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IN T R O D U C T IO N

Southern Africa lies within the subtropical high
pressure belt of the Southern Hemisphere between
about 15° and 35° S (Figure 8.1). Subsidence of air in
large anticyclones predominates for most of the year,
resulting in arid or semiarid conditions throughout
much of the subcontinent. During the first half
of summer (October-December), the southward
migration of the locus of tropical convection provides
early-season rainfall to the northern parts of the
subcontinent, while the development of a subtropical
trough within the quasi-permanent high pressure belt
facilitates the occurrence of rainfall farther south from
midlatitude systems. By January, the tropical atmos
phere is usually dominant over most of the sub

continent, often bringing good rains, especially when
links with westerly troughs form.
The interannual rainfall variability of the region is
high, with the coefficient of variation exceeding 40
per cent in the drier western areas (Onesta and
Verhoef 1976, Tyson 1986). Droughts are an
inherent feature of the climate, and water resources
are under growing pressure from population and
industrial expansion, being particularly strained duri
ng drought years when demand for water increases
(Mason and Joubert 1995). Given the high degree of
interannual rainfall variability in the southern African
region, skilful seasonal forecasts could greatly assist in
water resource planning and the amelioration of
drought and flood impacts (Vogel 1994). Since the
1991-2 drought, long-range seasonal forecasts for
southern Africa using statistical methods have been
produced by universities, the national meteorological
services, and drought monitoring centres in South
Africa and neighbouring countries (Mason et al.
1996). More recently, statistical forecasts have been
supplemented by real-time general circulation model
ensemble seasonal forecasts. In this chapter, progress
in the understanding of droughts and predictability
over southern Africa is reviewed.

DRO UG H T OCCURRENCE A N D
FREQUENCY

Figure 8 .1 Location map of southern Africa showing the political
boundaries, islands, and major ocean currents

Droughts are as old as Africa (Tyson 1986) and are a
prominent feature of the meteorological record for
southern Africa (Figure 8.2). In the twentieth cen
tury, they have occurred over South Africa and parts
of neighbouring countries with great regularity in an
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Figure 8.2 Percentage of mean annual rainfall for designated w et and dry spells based on an analysis of O ctober-Septem ber rainfall
data for the period 1905-90 (modified after Tyson 1986). Shaded areas indicate above-normal rainfall in w et spells and belownormal rainfall in dry spells

oscillation with a period of eighteen to twenty years.
In South Africa, five major drought periods, in which
the major part of the country has experienced belownormal rainfall, have been observed since 1905. The
most severe drought year during the dry spell of
1925-33 occurred in 1932-3. The year 1944-5 was
the driest during the spell between 1944 and 1953,
1965-6 the driest between 1963 and 1972, and
1982-3 the driest in the dry spell that began in 1982.
During the early nineties, a reversion to normal or
wetter conditions might have been expected, but
1991-2 was a particularly bad year and was followed
by three further years of less than average rains.
Quasi-periodic variability in drought occurrence

That the interannual rainfall variability over southern
Africa exhibits statistically significant quasi-periodic
variability was first identified more than 100 years ago
(Tripp 1888) and initiated active research over the
next few decades (Nevill 1908, Cox 1925, van
Reenen 1925, Peres 1930, de Loor 1948). Renewed
interest in the oscillatory nature of South African
rainfall developed in the early seventies (Tyson 1971
and 1986, Tyson et al. 1975). Over South Africa,
distinctive oscillations have been verified and from
the mid-1970s have been used in long-range seasonal
forecasting models (Dyer and Tyson 1977, Tyson and

Dyer 1978 and 1980, Louw 1982, Currie 1993). O f
greatest significance is an eighteen- to twenty-year
oscillation in the northeast part of the country, shown
in Figure 8.3 (Tyson 1971, 1978, 1980, and 1986;
Dyer 1 9 7 5 ,1980a, and 1981a; Tyson et al. 1975; van
Rooy 1980; Vines 1980; Kelbe et al. 1983; Lindesay
1984; Currie 1991 and 1993; Jury and Levey 1993a
and 1993b). It extends into Zimbabwe (Ngara et al.
1983, Makarau and Jury 1997) and Botswana (Jury
et al. 1992) and possibly into southern Zambia. The
eighteen- to twenty-year oscillation is likewise apparent
in streamflow records (Abbott and Dyer 1976,
Partridge 1985, Alexander 1995), the temperature
record, and tree-ring data (Tyson 1986). In the early
nineties, the oscillation faltered owing to the occur
rence of consecutive/persistent El Niños (Mason
1997a). It may have resumed from the beginning of
the 1995 summer rainfall season.
The oscillation in rainfall has been attributed to
the eighteen-year cycle in the luni-solar tide (Currie
1991 and 1993); sunspot variability (Alexander
1995); and similar oscillations in sea-surface tempera
tures in the South Atlantic (Mason 1990, Shinoda
and Kawamura 1996), the central Indian (Cadet and
Diehl 1984, Jury et al. 1996), and eastern equatorial
Pacific oceans (Hurrell and van Loon 1994, Mason
and Jury 1997, Tyson et al. 1998). The Pacific seasurface temperature oscillation is out of phase with
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Figure 8.3 An area-averaged time series of rainfall for the summer rainfall region of South Africa, sm oothed by a five-term binomial
filter (modified after Tyson 1986)

