 30°S follow six-month waves suggests that the surface stresses in the
regions where the momentum {s transferred from and to the planet should
also updergo six-month cycles. To be in phase with the cycle of the
toroldal fluxes maximum generation and strongest easterly winds shou. j
occur in February and August together with strongest westerly winds in
temperate latitudes. |n the oceanic sector 60 to 120°E the cycle of the
surface tropical zoral winds {s dominated by the annual wave but at 15
to 25°3 the second harmonic explains about 10 paer cent of the variance
with maximum easteriles in February and August (van Loon and Jenne,
1870b). Over southern Africa both the phase of and the variance ex-
plained by the harmonics of the zonal components aro variable, At Maputo
the second harmonic of the 850 mb zonal wind distribution Is dominant
with maximum essterfies in February and August but at Harare and
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anticyclonic flow across the western Indlan Ocean (Fig. 4-7). No pre-
vious indicators of a semi-annual wave in, or even of 2 possible change
in the direction of, the mountain torque of the African plateau at 30°S
have been obtained (e.g. Newton, 1971} although the results of Wei and
Schaack (1984) indicate that the African torque at 15°S reverses sea-
sonally. The sigh of the total mountain torque of the Southern Hemi-
sphere does, however. vary during the year (Newton, 1971; Newell ef
al., 1972; Wei and Schaak, 1984; Wahr and Oort, 1984). Througheut the
months October to March the height gradient between Durban and
Alexander Bay at 850 mb is positive on rain days but it is negative on
n> rain days in December and January (Fig. 6-1b). Westerly momentum
is therefore transferred to the atmosphere except in December and Jan-
uary on no rain days. In all six months except March the gradient, and
hence the transfer to the atmosphere, is stronger on the rain days.

Surface stresses

Relative angular momentum is generated and destroyed through stresses
between the surface and the easterly winds in the tropics (and polar
regions) and the westerly winds in the temperate latitudes respectively.
The fact thst the flux by the mean flow in addition to the mountain torque
at 30°S follow six-month waves suggests that the surface stresses in the
regions where the momentum is transferred from and to the planet should
alav underge six-month zycles. To be in phase with the cycle of the
toroidal fiuxes maximum generation and strongest sasterly winds should
occur in February and August fogether with strongest westerly winds in
temperate latitudes. In the oceanic sector 80 to 120°E the cycle of the
surface tropical zonal winds is dominated by the annual wave but at 15
to 25°S the second harmonic explains about 10 per cent of the variante
with maximum easterlies In February and August (van Loon and Jenne,
1970b}. Over southern Africa both the phase of and the variance ex~
plained by the harmonics of the zonal components are variable. At Maputo
the second harmonic of the 850 mb zonal wind distribution is dominant
with maximum easterl’ = in February and August but st Harare and
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Figure 6-2. Dates of {summer} maxima of the annual (upper
vajues) and semi-annual (lower values) 850 mb . snal component
waves ot sele.led southern Africon stations. Figures give am-
plitudes of waves In ms-' and, in brockets, explained variunces.

Luanda the phase is reversed (Fig, 6-2). At Bulawayo, Pretoria and at
Bloemfontein itself the phase is consistent with that over the indlan
Ocean. To the south of Africa 50 per cent of the variance of the surface
zonai component distribution at 50°8 is explained by the second harmenic
with maximum westeriles in February and August (*an Loon and Jenne,
19705). It may be inferred that refative angular momentum as transported
across the central interior of South Africa is generated at about 20°S over
the eastern parts of the subcontinent represented by Maputo, Bulawayo
and Pretorla and Is returned to the planet at about 50°S. Maxima in the
zonal mean surface stresses occur at these latitudes (Newell et of.,
1972; Wahr and Oort, 1984) which are located within the Southern Hemi-
sphere source and sink reglons of relative angutar momentum in the De-
cember to Fabruary peried (Fig. 6-3). The dominant cyclone track over
the Indian Ocean lies at the latitudes in which momentum is returned to
the planet (Trenberth, 1982).
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“ Floure 6-3. Streamlines of the non-alvergent component of zonal
mean transport of relative angular momentum In December to
February (adapted from Oort and Pelxoto, 1983).  Stippling
morks the Anturctic continent., Units are Hadley Units (10** kg
mis-1,).

i Rainfall systems associated with net poleward momentum fluxes in tilted
troughs may only exist provided there i{s generation or comvergence of
westerly momentum equatorward of the trough. Should generation
through stresses at 20°5 be of importance to the budger, as assumed in
the preceding, then rainfali systems such as the tropical-temperate
troughs must be sccompanied by strengthened surface easterly flow
northward of the western Orange Free State. Evidence that the annual
mean easterly surface component over Zimbabwe and northern Namibia is
stronger in wet than In dry years over South Africa (Tyson, 1984)
supports the contention that westerly momentum generated through sur-
face stresses at 20°S is an important component of the poleward flux
across the South African plateau on rain days.
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Vertical fluxes

Vertical fluxes, which transfer momentum between the surface sources
and sinks and the upper-tropospheric vegion of maxima in the meridional
transport, are difficult to estimate. According to Newell et of. (1974)
the mean vertical motion over South Africa at 500 mb is downwards
through the year but estimates of the topographically-forced low-level
motion indicate that it is upwards in the high seasons (Visnello, 1985).
Thus the direction of the mean flux is presently not known. Mean surface
winds at Bloemfontein in all months both for the integral circulation and
for each system (Harangozo, 1886) are westerly, indicating that the South
African plateau is a sink regwon of t
Overal] momentum is transported downwards, therefore, by all systems.
The flux may not necessarily, however, be downwards on all days.
Surface easterlies occur throughout the year but are more common in
summer than in winter and during the night than during the day, being
dispersed in the latter period by downward mixing of westerly momentum.
The layer of easterlies may extend, particularly during the summer
months, to the 500 mb level or beyond. Deep easterly flows are normally
associated with rainfall and with generation of atmospheric westerly mo-
mentum through surface stresses and the mountain torque. These flows
may therefore be asscciated with upward momentum transport.

ic westerly

The partitioning of the vertical flux at Bloemfonteirn: into the mean-and
transient components has not been determined but may be temporally
d: dent. It is din A dix | that both the mean vertical
motion and the transient flux convergence may be modulated on

semi-annual cycles of opposing phase with the mean motion anomalously
upwards in the high seasons. Should this postulate be valid then there
is anomalous upwards transport through the mean flow in the high seasons
in periods of the dominant Hadley Circuiation and through the flux con-
vergence {n the transitional seasons when the baroclinicity of the atmos-
phera reaches a maximum.
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TROPICAL-TEMPERATE TROUGHS AND POLEWARD MOMENTUM FLUXES

Based on the preceding discussion it may be inferred that the major mode
of the circulation associated with poleward momentum transport across
South Africa is one in which westerly momentum is generated through
i surface stresaes in an easterly flow and vertical lifting of the momentum
i
!
|

is achieved through either the mean vertical motion or cumulus friction
at 20°S prior to poleward export and final destruction at about 50°S.
The mountain torque also contributes towards the total generation but
the latitude of lifting of this momentum has not been determined. Mo
i detailed studles of the circulation at 20°S have been undertaken but it
: is possible using available data to deduce some of the details of the

' g the budget of the region.

Tropical-temperate troughs are the major type of svstem achieving the
transport of momentum poleward across southern Africa.
\ Tropical-temperate troughs appear to be invariably linked through a’
tropical low at about 20°S with the tropical cioud masses over centeal
southern Africa (Harangoze and Harrison, 1983), a fact confirmed by
inspection of both satellite images and surface synoptic charts during the
devels t of the ! of circulation types. Cumulus friction within
the cloud masses may supply a proportion of the raquired vertical flux
at 20°S, Circulation controls on the formation of the lows are therefore

quivalent to those regul the budget at 20°S.

No studies of the dynamics of the lows have been pursued but some in-
sight into the conditions required for their formation may be obtained
through analogy with results for equivalent systems elsewhere in the
world. During the northern summer there is a quasi-continuous train
of westward-propagating easterly waves across the Sahel at around 15°N.
The waves provide a high proportion of the rainfall over the Sahelian
; zone (Newell and Kidson, 1984}, Certain consistent dynamic character-
istics of the waves have been recognised on the basis of results from a
number of pertinent studies (Burpee, 1972, 1974; Pedgley and
Krishnamurtl, 1976; Rennicl, 1976; Reed et af., 1977; Norquist et of.,
1977). Thesa characteristics include a low-leval cold core, a
mid-tropospheric warm core and upper-tropospheric cold core dand de-
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velopment of the waves in the vicinity of the easterly jet at 650 mhb.
Instability of the internal jet (change in the sign of the meridional gra-
dient of the potential vorticity - Charney and Stern, 1962) and barotrople
instability {change in the sign of the meridional gradiant of the absolute
vorticity) are both present and the wave energy Is derived from both
the horizontal and vertical shears of the basic current. It has been
suggested that adjustments in the easterly vertical shear and hence in
attendant variations In the conditions suitable for the production of
eastarly waves may account for the rainfall fluctuations over the Sahelian
zone as based on observations of a stronger 200 mb flow in the wet
summer of 1969 as compared to in the drought summer of 1972 (Kanamitsy
and Krishnamurti, 1978). Not only are the rainfall and the strength of
the easterly flow at 200 mb in the region of 15°N directly related however
{Kidson, 1977) but the rainfall is indirectly related to the strangth of
the jow-level Jet. Thus in dry periods there is a net jncrease in the
vertical shear {Newell and Kidson, 1984) such that increased wave energy
is ilable despite the ¥ d upper-tropospheric easterly flow.

Of the characteristics of the wet-period flow over the Sahel two appear
to have fairly general applicability in the tropics of the Eastern Hemi-
sphere, namely the upper-level easterly flow and the presence of
barotropic  instability. Higher rainfall totals are accompanied by
strengthening of the 200 mb easterly flew for both the Indian (Kobayashi,
1974; Kanamitsu and Krishnamurti, 1978; Tanaka, 1982) and the winter
monsoon (Tanaka, 1981; McBride, 1983} and over Venezuele (Riehl,
1977a). The direct association between tropical convection and easterly
flow at 200 mb over the Eastern Hemisphere has been demonstrated by
Webster (1983), The direction of the fiow reverses in the Western
Hemispherc where westerlies cover the convection over the Amazon Basin.
1t will be assumed that tropical lows over southern Africa form only with
an upper-level easterly zonal current (the mean summer zonal flow at 200
mb and 20°S is westarly - Figure 8-4), an assumption consistent with the
analyses of Lindesay (1986). By the very nature of the circulation
around the low an easterly surface flow and hence generation of momentum
must also be present. Barotropic instability of the flow is the funda-
mental mechanism responsible for the formation of the Sahellan waves
{Mak, 1983) and is of major importance to the develcpment of Indian
monsoon depressions {Satyan et of., 1981; Goswami et al., 1981; Lindzen
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Flgurs &§-4. Mean January to March ional wind components / '
{ms-*) along the 30°E meridian from the equator to 50°S for the
period 1958 to 1983 ofter Lindesay {1986). Westerly flows are
positive.

et al., 1983) and of tropical disturbances over the central Pacific Ocean

{Nitta and Yanai, 1969) and over northeastern Brazil (Rao, Marques and
i Bonatti, 1984). Few data are available to test the degree of instability :
{ of the summer mean flow over Africs at 20°S but inspection of mean .
: January to March zons| wind data for the period 1958 to 1983 along the :
30°E meridian (Fig. 6-4) indicates that the flow may be barotropically '
unstable. The speed of the easterly flow in the lower layers at Bulawayo
i is markedly higher than at either Harare or Pretoria with the result that I
: the sign of the meridional gradient of the relative vorticity reverses in !
the vicinity of the former station, Order of magnitude caloulations in-
dicate that the meridional relative vorticity gradient is larger than that
of the Coriolis parameter such that the sign of the absclute vortlcity
gradient reverses at about 20°S. Hence the flow is barotropically un-
stable. Magnitudes of the zonal component at Bulawayo may also be in- 1
dicative of the presence of a fow-level jet at 20°S,
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There is ona major aspect in which the northern and sm;thern African
waves differ - at no time do the Sahelian waves come under the direct
influence of a westerly trough from the north whereas the equivalent

situation is a common occurrence in the south. A type of rainfall system
develops over the Sahel which involves the linking of westerly waves and
disturbances in the [ow-ievel easterfy flow but these systems are re-
stricted primarily to the transitional seasons {Nicholson, 1981). About
70 per cent of summer rainfall systems over northern Venezuela, on the
other hand, develop in conjunction with westerly waves intruding
equatorward from the North Atlantic Gcean (Riehl, 1977a). According
to Riehi (1977b) such troughs offer a mechanism for extraction of the
heat from the tropical zone necessary to maintain the meridional temper-
ature gradient required to drive the Hadley Call. The troughs also
supply suitable dynamic conditions for enhanced development of tropical
disturbances over Venezuela. Over Brazil, as over southern Africa,
troughs penetrate well into the interior of the continent (Kousky, 1979)
and these incursions are frequently associated with ensuing reductions
in pressure and intensified convection over the Amazon Basin (Kousky
and Ferreira, 1881; Vir}i and Kousky, 1983). Cloud bands over the South
Atlantic Ocean maik at least some of these tropical/temperate links (see
Figure 9 of Kousky and Ferreira, 1981, and Figure 2 of Virji and Kousky,
1983}, Intensification of trc .ical systems over southern Africa also oc-
curs in association with equatorward-intruding westerly waves {Bhalotra,
1873; Kumar, 1978; Acharya and Bhaskara Rao, 1981). Enhanced energy
gener n and alse pr bly lifting of through mixing in
the convection accompany the intensification of the trupical systems.
As in the Venezuela region heat extraction from the African tropical
systems along the tropical-temperate troughs may drive the Hadley Cir~
culation present in conjunction with the troughs. Tropical heat release
and cumulus friction are two of the major driving functions of the Hadley
Circulation, the Circulation accelerating in perlods of active convection
at low latitudes with attendant above-normal heat release and cumulus
friction (Rind and Rossow, 1984; Zillman and Johnson, 1985). The
anomalous poleward flow on days with tropical-temperate troughs is
therefore indicative of a poleward leration of the meridional circulation
forced by heat and momentum gensration at 20°8.
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Figure 6-5. Schematic model of mean summer clroulation associated
with rainfall frem tropical-temperate troughs.  Single arrows
represent low-level tlows and double arrows upper-tropospheric
flows; arrow heods represent reglons of ascent and arrow tails
regions of descent.

A maodel of the circulation on days with tropical-temperate troughs across
South Africa may now be proposed (Fig, 6-5). Convection develops over
central Africa at about 20°S with an easterly flow at the surface and at
200 mb in assoclation with barotropic instability and with instabilities
associated with the upper-level circulation and, possibly, with the
internal jet. A wave forms in the easterly flow within which develops a
closed tropical fow. Westward propagation of the warse into the Atlantic
Ocean, as happens for the waves over North Africa, is blocked by the
column of cool air extending above the cold ocean surface off the coasts
of Namibla and Angola, temperature conditions which are not replicated
off the west coast of North Africa (Newell et af,, 1972). The wave may

ly lie quasi ! y over tropical Africa and in such a case
is referred to as a 'standing wave in the sasterlies' by Taljaard {1972),
Westerly momentum is transferred to the atmosphere in the surface
eastorly flow and is raised to the upper troposphere through mixing in
the convective motions, Westerly momentum is also trahsferred to the
atmosphere through the mountain torque with the high pressure system
along the east coast of the subcontinent but it Is not certain that this
momentum Is lifted at 20°S. Generation of momentum and heat release in
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the convection provide suitable conditions for the forcing of a Hadley

Cell acrass southern Africa.

Convection, and consequently the gensration of heat and momentum, is
intensified with Interaction between the circulation around the tropical
fow and a westerly trough associated with a temperate cyclone passing
to the south of the continent. Further the trough provides a suitable
channel for the poleward transport of both energy and momentum by the
mean flow and marks the Hadley Circulation forced by the heat and me-
mentum generation. Particularty during the transitional seasons the
troughs develop pronounced tifts such that efficient poleward momentum
transport occurs, Circulation changes on the semi-annual cycle result
in a decreased efficiency of the transport in the summer season. The
cold front associated with the trough penetrates the interior of the
country and farced convergence along the front togethar with a
baroclinically ble aty h and an influx of moisture in the

easterly flow provide conditions suitable for the development of convection
along the trough. Viewed from a satellite this latter region of convection
appears as part of a continuous cloud link betwaen the tropical low and
the perate cyclone, is sub ty returned to the planet
in the reglon of the Indian Ocean storm track at 50°8.

THE EQUATORWARD MOMENTUM FLUX ON NO RAIN DAYS

The model devised above for the circulation assoclated with the
tropical-temperate troughs is not applicable for that on no rain days in
which the momentum flux is equatorward and the magnitude of the flux
Is modulated on a semi-annual cycle with peak fluxes in May and No-
vember. Following the arguments given above for the poleward flux the
no rain equatorward flux may be traced back to ragions of atmospheric
ascent above surface sasterlies. No common synoptic system giving dry
weather at Bloemfontein togethar with easterly surface winds to the south
of the city exists and thus distant sources of the flux must be sought.
Ther appear to be two possible such sources. One is the region to the
south of the Antarctic trough where the strongest easterlies are in June
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and December at sbout the time that the trough Is furthest north (Fig.
4-7).  Antarctica s a source of temperate (atitude angular momentum
throughout the year (Oort and Peixoto, 1983). The phase of the
semi-annual cycle at Bl in is however i with that of the
circulation over the tropics rather than that over Antarctica indicating
that a tropical rather than a polar source of the momentum exists.

Tropical South America and/or the adjacent oceans are possible sources
of the momentum whence it is transported poleward in the vicinity of the
trough over the Atlantic Dcean associated with the semi-permanent cloud
band (Webster and Curtin, 1975) after lifting over the Amazon Basin.
Poleward momentum fiuxes over the South Atlantic Ocean are amengst the
strongest of the hemisphere (Angell, 1972; Webster and Curtin, 1975;
Trenberth, 1982). The longitudinal location of the cloud band and hence
of the trough undergoes a six-month oscillation which brings it closest
to Africa in Novembar and May (Fig. 4-7), the months of the strongest
Q! ward fluxes over Bl on no rain days. Re-curvature of
the flow under consiraints of maintenance of absolute vorticity (or ab-
solute momentum)} would, given a suitable wavelength of the resulting
standing wave, result in an equatorward flow across southern Africa.
Presumably the wavelength is such that it accounts for the strongest
equatorward flow which occurs when the standing wave is displaced to~
wards the east in the transitional seasons (Fig. $-8a). \f any of the
westerly momentum transported equatorward over South Africa is re-
turped after subsidence to the planet in the vicinity of the subcontinent
it would appear as westerly maxima in the surface winds in May and
November. May and November maxima are observed at Bloemfontain,
Pretoria, Bulawayo, Maputo and over the Indlan Ocean (Fig. 6-2). The
six-month cycle in the low-level zonal flow over the Indian Ocean may
therefore, in part, ba forced from the Atlantic Qc2an. Strengthened
wasterly components over Africa at 20°S result in an increase in the
dynamic stability and hence in a reduction in the convection. Heat re-
lease, the generation of momentum and the forcing of the Hadley Circu-
fation across South Africa decline snd the reglon becomes a momentum
sink.

Some of the momentum carried equatorward across southern Africa may
subsequently be re-exported poleward to the east of the subcontinent,
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Figure 6-6. As Figure 6-5 but for no rainfall avar the western
Orange Free State.

Although not always present troughs marked by cloud bands are fre-
quently located off the east of the continent on no rain days at
Bloemfontein (Fig. 2-8) and may denote suitable channels of momentum
efflux. The relative angular momentum circuit is envisaged as: a} gen-
eration of westerly momentum over the Amazon Basin and the tropical
Atlantic Ocean; b) lifting in the Amazon Basin convection; c) poleward
transport over the South Atfantic Ocean in the vicinity of the cloud band;
d) curvature of the flow in the temperate South Atlantic Ocean such that
some of the flux returns equatorward across South Africa; e} any me-
mentum not returned to the planet through subsidence over the subcon-
tinent and the Indian Ocean is re-exported poleward in the vicinity of
the band situated to the east of the continent after re-curvature of the
flow at sbout 20°S (Flg. 6-6}. The low phase of the Southern Oscillation
(defined in Chapter 9) is usually assoclated with below-normal rainfall
over South Africa (Harrison, 1983a; Lindesay et of., 1986; Lindesay,
1986) and thus marks pariods in which the absve mode of circulation may
ba most clearly defined. Mean December to February 200 mb wind
anomalies in the low phase have been derived by Arkin (1982). A claar
correspondence between the circuit deduced above and Arkin's rasults,
which explicitly illustrate the standing wave across the Atlantic Ocean,
is apparent (Fig. 8-7). Arkin's data Indicate further that momentum is
exported from South America at 20°5 n addition to at the Equator, that
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Figure 6-7. December to February mean 200 mb wind anomailes
over the southern Atlantic and Indian Oceans during the low
phase of the Southern Oscilfotion (ofter Arkin, 1982}, Isotachs
jabelled In ms-'. Stippling outlines the Flow discussed In the
text,

much of the momentum does not ‘e-curve over the South Atlantic Ocean
but is returned to the pianet in the vicinity of Antarctica and that there
is also a direct flux of momentum eastward across the tropical Atlantic
to southern central Africa.

CONCLUSIONS

Madels of the mean circulations accompanying both rainfall and dry
weather over the central interiar of South Africa have been daveloped
through consideration of the properties of the various components of the
momentum budget over southern Afeica. Different sources of the mo-
mentum transported meridionally acruss southern Africa on raln and no
rain days exist, South America marks a source for the no rain days.
Momentum generated over the Amazen Basin is carried along a standing
wave over the South Atlantic Ocean, the trailing edge of which is marked
by a cloud band, and ultimately equatorward in the uppear branch of a
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Ferrel Cell across southern Africa. Momentum may subsequently be ex-
ported poleward iin the vicinity of the cloud band in the Madagascar re-
gion. Tropical-temperate troughs across southern Africa form when a
westerly trough infsracts with a reglon of tropical convection over Africa
at 20°S. The tro 3h provides conditions suitable for intensification of
the convection which in turn forces a Hadley Circulation across southern
Africa, Heat released and momentum lifted in the convection is trans-
ported poleward along the leading edge of the trough. Cloud develops
in association with dynamic forcing along the cold front of the trough
resufting in both rainfail over the sub i} t and the appear on

satellite images of a cloud band.

Several of the components of the momentum budget, including the
Coriolis, surface and mountain torques and possibly the latitudinal and
verticai flux convergences and the mean vertical flui, are modulated on
a semi~annual cycle such that detalls of the models are time dependert.
of the no rain circulation flux varies on the
i di of the Atlantic Ocean standing

For example, the intensity

cycha foll
wave. The efficiency of the poleward transport along the troughs simi-
larly varies with the wave displacements such that highest efficiency
occurs in the trensitional seasons. Details of the influence of the
semi-annual cycle and of the cfrculatlons associated with rainfall systems
other than the tropical-temperate troughs must, of course, be incorpo-
rated into future, more comprehensive, models. The madels as developed
above are, nevertheless, adequate to provide the basis for an examination
of the controls on both the annual rainfail cyele and the rainfall variations
over the central intarior of South Africa.




CHAPTER 7

GENERAL CIRCULATION CONTHOLS ON THE ANNUAL RAINFALL CYCLE

INTRODUCTION

Several studles of the circulation through the year over South Africa
provide the necessary background for examination of tie causes of the
seasonal rainfall cycles over the varlous parts of the subcontinent.
Earlier {nvestigations are summarised by MacGregor {1955) while more
recent svnopses have been provided by Taljaard (1958, 1972, 1881b) and
Trewartua (1981). Several surface circulation features appear in summer
but not in winter mean patterns, the most prominent of which is the
north-west to south-sast orfented trough over the western parts of the
interior (Jackson, 1952; Taljaard, 1953), Cloud bands frequently develop
to the east of the troughs. In contrast to the marked seasonal variations
in the surface flow there are nio equally-defined changes in tha upper-air
circulation which account for the summer rainfall peak and the winter
dry season over the central interior, the flow remaining anticycionic
throughout the year (Jackson, 1952). Consequently the annual rainfall
cycle has been attributed to changes in atmospheric stabiiity and moisture
content followi itudinal and longitudinal of the oseanic
subtropical high pressure systems on elther side of the subcontinent
{Trewartha, 1981; McGee ar-* Hastenrath, 1966). Between the peak
season months the South Aflantic Anticyclone undergoes a latitudinal shift
of 8° to a maximum southerly lotation in January (McGee and Hastenrath,
1966, Streten, 1980) when the lndian Qcean Anticyclone is displaced
eastward towards the Australlan side of the Ocean (Fig. E-3). In
mid-winter the Indian Ocean Anticyclone lies closer to Africa, It has
been argued that convection in winter is Inhibited as a consequence of

ic descent ying the westward displacement
of the Indian Ocean Aatloyclons, At the same time the flux of moisture
from the surrounding oceans Into the Interlor s restricted by the sub-
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tropical inversion which frequently lies below the level of the raised
central plateau of the subcontinent. Alternatively during the summer the
of anticycloni bsid Is reduced and the subtropical in-

version weakens and lifts, pernitting both the influx of moisture onto
the mlateau and the develupment of convective clouds.

Although many of the basic fsatures of the seasonal rainfall cvcle may
be explaited by the above exposition some aspects of the theory are in-
consistent with observation and there are additional datail: of the cycle
that remain to be elucidated. For example, the distinct summer rainfall
maximum and winter minimum is present along the east coast in regions
where inversions may not restrict the influx of moisture, Limitations on
tion exerted by inversions might explain the winter
rainfall minimum but these inversions develop less frequently at Durban
in winter than in summer (Preston-Whyte et af., 1977). Observations
also indicate that the centre of the Indian Ocean Anticyclone migrates
no further west than 60°E in winter (Fig. E-3) at which longituce it is
w2 distant to exert the climatic influence postulated on a country which
extends only to about 33°E.  According to Streten (1980} a second
anticyclone, independent of the Indian Ocean Anticyclone, develops over
the far western parts of the ocean during the nonths April to September
and 1t is this cell which is prominent in the low-level circulation over the
subcontivent.  Maximum pressures over the central interior of South
Afiiza are acisieved in mid-winter anly balow 700 mb above which fevel
the annual pressuie wave reverses (Fig. 4-2c). The phase reversal is
with the th t to north-west tilt with height of
upper-leyel waves over the region (Hofmeyr and Gouws, 1964; Newell et
al., 1972) and the seasona! latitudinal migration of the systems. Yet the
variances of geopotential heights at all levels of the troposphers, in ad-
dition te tnese of the surface pressure and of the temperature above 600
mb, alsc reach maxima in midwwinter (Fig., B-1), indisating that dis-
turbances of greatsr amplitude pass over the ..tlon in winter than
during summer. The presence of [arge-amplitude waves may not be
readily reconciled with the concept of steady subsidence in the downward
branch of the winter-hemisphere Hadley Csll producing an inversion
abovs a Jow-level diabatic cold high. Further difficulties arise in the
detailed study of the annual rainfall cycle over the Qrange Free State.
The apparently sirple cycle over ihis region results from a complex of

bsid
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contributions ‘rom several types of synoptic systems in which inter-month
variations in the absolute and proportional rainfall contributions are
present. Other unexplained aspects of the cycle include the December
rainfal] hiatus and the late season rainfall pesk over the western regions,

In this chapter models of the annual rainfall cycle over the central inte~
rlor of South Africa will be formulated in terms of seasonal adjustments
in the general circulation in the African region, and in particular in the
general circulation of the tropics. The medels are based on the results
of the harmonic analyses of rainfall, of the thermodynamics and kinematics
of the circulation and of the meridional fluxes of momentum. The models
are developed upon the momentum budget models for tropical-temperate
troughs {(Fig. 6-5) and the no rain circulation (Fig. 6-6). Results from
the harmonic analyses are sunmarised in A dix F where it is concluded
that the phases ef the annual rainfall and rain earth angular momentum
flux cycles are closaly synchronous and that the turning points of the
fovmer cycle oceur contemporaneously with turning points of the

semi-annual cycle of the rain transient flux.

FREQUENCIES OF SYSTEMS OVER SOUTH AFRICA

In order to develop a background for investigation ¢f the circulatinn
controls on the development of rain-bearing systems the mean fraquencies
with which the various types of systems affect South Africa have been
derived {(Fig. 7-1}. it is possible that not all the cloud patterns sus-
talned by patticular circulation types provided rainfsll over the land
mass. Many of the disturbances included amongst the coastal de-
prassions, for example, wore probably coastal lows which rarely produce
mare than lovalised drizzle. All cases of cloud signatures appropriate
to the various types of systoms in the classification have, however, been
included in the statistics in Figure 7-1.

Distributlons for the trapical systems through the vear are similar to
wse over the Orange Free State (Fig. 3-4). Tropical-temperate troughs
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Figure 7-1. Mean number of days per month during which each
type of rainfall system was present over South Africa as a whole
during the perfod 1967 to 1977 (cf. system frequencies over the
Orange Free State In Figure 3-4).

are most commonly situated across the country in January with a second
frequency mode in November. A reduced frequency of troughs in De-
cember, suggested as the cause of the rainfall hiatus in that month, Is
present in the net statistics for the subcontinent. Subtropical cyclones
are alse distributed in time similarly over the country as over the Orange
Free State. Major differences in the distributions appesar for the
temperate systems, Over the Orange Free State coastal depressions are
distributed according to a six-month cycle with peaks (n the transition
seasons. For the subcontinent as a whole coastal depressions are present
with quasi-constant frequency through most of the yeat apart from Janw
uary and February, The reduction in the froquencies of coastal de-
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pressions in January and February is mirrored in the results for the
Orange Free State. East coast troughs affect the subcontinent most
frequently in May and September but the Orange Free State in
March/April and October. Distributions for unclassified systems over the
3 I subcontinent are perhaps more afike those over the Orange Free State
.|

than for the other types of temperate systems. Differences in the dis- i

tributlons of the frequencies of the temperate systems over the subcon-
‘ tinent and over the Orange Free State reflect changes in the circulation
f such that these disturbances penetrate more frequently inte the interior
H of the country during the perieds of the dominant Ferrel Circulation in
J the transitional seasons. Tropical systems are not affected by such

constraints sa that distributions for these systems for the Orange Free
;‘ State and for the subcontinent are similar although on only about one-haif
J of the days that tropical systems are present over the country do they
1 provide significant rainfall (as defined in Chapter 3) to the western Or-
: ange Free State.

TROPICAL-TEMPERATE TROUGHS AND THE GEMERAL CIRCULATION
OF THE TROPICS

Two important properties of the circulations sustaining cloud band for-
: mation and determining the course of the seas.aal rainfall cycle over the
i western Orange Free State have been identified. First, heat release in
the tropics is a necessary condition for band formation along a
tropical per trough. ding waves of tha Southern Hemisphere
are also predominantly forced by tropical heat release rather than by
vi orography and evidence that the cloud bands mark the standing waves
| is presented in Appendix G. Secondly, the cloud bands develop in re-
| gions of interaction between circulutions of the low and middie fatitudes
and mark channels of poleward energy and momentum transfer by the
mean meridional circulation. Maler controls on the intra-annual changes
in the frequency of formation of tropicai-temperate troughs over South
Africa are thus the seasonal displacements of the reglon of tropical heat
reluase and the attendant adjustments to the dynamics of the
tropical/temperate circulation interactions.

) . B LT SO N D
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Figure 7-2. Seasonal distributions of the IR eifective temper-
ature for the perlod 1974 to 1978 for a) June to August and b)
December to February adapted from Webster (1983} ofter
Ligbmann and Hartmann (1982}, Temperatures denoted by
shading: darkest areas <230°K; stippled oreas <250°K; clear areas
<270°K ond grey areas »280°K. Locations of the lnter-Tropicol
Convergence Zone, the semi-permanent equatorial convective
z0nes and the seasonal monsocon reglons are marked as 'I*, 'C!
and 'M' respectively.

Three dominant areas of tropical heat relesse are present in the austral
summer (darkest aress In Figure 7-2a - see also Figure B of Barton,
1983), all of which lie over I { aress including the Ind i

Archipelago which act as source reglons for the msin cloud bands (cf.
Fig. 2-68). During winter only two primary regions of heat release are
present, the major one of which resides within the Asian monsoon (Flg.
7-2b}. A minor reglon of heat release cccurs over tropical north Africa.
The heat source relevant to tropical-temperate troughs over sputhern
Africa is the region of convection along the African later-Tropical Con-
vergence Zone and thus the seasonsl cysle of rainfall from the troughs
is refated to the annual cycle of the latitudinal movements of the Zone.
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Flgure 7-3.  Fields of the first two eigenvectors of outgoing
fong-wave radiation for the peclod June 1974 to February 1978
after Heddinghaus and Krueger (1981). Positive areas ore
stippled; negotive oreos are hatched. Physical Interpretations
of the positive and negative areas are glven In the text,

Details of the movements of tb- continental tropical cloud masses have
been deduced In & principal component analysls of satellite outgoing
long-wave radiation measurements for the perlod June 1974 to February
1978 by Heddinghaus and Krueger (1981). Globally-uniform seasonal
movements of the continental portions of the Inter-Tropical Convergence
Zohe are ceflected In the first component (Fig. 7-3a) for which maximum
cloudiness over Africa at 10°S s attained in elther January or February.
Maximum cloudiness over the south-western portions of Africa is reachad

N



Figure 7-4, As Flgure 7-3 but for the third elgenvector.

in either Jujy or August on the first componant and thus this component
refiects the variations in the seasonal rainfall cycle across the subconti-
nent. Annual fluctuations of outgolng long-wave radiation are zlso de-
pitted on the second component (Fig. 7-3b) and indicate that maximum
cloudiness over the western parts of South Africa cccur In April in
conjunction with the delayed rainfall maxima over those regions.

Dominant Jatitudinal displacements of the region of African convection are
limited to latitudes 10°N and $ and so do not cover 20°S, the latitude
at which the generation of momentum and heat transported poleward ajong
the troughs appears to take place. At 20°S over Africa the outgoing
long~wave radiation follows a semi-annual cycle (Fig. 7-4) such that
minima occur in either Januwary or February and in July or August.
Outgoing Inng-wave radiation minima in summer are linked to the
convective cloudiness maxima and in wintar to emissions from the cold
continental surface through a predominantly dry, cloud-free atmosphere.
Emissions from the refatively warm surface through a cloud-free (com-
pared to the summer) atmosphere account for the outgoing long-wave
radiation maxima in the transitional seasons. Appropelate semi-annual
cycles are present in several climate parameters including rainfall and
hours of sunshine at Lusaka at 15°S (Nieuwolt, 1971), Poleward mean
tHow in a Hadley Circulation over the central interier of South Africa
accompanies the minima In the outgoing long-wave radiation at 20°§ and
equatorward flow in & Ferrel Clrculation the maxima.




N

Flgure 7-5. Mean locations of the Inter-Tropical Convergence
Zone and Zaire Alr Boundary (heavy doshed lines} during Jan-
uary ond February 1958 (o) ond b)) and July and August 7§58
{c) and d}). In a} and c¢) single arrows Hlustrate low-level flow
and double arrows 3 km flow; linked circles mark locations of the
major surface troughs., In b} and d) crosses and dots mark
centres of Individual closed low and high pressure systems re-
spectively and thin lines glve mean sea surface pressure in mb,
Adapted from maps for the International Geophysical Year by
Tallaard (1972).

During January the Inter-Tropicsl Convergence Zone is orlented
meridionally across tropical Zast Africa but becomes zonal across the in-
dlan Ogean at around 15°S (Figs, 7-5a and b). According to Taljaard
(1972) there Is a secondary branch of the Zone which crosses the conti-
nent at about 18°S and which marks the confluence between the easterly
flow from the Indian Ocean to the south and the westerly flow from the




Figure 7-6. METEQSAT infra-red image at 1659 GMT on 23 Feb~

ruary 1979 Hlustrating the Inter-Tropical Convergence Zone and

Zaire Alr Boundary gcress tropleol Africa following Tulfaard
T (1972} linked to a cloud bond across South Africa.

Atlantic Ocean to the north. Taljaard refars to this feature as the Conge
Air Boundary but it should now be culled the Zaire Alr Boundary. An
example of a cloud band which formed contemporaneously with cloud along
the Zalre Alr Boundary and the Inter-Tropleal Convergence Zone across
Africa and the adjacent oceans in a pattern consistent with that in Figure
7-5b is given in Figure 7-6, Although few jows developed along the
climatological axls of the Zalre Alr Boundary itself during the Interna-
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tional Geophysical Year numerous systems were recorded hoth to the
south and to the north of the feature (Fig, 7-5b). It is those lows at
about 209S that form the finks batween the tropical-temperate troughs
and the region of tropica' convection. During the austral winter the
African Inter-Tropical Convergence Zone lies ot about 15°N and so no
longer directly influences the flow over southern Africa. The Zaire Alr
Boundary may, according to Taljasrd (1872), still be traced as a
boundary agross tropical Africa between the easterly flow from the Indian
Ocean and the Atlantic equatorial westeriles (Figs. 7-5¢ and d).

Seasonal shifts of the inter-Tropical Convergence Zone are in part con-
trolled by changes in tha dispesition of the giobal heat sources and sinks,
The zonally-averaged subtropical atmospheric temperature cycle in the
Southern Hemisphere is controlled by sea surface temperatures snd the
oceanic regions of tropical ive cloudi tend to collosate with
the regiora of highest sea surface temperatures. Thus the
zonally-averaged Inter-Tropical Convergence Zone is furthest south in
Fehbruaty (Riehl, 1978) In conjunction with the highest sea surface tem-
peratures over the greater part of the southern oceans (Panfilova, 1972),
Over southern Africa, however, the surface and sitmospheric temperature
cycles are controlled directly hy heating of the continent with resuiting
complex seasonal temperature gradient distributions around the land
mass, If the latitude of the region of tropical convection may be deduced
from the rainfall cycle over central Africa then the African Inter-Tropival
Convergence Zone is furthest south in January according to estimates of
the location of the 'centre of gravity' of African rainfall (Kidson, 1977)
and to the results of harmonic analyses of the rainfall {Hsu and Wallace,
1978a}. The lag between the latitudinal cycles of the sun and of the
Inter-Tropical Convergence Zone, two months in the zonal average {Riehi,
1979), is therefore closar to one month over southern Africa.

S I | ispl of the African Inter-Tropical Conver
gence Zone thus account for the changes in the location of the reglon
of heat releasa over Africa such that troplcal-temperate troughs form most
and lerst frequently when ths Zone is furthest socuth and north respec-
tively. Latitudinal displacemants of the Zone also affect the chances that
interaction between the tropical disturbances and southetn wasterly waves
will occur. Present theories of tropics)/temperate citculation interactions
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based an Rossby wave dynamics have been reviewed by Webster (1983).
According to these theories extra-tropica’ troughs in one hemisphere may
penetrate daeeply into the tropics and mey merhaps even generate waves
in the circulation of the temperate latitudes of the other hemisphere only
in regiuns where the tropical flow is westerly. Such is the case in the
austral summer over the Amazon Basin, the Atlantic Ocean and the central
Pacific Ocean (Fig. 7-7b), all regions in which tropical-temperate inter-
actions as marked by cloud bands occur. The south-eastern Atlantic
Ocean is one of the regions over which the equatorward penetration of
extra-tropical disturbances is a maximum (Webster and Curtin, 1975) and
thus westerly troughs intruding equatorward over the ocean may subse-
quently be incorparated into tropical-temperate troughs across South
Africa,  Alternativaly troughs are reflected back into their own hemi-
sphere in regions over which the equatorial flow is easterly. Equatorial
easterlies cover both the Atlantic Ocean and Africa during the austral
wintar {Fig. 7-74} and thus no links between the tropical disturbances
at 15°N and the southern troughs may be expscted except within 2 highly
perturbed flow, Racent modelling studies {e.g. Schneider and Wattersen,
1984) have however challenged the validity of the applicability of the
above results, which were based on an assumption of zere mean meridional
velocity, in regions of non-negligible meridional currents and have indi-
cated that responses to westerly forcing possibly do oceur in the other
hemisphere across easterly currents under certain flow regimes. In ad-
ditlon evidence also exists that gravity Inertia waves forced by tropical
convection may cross zones of easwerlles (Paegle and Paegle, 1983). It
is possible therefore that some responses in the circulation over southern
Africa to waves generated In the disturbances along the inter-Tropical
Convergence Zone at 15°N may exist but in view of the rarity of cloud
bands in winter (Fig. 7-1) it will be assumed that these responses may
be neglected.

The basic annual cycle of the frequency of formation of tropical-temperate
troughy over South Africa may therefore be explainad simply in terms
of seasonal movements of the zone of beat release along the African
{nter-Tropical Convergence Zone. These movements alone do not, how-
ever, aucount for the semi-annual cycle in the meridional flow across the
central interior of South Africa and, in particular, the winter poleward
flow whan the easterly tropical flow inhibits forcing of a Hadley Circu-~
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lation across southern Africa by heat release at 15°N,  An alternate
source of the forcing of the Cell exists.

The Africun Inter-Tropical Convergence Zone iz both a heat and a mo-
mentum source which is situated on the eastern side of the monsoonal
tndian Dcean, the reglon which accounts for the greater part of the global
cross-- “~atorial momentum flux (Newton, 1872). Atmospheric angular
momentus is fost to the planet in the tropical monsoon westerlies. In
orcter to compensate for this loss westerly momentum is effectively
transferred into tne summer hemisphere, in which the monsoshal
westerlies -~ largely contained, through the transport of sasterly mo-
mentum fro @ summer to the winter hemisphere (Johnson, 1969).
During the austral summer the prime area of tropical surface westerlies
forms with the 'winter' monscon of the fndonesian region, but westerlies
are also found over Argold and Peru. At 850 ~ a cyclopic tentre is
located over narthern Namibia in the vicinity of the average location of
the Zaire Air Boundary (Fig. 7-7a). Westerly momentum is transferred
to the atmosphere in the easterly flow to the south, east and north-east
of the cyclonic centre and to the planst in the osterly flow to the north
snd north-west, Yropical-temperate troughs ara associated with an in~
tensified easterly flow. A8 outflow anticyclone is located above the
low-level cyclone und easterly momentum is transferred towards the
Northern Hemisphare along its . orthern flank to compensate for the loss
to the plenet in the Angolan westerlies (Fig. 7-7b). A similar outflow
anticyclone is present over the west coast of South America. The major
cross-equatarial flow occurs in response however to the westorlies of the
wintar monsoon which, according to Figure 1.Ta, extend oniy as far west
as 60°E but according to Ramage (1971), Lettau (1974) and Semyonov
{1978) cover the tropical Indjan Ocean., Easterly momentum is transferred
into the Northern Hemisphare across the entira Indian Ocean (Fig., 7-7b).
None of the westerly momantum generated over central Africa appeats to
be exported poleward across 30°S by the met. flow in Figure 7-7b but
the result is a consequence of the cancelling effect of the six-month tycle
in the meridioral winds at this latitude. Conditions during the northern
summer are simdar in reverse to those of the austral summer with easterly
momentum being transferred southward across the equatorial Indian Ocean
(Fig. 7-7d). The cross-equatorial flux In July is rather stronger than
in Janusry as a result of the far more extensive reglon of surface
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Figure 7-7. Streamnlines in December to February at 850 mb {a}
and 200 mb {b) and in June to August at 850 mb (c) ond 200
mb (¢} adapted from Newell et af. (1972}).

westerlies associated with the [ndian than with the winter monsocn {(Fig.
7-7c).  The efflux from the monscon regloa covers southern Africa and
is possibly the origin of the winter poleward flow acrosc the interio~ of
tie subcontinent.

CONTROLS ON THE SEASONAL RAINFALL CYCLE

Models of the controls on the seasonal rainfall cycle over the central in-
teeisr of South Africa may now be formulated which incorporate the mai~e
circulation changes on both the annual and semi-annual ¢y . (Figs -8
and 7-9). The seasons are defined on the basis of the phascs of the
scmi~annual cycle. Three models are prasented, one for each of the



139

N

7
‘ = S
. L o ¥
|
ray 1
! o P = .
B 5
s st
e e o e et e
L Figure 7-7 continued
summer and winter seasons and a single model for the transitional sea-
sons,
The January o March summer season
o The Inter-Tropical Convergence Zone reaches its southeramost location

in January. Minima occur in the outgoing long-wave radiation at 10°8
on the annual cycle and at 20°5 on the semi~annual cycle in January.
Convection over tropics! southern Africa acts as a heat source capable
[‘ of forcing standing waves and a Hadiey Circulation across South Africa.
Heat and momentum generaied at 20°3 are transported poleward across
P South Africe by the mecy flow. Toroidsl c¢irculations for all rainfall
. sys.cis apart from subtroplcal cvelonas, east coast troughs and uneclas-

sifind systems are that of the Hadley Cell. The mean vertisal motion is
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Figure 7-8. Schematic representatioi of annual cycles of clrcu~
lation parameters over the centra! interior of South Africe as
deduced through harmonic analyses.

possibly anomalously upwards and baroclinicity is at  minimum - the
semi-annual cycle (Fig. 7-9).

Given that tropical-temperate troughs are most likely to form when
moisture w ncentrations are highest and the Inter-Tropical Convergence
Zone is furthest south, i.e. that the westerly waves are most likely to
§ penetrate sufficiently far equatorward to link with the tropical lows when
1, the latter features thewuelves are displaced in the meon furthesr
b . poleward, then cytione band frequency should reach a peak in January
. as observed. Cyclones in the southers: Atlantic Ocean are also displaced
further equatorward in January than in any other month according to the
analyses of Howarth (1983) such that the formation of tropical/temperate
finks may be facilitated in this month, Conflrmation  that
tropical-temperate troughs form at the time of peak momentum generation
In the troples is given by the synchroneity of the annual cycles of rainfali
from the troughs and of the rain earth angular momentum flux (see Ap-
pendix F).

i
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Figure 7-9. As Flgure 7-8 but of semiannual cycles.

The period of peak frequency of tropical~tempe~ate troughs occurs close
to the time of highest prucipitable water in the atmosphoce.  Molsture
concentrations reach a summer pesk at about the same time as the ap-
propriate maxima on the six-month cycle of the anomalous anticyclonic flow
over the eastern parts of the subcontinent (Fig, 4-7) and of the depth
of the 20°C isotherm over the western equatorial Indian Ocean *{lu:adfasel,
1982). Conditlons are than optimised for the transport of moisture from
i the [ndian Qcean along the northern flanks of high pressure systens over
tha east coast of the subcontinent as proposed by Talfaard (1958).
Confirmation that the Indian Ocean source supplies moisture to the at-
. mosphere over Zimbabwe was obtalned by McNaughton and Wurzet (1972
\ but this study also revealed that the tropical Atiantic Ocean, and possibly
1
i
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that part of the ocean In the Northern Hemisphere, may ajso act as a
moisture source under certain flow conditions. A similar conclusion had
gariler bean drawn in a study of moisture fluxes over Namibia (Gellert,
1962). Both oceans may therefora contribute moisture to the tropical heat
source and to ths atmosphere over the central interior of South Africa.

The Atlantic wave, forced by heat release over the Amazon Masin (Kalnay
and Paegle, 1983), is displaced westward on the semi-annual cycle in the
summer, [n addition the forcing of the wave is weaker than in the
transitional seasons because of the inverse phase of the semi-annual cycle
in the outgoing long-wave radiation over the Basin in comparison to that
over Africa at 20°5 (Fig. 7-4). Maximum rainfall from tropical-temperate
troughs coincides with the minimum in the transient flux on rain days
(see Appendix F} resuliting from the change in the structures of the
westerly waves associated with the westward displacement of the Atlantic
wave. Inspection of satellite wind analyses prepared by the South
African Weather Bureau indicates that there are at [east three modes of
the circulation over the South Atlantic Ocean. In the first mode the wave
is located such that equatorward flow to the west of southern Africa
re-curves and becomes poleward immediately to the west of the African
standing wave; in the second mode there is no re-curvature of the flow
in the Atlantic wave s~ that the flow passes to the south of Africa; in
the third mode the wave is not present. Relative frequencies of these
three modas are unknown,

Dominant features of the circulation in summer on rain days deduced in
the preceding are summarised in Figure 7-10. Easterly flow and heat
release at 20°S provide suitable conditions fo» tropical-temperate trough
formatton and rainfall over scuthern Africa, The first and second modes
of the cireulation over the South Atlantl: Ocean defined above are de-
picted as 'A’ and 'B' respectively. On the no rain days the pattern shifts
eastward such that the equatorward arm of the wave represented by mode
'A' overlies the central interior of South Africa.
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Figure 7-10, Schematic representation of the major features of B

the clrculation over southern Africa during the summer season. : ‘
The dominant 200 mb flow across troplcal Africa and subsequently {
dcross South Africo Is shown by the full line; 200 mb flows re- ' '
lgted to the Atfantic standing wave are shown by dotted lines for
. two of the three known modes (see text}. The flow of mode A
i is displaced eastward such thot the equatorword arm of the wave

crosses the subcontinent on no rain days.

The vernal {October teo Tecember) and autumnal {(April to June)
transitional seasons

Tha Inter-Tropical Convargence Zone lles further north than in the
summer season and there is a maximum on the semi-annual cycle of the
outgoing long-wave radiation at 20°S, C¢ ared to the summer season
the region at 2D°S ls therefore an energy sink., The dominart circulatlon
is that of the Ferrel Cell assoclated with the eastward displacement of
the Atlantic wave (Fig. 7-11) forced by the heat source aver the Amazon
Gasin, With the shift of the Atlantic wave the baroclinic stabillty of the
atmosphare decreases and tha transient flux on raln days [ncreases.
The Ferral Cieculation s directly reflected in the vernal transitional
season circulations of the truncated troughs, coustal depressions and
unclassifled systems in addition to of the no rain days {Harangozo, 1386).

e s
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~11. As Figure 7-10 but for the transitiondl sea.
The —minant 200 mb flow solld iine} is that assoclated with
Atlantic wave, Flow along the African wave at 200 mb Is shown
by the doited line.

Rainfall from the tropicaj-temperate troughs is lower than in the summer
because of the reductd frequency of troughs resulting from the
northward displacement of the intar-Tropical Convergence Zone. As in
summer at least three behavioural modes of the Atlantic wave occur and
troughs sometimes develop In the Madagascar reglon when the
aquatorward flow of the wave overlies South Africa (Fig. 7-11). The
varnal transitional season is the period of reduced rainfall over the
western as comparod to over the »asiern Orange Free State and of the
rainfsil hlatus in December. Both of thesn aspects of the seasopal rainfall
cycia are considered in Appendix H.

The July to September winter season

Rainfall is at a minimum in winter over the central interlor of South
Africa.  The Atlantic wave ls displaced westward and the degree of
baraclinicity is reduced in comparison to that of the transitional seasons.
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INTEA-TRGPICAL
CONVERBENGE ZOKE,

CLOUDBAND

20w

Flgure 7-12. As Figure 710 but for the winter season when the
dominant flow s the cross-equatoriol flow forced by heat rclease
in the Indian monsoon.

The dominant circulation is that of the Madley Cell. A zone of equatorial
easterly flow interposes between the relatively weak region of tropical
energy release at 15°N and southern Africa {Fig. 7-7d) and inhibits
interaction betweer the southern westeriy waves and the region of con-
vection. It is postulated that outfloa Yrom tha lndian monsoon, which
covers tropicai Africa (Fig. 7-1 1), accounts for the dominant polaward
flow across southern Africa {Fig. 7-12}  The outgoing long-wave radi-
b is strongly d by @ semi-annual
cycla in phase with that over Africa at 20°S (Fig. 7-4 - see also Prasad
and Verma, 1985). Similar reasons for the cycle obtain over India and
aver Afriga, i.e. seasonal variations in huavy cloudiness and warm and
cold surfaces below cloud-frea atmospheres. Maxima in the cloudiress
oceur, howaver, in inverse seasons over the two regions. Desiccailon
of the air over the Indian subcontinent accounts in part for the dryness
of tha ale over southern Africa. A second plausible cause of the dryness
is that much of the moisturs evaporated from the western Indian Ocean
during the winter {s carried o the Northern Hemisphere and tc the
indian monsoon by the low-lavel jet over the western parts of the Ocean
during that seasoti {Findlater, 1988) rather than towards the African
continent, Steady subsidence within the flow from the Indian monsoon,
together with the lack of any upper-level easterly winds over Africa south
of 10°S, account for the rainfall minimum achieved despite the maxima in
the amplitudes of the westr 'ly disturbances crossing the subcontinent,

ation over tha indian
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CONCLUSIONS

New models of the controls on the annual rainfall cycle over the central
interior of South Africa have been formulated which are consistent with
many aspects of the annual and semi-annual cycles of both the
thermody ics and the ki ics of the flow, Summer season rainfall

devel di

of

accompanies tropical heat release and
waves with attendant cloud bands over Africa. Development of standing
waves from the African source is controiled by the seasonal latitudinal
mavements of the Inter-Tropical Convergence Zone which reaches a
southernmost [ocation in January when tropical-temperate troughs develop
across South Africa most frequently, The seasonal movements of the
Inter-Tropical Convergence Zone are the prime control on the rainfall
cycle. Longitudinal displacements of the standing wave over the South
Atlantic Ocean account for many aspects of the obsarved cirgulaticn
changes on the semi-annual cycie. The longitudinal location of the wave
is modulated such that the associated equatorward earth angular momen-
tum flux over the central interior of South Africa is stronger in the
transitional than in the high seasens, Cross-equatorial upper-level flow
originating in the Indian monsoon account may for the poleward mean
meridional circulation over the central interior of South Africa during the
high winter season and subsidence of this flow Is possibly responsible
for the predominantly dry weather of this season, The model~ may be
used as a foundation for future studies of the circulations gov i .ag the
seasonal rainfall cycle and the rainfall variatlons over southern Africa
and form the bases of the analyses presented in the third section of this
thesis.
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CHAPTER 8

RAINFALL AND CIRCULATION VARIATIONS

INTRODUCTION

Models of major modes of the circulation variations assoclated with rainfall
departures over southern Africa may be evolved in parallel manner that
models of the annual rainfall cycle wore developed in Part 1.
Inter-annual changes in the therinodynamic and kinematic structures of
the h and in the fluxes over the central Interior of
Bouth Africa will be interpreted within the framework of the classification
of circulation types in the derivation of the models. A commen method
of ' studying circulation differences between wet and dry periods is
through the superposed epoch technique whereby circulation parameters
such as rainfal! totals are used to stratify circulation data into groups
for above- and below-normal periods Examples of applications of the
superposed epoch appruach based on rainfall include the analyses of Lamb
(1978} and Nichelson (1981) for west Africa, Chu (1983) for north-sast
Brazil and Kininmonth (1983) {or northern Australia. The superposed
epoch technique has also been applied t~ =tudy circulation differences
over South Africa between wet and dry periods over a few days
(Triegaardt and Kits, 1963; Hofmeyr and Gouws, 1964), over a few
months (Rubin, 1956, and over one or more years {Tyson, 1981}, Certaln
cirsulation adjustments have appeared consistently in all of these analyses
and have become d as stancard n.anif of the changes as-
sociated with the rainfall variations by South African meteorologists.
These changes include a strengthening of the poleward meridional flow
and a lewering of the surface pressure over the country durlng wet in
comparison to during dry spells, Lower pressures sre associated with a
deepening of the trough cominonly localed across the western interior of
the country during the summer months and with the formation or
intensification of the cyclonic system over the western subcontinont at
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about 20°S. Over the nerth-western Transvaal, and presumably over
the remainder of the summer rainfall region, fower pressures and higher
rainfalt are accompanied by reduced surface iemperatures but raised
dew-point temperatures (Hofmeyr and Gouws, 1064). In addition
upper-2ir geopotential heights tend to be anomalously low nvar the west
coast and anomalously high over the east coast with the development of
a climatological mean westerly wave with its axis in  .a vicinity of the
west coast in wet as opposed to in dry periods {Triegaardt and Kits,
1963; Hofmeyr and Gouws, 1964),

A simple aiternative to the superposed epoch approach in the study of
interrelated rainfall and circulation changes is to calculate correlations
between rainfall and circulation parameters. Often principal component
analysis is applied to the rainfall data prior to the calculation of the
correlations (e.g. Kidson, 1975; Pittock, 1980)., Statistical models of
rainfall variations over South Africa using Indices of the lstitude of the
high pressure system off the east coast of Australla and of the Southern
Oscillation have been developed through cal of appropriate cor-
relations with rainfail component scores (Dyer, 1976¢, 197%). Corre-
fations between rainfall and circulation parameters over the central
interior of South Africa are caiculated by month in this Chapter to for-
mulate an overview of the systematic trends in the circulation accompa-
nying wvarying rainfall.  Essentially similar results to those from a
superposed epoch analysis are obtained but tha correlation techniyue has
one major advantage in that the temporal structure of the circulation and
rainfall interrelationships through the year may be readily ded:.ced.

The study of the circulation changes accompanying rainfall variatlens is
achieved In three steps. First, correlations are calculated between
rainfall and the circulation parametars. Secondly, harmon'c analysis is
applied to the correlations to Identify any temporal organisation that may
exist, The annual rainfall cycle over the central interior of Souwth Afrisa
is controlled by circulation Lhanges regulated on both annual and
semi-annual cycles and the harmonic analyses reveal systematic cireniation
variations on these cyclas. Finally, the inter-annual phase stability of
the annual and semi-annual cyclas of the circulation is investigated by
calculation of harmonice on annual (July to Juna) lases. The objective
is to Identify those aspects of tha circulation which remain of stable phasa

g
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betwaen years. Controls on the circulation associated with the cycles
of stable phase are more readily identified than those associated with
variable-phase cycles and will form the foundations for the required
models of the circulation variations. The technirie permits discrimination
of systematic tendencies on time scales ranging from one month to one
year. Shorter and longer periods of systematic variations, such as the
seven day cycle in the frequency of passage of Southern Hemisphere
westerly waves at a point first detected by Defant (1912) andg confirmed
to cceur over western Australia by Wright (1971) and over the coast of
southern Africa (Preston-Whyte and Tyson, 1873}, the quasi-blennial
oscillation present in Southern Hemisphere zonal wind fields (Trenbarth,
1980a), in tropical cloud cover {Zerefos and Repapis, 1973) and in South
African secular rainfall variations (Tyson et al., 1975) and the 18-year
cycle in rainfall over South Africa (Tyson, 1981), may not be treated
here.

DATA

Monthly mean vaiues of the temperature, pressure or geopotential height,
specific humidity, dry and total static emergy and zona! and meridional
wind components at the surface and at the 850, 800, 700, 600, 500, 400,
300, 200, 150 and 100 mb levels, I i from ti Bl
radiosonde data, have been used. Monthly mean values of the
precipitable water and of a thermodynamic stability index have also been
estimated.  Calculations of correlations between rainfall and the above
cireulation parameters have been made both with parametric and with
r parametric measures, y similar results are obtained from
sither set of calcuiations but only the non-paramatric (Spearman} results
will be presented as these are more representative of trends for
nen-normally distributed data as is the case with monthly rainfall totals
during the winter season.
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ATMOSPHERIC STRUCTURE CHANGES WITH VARYING RAINFALL

Temperature decreases in the boundary zone with increasing rainfall in
all months (Table 8-1). Above the boundary zone the relationship be-
tween ~ainfzll and temperature is inverse at most levels in May, August,
October and December but in the remaining months it is often direct,

Table 8-1. Values of Spsscman st correlation coefficlents be-
tween roinfall in the western Orange :'ree State and temperatire
at various levels In the atmosphere at Bloemforisin {i~ the . i+
umns) for each morth of the year {in the rows) for the perios
1968 to 1977. Negatl) lations, decreased tem-
peratures In wetter months, are stippled. Asterlsks Indicote
significance levels: * - better than 10 per cent; ** - better than
5 per cent; *** - better than | per cent.

PRESSURE LEVEL
700 | 800

0,76 -0,80]-0.48] 0,08} 0.32| 0.47 | 0,45

MONTHS
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particulary in the barotropic zone. The year may be split into two halves
in terms of correlations betwcun pressure and rainfall. During the second
half of the year, from July to December, pressure decreases with in-
creasing rainfall at most levels in most months (Table 8-2). From January
to June, however, the relationships between pressure and rainfall are
gnuerally direct. Comparison of Tables 8-1 and 8-2 indicates that above
the boundary zone thermodynamic changes ara quasi-barotropic in that
rainfall correlations with both heights and temperatures tend to be of the
same sign but in the first half of the year in the boundary wone the
changas are primarily baroclinic. Specific humidity and precipitable water
increase with rainfall in all months (Table 8-3). It has been suggested
that the relative idity might be und! i d by the instrument
flown on the radi des used at since June 1974 (Taljaard,

Table 8-2. As Table 8-1 but for pressure {at the surface) and
geopotential helghts (at all other levels). Stippling denotes de-
creased pressure in the wetter months,

PRESSURE LEVEL

SUR{ 850 | 800 | 700 | 800 | 500 | 400 | 800 | 200 | 150 100

3 0,550, 8} -0.84! 0.8 0.4 -0.57]

8.07}6,27) 0,33 0.30} 0.07

A ool




Table 8-3, As Tabie 8-1 but for specific humldity and
pr water., denotes dec specific humidity

In the wetter months.

PRESSURE LEVEL
SUR| 856 | 807 700 | 600 | 500 ) 400 | 300 | PW

4 10.10 037 [o.08|0.10] 0.10 [ 0.13 { 0.28{ 0.07 { 0.03

A l0.52 0,44 [0.40 [ 0.65 o.iilo,u 0.52{ g.46 { 9.58

i

8 [o.33)0.99 fo.ar {021 [0.33 1 0.53 f0.22) 0.97 {0.37
1]

© [0.45 [0.20 {0.76{ 0.9 | 0.92 1-0.15] 0.08 -0.21} 0.39

N Jo.47 |0.63 [0.63) 0,36 |-0,03} 0.03] 0.43 | 0.10 | 0.42

@
%D 0.47 J0.42 |0.42}0.21 0,15{ 018 0.02] 0.13} 0.28
Ed

i
4 joid3|0ldd [oi83] 0.1 0.18 0.3 0.%8] 0.58| 03

Fioai0.2 0300 -u.mlu.:n 0.22{ 0.20] 0.18

M |0l | o35 o1}

i
|
| i 2
io.elios0 o.36o.a2|0sie s

i
A l0.0270.14 0.2} 0.01 [-0.08-0.09| 0.52] 0.38 ) 0.12

w jatidl 0. 0.8 !t 0.28) 0.0l 0.2l 030 78k

@

N H
0.58 mylm.m -o‘u[ 0.07{ 0.02-0.21| .18

1983}, The later part of the 1968 to 1977 period was, however, generally
wetter than the earlier part and thus an underestimation of the moisture
content in the later perica would have tended to weaken the valugs of
the correiations of Tahic 8-,

As rainfall increases so dry static energy in the boundary zone decreases
and in the barotropic zone {in mont months) increases {Table 8-4), In
terms of atmospheric energy contents, therefore, the boundary zone in-
creases in pressure with rainfall in the first half of the year are more
than offsat by the temperature decreases. Patterns of the correlations
between rainfall and the dry static energy reflect those for correlations
with temperatures rather than those with helghts indicating that tem-
perature changes are not fully compensated by appropriate thickrass
changes,  Correlations betwoen rainfall and total static energy (Table

bk
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Table 8-4. As Table 8~1 but for dry static energy. Stippling
denctes decreased energy In the wetter months.

PAESSURE LEVEL
SUR | 850 | 800 | 700 | soo 400
4 0.9 0.08| 0.5 0,23 | 0.35 ] 0.42
b g
A Y VY P, b
% LI N (N A .
s e 4} 2,38 0.02 | 0,05 (-6 4 &,
= ] T il s
° g (o01,38 £0. 080,48 0,50 -0
N
2 W
30
3 : ¥
E 14 3
4
F o) 0.12| 0.6% } 0.8%} 0.7
M [ fii-0.36 0.3 a.i 0.30
A 3
; g Pl B
M & 0.8
J 0.08) 9,28 0.13] 0.35

8-5) in the boundery and lower barotropic zones in most months are
positive rather than negative as for the corresponding correlations with
the dry static energy. Total energy content thus increases in these
levels with rainfali.

Westerly components of the zonal winds in the boundary zone at
Bicemfontein weaken in most months as rainfall increases indicating that
fow-level easterly winds become more commen In the wetter months
throughout the year (Table 8-6). Above the boundary zone signs of the
correlations vary such that in the summer months of January to March
and in May, September and October wind speeds are normally inversely
correlated with rainfall whereas in the remaining months the r

are direct at most levels.
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Table 8-5. As Table 8-1 but for total stotic energy. Stippling
denotes decreased energy In wetter months.

PRESSURE LEVEL
8UR | 850 | 800 7004600 500 | 400 ( 300

J |0.43-0.281.0.15| -0, 18 0.03( 0,38 0.45 | Q.50

A | ousiv0,20[-0.23] 0.19[-0,09{-0.38( -0

8 [0.03{ 6,10 ] 1.2] 6.20] 0.43] 0.53} 0.25 Pl

0 10.60]-0vat}-tu5]-0.2] -0.50] 048] vt

N {0.35| 0.43] 0.38| 0.1¢| 0.13] 0.28| 0.58 | 0.43 |0.32 | 0,54

0.25{ -9.13}-0.13] -0.08:

0.68} 0.8,
#1o.08| 0.09] 0.05) 0.12) 025! 0.50] 0,53} 0.7 | 0.31 [0.02
M [ 0,22 0.6i [ 0.5 v.25] 0.28] 0.37} 0.21{ 0.24 [ 0.20

A [-0.20]<5.28]-0.13} ~0.41) -0.35] -0, 0.07(0.13 0,24 [ 0.20

M [ 0.7} 0.38( 0.40| 0.07} -0.22} -0.38] o058
3] 0.18] 631} 0.30] 0,04 0,0 0.27 ; o8
o ) R -

One of the fundamental tenets of South African meteorology is that the
poleward flow across the country is stronger ir, wet than in dry perieds.
Direct calculaticas of the corralations between the meridional wind speed
and vainfall over the western Orange Free State confirm the validity of
the tenet but only for certain levels during specific periods of the year
(Table B-7), Above the boundary zone poleward flows intensify in the
wetter months centred on February and August when the flow is poleward
{Fig., 4-6) but weaken in the months centred on May and November when
the mean flow is equatorward. In the boundary zone itself the poleward
component of the flow Increases with rainfall in most months as expected
according to the tenet but correlations are weak In most months and
nsgative in four including the summer months of February and March,
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Table 8-6. As Table 8-1 but for zonal wind speeds. Stippling
denotes decreased westerly components In wetter months.

PRESSURE LEVEL
BUA | 850 | 800} 700 | 6CC | 500 | 400 | 00 | 200 | 150 | 100

34 [-0.12-0.30 0,3 0.50( 0.17 | 0.5 0,87 { 0,53 | 0.63{ 025 [0.22

A|-6110]-0.96}-0.29] 0,67 0.13] 0.07) 0,07 0,25 0.05] 0,0¢ | 0.01

o |-0.a6]0.8t ko, 0.2 )-0.08 k0.2

58 0,04 -0.0 0,30 0.01 [ 0.%8
2
G280 0.13] 037 0,42

z

MONTHS
o

[
o o
7 0.8 08 i
piad
M |-0.42]-08%; ofin(-0.6d |02l
[25 IIRL ¥ 7

HARMONIC ANALYSES OF THE CORRELATION FIELDS

Positive and negative cu-relations between rainfall and temperature,
pressure, dry and total static energy and meridional component are
clustered in the high and transitional seasons respectively, particularly
in the barotropic zone. The second harmonics of th2 stributions of the
temperature correlations with rainfall contribute ba .~:n 15 and 60 par
cent of the variances at all levels above 600 mb (rig. 8-1b). In the
barotropic zone highest positive correlations between temperature and
rainfall ecocur in late January/early February and late July/early August
at the times of the poleward meridional wind maxima (Flg. 4-8). Only
at 200 mb does the second harmonic explain a major proportion of the
variance of the mean temperature itseif (Fig. 4-2b) with a phase con-
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Table 8-7. As Table 8-1 but for meridional wind speeds.
Stippling denotes Increased equatorward components in wetter
months {cf. “lgure 4-6}.,

PRESSURE LEVEL
SuR | 850 [ 800 | 700 | 800 800 | 400 | 200 | 200

160 | 100
!
3 [o.vq 0.00 |-0.30]-0.28 Fo,3 . 18}-0.27]

A 0.41 [0.13] 0n2] 0.4y [0.40| 0.a7] 0.7 0.61{ 0.27] 0.50{ 038

8 0,15 | 0.25{ 0.1 0,92 (0.1 0.07) 0.60

O ipt8 o 1010, 42 0.8 F0.85

N jo.36 0.09] 0.44 |-,

0.22|0.31] 0,14 ] 0,49 bl

MONTHS
©

410.54| 043|040 | 052|038

F |08 “0va 0,18 [0.27

M 10,90 0.2 0.8 0,35 10,25

A jea2{adifc.22{0.8 009

J [ .18 0.20| 0.3 0,02 | 6.07

TUREY

sistent with that of the second harmonic of the temperature correlations
at the same level, At all levels in the barotropic zons the half-year cycle
in the temperature correlations is approximately in phase with that at 200
mb. In the boundary zone the maximum - the first harmonic is in winter
as a result of the statistically significant negatfve correlations of the
summer months but the phase reverses into the barotropic zone such that
a summer maximum is present at 300 mb {(Fig, 8-1a)., Above 200 mb, in
the stratospheric jet-stream zone, phase angles of the first two harmonics
revarse from those in the barotropic zone, as also occurs for the cotre-
sponding harmonlcs of the temperature itself at these levels (Fig. 4-2a
and b). Thus whereas mean temperature is modulated primarily on a
dominant annual cycle correlations of te es with rainfall in the
barotropic and jet-stream zones ad on large-amplitude
semi-annual in addition to annual cy. + possible therefore that
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Figure 8~1, Results of harr. .l ‘analyses of Spearman corre:
latlons with rofnfall of manthly mean temperoture, geopotential
helght and speclfic humidity ot Blow.sfonteln: a) 1st, harmonic
of temperature; b) 2nd. harmonic of tempsrature; c) 1st, har-
monic of geopotential height; d] 2nd. harmonic of genpotential
helght; e) 1st. harmonic of specific humidity; f} 2cd. harmonic
of specific humidity,
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large-amplitude modulations of temperature on semi-annual cycles oceur
in Individual years.

Neither of the first two harmonics account for more than 40 per cent of
the variance of the pressure correlations at any level (Figs, 8-1c and
d). Maxima at levels at which in excess of 10 per cent of the variance
is captured by either harmonic generally occur in February such that at
200 mb height increases with rainfail on the second harmonic occur in the
periods of peak poleward flow. No reversal of the phase of sither of the
higher two harmonics of the height correlations, as of the mean heights
themselves (Fig. 4-2c and d), occurs into the stratosphere. As for
temperatures semi-annual cycles of pressure may therefore occur in in-
dividual years, Both the annual and semi-annual cycles of the variations
are baroclinic in both the boundary and stratospheric jet-stream zones
but quasi-barotropic in the baratropic zone (Fig. 8-1a to d).

At most levels much of the varlar »  the distribution of the correlations
between rainfall and specific ¥ . resides in the higher harmonics
(Fig. 8-1e and f) but it is .sar whether this is a reflection of real
phenomena or of noise in the signal. 1n the boundasy zone mid-February
maxima occur on the first harmonic. Around 500 mb the second harmonic
explains over 30 per cent of the variance such that higher moisture
contents occur in the periods of mean poleward flow. Semi-annual cycles
therefore prokally aiso occur in the moisture distribution as in those of
temperature ¢ -~ pressure in individual years. Ciose to 55 per cent of
the variauce « we precipitable water correlations distribution is captured
by the fifth harmonic, Less than one per vent resides on the second
harmonic and onfy seven per cent on the first with a maximum on 1
February, the date of the maximum of the scrual preclpitable water cycle.

Results of the harmonic analyses of the .r, static energy corvelations
{Fig. 8-22 and b} resemble those of the :wuperature rather than those
of the helght correlations. No phase re.. al from the boundary to the

barotropic zone of the first harmonic ¢ i tutal static energy occurs
such that midsummer maxima in the corr.’ ' nu betwsen rainfall and total
static energy are present throughout & posphere (Fig. 8-2¢). In
the barotropic zone phase angles of th :: .und harmonics of both dry

and total static energy are such that mauims ocour in the months of peak

)i " '
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Figure 8-2. As Figure 8-1 but for: a) 1st, harmonic of dry static
energy; b} ind. harmonic of dry stetic energy; c) 1st. harmonic
. of total static energy; d) 2nd. harmonic of total stotic energy.

mean poleward flow (Figs. 8-2b and d).

There appear therefore ta be
important modulations of all thermcdynamic parameters In the barotropic
. and jet-stream zones on semi-annual cycles In individual years, modu-
lations which ave spproximstely in phase and are possibly related to
meridional circulation changas on the eycle.

No marked second harmenic in the correlations between rainfall and the
zonal component is present at most levels (Fig. 8-3a and b). QOnly at
850 mb Is in excess of 30 per cent of the variance explained by the second
i harmonic with a corresponding rainfall season maximum on 1 December.
i On the first harmonic maxima océur In the winter months, i.e. the



e e e
. s
@ e SN
-
»
N —
B Y
“ \,
“ Mg
» C
-
e
o 0 o o o e
3 e & % m w
3 MM @ B o
Padedds B
1 L TR S ) o
3 .
=
o
. -
"
-
\ -
' =
PR
§ 1 o o B k3 [ " Y
y PR R EENR Y Y EE) :ooom oo W
/ PRAEREEEEFEGE IREEYY
LR

Figure 8-3. As Figure 8-1 but for: a} Ist. harmonic of zonal

(R ; b} 2nd. harmonic of zonal P ¢ ¢} 1sv. hor-
4 monic of mertdional : d) 2nd. h ic of meridi
component.

strongest negdatlve corralations indicative of stronger easterlies in the
- wetter months were present in the rainfall season. The major portion
of the variance Js sccounted for by the third harmonic throughout the
atmosphers. In excess of & per cent of the varlances of the meridional
component correlations Is accounted for by the second harmonies at afi
levels and in excess of 60 per cent at 500 mb (Fig. 8-3d). A phase
reversal occurs between the boundary and barotroplc zomes but above
700 mb maximum posiive correlations occur [n mid-February and
mid-August in phase with the equivalent wave on the meridional compo-
nent itself. In the wetter high seasons the poleward flow is thus in-
tensified but in the wetter transitional seasons the equatorward flow
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intensifies. Thes. .hanges are in phase with those of the thermodynamic

parameters on the semi-annual cycle. Maximum correlations on the first

harmonics indicating increased poleward flow, which account for up to

23 per cent of the variance (at 200 mb), eccur generally in the rainfalf .
season (Fig. 8-3¢).

STABILITY OF THE ANNUAL AND SEMI-ANNUAL CYCLES

The stability of the phases of the annual and semi-annual cycles of se-
veral circulation parameters have been inspected. Results help determine

H whether the phase angf"s given in Figures 8-1, 8-2 and §-3 are repre-

; sentative for all years and indicate whether inter-annual changes in the

f i meridional component on the semi-annual cycle may account for the similar
' i changes in the thermodynamic parameters. Harmonic anslyses of 200 mb )
' meridional components and 200 and 300 mbk temperatures made on annual

bases will be discussed in detail. The i iasa angles of the annual 200
mb temperature cycles vary across about 180° or six months such that
i yearly maxima occur throughout the warmer months of the year (Fig.
8-4). Betwean 3 and 03 per cent of the variances are explained by the

first harmonics in individual years. Phase angles of the second har-

monius, with one exception, vary across only 60° or one month with

g rainfall season maxima between 10 January and 10 February. Explainad
' variances are in the range 0 to 63 per cent. The large-amplitude second
harmonic In the mean data (Fig. 4-2b) results therefora from the stabllity
of the phase of the second in relation to that of the first harmonic rather
than from the dominance of the second harmonic in all years. Below 200
mb only a weak second harmonic is present in the mean data whereas the
harmonic explains up to 35 per cent of the variance of the correlations
with rainfall (Fig. 8-1b). In Individual years the temper at 300
mb is subjected to marked haif-year cycles, the amplitudes of which in-
crease in the wetter years. Phase angles of the first harmonics of 300
mb temperature cycles vary only across 30° or one month with maxima
centred at 20 January and of the second harmonics across 90° or
one-and-a-half months with rainfall season maxima between 20 January
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Figure 8-4. Phase angles of the annuol fs lid blocks) and
semi~annual (open biocks) cycles of the *00mb temperature
{ordinate] and meridfonal wind speeds (abscissa} for the July to
June yeors from 1968/69 to 1976/77. The dlagonal line marks the
focus of equal phase angles. Dates corresponding to the maximg
are as for Flgures 8-1, 8-2 ond 8-3.

and 10 March. Up to 28 per cent of the variance is explained by the
second harmonics as opposed to between 66 and 91 per cent by the first
harmonics. The relative stability of the phases of the annual cycles
ensure their dominance in the mean data and conceal the presence of

Figure 8-5 (opposite). Phase angles of, amplitudes of (ms-*)
and varlances explained {per cent) by the first [a), c) and e)
resp ly) and second les {b), d} and f} respectively)
of the 200 mb meridional wind speed at BHloemfanteln for ewch of
the July to June years between 1968 und 1977 against corre-
sponding annual roinfail over the western Orange Free State.
Phase ongles are morked with the dotes of moximo (ennual) or
summer maxime (semi-annuol}. Clrcled crosses opposite the 500
mm ordinate mark corresponding values for the integral 10-year
period.  Vdiues of the Pearson {upper} and Spearman {lower}
correlation coefficients (r) are given In ¢) to f). Significance
levels of the coefficlents are given In brackets ('NS' is Not Sig~
niflcent}.
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modulations of the temperature on semi-annual cycies in individual years,
Simitar inferences apply to pressure, specific humidity and dry and total
static energy at levels at which the first harmonics are dominant in the
total period but large amplitude second harmonics are present in the
correlations with rainfall.
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Phase angles of the annual waves of 200 mb temperaturs and meridional
wind speed vary markedly between years so that in some years the two
agree to within a few degrees but in others differ by almost 180° (Fig.
8-4). With one exception phase angles of tha semi-annual waves, on the
other hand, agree to within 60° {one month) in all years, The exception
accurs in @ year in which the amplitude of the second harmonic of tem-
perature is relatively small so that a possibly inaccurate estimate of the
phase angle has been made. Close similarities in the phase angles of the
second but not of the first harmenic indicate that thermodynamic changes
on the former but not on the latter harmonic are related to changes in
advection resulting from a modified meridional circulation. Phase angles
for either harmonic are not distributed in any systematic manner as
raifall varles (Figs. 8-5a and b) but there are affilisted systematic
changes in the litudes and variances lained by the second har~
monics (Fig. 8-~5c to f). Correlations (both Pearson and Spearman) have
been calculated betwesn rainfall and the amplitudes and the explained
variances of the higher two harmonics of both t+  <=~zture and meridional

wind speed at 200 mb. Both the amplitude *he variances ex-
plained by the first harmonics of the temperai i tend to decrease
in the years of higher rainfall aithough the coi . .ons are not statis-

tically significant. Similarly wesk negative trends are present betwesn
rainfall and both the amplitudes of and the variances explained by the
#irst harmonics of the meridional compenent (Fig. 8-5¢ and e). Rainfall
is, however, significantly positively correlated with the amplitudes of,
and at a lower level of significance with the variances explained by, the
second harmonics of the meridional wind speed {Fig. 8-5d and f}. Pos-
itive but non-significant tendencies aiso occur between rainfall and the
parameters of the second harmonics of temperature, The amplitudes of
the semi-annual cycles of tempersture and of the meridional component
thus Increase with rainfall. [nspection of data for Individual years in-
dicates that the amplitude of the semi-annual cycle of the meridional
component is greater than that of the annual cycle in the wetter years
whersas the refationship reverses in the drier years.
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DISCUSSION

Systematic circulation changes with varying rainfall are both temporally
dependent through the year and dependent on the level in the atmosphere
over the central interior of South Africa. Some of the directions of the
circulation changes indicated by the present results are inconsistent with
1 those revealed in the earlier superposed epoch analyses. Based upon
‘ results of the earlier analyses in ¢ o fower atmosphere it may be expected
that higher rainfall over the centrai interior of South Africa is accompa-
nied by decreased temperstures and pressures, increased moisture and
intensified poleward flows (Rubin, 1958; Triegaardt and Kits, 1963;
Hofmeyr and Gouws, 1964). Temperatures in the boundary zone at
Bloemfontein decrease in the wetter years in all months (Table 8-1) but
pressures increase in the January to June months (Table 8-2). Poleward
components increase with rainfall in eight months only (Table 8-7), In
wet months the flow becomes increasingly anticyclonic over thel ‘
. ; north-eastern reglons of South Africa according to Hofmeyr and Gouws
(1964), Miron and Lindesay (1983 and Miron and Tyson (1084). Wet !
period circulation over the western Orange Free State is thus anomalously b

i northerly and easterly, i } with low-level cir
\ of rain-bearing systems (Fig. 2-15). Easterly components increase with
the rainfall in most months (Table 8-6) as do northerly components (Table
! 8-7), results supportive of the concept of an intensified anticyclonic
‘3 circulation, Higher pressures in the wetter months of the first half of
i
|

the year may be the result of the anticycl [

Confirmed positive surface pressure anomalies developed over the eastern

subcontinent in the wet months of January to March 1974 (Taljaard, 1981a
‘ ~ his Figures 22 to 24) and of January 1978 (Miron and Tyson, 1984 -
their Figure 2), Molisture originating over the western Indlan Ocean and
carried in the flow around the high pressure cell accounts for the in-
creased specific humidity values {Table 8-3). Systematic cooling of the
alr during its passage over the subcontinent through evaporation of
precipitation and through injection of cool mid-tropespheric alr by
thunderstorm downdraughts in additlon to radiative effects may account
for the lower temperatures. Poleward flows are, however, weaker in the
wetter months of February, March, July and October, changes not di-
rectly indicative of an intensified anticyclonic circulation. Circulation




changes in the boundary zone thus involve variations in the locations and
intensities of the major features of the cireulation, including the high
pressure system over the east coast and the central trough, which may
not be resofved with data from a single station.

ts increase with the rainfafl

in the uppear troposph poleward
according to Triegaardt and Kits (1963), Hofmeyr and Gouws {1964},

Miron and Lindesay (1983) and Miron and Tyson (1984) and the moisture

content is unrelated to rainfall according to Hofmeyr and Oelschig (1985)

and McGee (1970). Molsture increases with rainfall (Table 8-3) and onily

in the high seasons is the poleward component stronger in the wetter

months,  The anomaious flow is equatorward in the wetter transitional

seasons {Table 8-7). If the ageostrophic flow in the boundary zone is

ignored than the changes in the meridional circulation are indicative of
intensified Hadley and Ferrel Cells in the wettar high and transitional
seasons respectively.  Changes in the toroidal circulations of similar
senses to those in the integral circulation are also found in the mean
circulations of both the rain and the no rain days in the wetter periods
(see Appendix J), Frequency adjustments of the rain and no rain days
may therefore not account alone for the changes in the toroidal circu-
lation. Rather there are systematic changes to the circulation such that
there is a stronger Hadley Circulation on a daily average in the wetter
than in the drier high seasons and a stronger Ferrel Circulation on a
daily average in the wetter than in the drier transitional seasons, Two
important modes of circulation variations over the central interior of South
Africa have therefors been identified. First, the sense of the dominant
toroidal circulation cell associated with higher rainfall varies on a
semi-annual cycle through the year. Changes remain of stable phase in
alt years. Consequently the atmospheric dynamics linked to the rainfall
{ty de dent, 5. dly, within any season the

variations are Y
dominant meridional cell is intensified in the wetter years and thus so
are thase aspects of the general circulation forcing a particular cell.
Changes in the toroidal circulation cells result in changes to the
tharmodynamic parametsrs in the barotropic zone such that increased
temperatures, geopotentials and moisture concentrations accur with an
anomalous Hadley Circulation.
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FIRST COMPONENT

o

Flgure 8-6, Fields of the first two principal components of
tropical rainfat! after Kidson (1975},

The differences in the sense of the wet-period anomalous toroidal circu-
lation between seasons denote an unusual feature of circulation changes’
over South Africa associated with above~normal rainfall. Augmentation
of the Hadley Circulation does not normally result in increased subtropical
rainfall in longituces close to that of the heat source because of the
consequent amplified subsidence in the |atitude 15 to 30° zonas, The
opposition of equatorial and subtropic~l anomalies over the central Pacific
Ocean and over South America is illustrated in Kidson's (1975) first two
principal components of low-latitude rainfali (Fig. 8-6). Opposition of
anomalies also occurs in the Australian region on the second component
but on neither component are anomalles over any two regions of Africa
south of 10°S (the region which includes the heat source related to the
African bands) reversed. Nicholsen {1986) has confirmed that anomalies
over the subcontinent south of 20°S are coherent. Positive subtropical
rainfall departures tend to be associated with weaker Hadiey Clrculations,
a situation which occurs over the central interior of South Africa only
in the transitional sessons, Rainfall over tropical Australia, for example,
was exceptionally high in January 1974 in assoclation with a Ferrel Cir-
culation anomaly at 130°E. Alternatively in January 1873 and January
1975, when rainfall was close to average, a Hadley Cell anomaly was
prasent along the same meridian (Allan, 1983). Further, the dry month
of February 1965 in northern Australia was associated with a strengthened

2
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Hadiey Circulation but the toroidal circulation anomaly reversed during
the fall Ity wet month (Ki h, 1983). For South America
modelling studies have Indicated that drought over north-east Brazil re-
sults from descent within a Hadley-type circulation cell (Moura and
Shukia, 1981}, inferences supported by direct observations (Chu, 1983).
The intensification of the Hadley Circulation across southern Africa in
the wetter high seasons is thus an uncommon feature of the circulation

variations,

Because of the differences in tha dynamics of the toroidal circulation
between seasons and because of the stability of the phase of the
semi-annual cycle of the barotropic zone meridional flow circulation
changes forcing the semi i cycle represent major of the
controls on the rainfall variati over the inent,  Appropriate
features include energy and momentum generation over tropical Africa
and tha location of the Atlantic standing wave (Figs. 7-10, 7-11 and
7-12). A simple test of the ralevance of changes in the location of the
Atlantic standing wave to the observed toroidal circulation changes over
the central interior of Si:ath A ina may be made by inspecting changes
in the phase angles and amplitudes of the first two harmonics of 200 mb
heights at the coastal stations of Alexander Bay and Durban in relation
to rainfall over the western Orange Free State. Phase angles in all cases
were stable betwson vears. Amolitudes of the first harmonics at both
stations and of the second harmonics at Durban are not significantly
correlated with rainfall (Fig. 8-7a, c and d). At Alexander Bay, how-
ever, amplitudes of the second harmonics are significantly correlated with
rainfall such that amplitudes Increase in the wettar years (Fig. 8-7b).

L d | | disp): of the Atlantic wave therefore occur
such that the wave is displaced anomalously westward and eastward, with
consequently reduced and increased influences on the circulation over
the central interior of South Africa, In the wetter high and transitional
seasons respectively, Heights at Alexander Bay tend to be higher than
those at Durban in the dry periods and lower In the wet periods in sccord
with the positioning of 2 trough over the west coast in the latter periods
first detected by Triegaardt and Kits (1983) and Hofmeyr and Gouws
(1964} .
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Figure 8-7. As Figure §-5 but for the amplitudes of the first
two harmonics of 200 mb helghts at Alexander Bay (a} and b}
respectively} and Durban (¢} aund d) respectively).

Adjustments to the thermodynamic structure of the barotropic zone result
In changes to the stability of the b indi d by adj

to the vertical profiles of the dry and total static energies. In terms
of the vertical bipolar natura of the dry static energy correlations (Tabla
8-4) the stmosphere becomes increasingly statically stable In the wetter
months, An examb‘e of the change in the vertical energy structure for
two months of January, one wet and one dry, is given in Figure 8-8.
tn all months therefore, with the possible exceptions of May, August,
Qctober and December in which the energy content decl’ne with increusing
rainfall at all levels up to at least 300 mb, thu mean atmosphere becomes
more characteristic of that of the temporate rather than that of the
tropical latitudes during the wetter periods. Thus the majority of the
disturbances providing rainfall over the western Orange Free State are
baroclinically unstable. Baroclinic structures are present in the mean
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Flgure 8-8. Vertical profiles of dry and total static energy for
the dry month of January 1969 and the wet month of January 1974
over the western Orange Free State.

flalds of rain-bearing systems (Harangozo, 1986) and were associated with
several tropical-temperate troughs studied in detail.

Vertical profiles of the total static energy are useful as indicators of the
degree of thermodynamic stability of the atmosphere znd indices derived
from the profile have been smpioyed to aid forecasting of severa
convective sturms, Severe storms tend to develop in atmospheres with
retatively low values of the total static energy in the mid-troposphere
above high values in the lower atmosphere and hence one such index is
the difference between values of the tctal static energy at 850 (absve the
boundary layer in the Great Plains of the United States) and 50¢ mb
{Darkow, 1968), Equivalent but more sophisticated measures of
thermodynamic instability have been proven efficacious in discriminating
between atmospheric structures associated with dey weather and with
varying types of convective clouds and rainfall In several areas of the
World including Venezuels (Betts, 1874) and eastorn Canada (Zawadzki
et of,, 1981). At Bloemfontein in January values of the total static en-
ergy increase at most levels such that no immediately evident adjustment
in conditional stabllity occurs in wet as opposed to dry months (Fig. 8-8).
Changes In the stabllity wlth varying rainfall have therefors been de-
termined using & Darkow index modified to allow for the high elevation
of the western Orange Free Stat The index used is the difference
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between the energy values at 800 and 500 mb, During most rainfal
season months and May and June correlations between the modified index
and rainfal)l ¥~ positive ind i that enh d ditional ) bility
accompanies !, ,ser rainfall totals. {n the remaining months the atmos-
phere tends to be'ame additienally stable as rainfall increases. Harmenic
analysis of the correiations between rainfall and the Darkow index reveals
that highest positive correlations on the first harmenic cccur on 23 Feb-
ruary and on the serand harmonic in summer on 23 January. Maxima in
the correlations occur ot the time of peak poleward flow in the baretropic
zone and the dates correspond with that of the peak thermodynamic in-
stability in the integral cycle (20 January). Higher summer rainfall ac-
companies therefore both decreased thermodynamic and baroctinie
stability.

CONCLUSIONS

Detalls of the circutation changes accompanying the rainfall variations
over the central interior of South Africa differ both between the distinct
tevels of the atmosph~ e and between the Individual seasons of the year,
I the boundary zone temperature decr » specific humidity ir 5
and westerly tomponents weaken in the wetter menths throughout the
year. Pressure decreases in the second half of the year only whereas
the direction of the idional t tles varies through the
year. In the barotropic and jet-stroam zonis signs of circulation anom-
alies in wetter months are lly o fent. Harmenic ty in-
dicate that correlations with rainfall are modulated on both annual and
semi-annt:al cycles. Phase angles of the second harmonics of the corre-
lations are consistent for all of the thermodynamic parameters and fer the
maridiona) circulation in the barotropic zone, Further the phases of the
second harmonics of these parameters remain stable betwesn years inde-
pandent of calnfall but amptitudes of the harnonics increase in the wetter
years, Phase angles are such that values of the thermodynamic param-
eters increase in the wetter manths when the poleward flow Is intensifiad,
a result indicative of close assoclations between the thermodynamic pa-
rameters and the meridional circulation related to changes in advection.
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Changes in the stabllity of the awmosphere resulting in part from the
differances in the advection of heat are such that both baroclinic and
thermodynamic instability i~crease (n the wetter rainfall season months.

One important q of the quasi ble phase of the semi |
cycle of the toroidal circulation is that higher rainfall is associated with
an intensified Hadley Circulation in the high seasons and an intensified
Ferrel Circulation in the transitional ssasons. Neither anomalous circu-
lation results simply from frequency changes of rain and no rain days
but also from appropriate intensitications of either circulation type on
both rain and no rain days. The dypamics of the radley and Ferral
Circulations are somewhat different and therefore the vacillations between
the anomalies of the two cir indicates that the heric dy-
namics forcing the rainfall variations change through the year. lLongi-
tudinal displacements of the standing wave over the Atlantic Ocean in
part force the changes in the meridional components.

An overview of the circulation changes associzted with varying rainfall
over the central interior of South Africa has been developed. [t has been
demonstrated that the circulation and rainfall interrelationships vary ac
cording to season and thus models of the controls on the rainfall vari-
ations must be developed for each season. In particular the models must
take into account circulation changes on the semi-annual cycle of the
meridional ciruulation, Adjustments In features of the general circulation
forcing the semi-annual cycle in the meridional compenent, together with
those features contwolling the annual cycle of the circulation and of the
rainfall, are of majoy importance in the determination of rainfall anomalias
across the subcontinent.
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CHAPTER 8

TROPICAL-TEMPERATE TROUGHS AND THE SOUTHERN OSCILLATION

INTRODUCTION

Circulation differences between wet and dry periods over the central
interior of South Africa msy be forced by changes at either or both of
tropical and temperate latitudes, (n the basis of observed reduced
pressures Rubin (1956) proposed that the subtropical anticyclones retreat
from South Africa during the wet summers and that higher rainfall resuits

from an increased influence from westerly troughs. This concept of

temperate circulation controis on the rainfall was extended by Tyson
(1981). Alternatively Hofmayr and Gouws (1964} provided evidence that
the prime circulation changes associated with the summer rainfall vari-
ations occur to the north of the country in the tropical belt. Resuits
from the most compreh relevant in to date indicate that
the dominant circulation changes controlling the rainfall f) i vary
spatially across the country with tropical controls prevailing over the
northern parts and either subtropical or temparate cantrois elsewhere
{Tyson, 1984), Over the central interior of South Africa the bulk of the
rainfall in the October to April period comes from tropical-temperate
troughs. The circulations at both tropleal and temperate latitudes par-
ticipate in the formation of these troughs and hence the inferences by
both Rubin (1956) and Hofmeyr and Gouws (1964) may be vorrect.

Certain features of the circulation anomalies over the central interior of
South Africa in the wetfer months do not conform, however, with the
modals on which the propositions of Increased tropical and temperate
circulation influences were based. These features include increased
surface pressures in the first half of the year and reduced poleward
components in certain months. Comparison of deviations from the mean
circulation at Bloemfontein assoclated with tropical-temperate troughs

.
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(Harangozo, 1988) with s departure fields developed in Chapter 8
reveals that broad similarities exist in most rainfall season months,
Changes in frequency of and hance tn rainfall from the tropical-temperate
troughs may thus account for many aspects of the associated total rainfall
and circulation changes over southern Africa.

Rainfall Aepartures over many parts of the glosbe are modulated with the
Southern Oscillation (Kidson, 1975; Wright, 1977). A raview of the
propertles and causal mechanisms of and of the global circulation tele-
connections with the Southern Osciilation is given in Appendix K.
Rainfall over the central interlor of South Africa is affected such that it
is above normal in Southern Oscillation high phase periods (Stoeckenius,
1981; Schulze, 1983; Lindesay et of., 1986; Lindesay, 1986). High phase
periods are marked by decreased and increased pressures in the
Indonesian region and Scuth Pacific Ocean anticyclone respectively, The
{ongitudinal location of the major cloud band in the South Pacific Ocean
is modulated according to the phase of the Oscillation such that it les
further west in high phase periods (Streten, 1975; Trenberth, 1976;
Webster, 1981; Pazan and Meyers, 1982; Liebmann and Hartmann, 1982;
Lauy and Chan, 1983a). Similar longitudinal dispiacements of the
tropicni-temperate troughs and their assoclated cloud bands in the
southern Africa region also occur (Fig. 2-6) such that they are displaced
westward {n the wetter periods over South Africa and thus in high phase
periods, Shifts of the troughs and hence of the standing waves between
southern Africa and Madagascar may therciore represent a major mode
of behaviour of the atmosphere related to the rainfall fluctuations and
may in turn be associated with circulation changes linked to the Southern
Oscillation. In this Chapter the importance of rainfall anomalies from
tropical-temperate troughs in the detarmination of departures over the
central interior of South Africa will be examined. Statistics of trough
locations in the southern African and Madagascan regions are also de-
veloped and rainfall anomalies studied within a framework of locations over
either region. Finally, statistical relationships between rainfall and
trough locations with an index of the Southern Oscillation are calculated
to determine if rainfall anomalies and trough displacements may be linked
to circuiation changes between the high and low phases of the Osciliation.
in order to facilitate interpretation calculations are made for the vernal
transitional and summer perlods, i.e. October to March, only.




177

SYSTEM CONTROLS ON RAINFALL VARKIATIONS

Principal component analysis is used to identify those types of systems
in each month whose rainfall is most closely correfated with the monthly
totals. Rainfall from these systems is dominant in the determination of
monthly anomalies whereas that from other systems is randomly distrib-
uted in time and represents noise in the signal, Matrices have been
developed by month with total and system significant rainfall for each of
the years across the rows. Rainfall data for which sateliite images were
missing have been excluded from the analyses except for incorporation
into the monthly totals. Problems associated with linear associations be-
tweesn variables (Kendall, 197%) are reduced by exclusion of the missing
data - in the present case the monthly totals would otherwise be linaar
sums of the systems’ totals. The analyses were run on the correlation
matrices and Varimax rotation has been applied. Following Kaiser {1940}
only components with eigenvalues in excess of unity were retained for

subsequent rotation. In most cases the retained components explain in ~

excess of 80 per cent, and in all cases in excess of 80 per cent, of the
variance of the monthly totals. Only systems with lcadings above [0.6f
{i.e. 38 per cent of the variance) on any component with monthly total
loadings alse above |0.6] after rotation are considered to contrcl monthly
totals. The limit of )0.6] is arbitrary but js similar to that used in a
p.incipat analysis of circulation changes it with rainfall
variations over southern Africa (Tyson, 1984).

Only rainfall from tropical-temperate troughs is heavily and directly
Ioaded with monthly totals in the summer season (Table 9-1). Jn Feb-
ruary rainfoll decreases as that from truncated troughs increases.
Rainfail from sevaral systems is heavily loaded with monthly totals
throughout the vernal transitional season. In October monthly totals are
heavily loaded on two . One rep! controls
from tropicai-temperate troughs and subtropical cyclones and the other
controis from the temperate east coast troughs and u...lassified systems.
Only tropical systems control totals in November.  Tropical-temperate
troughs de not control totals in Decerber.  Rainfall from truncated
troughs, subtropical cyclones and unclassified systems determine asoma-
lies in this month. Circulation controls on the formation of
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Table 9-1. Systems (/dentiffed by an 'X'} heavily loaded with
monthly totals on any component after rotation (see text for de~
tails}. A bar on an 'X' Indicates inverse foadings. in October
monthly totals were heavily loaded on two components - respective
heaviiy-loaded systems are connected by lnes. Systems are
Identified os tropical-temperate troughs (TTT), truncated
troughs [TRT}, west coast troughs (WCT), subtropical cyclones
(ST°C), east coast troughs (ECT), coastal depressions {CLD} and
unclassitied systems (UNC}.

TF¥T TRT WCT STC ECT CLD UNC

October X X X X

November X X

December X X X
January X

Februaty X *

March X

tropical-temperate troughs are therefore the prime determinants of rainfall
anomalies in the summer season whereas comtrols on the formation of se-
veral types of systems including the tropical-temperate troughs are sim-

ilarly decislve in the vernal transitional season,

STATISTICS OF TROUGH LOCATIONS OVER THE WESTERN INDIAN

OCEAN

in order to devefop a data base to study longitudinal displacements of
tropical-temperate troughs a dally catalogue of cloud band typea associ-
ated with the troughs over the western Indlan Ocean has been developed
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for tha period 1967 to 1977. Four types of Indian Ocean band have been
incorporated into the catalogue. Bands were classified as Indian Ocean
bands only when no portion overtay any part of South Africa and when
some portion lay west of 60°E. Missing data have been ignored in the
devel of the catal and in the estimation of the iated sta-
tisties. The four categories of Indian Ocean bands are:

a) Tropical band: a band rooted in convection over the eastern parts
of southern tropical Africa and extending through thae Madagascar region
to a temperate cyclone in the southern indian Ocean - a satellite image
of a tropical band Is glven in Figure 9-1;

b) Tropical band (embedded cyclone): as 2 tropical band but with
a tiopical cycione embedded within the band;

c) Malagasy band: as a tropleal banu but rooted in convection over
Madagasear without any cloud link across the Mozambique Channel to the
African continent;

d) Tropical cyclone band: as a tropical band but rooted in either a

tropical cycisne (most common in the fater summer months) or in an
oceanic tropital cyclonic vortex (most common in the winter menths) over
the jow-latitude Indian Ocean - a sateliite image of a tropical sycione band
associated with a cyclone on th . east coast of South Africa is given in
Figure 2-14.

The term African bands wil) also be used to Include bands associated with
tropical~temperate, truncated and west coast ‘roughs.

Bands of all types are present on more days In January than in any other
month after a relative decline in frequency In December (Fig. 9-2a},
The December minimum is also present in the percentage frequency of
all days with bands that bands are present over South Africa {Fig. 9-2b).
October, rather than January, Is the month In which this percentage
reaches its annual maximum. Indian Ocean bands develop most frequently
in D k and are imodally distrit d throughout the year (Fig.
9-2c). Thus the December minimum results from a reduction in the fre-
quency of African bands and from an eastward displacement of the bands,
and thus of the troughs, into the indian Ocean. Of the different types
of Indlan Ocean bands only the Malagasy bands develop most frequently
in December with other maxhma in March and September (Fig. 9-2¢).
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Flgure 9-1. NOAA-2 polar-orbiting satellite hemispheric
infra-red mosafc at 21L showing o tropical band across the Indian
Ocean on 13 Jonuary 1973,

Tropical bands are the most common type of Indian Ocean band and are
bimodally distributed with maxima in April and November. Tropical
cyclone bands are also distributed according to a semi-annual cycle but,
with highest frequencies in March and August, of opposite phase to that
of the tropical bands. Tropical bands (embedded cyclone) alone are
unimodally distributed with the maximum in January. On the majority
of days only one trough, If any, is present in the African region. On
a small proportion of days, reaching maxima in January and March, rel-
atively short wavelength circulations develop in which troughs form both
across South Africa and across the western Indian Ocean (Fig. 9-2d).
The December hiatus is pressnt in the frequency of days on which enly
one trough, across South Africa, Is present as is the December maximum
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Figure 9-2. Mean frequency statistics of cloud bands In the
southern African reglon for the period 1967 to 1977. a) Monthiy
mean frequencies of total and of African bands as defined in the
text - the African bond curve is taken from Flgure 7-1. b}
Monthly percentage frequency of days with bands on which
} Afrlcan bands were present. c) Monthly mean frequencles of
total and Individual types of Indlan Ocean bunds. d} Monthly
mean frequencles of days with a single band, elther an African
or an indlan Ocean band, and with bands In both locations.
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in the frequency when the single trough Is sitwated over the Indian
Ocean,

WESTERN ORANGE FREE STATE RAJNFALL IN RELATION TO TROUGH
LOCATIONS

On days on which an Indlan Ocean band is present rainfall over the
western Oranige Free State is generally light and predominantly cloud-free
conditions as in Figure 9-1 affect South Africa as a whole. Mean daily
rainfall over the western Orange Free State for four classes of days,
those on which either none or two troughs are presant or those on which
only one trough is present across either South Africa or the Indjan
Ocean, during the rainfall season are listed in Table 9-2. Corresponding
rainfall distributions for January are illustrated in Figure 9-3. In ail
months rainfall is lowest when Indian Ocean bands are present and
highest, apart from in October, with the occurrence of African bands.
Rainfall is also higher in all months when there are two rather than when
there are no bands.

Daily rainfall exceeds 15 mm in Jahuary only on days with African bands
(Fig. 9-3). The highest frequency of dry days occurs when Indian Ocean
bands are present and only on 10 per cent of days with {ndian Ocean
bands does significant rain, as defined in Chapter 3, fall, Unclassified
systems supply rainfall on about 50 per cent of the days on whick Indian
Ocean bands are present. Distribution changes between the four cate-
gories of Figure 9-3 are significant at better than the 1 per cent fevel
according to a x* test (Table 9-3). Highest call contributions to the x*
value come from the high frequency of dry days when [ndian Ocean bands
are present and the fow frequency of dry days and the high frecuency
of daily falls between 5.1 and 10.0 mm when African bands are present.

Results for other rainfall season months are basically similar to those for
January although, except in December, rainfall in excess of 15 mm also
occurs on other than days with African bands., Tests for the differences
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Taobie 9-2, Mean rainfall {mm) over the western Orange Free
State In the 1967 to 1977 perfod roinfoil seasen months for days
on which [In columns 2 to § respectively) there was an African
band, an indian Ocean band, on which there were no bands and
on which there were bands across both Africa end the Indian
Ocean. In the case of African and two bands means have been
calculated across all days regordiess of whether or <ot a band
overlay the western Qronge Free State,
African  Indian MNone  Twe
ocT 1.8 0.9 2.0 8.0
NOV 2.8 0.4 1.2 1.9
DEC 3.1 1.0 1.7 3.0
JAN 4.4 0.7 2.5 2.9
FEB 4.9 1.5 2.8 3.5
MAR 4.7 1.0 2.3 3.3
between the frequency of falls in categories simitar to those of Table 9-3
revi | that the differences in all months are significant at the 1 per cent
level, Various non-parametric  distribution tests, including the

non-parametric ANOVA and Kruskal-Wallis tests, have also been run on
the daily rainfall totais for the four band classes. In all months the null
hypothesis of no difference in the rainfall distributions of the categories
is rejected at better than the 1 per cent level. Thus circulations suitable
for the formation of indian Ocean bands normally result In minimal, if
any, rainfall over the western Orange Free otate.
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Table 9-3. Contfngency table for five categorles of daily rolnfall
In January against the four band categorles of Figure 9-3, In

a'l groups the top, jure ref the ob i frequency, the
second flgure the expected frequency and the third figure the
cell contribution to the x* valus given In the lower right-hond
corner.,

Rainfalt (mm)
Q 0.1-2.0 2.1-5.0 5.1-10.0 >10.0

African 18 5 23 32 13
40.0  47.8 8.7
0.3 0.2

indian 26 5
12.6
0.2 4.6

31 17
14.0
0.0 0.6

12 3
5.4
1.2

¥ = 73,8
12 Degrees of “reedom

LONGITUDINAL DISPLACEMENTS OF THE TROUGHS

Prircipal component analysis has been employed to Investlgate the asso-
ciations between the frequency of African aud Indian Ocean bands. 1In
ordar to test the supposition that the fraquency of troughs over Africa
is inversely related to that over the western Indian Ocean matrices have
been set up by month with frequencies of single African bands, single
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indian Ocean bands, two bands and no bands In the columns. In all cases
the analysis was run on the correlation matrix and only parameters loaded
in excess of {0.8( on any companent after Vatimax rotation are considered
to be assuciated.

in the three months November to January frequencies of African and
Indian Ocean bands are inversely heavily loaded (Flg. 9-4). Months of
higher frequencies of troughs over southern Africa are thus months of
fower frequencies over Madagascar, and vice verss. Frequencles of no
bands and of two bands are also oppositely loaded in the three months,
In October the frequency of African hands is indirectly related to the
frequency of no bands and directly to that of two bands. Indian Ocean
band frequencies are loaded on a component separate from that of the
other types of bands. Thus the dominant made of acticn in October is
[ related to the formaton or non-formation of African bands rather than
to longitudinal vacillations of the jocations of the bands as in November,
December and January. In February the frequency of African bands is
inversely loaded with that of no bands as in October indicating that a
similar mode of the variations is present in the twe months. Indian Ocean
band frequency is invarsely related to that of two bands in February,
possibly indicative of a mode representative of longitudinal band dis-
plucements. ‘The frequency of African bands in March is lcaded sepa-
rately from that of the other types of bands. The frequencies of indian
Gcean bands and of two bands are loaded together in March and both
are inverssly loaded with the frequency of no bands. Thus a major mode
in March is represented by the inverted frequencies of no bands and of
Indian Ocean bands.

THE SOUTHERN OSCILLATION AND SOUTH AFRICAN RAINFALL

Assoclations between rainfall from and locations of tropical-temperate
trougts and the Southern Oscillation may now be investigated. Inter-
pretations of teleconnections based on Nneor correlations with a Southern
Oscillation index may potentially be misleading (Ramage, 1983; Pittock,
1884}, especially when used a prior/ to determine statistically-significant
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Flgure 2-4, Results of the principal component analyses o band
frequencies for the ralnfuoll season months - for no hands (NOB),
two bands (TWOB)}, African bands (AFB) and Indian Ocean bands
{INOB}. Band frequencles loaded In excess of |0.6| on the same
component are connected by solid [If loadings are of similar
signs) or dashed (If loadings ar: of oapposite signs)
double-headed arrows.  Frequencies loaded In excess of 10.6]
Independently of any other [reguencies are identifled by a short
double-headed arrow.

circulation links. In the present case, however, this process is reversed
in that partial validation of hypothesised circulation links is sought in
the correlstions, The index of the Southern Oscillation used is ‘ne

| surface pressyre difference between Tahiti and Darwin
which has been recommended for diagnostic studies of links with the
Southern Osciltation (Chen, 1982). Data were recorded at Tahiti from
1935 and thus the available index series covers the period 1935 to 1977.
Correlations are calculated at zero lag only despite the established lags
betwaen responses of the circulation over distant parts of the globe to
changes over the Pacific Ocean {Pan and Qort, 1983}. Further, corre-
fations are calculated by month rather than by integrated three-month
seasons recommnended by several authors as a technique for reducing the
noise level in the index series {2.g. Trenberth, 1976). in order to
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partially remove noise inherent in the Scuthern Oscillation index time
series a smoothed series was developed through licati of a
three-term binomial filter, centred on the tonth under study, to the

index series.

Correlations have been calcufated in all months from October to March
for the 1935 to 1077 period between the smoothed index and scores of
all components retained during the development of the classification in
Chapter 2. Sums of the scores, weighted by the appropriate loadings,
for those components inferred to represent the tropical-temperate and
truncated troughs closely simulate the estimated time series of rainfall
from the troughs for the perioa 1967 to 1977 (Harrisen, 1984d) and thus
these sums have also been corvelated with the indsx. Time series for
the troughs’ rainfall include those for the first two October to Oecember
components and those for the first two and .se fifth January to March
components.

Correlations are not significant at the 5 per cent level in October and
November {Table 8-4). Few regions across South Africe over which in-
tegral Octeber and November rainfall is statistically significantly corre-
lated with the index have been detected by Lindesay (1986). December
to March correfations significant at the 5 per cent level are present be-
twesn the tine series of the first component and of the total ralnfail from
tropical-temperate troughs and the index. Higher rainfall ccours in the
Oscitiation's high phase. Time saries of severs} higher components sve
also significantly correlated with the index in all months but no inter-
pretation of any of these components was offered in Chapter 7. The
results reinforce the inference of Lindesay et of. (1986) that trough
rainfall is responsible for the north-west to south-east alignment of the
ragion of highest statistically-significant differences in rainfall obtained
in a superposed epoch analysis based on the phases of the Southern
Osciffaticr

Principal component analysis has been used to investigate the supposition
vnat troughs form more frequently over the central interior of South
Africa in high phase periods of the Southern Oscllation. Matrices have
bean developed by month with rainfall from the troughs as simulated by
the principal component scores, the Southern Oscillation index and the
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frequencies of single African bands, single (ndian Ocean bands, two
bands and no bands in the columns, The analyses follow the same format
as that for the ination of the fongitudina) displ of the
troughs above. in October cloud band rainfall is indirectly ralated to
the Southern Oscillation index {Fig, 9-5). Time series of both the first
October component and the total cloud band rainfall are also negatively
but non-significantly correlated with the Southern Oscillation index (Ta-

Table 9-4. Correlations between the smoothed Southern Oscll-
latlon Index and scores of the components developed in Chapter
2 for the rafnfall season months - except for component 1 and
for total trough rainfall only linear correlations significant ot
better than the 10 per cent level are listed. In the column
headed 'Troughs’ are correlations with scores of components in-
ferred to represent rainfall from troplcal~temp and tr
troughs, In the column headed 'Totol *-::.hs' ore correlations
with the appropriately welghted sums of : -cores of components
Inferred to represent trough rainfoll, in the column heoded
'Other’ are correlations with scores of retalned components.
Component numbers are given In brackets and significance levels
are Indicated by aosterisks: *  better than 10 per cent; ** -
better than 5 per cent; *** - better thun 1 per cent.

Troughs Total troughs Other
ocT  -0.15(1) -0.08 0.27%(3)
NOV  0.05(1) 0.08 -0.33%4{6)
DEC  0.474%4(1) 0,480 '
JAN  0.30%%(1) 0.29%(2) 0.36%% -0.44%¥%(11)  0.28%(13)
FEB  0.33%%(1) 0,33%*% 0.33%%(13)
MAR  0.31%%(1) 0.30%* 0.32%%(6)  -0.26%(7)

-0.30%*(10}
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Flgure 9-5. As Flgure 9-4 but for band frequencles and western
Orange Free State cloud band rainfall (CBRAIN) with the
smoothed Southern Oscillatlon Ind=x. Parameters looded In excess
of 10.6| together with the hern index are Identi-
fled with an 'X'. Opposing signs of loadings In excess of |0.6}
with the Southern Oscillation index are marked by a bar across
the "X,

ble 9-4), Frequencies of Indian Ocean bands are indirectly loaded with
the Southern Oscillation index. African band freq.encies are not loaded
on the same component as either cloud band rainfall or the Southern
Qscillation index but are Joaded directly and indirectly with frequencies
of two and of no bands respectively. African band frequencies and cloud
band rainfali are directly related and both are indirestly related to the
frequency of Indian Gcean bands in November. Cloud band rainfall is
not, however, loaded with the Southarn Oscillation index. Instead the
index s directly related to the frequency of two bands and indirectly
to the frequency of no bands.

December is the earfiest month in which the Southern Oscillation index
is loadud directly with the frequency of African bands and with cloud
band rainfall in addition to belng indirectly joaded with the frequency
of no hands. Indian Ocean band frequencies are heavily lsaded with the
frequency of two bands. January is the only month in which African
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band frequency and band rainfail are directly and Indian Qcean band
frequency is indirectly loaded with the Southern Oscillation index. No
band and two band frequencies are aiso indirectly related. Frequencies
of Indian Ocean and two bands are indirectly loaded in February but on
the same component as the Southern Oscillation index such that the fre-
quency of Indian Ocean bands increases in the high phase months, Cloud
band rainfall is directly loaded with African band frequency but not with
the index despite the high direct correlations obtained for this month
(Tabie 9-4). In March cloud band rainfall is loaded with the frequency
of African bands but the Southern Oscillation index itself is loaded, di-
rectly, only with the frequency of two bands. No bands and Indian
Ocean bands are indirectly loaded,

In a final test of the association between trough locations and the phases
of the Southern Oscillation band locations have been stratified according
to the December to February anomalous flow patterns in the tropical
Pacific Ocean following Arkin (1982). The stratification is based on the
sense of the anomalous circujation over the Pacific Ocean in the vicinity'

of the date line which frequentiy takes the form of a eyclonic or an
anticyclonic couplat to either side of the Equator. Cyclonic couplets are
normally associated with the high phase of the Oscillation and anticy clonie
couplets with the low phase, the physical significance of which has been
discussad by Keen (1982). in ali months (Table 9-5)} the highert mean
rainfall totals are associated with cyclonic and the lowest with anticyclonic
couplets. Frequencies of African bands are higher in periods with a
cyelonic rather than an anticyclonle couplet whereas the reverse applies
{except in February) for the frequencies of Indian Ocean bands. Days
without bands alsn tend to be more frequent when thers Is a eyclonic
couplet and days with two band. when there is an anticyclonic couplet.

DISCUSSION

The suppositions that rainfall anomalles over the central Interior of South
Africa are dependent upon varlations in rainfall from tropical-temperate
troughs, upon longitudinal displacements of the troughs between the




Table 9-5. Mean western Orange Free State rainfoll (Rain - mm)
and frequencies of Africon bonds (Afr), Indlan Qceon bands
{in}, no bands (No} ond two bands {Two)} for the months De-
cember, January and Febpuory In the period 1968 to 1977
stratified gccording to the presence of an anticyclonlc (A} or a
cyclonic {C} couplet or neither [N} across the central Pacific
Ocean according to Arkin {1982},

OEC JAN FLB
A [ N A c N A c N

Rain 28,1 80.5 61.6 42.0 143.4 92.2 71.1 123.3 88.6
Afr 4.7 8.5 1.5 1.7 148 1.5 9.3 100 6.0
tn 120 8.0 1.0 7.7 48 100 7.0 8.0 6.5
No 12.0 12,0 1.5 73 8.8 8.0 7.7 8.8 12.5
Two 2.3 1.5 1.0 43 28 3% 40 1.8 3.0

southern African and Madagascan regions and upon circulation changes
related to the Southern Oscillation have afl been verified. The
suppositions do not apply, however, in all months from October to March.
Rainfall trom tropicai-temperate troughs uniquely determines anomalies in
the summer season when the Hadley Circulation is intensified in the wetter
months,  Close correspondence may be noted between the wet period
cireulation departures derived in Chapter 8 and those for the
tropical P troughs i by Harangozo (1986} in confirmation
of the importance of frequency changes of the troughs in the determi-
nation of the anomalles. Migher rainfall in the summer season is associ-
ated with stronger forcing of the Hadley Circulation across southern
Africa and therefore with enhanced energy and momentum generation over

Gtai

the African tropics.

In the wetter vernal transitional seasons the Farrel Clrculation across
southern Africa intensifies and toroldal circulations for some of the types
of systems which determine rainfail les, including the t d
troughs and the unclassified systems, are of the Ferrel Cell type.
Rainfall from troplcai-temperate troughs also determines anomalies in Oc-
iober and November and thus both enhanced energy and momentum gen-
eration over the African troplcs together with enhancement of the forcing

e
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mechanisms of the Ferrel Circulation occur In the wetter months.
Thermodynamic and kinematic structures for few of the systems as de-
rived by Harangozo (1986} correspond with the departures determined
in Chapter 8 and thus circulation variations may not bu interpreted In
terms of frequency cnanges of particutar systems, Marked changes in
the structures of the systems also occur between years. Circuiation
variations are thus more complex in the vernal transitional than in the
summer season, Correspondence between the toroidal circulations of
those types of systems determining the rainfall anomalies and the dominant
toroidal circulation cell indicates that the changes in the details of the
variations between the two seasons are closely related to the circulation
adjustments on the semi-annual cycle,

Outgoing long-wave radiation over Africa at 20°S is modulated on a
semi-annual cycle (Fig. 7-4) such that it is a minimum in summer when
energy generation at 20°S is a major determinant of rainfall anomalies.
The standing wave over the Atlantic Ocean is displaced westward in
summer, 2 displacement which is enbanced in the wetter seasons. Equally
it is displacad eastward in the wetter vernal transitional seasons when
energy generation at 20°S is reduced. Evidence for the eastward dis-
placement of the wave is afforded by the high frequencies of tropical
bands in April and November (Flg. 9-2¢), frequencies consistent with
the concept of tropical bands forming in the second poleward arm of the
wave (Figs. 6-7 and 7-98). Circulation departures on the semi-annual
cycle are thus suitable for forcing intensified Hadley and Ferrel Circu-
fations in the wetter summer and vernal transitional seasons pectively.
The inversa semi-annual cycle of the frequency of tropical cyclone bands
to that of tropical bands is such that highest frequencies occur at times
of maxinum depths of the 20°C isotherm over the western Indian Ocean
(Quadfasel, 1982), These are the times of most suitable conditions in
terms of sea surface temperatures for the formation of tropical cyclonic
vortices, Similarly tropical bands (embedded cyclone) formed most fre-
quently near the time of warmest sea surface temperatures.

Rainfall over the central interior of South Afrlca is reduced when troughs
lie over the western Indian Ocean in all months. The concept of longi-
tudinal displacements of ths troughs causing the rainfall varlations ap~
plies, however, only in the months November to January. Modes of action
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of the atmospheric circulation othar than longitudis -| displacements of the
waves also occur in several months. Nor are displacements of the waves
directly related to ths Southern Oscillation in months other than January
(Fig. 9-5). Longitudinal di of standing waves in the Southern
Hemisphere are, nevertheless, associated with the Southern Oscillation.
Longitudinal shifts in the location of wave 1 are linked to the Southern
Oscillrtion ascording to Trenberth (1980b). Further, movements of cloud
bands over the Indian and Pacific Oceans appear to be reflected in the
field of the first eigenvector of tropical rainfall (Fig. 8-6 - cf. Fig. 2-7)
according to Kidson (1975) - an interpretation supported by Heddinghaus
and Krueger (1981) - the time series of which is significantly correlated
with an index of the Southern Oscillation. Shifts in wave locations be-
wween phases of the hern Oscillation are thersf
nents of climatic change in the Southern Hemisphere but may not uniquely
account for rainfall variations over southern Africa.

Jmpo nt compo-

Only rainfall frem tropical-temperate troughs {s linearly correlated at cero
lag to the Southern Oscillation index and only in the months December
to March, Lindesay (1986) similarly noted that correlations between
rainfall and the index are higher in the summer than in the vernal
transitional season. Associations between the Southern Osciitation and
South African rainfall are therefore stronger in the summer than in the
vernal transitional scason. Over Austraiia an inverse situation occurs
with strongest associations with rainfal) in spring (McBeride and Nicholls,
1883}, January to March is the period of strongest development of cir-
cufations associated with the Southern Oscillation (Rasmusson and Car-
penter, 1982; Horel, 1982; Quiroz, 1983) and it may be postulated that
these circulations influence the generation of energy and momenium over
southern Africa in summer, December rainfall from tropical-temperate
troughs is not, however, a determinant of rainfall anomalies (Table 8-13.
There appears to be a marked adjustment in the circulation in December
which may be associated with the rainfail hiatus (Appendix K} and which
renders the circulation 1ore complex than that of any other month.
Origins of the stronger correlations with rainfall in December, detected
in Table 9-4 and by Lindesay (1988), thus remain to be elucidated. The
major impact of circulation changes related to the Southern Oscillation is
therefore to the formation of tropical-temperate troughs asross southern
Africa In the summer season.
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CONCLUSIONS
Several 1 modas of behavl of the f rasuiting in
rainfall variations over the central interior of South Africa have been
examined, The postulates include that frequency changes of
tropical-temperate troughs cause the variations, that the troughs are
displaced W towards Mad in the drier months and that

trough displacements and hence rainfali totals are determined by circu-
lation variations associated with the Southern Oscillation. All of the
postulates have been verified but none are applicable in all months Oc-
tober to March. Changes in the cireulation on the semi-annuat cycle in
part account for differences in the modes of behaviour in the various
menths,

In the summer season, when the Hadley Circulation is intensified in the
wetter months, rainfall from tropical-temperats troughs alone determines

anomalles over the central interior of South Africa. Rainfall is well

correlated with the Southern Oscillation index and it has been suggested
that circulation changes related to the Southera Oscillation centrol the
generation of momentum and energy over tropical Africa and hence the
forcing of the Hadley Circulation across southern Africa. In the vernal
transitional season, when the Ferrel Circulation {s intensified in the
wetter months, several systems including the tropical-temperate troughs
determine anomalies. No evidence of control of the anomalles from the
Southern Qscillation has been obtained for October and November. It is
therefore possible that circulation links between the Pacific Ocean and
southern Africa are modulated on a semi-annual cycle.

Further evidence for circulation changes on a semi-annual cycle, specif-
ically for longitudinal displacements of the Atlantic standing wave, has
been obtained in terms of frequencies of troughs in the Madagascar re-
gion. Displacements of the troughs between years may not, however,
simply account for the rainfsll variations, Behavioural modes of the at-
mospheric circulation are such that only In January is there a well-deflned
assoclation between rainfall, locations of the troughs and the Southern
Oscillation.  Other modes are present in the remaining months. Thus
the major Identified cause of rainfall variations is the differences in fre~
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quency of formation of iropical-temperate troughs, and hence in the
foreing of the Hadley Circulation zcross southern Africa. This forcing
is most closely associated with circulation changes related to the Southern
Oscillation in the summer months.




CHAPTER 10

RAINFALL, MERIDIONAL MOMENTUM FLUX VARIATIONS AND THE
SOUTHERN OSCILLATION

INTRODUCTION

The hypothesis upan which this thesis has been based is that rainfail
increases In periods of enhanced poleward momentum fluxes. This hy-
pothesis was daveloped upon the assumption that tropical-temperate
troughs form more frequently in the wetter months and that consequently
the transient flux, which is greater in the vicinity of the cloud bands
of the Southera Hemisphere than in the zonal average (Webster and’

Curtin, 1978}, increases. Changes in the torsidal fluxes must also occur,
however, as a result of inter-annual variations in the meridional compo-
nents on the semi-annuai cycle. Differences in both the mean and the
transient atmospheric circulations between years may therefore be de~
terminants of rainfal} variations, Inter-annual flow changes over the
Northern Hemisphere are resident primarity within the mean meridional
flow and the corresponding momentum fluxes, whereas the zonal flow and
the transient fluxes tend to be relatively constant between years (Gaut
et of., 1976). Confirmation of the relative stability of the zonal flow and
of the significance of the Inter-annual variations of the meridional flow
was obtaited in a detailed analysis of Northern * nispheric flow changes
betwean one normal and one dry summer over central {ndla and the Sahel
(Kanamitsu and Krishramurti, 1978). Marked changes ia the zonal
spectra of the meridional wind fleld and of the paleward meridional fluxes
of momentum between the Equator and 30°N were associated with changes
in the locatlons of the ragions of tropicsl heat release between the two
years. In tha Southarn Hemisphere inter-annuat circulatlon changes are
also assoclated with differences in the mean flow in affiliation with lon-
itudinal displ of the | waves, displ which are
possibly related to variations tn the distribution of tha tropical heat
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sources and to phase changes of the Southern Oscillation (Treaberth,
1980b). Inter-annual differences in the forcing of the Hadley Circulation
by energy release over troplcal Africa together with longitudinal dis-
placements of the waves over the Atlantic Ocean and vver Africa actom-
pany the rainfall varlations over the cen’ral Inteilor of South Africa.
As in the “le~thern Hemisphere adjustments to the mean flow and to the
locations o _ropical heating may thus be of greater importance in the
determination of climatic anomalies over the Southern Hemisphere than
adjustments in the transient circulation,

Two theories, :. arised in Appendix L, have besn forwarded to account
for changes in tropical rainfail and hence in the forcing of the Hadley
Circulation. 1In the first rainfall varies according to the latitudinal ex-
cursion of the inter-Tropical Convergence Zone as determined by
meridional temperature gradients acvoss one or other hemisphere. In the
second (atitudinal excursions are considered secondary to the extent of
convective averturning along the Zone, Observational evidence indicates
that the second theory is of greater relevance ove * southern Africa than
the first (Nicholson and Chervin, 1933). Convection over tropical Africa
lies within the reglon ¢ influcnce of tiie zonal circulation cell across the
tndian Ocean, the Walker Circulation (see Appendix K). Zonal circulation
eulls tie around the globe and ii~k the regions of tropical convection.
fn addition global variaticns in senses and locations of the Walker Cir-
culations rasult from longitudinal displacaments of the tropical heat
sources which accompany phase changes of the Southern Osciliation. in
the high phase the anomalous 200 mb zonal component across the indian
Ocean |s easterly, an anomaly suitable for the devefopment of convestion
over Africa. In the low phase the anomaly reverses. It Is concelvable
therefore that the Indian Ocean Walker Circulation represents a mechanism
b, which the Southern Oscillation signal is transmitted to southern Africa
in such 3 way as to control energy release over the subcontinent.
Subsequent changas to the Hadley Clrculatiun result in modified poleward
toroidal momentum fluxes and in part determine rainfall anomalies scross
southern Africa.

Changes to both the toroidal and the transient momentum fluxes with
varying rainfall are examined in this Chapter to test the validity of the
aypothesis that rainfall increases with the poleward flux. Circulation

"
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differences and changes to the Indian Ocean Walker Circulation between

the two extreme phases of the Sou o
determine the possible validity of the assertion that the Southern Oscii-
lation signa) is transmitted to southern Africa via the Walker Circulation
in such 2 way as to control eneray release at 20°S.

are also i ted to

MOMENTUM FLUX CHANGES

Both the data and the analysis technique are identical to those used in
the study of the assosjations between the circulation variations and
rainfall in Chapter 8. Based on the mean and eddy wind component
values st each level at Bloemfontein the monthly mean relative angular
momentim of the atmosphere together with the poleward fluxes of earth
angular snomentum and relative angular momertum by the mesn circulation,

by the transiant eddins and by the total circulation, integrated through =

the depth of ths atmosphere to 100 mi, have been calculated. Spearman
correlations have subseguently been caiculated Liiween rainfall and botk
the relative angular momentum and the varinus components of the
»eridional flux.

The relative angular momentum declines as rainfall increases in sevan
morths {Table 101 - of. Table 8-6). Earth angular memontum fluxes
a0 wirsctly reluted to rainfall in seven months, with strongest positive
c-rrelutions (i.e. enhanced poleward flux with higher rainfall} in the
summer and late winter months (cf, Table 8-7), Values of the corre-
fziisns with the circulation flux are simifar to thosé with the earth angular
s entum flux except that the January correlation with the circulation
#l:.. 36 pegative, Only in February, March, April and November is the
potiward transient flux stroncer in the wetter months. Total poleward
releiire angular momentum ftluxes increase with raiasfall in six months
maialy Juiing the rainfall season, Simifar systematic changes to the
rerati /- angular momentum and to the meridioral fluxes as rainfall varies
also ceeur on the rain and the no rain days (see Appendix J). Variations
of the iuxes are not dependent therefore simply on frequency changes
of rain and ne rain days but also on structural changes to the atmo:  eyic
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Table 10-1. Valuas of Spearman rank correlation coefficients
B between rainfall and the vertically-Integrated relative angular
L momentum of the atmosphere (Ju), the vertically-integrated flux
of earth angulee momentum ((v] and the vertically-Integrated
cleculation (fvw), transient [(Iviu') and total {Ivu) relative an-
gular fluxes. Negat] rrefations, de~
creased relative .ngular momentum or poleward fluxes In wetter
months, are stlppi..i. Asterisks indicate significance levels: *
~ better than 10 per cent; *** - better than 1 per cent.

fa g Jw VG jw
J 0,50 -0.2K -0,10 0.4 -0,
50 0.3 0,10 0.4 nu(‘

A 0.6 0,90 9,44 0.2 038 .

»

025 0.31 0.05 o'l -0
O -0.38 -0.00 0,03 0,10 -0.07
. BN 14 0.2 018 038 0.0 -
£
éa C.4t 0.27 0.15 -¢.3% 0.26

4 ol ol

-0.04 -0.6¥ 0.5
e F-0.43% 0.44 0,30 0.25 0.47

rio.sz 0sd 0.03 0.30

) A 035 0.05 9,00 0,12 0.0
. o g o
= | d

circulation on the two types of days such that poleward toroidal fluxes

in summor and equatorward fluxes in the vernal transitional season on a
daily average are stronger in wet thas in dry months.

-
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Table 10-2.  Details of the first and second harmonics of the
monthly correlations between cainfall and the compornents of the
momentum flux.,  Amplitudes (Amp) are of thc volues of the
correlations, Columns headed 'Var' glve varlances explalned by
harmoriics while those headed 'Max’ st approximote dates of
maximum positive (i.e. poleward) correlation. For second har-
monic dates are for the rainfoll season maxirsa, In first column
an 1" indicotes resuits for Integrai data, an 'R’ resuits for rain
days and on 'NR' results for no rain days.

Annual Wave Semi-annual Wave
[ Amp Var  Max Amp Var Max

Refotive ongulor momentum - 14 dplg.

t 0.21 15.7 15 Jul 0.15 8.0 1 Dec
R 0.21 15.8 & Aug 0.04 0.5 5 Nov
NR 0..4 23,1 15 gul 0.9 2.9 2 Jan

Earth angular momentum flux ~ IV dplg.

1 (.26 28.8 20 Jan 0.32 46,7 18 Feb
R 0.07 1.6 7 Jun 0.26 24.0 27 Feb
NR 0.20 14,2 21 Jan 0.27 24.5 v "eb

Circuiation relative angular momentum flux - IVd dplg.

1 0.11 10.1 19 Feb 0.26 54,9 1 Mar
n 0.11 3.4 1 Aug 0.28 23.6 7 Mar
N 0,33 25,5 28 Jan 0.41 38.7 10 Feb

Translent relutive wigular momerism Flux - IVG0 dplg.

i 0,18 14.8 16 Fob 0.16 11,0 20 Oct

R 0.13 7.2 2 May 0.06 1.6 7 Mar
NR 0.15 23,1 18 Dec 0.0t 0.0 1 Mar
Total relative angular momentum flux ~ IVW dplg.

| 0,13 12,4 25 Dec 0.21 32.0 28 Feb

R 0.08 2.5 7 May 0.18 13.8 5 Mar
NR 0.2011.9 7 Jan 0.39 46.2 12 Feb

HARMONIC ANALYSES OF THE CORRELATION FIELDS

Together the first two harmonics of the relative angular momentum cor-
relations account for only 24 per cent of the variance (Table 10-2], the
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cycie of the correlations being dominated by the third harmonic. Highest
positive correlations {i.e. increased relative angular momentum in the
wetter months) occur in mid-July on the first harmonic and on the second
harmenic in early June and December, The second harmenic accounts
for 47 per cent of the variance of the earth angular momentum flux cor-
relation distribution with maximum positive correlationc  (stronger
poleward fluxes in wetter months) in late February and August and the
first for 30 per cent with a maximum in late Janwary (Table 10-2).
Similarly the distribution of the correfations for the circufation flux is
dominated by the second harmonic with maxima a few days after those
for the harmonic of the earth angular momentum flux correlations. Peak
positive correlations on the first harmonics for the two fluxes are sepa-
rated by one month. Results for both toroidal fluxes reflect the
semi~annua! cycle in the meridional component correlations with rainfall
{Table 8-7). Seasonal cycles of the transient flux are dominated by the
first harmonic (Table 5-1} but that of their correlation with rainfall by
the third harmonic. Weak first and sacond harmonics have maxima in
mid-February and late April/October respectively (Table 10-2). The
phase of the latter harmonic is roughly inverse to that of the correlations
between rainfall and the earth anguiar momentum flux,

STABILITY OF THE AMNUAL AND SEMI-ANNUAL CYCLES

Dates of the maxima on the first harmonics of the aanual relative angular
momantum  distributions in individual July to June years vaty between
15 and 25 August (Fig. 10-1) as compared to 15 August for the mean
data (Table 5-1). In all years but one the first harmonic dominates the
annual cycle of the relatlve angular momentum and thus the weak first
harmonic of the correlations with rainfall (Table 10-2) Is indicative of
intra-annual adjustments in the response of the rainfall to changes in the
atmospheric zonal circulation on higher frequencies than represented by
the annual cycle. Second harmonics account for Jess than 10 per cent
of the varlance in five of the eight years but up to 31 per cent in the
remaining three years. Phase angles of the harmonics tend to cluster




203

" SAKUA
e AN Al
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EARTH ANGULAR MOMENTUM FLUX PIAASE ANGLE

Figure 10-1. Phase angles of the annual (solld blocks) and
semi-annual {open blocks) cycles of the vertlically-integrated
relative angular momentum (ordfnate] and poleward flux of earth
angular momentum (abscissa)} for the July to Jupe years from
1968/69 to 1976/77. The diagorafl ifne marks the locus of equal
phuse ongles. Phose angles of 360° Indicate maxima on the first
harmonic on 15 March and on the second harmonic on [ February
and 1 August,

such that rainfall season maxima are in sither November or between 10
January and 10 February {Fig. 10-1}. Cycles with maxima in these two
periods are roughiy anti-phase. Rainfall season maximum occur on 20
November in the 10-year data (Table 5-1). Large-amplitude semi-annual
cycles in the zonal flow in individual years are consequently concealed
in the overall results by the phase stability of the annuaf cycle and by
the self-negation of the semi-annual cycles through phase reversals be-
tween years.

Phase angles of the first harmonics of the earth angular momentum fluxes
are markedly variable from year to year (Fig. 10-1) although in five years
maxima occur between 5 February and 5 May, maxima that probably ac-
count for the phase of the first harmonic of the corralations with rainfall
(Table 10-2). Only in three yeats is the date of the maximum close to
that of 15 October for the mean cycle (Table 5-1), Variances axplained
by the first harmonics range betwoen 1 and 81 per cent. Phase angles
of the second harmonics are quasi-stable with summer maxima varying
betwaen 10 January and 10 March, a slightly larger range than for the

'ﬂ‘#%-
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200 mb meridional wind componeat (Fig. 8-4). Only four days separate
the maxima of the integral data and of the correlations with ralnfall on
the second harmonics (Tables 5-1 and 10-2). Between 3 and 55 per cant
of the varlances Is captured by the second harmeonics indicating that the
dominance of the harmonic in the integral cycle results from the phase
stabitity of the second as compared to of the first harmonics rather than
from uniformiy large smplitudes of the former harmonics. Amplitudes of
the second harmonics increase in the wetter years such that there is an
accompanylng anomalous poleward flux in the summer months and an
anomalous equatorward flux in the vernal transitional months.  Phase
angles of the first harmonics of the transient fluxes reinain quasi-stable
with dates of maxima ranging between 5 June and 15 August. The weak
first harmonic of the cor. elations indicates therefore that links betv-en
rainfall and the transient flux are fulated on higher fr i

that of the annual cycle. Rainfall season maxima of the second harmon...
generally occur in the vernal transitional months between 10 October and
20 December. Only in two years do maxima fall in the summer months,

fmportant modulations of all of the relstive angular momentum of the at-
mosphare and of the various components of the meridional fluxes oceui
on apnual and semi-annual cycles, Circulation modifications deduced
above do not necessarily affect the circulations of the rain and no rain
days uniformly {see Appendix J). In particular changes to ihe toroidal
circulation on rain days as rainfali varies are modulated on the
semi-annual in addition to on the annual cycle. Amplitudes of the second
harmonics of the earth angular momentum fluxes increase in the wetter
years. Changes to the mean maridional flow on the semi-annual cycle
are therefore confirmed as an important determinant of rainfall vaviations
over the central Interior of South Africa.

THE MOMENTUM BUDGET ANL THE SOUTHERN OSCILLATION

The Hadley Circulation Is intensified in periods of enhanced -~umulus
friction (Helfand, 1979) and tropical heat release (Schnelder, 1984).
Thus tn terms of the modulstions of the Hadley Circulation on the
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semi-annual cycle convection over tropical Africa at 20°S increases in the
wetter summer months but decreases in the wetter vernal transitional
seasons. Correlations between southern Afrlcan ralnfall and the Southern
Oscillation index are also modulated on a semi-arinual cycle such that
associations are stronger in the summer than in the vernal transitional
season (Table 9-4 and Lindesay, 1986}, Cross sections of the zonal and
meridional components along 30°E for the high and low phases of the 4
So: .nern Oscillation in these two seasons have been prepared by Lindesay L
{1986}, Seasons falling into the two phases have been identified as those .
with values of the Southern Oscillation index in the upper and lower
quartiles across the period 1935 to 1884, These cross sections may be
used to determine whethe~ flow changes between phases of the Oscillation i

! are consi~’ “th the changes between above- and below-normal rainfall
{ pariocs ‘hern African regiot derived above and in Chapter 8 '
and wi 2pt of increased and reduced instability at 20°S in

wetter summe. .nd vernal transitional seascns respectively,

Summer season

Zonsl flow anomalies 2t Bloemfontein In summer are easterly in the high
phase and westerly in the low phase (Fig, 10-2), anomalies consistent
with those associzted with increased and reduced rainfall respectively
(Tables 8-6 and 10-1), Except in the boundary zone high phase
meridiotial flow anomalies are poleward ax ocours in the wetter months of
Februsty and March (Table 8:-7). |n the low phase these ancmalies re-

i verse extnpt around 200 mb. Flow anomalies in the high and low phases
thus correspond closely with those associated with increased or reduced
rainfall over the western Orange Free State. Equivalently the anomalies
are consistent with an Increased frequancy of tropical-temperate troughs

! n the wetter seasons, tha only system for which the rainfall is correlated
with the Southern Oscillatien index at zero lag (Table 9-4).

! High phase easterly anomalies exlend southward from the Equator to be-
) yond 30°S except in a region of the lower atmosphere around 20°S (Fig.
10-2a) and consequently there is an enharced flux across Africa of
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moisture frow the Indian Ocean.. Conditions are thus suitable for the
development of deep convection along the inter-Tropical Convergence
Zone with attendant release of latent heat, of lows at around 20°S, of
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standing waves forced by the heat release and of tropical-temperate
troughs across South Africa, Of the three types of instabilities possibly

d with the devel of extensive convection at 20°S, namely
barotropic instabllity, instability of the internal Jet and instabilities ra-
tated to the easterly flow at 200 mb, only two appear to be of importante.
The low-level westerly anomaly indicates that the strength of the easterly
Jet at 20°S declines in wetter periods, a result consistent with that for
North Africa obtained by Newell and Kidson (1984). The jet is uniikely
to be of Importance thersfore in controlling the stability of the flow,
The juxtaposition of easterly anomailes to the south of 20°% and of
westerly anomalies to the north indicates that baratripic instebility is
increased in the 20 to 25%S zone in the wetter periods, At 200 mb and
20°8 the easterly flow also intensifies in the high phase, Barotropic

instabllity, rather than the Instahility iated with the jow-level jet,
and intensifications of the easterly 200 mb flow, therefore, represent
hani iated with the devel of tion over southern

tropical Africa.

The J flux of terly generated through surface
stressas Is into the atmosphere everywhere north of 40°S except in a
region between about 12 and 22°8. Momentum generatad at around 20°8
is lifted into the uppear atmosphera in the convection over ihe subconti~
nent. Together with heat released in the convettion the cumulus friction
drives the intansified Hadley Circulation across southern Africa. Tha
enhanced poleward energy flux is marked by the increased temperatur
and heights in the barotroplc zene {Tables 8-1 and 8-2) while the tropi ai

Figure 10-2 (oppasite}. Composite zonal and merldional flow
anomaites along the 30°E merldion for the a) high ond b) low
phases of the Southern Oscillatlon for the 1957 to 1983 summer
seasons adapted from Lindesoy [1986). Meovy ond lght lines
0 Isopleths of 2onal and f flow 2
respectively (units are ms-'}. Flguras vertically above stotlons
Indlcate zonal flow anomaties. Reglons of westerly anomalies are
stippled and identified by o 'W. Reglons of easteriy, northerly
and southerly flow anomalics are similorly identifled by 'E', 'N'
and 'S' respectively.
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nature of the circulation adjusiments over the central interior of South
Africa Is indicated by the three-layer tempe-ature correlation structure
of the summer months (Table 8-1) characteristic of trepical rainfall sys-
tems and of the tropical-temperate troughs (Harangozo, 1988). On dry
i days the temperature stratification is the reversa of that of the
tropical-temperate troughs. In the low phase circulation ancmalies ce-
verse, stability at 20°S increases and hence the toroidal circulation
anomaly is of the sense of the Ferrel Cell (Fig. 10-2b). In most respects,
therefore, circulation changes between the high and low phases of the
Southern Oscillation in the summer season are consistent wit! those ob-
served during above- and below-normal rainfall periods over the western
Orange Free State respectively. These results support the postulate that
the Southern Osciliation represents a remote control on circulation vari-
ations over the southern African region.

The varnal transitional season

Circulation changes along the 30°E meridian between the high and low
phases in the varnal transitional season are less consistent with corre-
spending results in Tables 8-6 and 8-7 than are summer season changes.
High phase zonal anomalias at Bloemfontsin are westerly above 700 mb,
anomalies consistent with those in wetter months of November and De-
cember {Fig. 10-3a). Meridional anomalies are poleward throughout the
troposphere in Figure 10-3a whereas equatorward ancmalles occur in
wetter vernal transitional seasons (Table 8-7), Low phase zonal and
meridional anomalies zre both generally of similar signs to high phase
anomalies (Fig. 10-3b)  The most marked differences in the circulation
between the two phases occur in the upper-tropospheric zonal fiow south
of 10°5 und in meridional flow nerth ot 20°8 and in the lower troposphere
south of 20°8. Changes In other locatlons do not exhibit consistent re-
versals as do those in the summer season. Direct stratification of the
circulation data by the phase of the Southern Oscililation Is thus less
apposite in tha vernal transitional than in the summer season. The
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cantrol exerted by the Southern Oscillation onm the wvirculation over
southern Africa is weaker in the former than in the latter season,

SOUTH AFRICAN RAINFALL AND THE INDIAN GCEAN WALKER
CIRCULATION

In order to test the supposition that the flow changes at 20°S depicted
in Figures 10-2 and 10-3 are associated with reversals of the Indian Ogean
Walker Circulation and with above- and below-normal rainfall respectively
over the central interior of South Africa integral scores for
tropics(~temperate trough rainfall as used in Chapter 8 have been cor-
related with zonal componenis at Harare, Bulaways and Cacos lsland.
Cocos lsiand is located in the equatorial indlan Ocean approximately 10°W
~f Djakarta and the station is thus woll situated for the monitoring of the
s dker Circulation over the ocean. Except in November and Fzbruary
signs of correlations between the Cocos lsland 200 mb zonal component
and rainfall from tropical-temperate troughs are opposed to those at 850
mb (Table 10-3), results indicative of the opposition of the flow anomailes
in the lower and upper troposphere associated with the Walker Circu-
lation. From December higher rainfall from tropical-temperate troughs
is accompanied by strengthensd 200 mb easterlles and, except perhaps
in February, 850 mb westerlies, In Octebar and November weaker 200
b easterlies eccur in the wetter months,

Magnitudes and signs of the correlations between the 200 mb winds and
rainfall from tropicai~temperate troughs are similar for data from both
Harare and Bulawayo although the correlations tend to be stronger at
Harare in the vernal transitional season and at Bulawayc In the summer
season (Table 10-3}). The corralations are in all cases negative from
Novembar, In Octobar, as for Cocos Island, correlations for both Harare
and Bulawayo components are positive. in gensral corralations with the
850 mb components at both Harare and Bufawayo ar. close to zero with
both signs represented. Either station may lie within the region of
fow-seve! easterly or westarly anomalles depicted in Figures 10-2 and 10-3
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Table 10-3. Volues of Pearson correlations for the rainfall season
months between Integral western Orange Free State rainfall from
tropical-temperate troughs and the onal component at the 850,
700, 500 and 200 mb levels at Cocos Istand, Harare and Bulawayo.
All avallable data for the 1957 io 1977 period are used in the
calculation of the correlations but the periods vary for the dif-
ferent stations - see Lindesay ([1986). Positive correlations in-

dicate str

westerly at times of higher
rainfall.

ocT Nov DEC JAN FEB MAR
Cocos Island

200 0.14 0.13 -0.76%kk .0, 51%  -0.53% -0.47
500 0.18 0.31 -0.48%  0.683%% -0.09 0.09
00 0.43 0.51%  0.40 0.77%%% -0.04 0.30
850 -0.05 0.04 0.39 0.84%+ -0.03 0.38

Harss 2

200" 0.32 -0.55%  -0.58%* -0,52% -0.31 -0.53%
500 0.67%% 0,11 0.07 6.10 0.15 -0.40
706 0.78%%% 0.28 0.17 0:10 0.05 -0.67%%
850 0.32 0.15 2.00 -0,53%* -0.08 -0.05

Bulawayo

200 0.32 -0.08 -0.37 ~0.43%  -0.71%%% -0.42
$00 0.29 0.44%  0.23 0.17 0.05 -0.14
700 0.53%k  0.60% 0,20 0.58%* 0,16 0.36
850 0.14 0.28 0.03 -0.05 -0.32 -0.29

and thus weakly-defined trends of zonal components with rainfall may
occuur. Regions with zonal lies at 850 mb of opposite sign
to those at 200 mb in both the high and low phases of the Southern Qs-
cillation are, nevertheless, indicative of the extension of the Walker
Circulation across tropical Africa to the 30°E meridizn. The results in

Table 10-3 and Figures 10-2 and 10-3 are ti 'ore consistent with the
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concept of changes in the Walker Circulation forcing variations in con-
vection over southern tropical Africa in the summer but not in the vernal
transitional season. Differences in the relationship between the Southern
Oscillation and southern African circulation changes in the iwo seasons
are related to the semi-annual cycle of the tropical circulation, At Cocos
island strongest correlations occur in the December to March period in
whish correlations with rainfall from tropical-temperate troughs is
strongest (Table 9-4), The 200 mb zonal component across the tropical
indian Ocean is anomalously weg.arly on the semi~arnual cycle in the
vernal transitional season (Fig. 4-7, .. ' thz control of the Walker Cir-
culation on the circulation over tropical Africa 15 L"CDV‘d“’\SlY 1 wruced,

Magnitudes of correlations between the Southern weiii w !fo2et end

South African rainfall consequently decline in the vernal transitional
(O season {Lindesay, 1986).

Evidence has also been obtained for responses of rainfall over South
. Africa to perturbations in the indian Ocean Walker Circulation on shorter
time scales than represented in the preceding analyses. Locstions of the : P
heat release over the western Pacific Ocean are controlled to an important
extent by the disposition of sea surface temperatures across the tropical
Pacific Ocean but the amount and the timing of the release is dependent
on other factors whicli may locally modify the structure of the atmosphere

£nh d i

in the ind i region. n fon ococurs in

conjunction with surges of cold air from the Asian continent across the
South China Sea (Chang et al., 1979; Chang and Lau, 1980, 1982; Lau
et af., 1983), Responses in the equatorial plane f the circulation to
8 . tropical heat sources take the form of eastward-propagating Kelvin waves
and westward-prope -: Rossby waves (Gill, 1980; Lau and Lim, 1982;
- Lim and Chang, 198 : -ebster, 1983). Westwars Rossby wave propa-
gation excited by surges in the monsoon convecuion results in
intensification of the Indian Ocean Waiker Circulation as made manifest i
by an Increase in the 200 mb easterly component across the ocean (Chang
and Lau, 1982) and enhanced upper-level convergence above equatorial
East Africa {Chang and Lau, 1980). The response time of the zonal flow 4
acress the western ocean to the surges Is of the order of one to two days. -
Tropical-temperate troughs may form across South Africa in association
- with these intensifications of the Indian Ocean Walker Circulation. Re-
sults of a tost of this supposition are given in Figure 10-4 in which the

1
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Figure 10-4. Time series of 200 mb divergence over east Africa
{15°N to 15°S and 35°F to 55°F) for December 1974 after Chang

and Lau (1980). Marked on the curve are periods with an African
band, an Indian Ocean bond and of sigaificant rainfall as defined

In Chopter 3 over the eastern Orange Free State. Periods of -
significant rainfall sver the western Oronge Free State are simi-

far. Bands that shifted from Africd Into the indian Ocesn are
{ndfcated by lfght dashed lines linking the appropriate marks.

divergence field over East Africa during December 1974 is illustrated,
African bands are conjectured to form at times of upper-level divergence
minima (i.e. convergence maxima} over East Africa in association with the
strengthened eastarly flow whereas, by inversion, ladian Ocean bands
may be expected to form at times of divergence maxima. The first two
African bands of the month developed at divergence minima but the third
developed several days after a minimum and close to a maximum. Similarly
the assoclation between divergence maxima and the formation of Indian
Ocean bands Js clearer for the first two than for the final independent
band. Also shown in Figure 10-4 are the periods of all days of significant
rainfall over the eastern Orange Free State during the month. Thase
periods alf begin close to minima in the divergence field, These results
may be tentatively accepted as providing further evidence of an assoti-
ation between the Indian Ocean Waiker Circulatlon and rainfail from
tropical-temperate troughs and as suggestive of a link between equatorfal
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Rossby wave propagation over the indian Ocean and tropical-temperate
trough formation across South Africa.

THE SOUTHERN OSCILLATION AND THE TEMPERATE CIRCULATION IN
THE SOUTHERN AFRICAN REGION

Differences in the meridional momentum fluxes between the high and low
phases of the Oscillation as across southern Africa occur in other ragions
of the globe. It has been suggested that enhanced tropical convection
over the central Pacific Ocean in low phase periods and resultant in-
creased poleward earth angular momentum fluxes result [n a strengthened
subtropical jet stream in the jongitudes of the heat source (Bjerknes,
1966a, 1969). Observational evidence, however, does not fully support
the postulate of increased toroidal fluxes in the Northern Hemisphere
{Chiu and Lo, 1978; Chiu et o/., 1981). Stronger mid-latitude westerlies
at Marion Island in the high phase (Fig. 10-2) are howsver consistent
with the concept of strengthened winds resulting from the enhanced
poleward earth angular momentum fluxes. The inverse relationsh’e be-
tween westerly components at tropical and middle Jatitudes is wel!  tab-
lished {Trenberth, 1980b) and is comsistent with the distribution of
westerly components in Figure 10-2, Temperature gradienis between the
southern African subtropics and the middle latitudes weaken in high
phase periods (Lindesay, 1986), a result attributed to enhanced poleward
transient heat fluxes by va: Loon and Rogers (1981). Most of the
meridional energy transport in the Southern Hemisphere is acnieved by
the shorter moving waves as the standing waves are quasi-barotropic
(van Loon and Jenne, 1972; van Loon et af/., 1873). The relationship
between temperature gradients and the transient flux Is Indirect (Lorenz,
1979} and thus the reduced gradient is perhaps indicative of an Intensi-
fied transient flux in high phase periods, Consequently the westarlles
are displaced southward together with the tracks of temperate cyclones.
Cyclone tracks were displaced southward in January 1974 (exceptionally
wet over South Africa) by comparison to in January 1973 (generally dry
over South Africa) (Harrison, 1981).
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Figure 16-5. Pr of a} the Walker

Circulations of the tropical Pocific and indian Oceans during the
high phase of the Southern Oscillation and of b) the derived flow
across South Africa resulting In above-normal rainfall.

i
| A MODEL OF THE CONTROL ON SOUTH AFRICAN SUMMER RAINFALL
i BY THE SQUTHERN OSCILLATION

A model of the control on South African summer rainfall exerted by heat
release in the Ind ian region and tr itted to southern Africa via
the Indian Ocean Walker Circulation may now be proposed. During the
| high phase of the Oscillation sea surface temperatures are relatively warm
in the Indonaslan reglon and cold off the Peruvian coast (Fig. 10-5a).
Extensive convection develops in the northern Australian region and heat
release in the convection drives the Walker Circulations of opposing
senses across the Pacific and Indian Oceans. The upper tropespheric
flow over southern tropical Africa at 20°S is anomalously easterly and
thus conditions are suitable for the development of convection and hence
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Figure 106, As Flgure 10-5 but for the low phase of the
Southern Oscillation resulting in below-normal rainfall.

of heat release (Fig, 10-Gb). Cloud bands forming along suitably-located
westerly waves bring rainfall to the summer rainfall region of South Africa
and mark channels of momentum and energy efflux from the tropics by
the mean meridional circulation. Temperature gradients decrease and
cyclone tracks are displaced south, Alternatively during the low phase
thers is a marked change in the zonal gradient of ses surface temper-
atures across the aquatorial Pacific Ocean with warm water off the
Peruvian coast (Fig. 10-8a). Sea surface temperatures in the |ndonesian
region may not necessarily decrease but the major heat source migrates
toward the date line and descont occurs over Indonesia. The Walker
Circulations over the Indian and western Pacific Oceans reverse with
consequent westerly anomalies at 200 mb across tropical Africa. As ob~
served by Harangozo and Harrison (1983) the tropical lows over southern
Africa migrate northward and eastward towards the Indian Ocean.
Troplcal-temperate troughs then tend to form in the Madagascar region
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(Fig. 10-6b) and below normal rainfall affects the central interior of South
Africa,

PROSPECTS FOR LONG-TERM RAINFALL FORECASTING OVER SOUTH
AFRICA

One of the motivations for undertaking the work described in this thesis
was to develop ar proved understanding of the underlying mechanisms
of the circulation vacilations responsible -or the rainfall variations across
southern Africa with the ultimate obje.tive of developing long-range
rainfall forecasting techniques for the reg:on. The identification of the
Southarn Osciifation as 'representative of + major mode of the rainfall
variations represents a potentially valuable siap towards this objsctive.
in a review of the status of long-range prediction techniques Nicholls
(1980) discussed various methads i
anomalies, of extrapolation of the cyclic portions of climate time series
and of rical lling but fuded that the most viable methods
presently available are based on teleconnections with low-trequency var-
tations of sea surface tempera s.  Use of tal i with features
of the circulation other than sea surface temperatures but related to them
is not new having formed the basis of Walker's (1923) attempts to predict
indian monsoon rainfall. Reviews of early attempts to extend and improve
the techniques of monsoor rainfall prediction, and to apply them to the
rainfall of other regions, have been supplied by Namias {1968) and
Ramage (1971) white updated syntheses have been provided by Barpett
and Somerville (1983) and Namias (1985}, Attempts to foreshadow rainfall
using the Suuthern Oscillation and/or sea surface ter . .ratures elther in
the troplcal Pacific or other oceans include tho.« for the eastern
equatorial Pacific itlands (Quinn and Burt, 1970, 1972), for the Peruvlan
coast (Quinn, 1974), for Indonesia (Nicholls, 1981), for north-east Brazil
(Hastenrath et of., 1984), for the United States of America (Lanzante
and Harnack, 1982; Kung and Tanaka, 1985) and for the region of the
Aslan summer monscon (Khandekar, 1979; Kung and Sharif, 1982;
Nicholls, 1983; Shukla and Paolino, 1983). Preliminary attempts to
forecast rainfall over South Africa using techniques developed on the

the use of persistence of

i
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basis of the links between the rainfall and the Southern Oscillation have
provided an eacouraging start to attempts to employ teleconnections in
long-range prediction over the subcontinent (Harrison et af., 1985).
Recognition of a mechanism by which the Southern Oscillation signal is
transmitted to southern Africa provides confidence that models for
long-range prediction based on links with the Southern Oscillation may
be formulated on physically-sound foundations.

CONCLUSIONS

Signs of systematic tendencies of poleward momentum fluxes as rainfall
increases vary through the year. Poleward transient fluxes decrease as
rainfall increases in eight months whereas earth angular momentum fluxes
are directly related to rainfall in seven months. The annual cycle of the
transient fluxes and the semi-annual cycle of the toroidal fluxes are of
quasi-stable phase between years. The amplitude of the latter cycle in-
creases with the rainfall such that in the wetter high seasons there is
an anomalous poleward flux and in the wetter transitional seasons an
anomalous equatorward flux. {ncreased poleward earth angular momentum
fluxes in the wetter summer months result from stronger forcing of the
Hadiey Circulation across southern Africa by cumulus friction and energy
release in the vicinity of 20°S over tropical Africa, Forcing of the Hadley
Circulation declines in the wetter vernal transitional seasons.

Summer zonal and meridional component anomalies along the 30°E meridian
in the high and low phases of the hern Oscillation are t with
anomalles over the central Interior of South Africa in wetter and drier
seasons respectively, High phase 200 mb easterly components at 20°S
are indicative of iner J troplcal jon. Barotropic instability also
appears to increase. The easterly anomaly extends across the Indian
Ocean as part of the Walker Circulatio® ~~ed by heat release in the
tndonesian region. Anomalies and ** Jeean Walker Circulation
reverse in the low phase. Differ. sense of tha Indian Ocean
Waiker Clreulation caused by changes smount and location of heat
release over the western tropical Pacltic Ocean therefore influence the

.

i



. gt o ’ wlg‘i

219

extent of tha convection over tropical Africa and hence the toroidal cir-
culation and rainfall ovur South Africa. Vernal transitional season
anomalies are not consistent in similar manner to summer season anomalies
with flow changes between wet and dry periods over tha central interior
of South Africa. The indian Ocean Walker Circulation is a weaker link
between circulation variations over southern Africa and over the Pacific
Ocean than in the summer season.

Circulation changes assotiated with the Southern Oscillation are the first
recognised control on southern Africen rainfall variations far which the
sequence of cause and effect has been defined. Statistically only 2
fraction of the variance of the circulation and rainfall veriations may be
explained through the Southern Oscillation index and then only in part
of the rainfall season. Physically a model has been developed in which
rainfall variations are associated with changes in the distribution of sea
surface temperatures over an ocean on the opposite side of the Hemi-
sphere to southern Africa. It is perhaps remarkable that values of the
corralations are as high as they are. The model provides an incentive
for the exploration of associations between rainfall over southern Africa
and sea surface temperature over the remaining two southern oceans.
Part of the unexplained rainfall variance may reside in these associations.
Recognition of mechanisms through which sea surface temperature anom-
alies are translated to rainfall anomalies are a desirable but not an es-
sential step prior to the incorparation of statistical associations betwaen
the anomalies into long-range rainfall prediction models for the subcon-
tinent,
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extent of the convection over tropical Africa and hence the torcida!l cir-
cufation and rainfall over South Africa. Vernal transitionsl season
anomalies are not consistent in simifar manner to summer season anomalies
with flow changes between wet and dry periods over the central interior
of South Africa. The Indian Ocean Walker Circulation is a weaker link
between circulation variations over southern Africa and over the Pacific
Ocean than in the summer season.

Circulation changes associated with the Southern Oscillation are the first
recognised controi on southarn African rainfall variations for which the
sequence of cause and effect has been defined. Statistically only a
fraction of the variance of the circulation and rainfall varlations may be
explained ‘hrough the Southern Oscillation indax and then only in part
of the rainfall season. Physically a model has been developed in which
rainfall variations are associated with changes in the distribution of sea
surface temperatures over an ¢ n the oppesite side of the Hemi-
2phere to southern Afpica. ~haps remarkable that values of the
correlations are as high as w.., are. The modei provides an incentive
for the exploration of associations between rainfali over southern Africa
and sea surface temperature over the remaining two southern oceans.
Part of the unexplained rainfall varianre may reside in these associations.
Recognition of mechanisms through which sea surface temperature anom-
alies are tran:'sed to rainfall anomalies are a desirable but not an es-

sential step wr to the incorporation of statistical associations between
th+ apomalies - .o long-range rainfall prediclion models for the subscon-
tinent.
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CHAPTER 11

CONCLUSIONS

Models of global-scale circulation controls on the annual rainfal) cycle and
on the inter-annual rainfall variations over the central interior of South
Africa have been developed, Prime P s of the controls ara
intra-annual and inter-annual changes in the generation of energy and
momentum over southern tropical Africa. Rainfall over the central inte-
vior of South Africa is typically associated with a toroidal circulation of
the sense of the Hadley Cell forced by tropical energy and momentum
generation. Maximum forcing of the Hadley Circulation, and hence max-
imum rainfall, occurs in January when the region of tropical energy re-
lease in the Inter-Tropical Convergence Zone is furthest south. Periods
of above-average energy release along the inter-Tropical Convergence’
Zone are perlods of higher rainfall. Further important components of the
controls are inter-seasonal circulation changes on a semi-annual cycle.
COutgoing long-wave radiation budgets of the three reglons of energy

release over the tropical i are all on cy-
cles. Maximum energy release over Africa on the semi-annual cycle oc-
curs at the time of maximum rainfall.  Circulation variations over the

equatorial Pacific Ocean related to the Southern Oscillation are an im-
portant remote control on energy release over tropical Africa, The signal
trom the Pacific Ocean !5 transmitted to Africa, in part, via the Walker
Circulation across the tropical Indian Ocean. Control on African energy
release is strongest in summer as a result of circulation changes on the
semi-annual cycle. Changes of the circulation in the Southern Hemisphere
on the annual and semi-annual cycles therefore contribute towards the
determination of both the intra-annual and the inter-annual temporal
rainfall distributions over the central interior of South Africa.
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Specific concli <lons may be listed as fotfovs:

Propertlos of rain-bearing systems over the central interior of South
Africa

Eight major types of synoptic systems supply rainfall to the central
Interiorof South Africa, Tropicai-temperate troug'is are marked in
sateflite images by cloud bands Linking the tropical cloud masses at
a tropical low along the leading edge of a westerly wave to a
temperate “yclone in the southern Indian Ocean. Truncated troughs
are similar to tropical-temperate troughs except that the cloud bund
terminates at a coastal depression. West coast troughs are systems
for which the cloud band terminates at a cyclone on the west coast
of the subcontinent. Subtropical cyclones are cyclonic vortices em-
bedded ir the tropical easterly flow. Tropical cyclones and de-
pressfons mainly affect the east coast regions. East coast troughs
are overiand extensions of frontal systems. Coastal depressions are
cyclonic vortices forming ahead of cold fronts which on occasion (n-
fluence inland regions.  Cut-off lows are independent cyeclonic
vortices embedded in the temperate westerly flow. The first five
types are referred to as tropical systems and the remainder as
temperate systems,

Tropical-temperate troughs account for about 35 per cent of the
rainfall over the central Interior of South Africa and for about 60
per cent In January. Tropical-temperate, truncated and west coast
troughs account for 50 per cent of the rainfall and 90 per cent in
January. No single typo of system other than the tropical-temperate
troughs provides more than 17 per cent of the mean annual rainfail.

Rainfall  from tropica) systems, and In particular from
troplcal-temperate troughs, primarlly accounts for the amplitude and
the phase of the annual rainfaif cycle over the western Orange Free
State.  Rainfall from the tropicai-temperate troughs decreases in
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December relative to in November and January and causes the rainfall
hiatus of December.

The apparent semi-annual cycle in rainfall detected in earlier studies
is a of the applied to temporaily
non-symmetrically-distributed data. Rainfall from several of the
temperate systems s  distributed according to  well-defined
semi-annual cycles. These semi~annual cycles are in-phase with the
semi-annual cycle of the circulation at temperate latitudes of the
Southern Hemisphere.

Rainfall departures in the January to March summer season are de-
termined primarily by variations in rainfall from tropical-temperate
troughs.  In the October to December vernal transitionsl season
variations from several types of systems, both tropical and temperate,
determine departures.

Properties of the circulation over the central interior of South Africa

Three zones of the atmosphere, each withindividual properties, are
present. In the boundary zoma (surface to 700 mb) the mean flow
is ageostrophic and the thermndynamic strusture baroclinlc., 1n the
barotropic zone (700 to 300 mb} the mean flow is geostrophic and the
thermodynamic structure quasi-barotropic, Geostrophic flow is also
present in the baroclinic jet~stream 2one {300 to 100 mb).

The annual cycles of temperature and pressure are determined by
the cycle of insolation and are typical of continental atmospheres.
Equivalent cycles eisewhers over South Africa are determined to
varying degrees by interactions with the oceanic atmosphera. Re-
sultant changes in the zonal geopotential gradient across South Africa
at 30°S are modulated on a3 semi-annual cycle. Barotropic and
jet-stream zone meridional winds are modulated on the semi-annual
cycle with strongest poleward components in February and August,

* k’g‘f&q{



The zonal flow is modulated on the annual cycle of the meridional
geopotential gradient.

The sense of the toroidal circulation across the central interior of
South Africa varies with the seasons. in the transitional seasons
{the vernal transitional season is centred on November and the
autumnal transitional season on May) the sanse of the circulation is
that of the Ferrel Cell with poleward flow below and equatorward flow
above 500 mb. In the high seasons (summer centred on February
and winter on August) the sense is that of the Hadley Cell although
the flow is poleward at all levels. Dynamics of the toroidal circulation
therefore vary between the high and transitional seasons,
Baroclinicity is stronger in the transitiona' than in the high seasons.

At 200 mb the temperature is modulated on a semj-annual cycle.
Phase consistoncies between the temperature and meridional compo-
nent semi-annuai cycles provide evidence for the presence of the
subtropical jet-stream throughout the year, the latitude of which is
modulated on the semi-annual cycle. In February and August the
jet lies to the south of Bloemfontein.

At Gough lIsland the semi-annual cycle of the meridional flow is
anti-phase to that at Bl in, imolying that a standing wave lies
over the subtropical South Atlantic Ocean and that its longitudinal
location is modulated on a semi-annual cycle, The wave lies further
west in the high seasons.

in the boundary zone temperature decreases, specific humidity in-
creases and easterly components strengthen In welter months
throughout the year. Pressure decreasas only in the second half of
the year and poleward components intensify only in cight months as
rainfall increases. In the barotropic zone signs of circulation anom-
alies In wetter months are seasonally dependent. tncreased temper-
atures, geopotential heights, specific humidities and poleward
cumponents occur in the wetter high season months,

As rainfall increases so amplitudes of the first harmonics of most
thermodynamic parameters and of the meridional component tend to
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decrease while those of the second harmonics increase. The phase
of the second harmonic of the wmeridional component remains
quasi-stable in all years. In the barotropic and jet-stream zones the
poleward flow (i.e. the Hadley-type circulation) Intensifies in the
wetter high seasons. The equatorward flow (i.s. the Ferrel-type
circulation) is stronger in the wetter vernal transitional seasons.

tncreased longitudinal displ: of the Atlantic standing wave in i
the wetler months account in part for the changes in the meridional
circuiation.,

Close phase coherence is present in individual years between the

temperature and the meridional component on the semi-annual but not

on the annual cycles indicating that the two are related by advection

on the former though not on the latter cycle, Changes in the
structure of the atmosphere are such that as rainfall increases so
both the static and the thermody i bili of the h
decrease in most rainfall season months.

Mean kinematic structures of the stmosphere on rain and no rain days
vary systematically with rainfall in similar manners to the overall
structure of the atmosphere. Circulation changes between wet and
dry periods do not result, therefore, simply from frequency changes
of rain and no rain days but also from structural changes on all days.
Thus in summer the Hadley Circulation is intensified on a daily basis
in the watter months.

Propertles of the relative angular momentum and of the meridional
momentum flux across the central interior of South Africa

The sarth angular momentum flux is poleward in all months apatt from
May and ismodulated on a semi-annual cycle with peak poleward fluxes
in the high seasons.  The circulation flux Is modulated on a
semi-annual cycle with poleward fluxes in the high seasons and
equatorward fluxes In the transitional seasons. The magnitude of
the circulation flux is comparable with that of the transient flux.



The transient flux remains poleward throughout the year and is
modufated on an anncal cycle with a maximum flux in winter.

o

The earth angular momentum flux on rain days is always poleward
in the mean and Is moduiated on an annual cycle with maximum
transport in summer. The no rain earth angular momentum flux is
equatorward except in winter and is modulated on a semi-annual cy-
cle. Translent fluxes on both types of days are poteward throughout
the year {except in August and December on rain days) with that
on no rain days modulated on an annual cycle and that on rain days
on both an annual ard a semi-annual cycle. This latter semi-annual
cycie is anti-phase to that of the toroidal fluxes and of ar amplitude
such that in the transitional seasons the poleward transient flux on
rain days is counterbal d by the equatorward circulation flux on
no rain days.

3. In excess of 50 per cent of the poleward earth zngulet momentum flux
is carried in the vicinity of {ropical-temperate * “hg s the rainfall
season months, The butk of the transport s ~sient flux on
rain days is carried on the tropical-temperate n the transi-
tional seasons. No system dominates the transy. . in the Summer
months.

~

Westerly components are stronger on rain than on nho rain days, a
feature assoclated with the marked tilt of westerly troughs over
southern Africa. Rainfall is therefore associated with generation or
convergence of momentum to the north of the troughs.

@«

The relative angular momentum is not modulated on a large-amplituda
semi-annual cycle despite the presence of the cycle in the Coriolis
torque. The cycle of generation by the Coriolis torque is probably
negated by an anti-phase cycle in the latitudinal transient flux con-
vergenca,

@

. Several other components of the momentum budget undergo
semi-annual cycles, These include the mountain torque, with maxi-
mum transfer of westerly rmomentum to the atmosphere in tha high
seasons, and, possiuly, the vertical transports by the mean flow and
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by the transients, That by the mean flow is anomalously upward in
the high seasons whereas the phase is reversed for the transients.
Surface stresses in the African region undergo semi-annual cycles
in phage with the cycle of the toroidal flux.

Generation of momentum through surface stresses transported
poleward across the central interlor of South Africa by the mean fiow
on rain days takes place across Africa in the vicinity of 20°8 and
destruction across the oceans at 50°S. Surface stresses over tropical
South America account for generatinn of some of the westecly mo-
mentum transported equatorward wu..ss Bloemfontein on dry days.
The semi-annual cycle in the iztter flux derives from the cycie in the
fongitudinai locatien of the Atlantic wave and possibly from an
equivalent cycle in the generation of momentum over the Amazon
Basin. Adj in the | hs of the troughs over the

b following the | j of the wave account
for the existence and the phase of the semi-annual cycle of the
transient flux on rain days. B

The amplitudes of the second harmonics of the toroidal fluxes increase
in the wetter years. The fluxes are anomalously poleward in the high
seasons and Yy eq rward in the transi seasons.

Poleward transient fiuxes are stronger in the wetter months of Feb-
ruary, March, April and November.

Phase angles of the first harmonics of the relative angular mementum
and of the transient flux are stable between years as are phase angles
of the second harmonics of the toroidal fluxes. Only changes on the
semi-anniual cycle affect toroidal fiuxes on rain days.

Determinants of the annual rainfall cycie and of rainfail variations

Troplcal-temperate troughs form at tlmes of interaction between the
tropical and temperati Jati and mark ch is for the poleward
export by the mean meridional circulation of momentum and energy
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generated along the Inter-Tropical Convergence Zone. The troughs
develop most frequently when the region of active tropical convection,
the Inter-Tropical Convergence Zone, is furthest south in January,
Momentum and energy generation over Africa in the vicinity of 20°S
is a necessary condition for the formation of tropical-temperate
troughs. interaction between the Inter-Tropical Convergence Zone
aver North Africa and Southern Hemisphere westerly troughs is in-
hibited in winter by the prasenca of equatorial easterlies interceding
between the systems. Hence tropical-temperate troughs raraly form
in winter.

Higher rainfafl in the summer season accompapies an intensified
Hadley Circulation and h d and energy generation
over tropical southern Africa. Higher rainfall in the vernal transi-
tional season accompanies an intensified Ferrel Circulation although
the Hadley Circuiation is intensified on rain days. Both enhanced
momentum and energy generation over tropical southern Africa and
increased impacts Yrom the circulation of the standing wave over the
Atlantic Ocean occur in the wetter months.

Rainfall over the central interior of southern Africa is normally nil
or Jight when tropical-temperate troughs overlie Madagascar rather
than the subcontinent. Patterns of directly inverted frequencies of
troughs over South Africa and Madagascar occur only from November
to January, Thus itudinal displ, of the ding waves
and hence of the tropical energy sourcas alone do not account for

the rainfall variations.

The Southern Osclllation is a major mode of the inter-annual circu-
fation variations forcing climate snomalies over South Africa. Ralinfall
from the tropical-temperate troughs alone Is correlated with an index
of the Southern Oscillution at zero lag.

One mechanistm by which ths Southern Osclilation signal is transmitted
to southern Africa is via the Indian Qcean Walker Circulation. In-
creased rainfall in the Oscillation's high phase in summer results from
enhanced heat release in the convectlon over tropical southern Africa
caused by zonal circulation adjustments In the Walker Circulation and

T
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hence from an abeve-normal frequency of tropical-temperate troughs
across South Africa. In the low phase of the Oscillation the sense
of the lndian Ocean Walker Circulation reverses and consequently
fewer bands form across South Africa.

6. The association between the Southern Oscillation and South African
rainfail is weaker In the vernal transitional than in the summer sea-
son. The sense of the anomalous Indian Ocean Walker Circulation in
the vernal transitional high phase is opposed to that in summer,
Thus the control on the African source from circulation changes over
the Pacific Ocean is reduced by comparison to during the summer
season and the Southern Oscillation is a weaker determinant of rainfall
anomalies.

Water is a major component of and a link between the atmospheric, eco-~
logical and economic environments of southern Africa, Consequences of

excesses or deficiencies of water to the ecology of the subcontinent and”

to the economies of the countries in the region are well appreciated so
it is pertinent to note that the periodic floods and droughts are them-
selves results of changes in rainfall over other parts of the globe, Latent
energy released by condensation of atmospheric water vapour is in part
responsible for the forcing of the atmospheric circulation across the
globe,  Latent energy released over tropical Africa forces the Hadley
Circulation across southern Africa which is associated with rainfall over
the interior of South Africa. Latent energy reieased in the indonesian
region forces the Waiker Circulation across the tropicai Indian Ocean and
in turn forces a circulation over tropical Africa suitable for the formation
of extensive convection and for the release of latent energy. A decline
in the rainfall and in the energy relaase in the indonesian region leads
to a consequent decline in energy release over tropical Africa and to
drought over southern Africa. Rainfall over the central interior of South
Africa is thus a result of a chain of interacting modes of the circulation
across the Southern Hemisphere in which rainfall itself acts as a major
link. The chain muy not simply stop with rainfall over South Africa as
further latent energy is released which may reinforce the existing cir-
culation or force new modes to develop.
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The giobai nature of the controls.on South African rainfall requires that
the causes of the rainfall variations be studied on appropriate spatial
scales. The Southern Osclllation is only one farg le mode of operation
of the atmosphere, albeit a major one. It is important that other modes
of operation be examined to determine their refationships to the circulation
over southern Africa so that dynamics of the rainfall variations in the
region may be fully absorbed in all respects into models of the global
circulation. To date the atmosphere over southern Africa has received
fess detailed study than the over the r i
regions of the Southern Hemisphere. Only through exhaustive examina-
tion of the circulation dynamics over the subcontinent may interactions
between the local and the global circulations be defined so that local
rainfali variations may be interpreted within the context of the general
circulation of the atmosphere. Improved comprehension of the dynamics
of the rainfall, in addition to the possible development of techniques for
long-range prediction, would be the outcome of such a study and would
represent an important contribution by meteorologists to the under-
standing and the utilisation of the environment of the southern African
subtropics,
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APPENDIX A

PRINCIPAL COMPONENT AND HARMONIC ANALYSES

PRINCIPAL COMPONENT ANALYSIS
Only the calculation of principal components from the n by n corcelation
matrix, R, of an ¢ by n data matrix, X, will be considered.

The eigenvalues (A, 7 = 7 to n} of R are obtained from solutions to the
characteristic equation

IR - x,n =0 A-1
where | is thr n by n Identity matrix.

The elgenvectors of R may then be obtained from solutions to the series
of equations

(R - 3Dy, =0 I=1ton A2
where the v; are the eigenvectors,

To obtain the principal n linear binatl of the el
of R must be formed subject to the constraints of orthogonality, i e,

Sy ety t ety t e {f=Ttom j=1ton)

such that the first combination captures the maximum possible variance,
the second the maximum possible of the remaining variance, etc.
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or S = RE A-3

where S Is the m by n matry. of component scores and E is identical to
the n by n matrix of eigenvectors, V,

The erthogonality constraint is
viv = 1, A-4

To calculate the variance captured by esch component multily both sides
of A-3 hy their trénsposes (denoted by a %)

sfs = E'X'xE A
= vixtxv,

Form a diagonal n by n matrix D of the eigenvalues from Equation A1
then, after standardisation of the variables X, by definition

. wo= X% = vovt, A6

Substituting in A-5 from A-6
s's = vivovhv = p. AT

Hence the total variance of the components is equal to trace(D) and the
percentage of ths variance captured by component / is given by
(3 /trace(D}}x100.
To obtain the loadings (in the matrix L) we need to calculate the corre-
lations between the scores and the original variables, For observation
7 of variable / the correlation is
= (dply,

vot

T
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i.e. the Joadings are obtained by scalar multiplication of the eigen S

by the square roots of the eigenvalues,

HARMONIC (FOURIER) ANALYSIS
A stationary function, f(t), in the range of t from -7 to m may be written
as the sum of a series of sine and cosine functions of the form
1(t) = a,/2 * Eukcoskt . Ebksinkt A-8
wheve k is the I'th of n/2 harmonics, @, Is the amplitude of the zeroth
harmonic (the mean) and a, and by are the coefficierts of the terms of
the k harmonics.
Alternatively let
9 = Ak cosak
by = Ay singg.
Then
F(8) = a,/2 * EAk(coskr co“k + sinkt slmak)
= au/2 ¢ 1A, cos(kt - 4,)

where Ak = (ak’ * bk")'l' is the ampiitude of the k'th harmonic and b =
tan-‘(bk/ak) Is the phase angle of the k'th harmonic.

To obtain the values of @, muitiply A-8 by cosst and integrate from -v
to m.
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Then

If(t)cosst dt = (a,/2)icosst dt + Elakcosktcosst dt + %lbksinktcosst dt.
All terms in the third summation are zero for any k and 5 and In the
second summation except for k = s when the value of the integral is .

The first term is zero except when 5 = 0 when its vajue is a,m. Hence

If(t)cosst dt =

or ay = (If(t)cosst dt)/=. A-9

The series £{t) has n points in the interval -n to 7, hence for the k'th
harmenic

s = 2uk/n.
Setting At = 2Zn/n and writing A-9 as a finite summation
oy = (2/n} gf(t)cos(2mkt/n}.
Similarly by muitiplying by sinst we obtain
by = (2/n) LF(t)sin(2nkt/n}.
In all cases in the text of this thesis » = 12, hence 21/n 2 30°
The variance captured by each harmonic k is given by

AR(K)/(3A%LK)) x 100

where the summation is from 1 to n/2.
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APPENDIX B

HARMONIC ANALYSES OF THE STANDARD DEVIATIONS OF
TEMPERATURE, PRESSURE, ZONAL AND MERIDIONAL COMPONENTS AT
BLOEMFIUNTEIN

‘Thermodynamic parameters

Maxima on the first harmonics of the standard deviations of both tem-
peratures and heights occur during the winter months (Figs. B-les and
e). For the heights the maxima ococur in mid-July at most levels con--
currently with minima of the temperatures and heights themselves (cf,
Figs. 4-2a and ¢). Apart from in the jowest layers the maxima in tem-
perature variances occur about 15 days earlier than those in heights.
Continental controls on the gecpuieniial height variances are indicated
by the phases of the harmonics. [n the stratosphers the phase reverses
toward that of the pressure wave itself. Only in the vicinities of the
600 to 400 and 200 to 150 mb layers do the phase angles of the first
harmonics of the standard deviations of temperature match that of the
continental atmosphers. Apart from lesser deviations at around 300 and
100 mb the phase angles shift markedly from those of the temperature in
the region of the surface to 600 mb levels, with the largest departure
at the surface. Devistions on the snnval thermodynamic wave have a
mixed barotropic and baroclinic structure,

Throughout the layer 700 to 300 mb maxima in the height variances on
the second harmonics (Fig. B-1d) occur synchronously with minima in
the heights in mid-May/November (cf. Fig. 4-2d}. Only near the surface
and in the highest levels of the troposphere do the phases correspoend,
The second harmonic of the standard deviation of temperature explains
a major portion of the variance in the lower troposphere and at 300 mb,
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values refer to harmonics of the pressure Itself using the ampli-
tude absclssa scale in units of mb x 70-*,

where it is dominant (Fig. B-1b). The phase angle of the harmenic
changes constantly with height. It Is similar to that of the second har-
monic of the temperaturs only near the surface and in the vicinities of
300 and 150 mb {(cf. Fig. 4-2b). It is out of phase with that of the height
variations except around 600 and 100 mb. Tnus while the annual and
sht-month thermodynamic waves and the disturbances on the annual wave
have a quasi-baroiropic structure in the upper-troposphere, the dis-
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turbances on the shx-month wave are baroclinic throughout the layers
between the surface and 100 mb.

Kinematic parameters

Amplitudes of flest harmonics of the standard deviations of tha zonal wind
| are approximately one-half of those of the wind itself at all levels to about
i 300 mb (Figs. B-2a and 4-32). Above 700 mb the maximum variation in
i the zonal winds occurs about one month before the maximum wind speeds
i at the same time as the maximum variation of geopotentlal heights (Fig.
i B-1e). The first harmonic {s dominant in the deviations of the zonal wind
at all levels except 150 mb. Whereas the phase of the first harmeonic of
the meridional wind changes constantly with altitude (Fig. 4-5¢) that of -
the first harmonic of the standard deviation of the meridional wind re
mains quasi-constant (Fig: B-2¢). Largest amplitude atmospharic dis-
turbances occur in mid-winter sytichronously with maxima of the variances
of the zonal components, temperatures and geopotential heights. Ampli-

tudes at all lavels are of simitar magnitude to those of the zonal means
(Newell et of,, 1974},

The second harmonics of monthly standard deviations of the zonal com-
ponents explain moré than 10 par cent of the variance only at 150 mb
(Fig. B-2b), at which level they also explain thair maximum variance in
the zonal winds themselves (Fig. 4-5b}. The phase of the harmenic of
the deviations changes rapidly between the surface and 600 mb, above
which level maxima cccur in early Sube and Decembar. Between 500 and
300 mb the psaks in the standard deviations occur up to two months after,
but from 300 mb upwards within a faw days of, the wind maxima. Am-
piitudes of the second harmonics of the standard deviations of the
meridional winds (Fig. B-2d) are, in the levals around 200 mb, spprox-~
imately double those for the zonal means (Newell ot of., 1974}, The phase
angles of the harmonics are varlable except above 500 mb, where the peak
dates shift from December to mid-November. Ahove 300 mb the peaks
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turbances on the six-month wave are baroclinic throughout the fayers
between the surface and 100 mb.

Kinematic parameters

Amplitudes of first harmonics of the standard deviations of the zonal wind
are approximately one-half of those of the wind hself at all levels to about
300 mb (Figs. B-2a and 4-5a). Above 700 mb the maximum variation in
the zonal winds occurs about one month before the maximum wind speeds
at the same time as the i variation of Ial heights (Fig.
B-ic). The first harmonic is dominant in the deviations of the zonal wind
at all levels except 150 mb, Whereas the phase of the first harmonic of
the meridional wind changes constantly with altitude (Fig. 4-5c) that of -
the first harmonic of the standard deviation of the meridional wind re-
mains quasi-constant {Fig. B-2c). largest amplitude atmospheric dis-
turbances occur in mid-winter ~ynchronously with maxima of the variances
of the zonal components, temperatures and geopotential hsights. Ampli-
tudes at all Jevels are of similar magnitude to those of the zonal means
(Newell ot of,, 1974).

The second harmonics of monthly standard deviations of the zonal com-
ponents explain more’ than 10 per cent of the variance only at 150 mb
(Fig. B-2b), at which level they also explain their maximum varianca in
the zona! winds themselves (Fig. 4-5b). The phase of the harmonic of
the deviations changes rapidly between the surface and 600 mb, above
which level maxima occur in sarly June and December. Betwsen 600 and
300 mb the peaks in the standard deviations occur up to two months after,
but from 300 mb upwards within a few days of, the wind maxima. Am-
plitudes of the second harmonics of the standard deviations of the
meridional winds (Fig, B-2d) are, In the levels around 200 mb, approx-
imately double those for the zonal means {Newell et al,, 1974). The phase
angles of the harmonies ars variable except above 500 mb, where the peak
dates shift from December to mid-November. Above 300 mb the peaks
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occur about 15 days before the corresponding peaks on the standard
deviation of the zonal winds (Fig. 8-2b). Above 500 mb the second
harmonic of the standard deviation of the meridional winds is closely
anti-phase to the second harmonic of the meridional wind itself. Thus
the maximum variation in the meridional wind occurs around the times of
maximum equatorward flow at upper fevels, i.s, at the time of the
strongest Ferrel Circulation. Conversely the minima cceur around the
times when the mean flow throughout the troposphere is directed
poleward. Maximum variability on the annual wave (Flg. B-2a) occurs
with the winter peak poleward flow on the semi-annual cycle,
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APPENDIX C

ATMOSPHERIC ZONES AT BLOEMFONTEIN

Based on the harmonic analysis results in Chapte: 4 and Appendix B four
zones of the atmosphere over Bloemfontein may be defined (Fig. C-1).
in the boundary zone, which stretches from the surface to the 700 mb
level, the annual temperature and pressure waves are anti-phase (Fig.
€-2) and both reflect continental rather than oceanic controls.
Thermodynamic processes in the zone are primarily baroclinic. Meridional
winds in the boundary zone are always poleward In the mean with
strongest poleward ts in Ni bar. Mean meridional and zonal
components are ageostrophic.

i
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Figure ©-1. Approximate limits of the major atmospheric zones over
Bioemfonteln and thelr major thermodynamic and kinematie properties.
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Figure C-2, Summary of the properties of the boundary rone! f
phases of the annual and semi-annuol waves of temperature {T), '
surface pressure (p), geopotential helght (1}, speciflc humidity
{q), total stotlc energy (c.,.], zonal (u) and mertdional wind
speed (v) and appropriate standard deviations (s¢). Subscripts
S denote the flevel of the data, elther the surface (SUR} or o
standard pressure level In mb; solld lines represent muxima on
the first harmonics and dashed lines summer maxima on the sec-
ond harmonics. Only harmonics explalning more than 10 per cest
of the variancy ore plotted. Note that lengths of the lines in
no way reflect amplitudes of the harmonics.
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Figure C-3. As Figure C-2 but for the barotroplc 2one.

The layers between 700 and 300 mb may be referred to as the barotropic
.. zone in view of the quasi-barctropic nature of both thu annual and
B semi-annual thermodynamic waves in this vegion. First harmonics domi~
nate cycies of all parameters apart from that of the meridional winds in
which second harmonics are dominant (Fig. C-3). Beth zonal and
meridional winds are geostrophic above 700 mb. Continental « ntrols on
the thermodynamic cycle are present but the zonal winds are in phase
with those of the hemisphere and do not reflect local continental controls,
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Figure C-#. As Flgure C-2 but for the let-stream zone.

The ragion above 300 mb, the Jet-stream zone, may be split into two
sub-regions - the tropospheric Jet-stream zone below 200 mb and the
stratospheric jet-stream zone betwean 200 and 100 mb, Uisturbances on

the second harmonics throughout and on the first harmonics of the
jet-stream zone are baroclinic.

her ic wave in the str 1,
The slcand harmonics make Important contributions to the cycles of se-
veral parameters with maxima at 200 (temperature) or 150 mb (o.g. de-
viations of the zonal wind) and are dominant for the meridional wind

throughout the zone (Fig, C-4).
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APPENDIX D

THE MERIDIONAL CIRCULATION AND THE SUBTROPICAL JET-STREAM
OF THE SOUTHERN HEMISPHERE

MERIDIONAL WINDS OF THE SOUTHERN HEMISPHERE

Few studies of meridional components over the Southern Hemisphere have
been attempted because of the difficuities of accurate measurement of
winds over the oceanic regions. Using observational dats obtained during
the International Geophysical Year Obasi (1963b) calculated values of
mean meridional wind speeds across the hemisphere at a number of levals ~
but only for averages over six-month periods. On the basis of Obasi's
data and periods Gilman (1965) estimated the zonal mean meridional ve-
logity from hemispharic balance requirements. Both sets of calculations
suggest that no change occurs in the direction of the 200 mb flow at 30°§
between the summer and winter seasons. There appears to be a seasonal
reversal of the meridional wind over the ocean at 30°S to the east of
Africa according to the Eulerian analyses of Newell et of. (1872) in which
averages were calculated across three-month seasons, but no similar re-
versal occurs at that latitude over Australia (Newell et of., 1974), Evi-
dence for a seasonal reversal in the zonul mean meridional wind directions
was provided by Lagrangian data from the GHOST, EOLE and TWERLE
constant-level balicon sxperiments (Solot and Angell, 1968, 1473; Angell,
1972, 1974; The TWERLE Team, 1977). In particular a six-month cycle
in zonal-mean meridional winds at 200 mb and 30%S with a phase displaced
by one month {maximum poleward flow in March) from that at Bloemfontein
(Fig. 4-5d) Is present in the GHOST data (Solot and Angell, 1968, 1973;:
Angell, 1972). An apparent revrrsal of the phase of the cycle between
the 200 and 100 mb levels {Solot and Angell, 1973) 1s not repeated in the
Bloemfontein data, The GHOST results may not be reliable, however,
as a consequence of Inaccuracles in the estimation of Eulerian quantities

THRF
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from legrangian data (Dyer, 1973; Webster and Curtin, 1974). New
studies of the meridional winds in the Southern Hemisphere may hecome
possible using results from the Australian numerical analyses (Trenberth,
1951) and from the FGGE data set (Bengtsson et af,, 1982) but it appears
that the Bloemfontein data (Flg. 4-6), with the possible exception of the
GHOST data, present the first conclusive evidence of a six-month oscil-
lation in the meridional winds at any location in the Southern Hemisphere.

Harmonics of the 200 mb meridional have been d at
all staciens in Scuth Africa and Namibia (Fig. D-1). Second harmonics
are deminant at Port Elizabeth, Cape Town and Pretoria in addition to
at B in. At Pori Elizak the on the harmonic corre-
sponds to within 12 days of that at Bloemfontein, at Cape Town the
summer peak is deiayed slightly by comparison but at Pretoria it occurs
somewhat earlier. Tho amplitude of the second harmonic is negligible at
Windhoek and is relatively smajl at the coastal stations of Alexander Bay
and Durban. Except at Windhoek afl summer maxima occur in January
or February. Dates of maxima on the first harmonics vary markedly
between stations. Inspection of Figure 7.14 of Newell and Kidson (1979)
(quantitative analysis is not possible for the published data) suggests
that a semi-annual cycle in the 200 mb meridional flow may be present’
over the Indian Ocean at 30°S and 40°E but is probabiy absent over the
Atlantic Ocean at 30°S and Q°E. Reversals of the meridional flow are
primarily limited, therefore, to the central parts of the subcontinent with
no, or at most a weak, countr-part over the surrounding subtroplcal
oceanic regions. This {act may explain why the phenomenon has not been
detected before and why the amplitude of the second harmonic of the
standard deviations of the meridion wind at 200 mb is double that of
the zonal mean (see A dis. B}, qulval Joul for the 200
mb temperature reveal that the peak of the annual wave of temperatute
moves northward and eastward during the summer months while that of
the semi-anhual wave moves in the opposite diraction (Fig. D-2). Further
the anhual cycls Is stronger over the western parts and the semi-annual
cycle over the eastern parts of the country, changes related to the
varying continental und maritlme influences. Only a few days separate
the maxima of the second harmonics of the temperature and meridional
Rather longer periods separate the maxima

components at ali stations,
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Flgure D-1, Dotes of {summer) poleward maxima of the annual

~per values) and semi-annual (lower values} 200 mb meridional

component waves ot South African and Namiblan radiosonde
statlons. Flgures glve amplitudes of waves in ms-* and, In

brackets, explalned variances.

of the first harmonics, particularly at the northern stations. Temper-

atures are related,

therefore,

to changes in advection resulting from

reversals of the meridional component on the semi-annual but not on the

annual cycle.

THE SUBT".OMCAL JET-STREAM OF THE SOUTHERN HEMISPHERE

The half-yearly oscillations in zonal mean upper-tropospheric temperature
at 30°S appear to be related to shifts in the mean latitude of the sub-
tropical jet-stream (van Loon and Jenne, 1970b).
it is best developed and has been studied in deta’ (Weinert, 1968; Brook,

Over Australia, where
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Figure D-2. As Figure D-1 but for 200 mb temperatures. Am-
pittudes i °C.

1982), the mean latitude of the jet undery: 8 six-month illation with
northerly extremes in May and November. No equivalent studies of the
jet in the South African region have been undertaken. According to
Taljaard (1981b) the jet does not appear in the mean monthly circulation
fields even in the winter months, perhaps because it Is either too weak
or too varisble in location, Nevertheless it is clearly defined at 25 to
30°5,1n wintar meridional cross-soctions at 20°E (Hofmeyr, 1961, 1870)
and over the hern parts of the it in the 200 mb Juiy
geostrophic zonal wind field presented by van Loon et af. (1971). Under
the assumption that the jet behaves similarly aver South Africa to over
Australia then, following Weinert (1968}, it should be losated in the mean
to the north of Bloemfontein during May and November and to the south
of the city in August and February. This postulate is consistent with
the observed meridional winds (Fig. 4-6) and with the analyses of lo-
catiens of the jet in the southern African region of Phillpot (1962),
»3 of thu zonal flow are at a higher level in the transitional months

the meridional flow is equatorward than in the peakk seasons when
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it ts poleward (Katsiambirtas, 19798}, Higher fevels of the wind maximum
also ocour to the south of the jet over Austraila (Fig. 6 of Brook, 1982).
Latitudinal movements of the jet probably account for the variations in
the level of the stropgest zonal winds as reflected in the second harmonics
of the zonal wind and of its deviations at 150 mb (Figs. 4-5b and B8-2b),
both of which reach maxima when the jet 15 to the north of Bloemfontein.
No theory of the causes of the movements of the jet has baan developed.

Directly equivalent reversals of the 200 mb meridional component to those
at Bloemfontein aiso occur at Marion Island (Katsiambirtas, 1979), Thase
reversals may be interpreted In terms of the location and strength of the
jet near 45°S over the southern Indian Ocean (see charts of van Loon
wt af,, 1971) rather than of the subtropical jet itself. Marion Island iies
close to the region of wind maximum in the jet (van Loon et of., 1971).
1t may be inferred that there Is a region between .hs southern coast of
Africa and Marion island over which the sem. arrual cycle of the
stein and Marion”

meridional component is anti-phase to that at Biu.
1sland. The close phase correspondence of the harmonics at Bloemfontein
and at Marion Isfand remains to be explained.

Positions of the subtropical jet stream spewd maxima in both hemispheres
are longitudinally cellecated with regions of tropical convection (Bjerknes,
1966a, 1969; Krishnamurti et of., 1973; Murakami and Unainayer, 1977;
Paegle et of., 1979; Paegle and Paegle, 1983}, Peaks of the standing
wave kinetic energy of the 200 mb flow oecur to the south-east of the
southern continents during the high seasons and modelling studies have
indicated that these peaks may be related to the continentaf tropical heat
sources (Paegle et of,, 1983; Nobre, 1983). The direct association be-
tween tropical convection and locations of jet stream wind maxima has been
confirmed In the Northern Hemisphere (Riehl, 1981; Chang and Lum,
1985). Thus during the summer the jet moves south when
tropical-tempsrate troughs are present over southern Africa in similar
manner to the jet in the vicinity of the Pacific cioud band (Vincent,
1982}, Similar behaviour of the Northern Hemisphare jet occurs (Riehi,
1981). Frequent reversals of the maridional flow accompanying varying
weather conditions over the central interior of South Africa thus result
in rapid fluctuations of the latitude of the jet which consequently does
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not appear in the mean summer and transitional seasons circulation fietds
of the South African secter of the Southern Hemisphere. The poleward
earth angular momentum flux in winter iz relatively consistent and thus
the jet lies quasi-constantly to the south of Bloemfontein and appears in
the mean circulation fields of that season (Hofmeyr, 1961, 1970; van Loon,
1972d).
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APPENDIX E

CIRCULATION VARIATIONS ON SEMI-ANNUAL CYCLES

The six-month wave is an important feature of the atmospheric circulation
of the Southern Hemisphere, both in the tropics (van Loon and Jeane,
1869) and in the middle and high lstitudes {vaa Lloon, 1887b). n
southern tropical latitudes the westerfy component of the 200 mb zonal
wind reaches maxima in May and November at the times of the peak
equatorward flow in the barotropic and jet-stream zones over Bloemfontein
(Fig. E-1}. 'obal variations of the relative angular momentum on the
semi-annual cycle also reach maxima in May and November {Rosen and
Salstein, 1985). Over Africa the six-month wave In the zonal winds is
dominant at Luanda {van Leon and Jenne, 19693 and at Nairobi (van Loon
and Jenne, 1970b}. Variations of the zonal wind are consistent with

dj in the tropical-subtropical temperature gradients. At
Nairohi, for example, the six-month wave in the 200 mb temperature is
anti-phase to that at Pretoria such that the temperature gradient between
the two stations undergoss a six-month oscillation with Nairobi warmes
than Pretoria in May and November and vice versa in February and Au-
gust (van Loon and Jenne, 1969).

At around 45°5 the phase of the second harmonic of the zonal wind is
anti-phase to that in tropical Jatitudes, I.e. maximum westerlies occur in
February and August, slthough at 200 mb the harmonic only accounts for
20 per cent of the varlance (van Loon et of., 1968). South of Africa the
varlance accounted for rises above 2§ per cest (van Leon and Jenme,
1869), Calculations for Marion Island indicate that the second harmonic
accounts for 20 per cent of the variance of tha cycle of the 200 mb zonal
winds with westerly maxima in February and August, in accerdance with
the second harmonic of the temperature gradient across 40 to 50°% (van
Loon, 1967b; Streten, 1980). The first harmonic accounts for 25 per cant
with 2 o N ber. | variations of the 200 mb
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Flgure E-1. Schematic lllustration of some major surface and 200
mb features of the semi-annual cycle In the Africor sector of tiva

hern Hemlsph . Median are gitven for November
{dashed} and February (full) of the: subtroplcal anticyclones
from McGee and Hastenrath (1966}; Atlantic cloud band between
30 and 40°S from Streten (1973); zonally-averaged sub-Antarctic
trough from van Loon (1971¢}. 200 mb winds at Bloemtontein,
Gough ond Marion Islands and SANAE Base [morked with crosses)
were taken from the present results while the troplcel and polor
zonal winds are based on van Loon et af. (1968). At polar lati-
tudes the appropriate turning polnts fall In Aprif and October
rather thon In February and August.

meridicnal component at Marion Island are dominated by the second har-
monic (53 per cent of the variance) with a phase angle close to that of
the wave in the n | winds at Bl in, a result that may not
be interpreted in terms of contrasting oceanic and continental Infivences.

in the vicinity of the Antarctic continent the phase of the second har-
monic of the 200 mb zonal mean wind (40 per cent of ths variance) again
reverses, Westerly maxima of the wihds occur in April and October about
one wonth prior to those in the tropics and are strongest during periods




T

Appendix E
253

u
8
8

b
260

200 60779%

NUMBER OF CYCLONE OCCURRENCES
@
8

100 50°-59°
% )
N/ \
z 0. - 49
\\/ 40044978
JFMAMIJABSOND JFMAMJ JASOND
MONTHS MONTHS

Flgure E-2. a) Latitude of the zonally-averaged sub-Antarctic
trough from van Loon [1977a) - sofid flne - and Streten (1980}
~ dashed line; b) freq of aycl In three n lat-
itude belts during the perlod September 1973 to May 1975 from
Howarth (1983).

whun the sub-Antarctic trough, the latitude of which also undergoes a
six-month cycle (Fig. £-2a), is furthest north (van Loon, 1967b, 197ta;
Streten, 1980). Movements of the trough are quasi-coherent arcund the
polar continent {van Loon and Rogers, 1884) but the trough is dispiaced
some 2 to 4° north of its zonal mean latitude to the south of Africa and
across the Indian Ocean, a consequence of the deeper equatorward ex-
tension of the Antarctic continent in that sector (Streten, 1880). At
SANAE Base on the Antarctic coast a semi-annual cycle [n the 200 mb
meridional winds is present (19 per cent) with poleward maxima,
synchronised with the wave in the polar zonal winds, in early January
and July. During February and August, months in which the tropical
meridional circulation is dominated by the winter Hadley Cells and the
sub-Antarctic trough is to the south of its mean position, the flow over
the eastern parts of southern Afrita is anomalously anticyclonic at 200
mb (Fig, E-1). Inversely tho flow is anomalously cyclonic in May and
November when the Hadley Cells are uniformly distributed sbout the
equator and the sub-Antarctic trough is displaced northward. Similarly
the flew Is anomalously anticyclonic over the South Atlantic Ocean in
November and anomalously cyeionic in February.



Appendix E
254

SOUTH ATLANTIC ANTICYCLONE SOUTH INDIAN OCEAN ANTICYCLONE

g
0

a0

z
]
=
>
P

N D
MONTHS LNGH
H

g
-
]

“vesdll,

o

Fucdre
Figure E-3. , Latitudes ond longftudes of the subtropical highs
of the Atlantic and Indian Oceans from *cGee and Hastenrath
(7966} based on Vowinckel [1955b) = solid lines ~ Streten {1980}
~ dashed lines - and Streten and Plke {1980} for the FGGE year

« dotted lines,

Locations of several features of the circulation in the vicinity of southern
Africa undergo semi-annual cycles which are synchronised with those of
the zonal and meridional winds. The Indian Ocean subtropical high les
furthast south while the South Atlantic subtropical high is furthest west
in February and August (Fig. E-3)} according to the analyses of McGee
and Hastenrath (1866) based on data derived by Vowinckel (1955b) for
the five-year period 1949 to 1953. Harmonic analyses of the locations of
both cells reveals that the six-month ecycla is dominant, accounting for
56 and 48 per cent of the variances respectively with maxima in February
and August. A second harmonic in the latitudinal movements of the South
Atfantic Anticyclona also oceurs (10 per cent) with poleward displacements
in March and September about ohe month prior to the maximum




Appendix E
255

equaterward excursion of the sub-Antarctic trough. Similar longitudinal
movements of the South Atlantic Anticyeione to those during the 1949 to
1953 period occurred during the five-year period 1972 ta 1977 and during
the FGGE year (Fig. E-3). The six-month cycle remained dominant but
the anticyclone was closest to Africa in late April and October during the
1972 to 1977 period and in late March and September during the FGGE
year. A marked semi-annual cycle was alsc present in the longitudinal
mavement of the [ndian Ocean Anticyclone during the period 1972 to 1977
(23 per cent) such that the system was closest to Africa in early Jenuary
and July, Six-inonih dinal and ) oscillati of the sub-~
tropical anticyclones surrounding South Africa are present, therefore,
during ail years but changes in phase occur betweon years.

The cloud bands of the Atlantic Ocean and across Australin are furthest
west in February and August (Streten, 1973). A semi-annual cycle in
the lon. dinal | ! of the tropical-temperate troughs associated with

cloud bands over southern Africa as for those over the South Atlantic”

and Australia may also occur. The existence of such a cycle is plausible
in terms both of the semi-annual cycle in rainfall from tropical-temperate
troughs over the western Orange Free State with a maximum in February
{Fig. 3-5d) when the band may be displaced furthest westward and of
the semi-annual eycle in the frequencies of troughs in the Madagascar
region {Fig. 9-2).

At Gough Island the second harmonic dominates the seasonal variations
of both the zonal (69 per cent) and meridional (44 per cent) components
at 200 mb. Westerly maxima occur In early January and July and

northerly maxima in mid-May and mid-N ber. The i 1 eycle
of the meridional wind at Gough island is thus almost exactly anti-phase
to that at Bi , @ reversal ive of longitudinal dul

of a standing wave across the South Atlantic Ocean. These modulations
are mirrored in the longitudinal displacaments of the Atlantic cloud band.
The wind is poleward when the median location of the cloud band is close
to Gough lIsland and equatorward when the band Is to the west (Fig.
€-1). Gough isfand receives more rainfall than most islands in the
southern oceans as a result of its location closa to the mean position of
the Atlantic cloud band (Streten, 1977). No six-month cycle in the
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rainfall at the station is present with the second harmonic explaining less
than one per cent of the variance. No wave occurs therefore In the
fraquency of frontal disturbances crossing the island. Harmenic analysis
of the data of Howarth {1883) indicates that in the zone 40 fo 49°S the
monthly frequency of cyclones follows a prime annual cycle with a
mid-winter peak at the time of maximum rainfall at Gough Isiand, Further
south the frequency of cych undergoes si th cycles

with the movement of the sub-Antarctic trough (Fig. §-2b). In the
latitude belt 50 to 59°S cyclones are relatively infrequent in March and
September when the trough is displaced southward (Fig, E-2a). Maxima
of the second harmonic of cyclone frequencies, which explains 27 per cent
of the variance, occur towards the end of June and December. Peak
frequencies of cyclones in the belt 60 to 78°5 occur in the same or ad-
jacent months to the minima further north, the second harmonic ac~
counting for 49 prer cant of the variance with the phase closely anti-phase
to that of the harmonic in the 50 to 59°S belt, Rainfall at stations 'n
the South Atlantic Ocean and ai Marion Island undergo consistent
semi-annual cycles (van (oon, 1872a). Marked reglonal variations in the
behaviour of the cyclones south of 50°$ also occur (Howarth, 1983). in
the South Atlantic Ocean the second harmonic explains 42 and 29 per cent
of the variances of the mean central pressures and of the mean latlitudes
of tha cy raspectively with mi pressures and southerly dis-
placements in March and September. in the South {ndian Ocean, where
the sub-Antarctic trough is displaced further equatorward than at other
latitudes, first harmonics dominate the annual cycles of both central
pressures and latitudes (55 and 34 per cent respectively). Second har-
monics, which explain 17 and 14 per cent of the respective variances,
are in close phase coherence with those In the South Atlantic Ocean.
Results conferm with the fact that storm tracks ir the South Indian Ocean
are more clearly defined and sublest to less seasona) latitudinal dis-
placement than at any other longitude (Trenberth, 1982).

Proposed forcing mechanisms of the semi-annual sycles in the atmospheric
circufation fall into two groups - those relating te atmospheric mechanisms
only and those relating to atmosphers~ccean Intersctions. The double
crassing of the rlsing branch of the Hadley Cell over the equator during
the year has besn suggested as the cause of the second harmonic In the
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temperature at the equator {van Loon and Jenne, 1970b; see also dis-
cussion in Newell et o/,, 1974), the link being through seasonal variations
in the relesse of {atent heat (Dick . 1971). G fal
temperatures are achieved in May and November, the months in which
the tropical meridional circulation is quasi-symmetelc about the equator
as opposed to being dominated by the winter Hadley Cell (Cort and
Rasmusson, 1970}, A parallel {l ion for the i al eycle of
the tropical wind in terms of the opposition of the generation of westerly
momantum through the Corlolis torque and the annlhilstion by the
latitudinal eddy flux convergence, both of which are also modulated by
the latitudinal movements of the Hadley Cells, has been given by Newell
et al. (1969). Kinetic energy of the tropical circulation Is strongly
modulated on a semi-annua! cycle (Rao, Bonatti and Santos, 1984) as is
outgoling long-wave radiation over many tropical continental areas (Fig.
7-4) and surface insolation in the tropics (Reld and Gage, 1981).
Changes in the tropical continental atmospheric heat budget may therefore

account for the semi-annual cycle in the circulation and indicate that the ~

semi-annual cycle Is a darivative of tha annual cycle. Support for this
contention is glven by the phase relationships between the annual and
semi-annual cycles of the circulation over the central interior of South
Africa, Turning points of the relative angular momentum on the annual
cycle and of the earth angular momentum flux on the semi-annual cycie,
for example, occur on the same days (Table 5-1).

Atmosphere-ocean interactions must nevertheless play an important role
in the forcing of the circulstion changes on the seini-annual cycle. Sea
surface temperatures across all oceans are modulated in part on the
semi~annual cycle (Fanfilova, 1972; Weare et of., 1976; Weare, 1977; Chiu
and Newell, 1983) as is the rate of storage of heat in tk dcean according
to Reld and Gage (1981). Over the Pacific Ocean the strongest
semi-annual cycle signal in sea surface temperatures occurs over the
northern parts of the ocean (Weare et af., 1976}, At about 15°N, as &
consequence of the double passage of the strongest north-easterly trade
winds across that latitude (Wyrtki and Meyers, 1978), there is a
semi-ahnual cycle in the surface easterly flow and In the surface stresses
with maxima in June snd December (Goldenberg and O'Brlen, 1981),
These phenomena are associated with resultant signals in the atmospheric
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circulation across the North Pecific Ocean (Lanzante, 1983, 1985). Var-
Tous aphic and at heric circulation parameters in the
equatorial Pacific Ocean including the equatorial surface easterly compe-
nent (Meyers, "979; Goldenberg and O'Briea, 1981; Busalacchi snd
O'Brien, 1981), t » Jepth of the thermocline (Meyers et of., 1882) and
the height of sea level {WNyrtki and Leslie, 1980; Meyers, 1982) are
madulated on a semi-annual cycle, According to Meyers (1982) the phasss
of the cycles of theoce paremeters are inter-related and rsmain
quasi but plitudes of the cycles vary in comparison to
those of the corresponding annual cycles between years. Maximum am-
plitudes of the semi-annual cycles of sea level heights, In excess of those
of the annual cycles, occur in high phase years of the Southern Oscil- '
fation. Alternatively the cycle of sea levsi heights [s dominated by the
anrual cycle during years with an El Nino. It may be noted that the
semi-annual cycle in the meridional flow is dominant acrass the central
interior of South Africa in the wetter years but that the nnual cycle is
dominant in the drier, El Nino, years. Th¢ divergence of the equatorial
zonal compenent on the semi-. ‘nual sycle {n the Pacific Ocean is con-
sistent, acgording to Meyers {1982}, with the modulation of the convection
in the li-d fan region as observed in *“e ing long-wave radiation
field {Fig. 7-4} by Heddinghaus and Krueger (1981},

The atmospheric semi-annual cycle over the equatorial Indian Ocean it a
mohscon signature of highest amplitude over the nortt -west of the ocean
a4 decreasing amplitudes towards the south and the east (Ramage,
1974). As in the Pacific Ocean there are linked semi-annual cycles In
several equatorlal phic and herlc parameters (Wyrtki,
1873; Quadfasel, 1982; McPhaden, 1982; Luyten and Roemmich, 1982;
Hellerman and Rosenstein, 1983; Gent et af., 1083}, There are
semi-annual cycles in several components of the heat budget over large
argas of the northern Indian Ocean (Hastenrath and Lamb, 1979b). fn
part the cyeles (n the equatorial ocean are driven by tha semi-anpual
cycle in the zonal winds across the ocean which at 700 mb at Dar es
Salaam Is of inverse phase to that at 200 mb at Cocos |sland (van Loon
and Jenne, 1970b). Maximum 200 mb Cocos Island easterlies occur in
mid-February and mid-August (van Loon and Janne, 1968). Thus there
is a semi-annual cycle in the sensa of the fndlan Dtoan Waiker Circulation
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for which strongest easterlies occur with the minima in the outgoing
iong-wave radiation over both the Indoriesian region and over Africa at
20°S (Fig. 7-4}. Little is known of the semi-annual cycle in the circu-
lation over the tiopical Atlantic Ocean, should it exist. Semi-annual
cyele. in the heat budgot of the ocean are present only over restricted
regions (Hastenrath and Lamb, 1978},

At jugh latitudes seasonal variations in the oceanic heat budget have been
propesed as the source of circulation changes on the semi-annuat cycle
{van Loor, 1967b). As in tropical latitudes the phase of the cycle re-
mains quasi-stable as avidenced for the cycle of surface pressure (van
Loon, 1972¢) ar s surfsce zonal winds {van Loon and Rogers, 1984}, It
has been suggested that a [ink exists between the Southern Oscillation
and the %outhern Hemisphere temp latitude semi-ar | eycle (van
Loon, 1983). Oceanic responses to the six~month cycles of the low-levet
winds in tie IrJtan Ocean have been detected both at about 42°S, where
the strength of the eastward current undergoes a semi-annual cycle with™
mauima lagging those of the winds by sbout three weeks (van Loon,
1 7B),
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APPENDIX F

SUIMMARY OF THE HARMONIC ANALYS!S RESULTS

H The following summarises the results of the harmonic analyses of rainfall
{ in Chapter &, of circulation parameters at Bloemfontein in Chapter 4 and
: of their ndard deviatic in A dix B and of the meridional mo-
I mentum fluxes in Chapter 5. There is a change in the period of the data
base for the rainfall (1967 to 1977) and upper-air {1968 to 1977) anatyses.
Removal of the 1967 dzta from the ralnfall set results In only minor
changes to the results presented in Chapter 3 except for those for the
cast coast troughs for which the phase of the anhual wave over the
western Orange Free State shifts to a maximum [n late January. Results
presented below incorporate calculations for rainfall for the 1968 to 1977

period.

Rainfail, The first harmonic of the integral rainfall reaches its maximuii
in early February in close synchronism with those of the first harmonics
of rainfall from most of the individual types of systems (Fig. F-1), Only
the rainfall cycle of the tropical-temperate troughs has a large-amplitude
second harmonic with 2 summer maximum close to that of the first har-
monics. Other appreciable summer six-month wave maxima occur in late
March or early October for the west coast troughs, coastal depressions
and east coast troughs.

Thermodynamics, Values of several thermodynamic parameters reach
maxima or minima around 1 February (Fig. F-2}. Maximum sucrface tem~
peratures are reached a month earlier than the rainfall peak in conjunc~
tion with the minimum surfsce pressures. Surface temperatures during
the period of high rainfall may, of course, be affected by the, presum-
ably, increased cloudiness but the tempersture maximum at 800 mb occurs
ebout 10 days prio» to and at 200 mb 10 days later than the rainfall peak.
Height maxima at 500 and 200 mb occur clossly synchronously with the
500 mb temperature maximum. Although the surface specific humidity
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maximum

e

irs a few days later than the rainfsll pesk and that at 500

mb some days before, the rainfall and precipitable water peaks occur

nearly simultaneously.

The clearest phase assoclation on tie first har-

monics is thus between specific humidity, rather than between temper-

ature and pressure, and rainfall,

Maxima of the total static energy,
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Flgure F-1.

of the rainfoll In the western Orange Froe State.

Summary of the results of the harmonic ondalyses

Solid lines

represent maxima on the annual wove and dashed Hnes sumior

miaxima on the semi-annual wave.

than 10 per cent of the variance are plotted,
tengths of the arrows In no way reflect omplitudes of the har-

monlcs.

Oaly harmonics explaining more

Note that the
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together with the highest thermodynamic Instability of the h

occur some 10 days before the rainfall peak, Dates of maxima for ramfall
ior some of the systems such as the tropicsl-temperate troughs corre-
spond more closely (to within five days) with those for several parameters
including the total static energy. Highest varisnce of surface temper-
ature occurs exactly thrse months prior to and of upper~air temperature
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Flgure F-2. As Figure F-1 but for the thermodynamic parameters
of the atmosphere at Bloemfontein, Phase ongles ore marked tor
temperature (T}, surfoce pressure (pl, geopotential height {1},
specific humidity (q), tota! static energy (ey) and appropriate
standard deviations (n) at the surfuce [SUR) and at standord
prassure levels {mb).
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five months later than the rainfall peak, Surface pressure and
upper-level height distributions are approximately anti-phase to the
rainfall wave. Of the thermodynamic parameters with appreciable second
harmonics only those of the temperature and total static energy at 200
mb reach suymmer maxima around 1 February. Summer maxima for other
parameters occur subsequent to the rainfall peak.

Kinematics. Phase angles of the first harmonics of the surface wind
components are approximately 90° shead of that of the rainfall cycle but
maximum rainfall is asscciated with weakest westerly zonal flow at 200
mb (Fig. F-3). Meridional winds are subjected t7 only 2 weak annual
cycle above the boundary zone with the phase varying markedly between
{evals such that the apparsnt correspondence between the waves of the
rainfail and of the 200 mb meridional winds may be coincidental, No as-
sociation between the annual cycles at the surface of the wind variances
and rainfall is apparent but peak rainfail occurs with the minimum vari-
ances of the zona! wind at 500 mb (st 200 mb the minimum precedes the
rainfall peak by about 15 days) and of the meridional wind throughout
the upper troposphere. Af 200 mb the time of the minimum variance of
the meridional companent corresoonds closely with that of the maximum
rainfail from the tropicai-temperate troughs. Only the meridional wind
had a major second harmonic throughout mest of the depth of the at-
mosphere to 100 mb and at 200 mb the sppropriate summer maximum
poleward flow accurs at the same time as the rainfall peak.

Momentum. Mighest values of the relative angular momentum of the at-
mosphere occur in August for all of the integral, rain and no rain groups

ing that the corr {i minima develop up to one month after
the rainfall peak although that of the rain days occurs within 10 days
of the rainfall maximum (Fig. F-4}. The flux of earth anguiar momentum
s modulated primarlly on a semi-annual cyele with the summer maximum
poleward (1o, minimum equatorward} flux some 15 days after the rainfall
prak. On raln days, however, the flux varies primarily on an annual
cycle with the maximum 10 days before the rainfall peak at the time of
highest rainfall from the tropical-temperate troughs. The corresponding
minimum of the flux on no rain days occurs 15 days after the rainfall
peak, almost synchronously with the summer maximum flux on the domi-




Appendix F
265

nant second harmoenic. The circulation flux on rain days has a first
harmonic that explains more than 10 per cent of the variance but the
maximum flux cccurs about five weeks after the rainfall maximum. Phases
of the second harmonics of the circulation flux are such that the summer
paaks of both the fntegral and no rain fluxes develop almost synchro-
nously a few Jdays after the rainfall peak but that of the rain flux occurs
about one month earfier. Over the year transient fluxes dominate the
total transport, Phases of the first harmonics of these fluxes are such
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Flgure F-3. As Flgure F~1 but fa: the kinematic parcmeters of
the atmosphere at Bloemfonteln. Fhase angles are marked for
zonal wind speed (u), meridlonal wind speed {v) and appropriate
standard deviations (o} at the surface (SUR) and at standurd
pressure levels (mb).
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that minima in the integral and no rain fluxes occur in late December and
mid-January respectively while the maximum in the rain flux otcurs in
early May, Second harmonics of the integral and rain transient fluxes
are about 160° out of phase such that summer maxima of the former and
minima of the latter occur at the time of the maximum of the first harionic
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Flgure F-4. As Figure F-1 but for the meridional momentum
Fuxes at Bloemfonteln. Phase ongles are given for the relative
angular momentum of the atmosphere (u) and for the eurth an-
gular momentum {v), circulation relative angular momentum (vu},
translent relative angulor roementum [v'u') end total relative an=
gular momentum (vu} fluxes for the everoll clreulation (1) ond
for the roin days {R) and the no rain days (NR}.
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of rainfall from the tropical-temperate troughs. Maxima of the corre-
sponding no rain flux develop between those of the other two fluxes.

Phase angles of several of the fluxes correspond closely to those of the
rainfail cycle. Fluxes for which the maxima or minima on the first har-
monic occur around 1 February include the earth angular momentum flux
on rain days (maximum) and tho transient and total relstive angular mo-
wentum fluxes on no rain days (minima). On the second harmonic late
January/early February maxima occur for the integral and no rain earth
angular memertum, imegral and no rain circulation, integral transient
and no rain total relative angular momentum fluxes and minima for the
rain transient and total fluxes. The maximum of the annual rainfail cycle
thorefare occurs with that of the annual earth angular momestum flux
and of thae summer minimum of the six-month transient flux on rain days.
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