the rainfall, implying that above-average temperatures
in the eastern Pacific Ocean are associated with
below-average rainfall over southern Africa (Figure
8.4). Although such a phase relationship is consistent
with El Niño-southern African rainfall associations,
the eighteen- to twenty-year oscillation in sea-surface

Figure 8.4 Seven-year running mean sea-surface tem perature
anomalies (SST) averaged over the eastern equatorial Pacific
Ocean (l80°-90° W, 10° S-5° N) (solid line) and percentage
rainfall (PPT) over South Africa (dashed line) (after Mason and
Jury 1997)

temperatures is only weakly reflected in the Southern
Oscillation Index. That is not to say that the sea
temperature oscillation does not have a significant
impact: given the weak orographic forcing of the
standing waves compared to the Northern Hemi
sphere (Pittock 1973 and 1980), such interdecadal
variability can have an important influence on the
waves in middle and high latitudes of the Southern
Hemisphere (Hurrell and van Loon 1994).
It has been suggested that the oscillation in the
eastern Pacific sea-surface temperatures affects southern
Africa via the temperate atmosphere involving vari
ability in wave 3 of the Southern Hemisphere atmos
pheric circulation (Tyson et al. 1998). The sensitivity
of the midlatitude atmosphere to tropical heat anomalies
is greatest during January (Albrecht et ni. 1986,
Meehl and Albrecht 1988), when rainfall over most
of southern Africa is at its peak. More specifically, a
warming of sea-surface temperatures in the eastern
Pacific is thought to result in a weakening of the
semiannual oscillation in the midlatitudes (van Loon
and Rogers 1984). The implications for southern
Africa are significant because the total annual rainfall
of the region is strongly influenced by the amplitude
of the semiannual cycle, rainfall being higher when
the amplitude is greater (Theron and Harrison 1991).
The sea temperature variability in the eastern Pacific
Ocean could therefore have a maximum impact on
rainfall in the region, which lends credence to the
proposed teleconnection, despite the fact that the
observed interdecadal changes in wave 3 are greatest

I 15

116

S.J. M A S O N A N D P.D. T YS ON

during the austral winter (van Loon et al. 1993).
Further research is required to resolve these un
certainties in the mechanisms of teleconnections in
interdecadal variability in the Southern Hemisphere.
A ten- to twelve-year oscillation accounts for more
than 30 per cent of the interannual rainfall variance
along the south coast of South Africa and has been
linked to sea-surface temperatures to the south of the
subcontinent (Mason 1990), solar variability (Vines
1980, Currie 1991 and 1993, Mason and Tyson
1992), and changes in the phase of standing wave 3
(Vines 1980, Tyson 1981 and 1986). There is
coherence between the eleven-year rainfall oscillation
over South Africa and similar oscillations in New
Zealand and South America (Vines 1980 and 1982).
In southeast Australia and New Zealand, the
oscillation is related to variability in standing wave 3
as a result of its important influence on blocking in
this sector (Trenberth 1975 and 1980a, Trenberth
and Mo 1985). Although atmospheric blocking is
generally weak and infrequent in the vicinity of
southern Africa at intraseasonal time scales (Trenberth
and Mo 1985, Kidson 1988), a regular variation, with
a periodicity of about ten years, in the longitudinal
position of the first ridge of wave 3 is evident and
may be related to the oscillation in rainfall (Tyson
1981).
Higher frequency rainfall variability with periods
o f about 2.3 years is identifiable over South Africa,
Zimbabwe, and Madagascar (Tyson 1971, Nicholson
and Entekhabi 1986, Jury et al. 1992 and 1995, Jury
and Levey 1993a and 1993b, Makarau and Jury
1997). Similar quasi-biennial oscillations in rainfall in
the New Zealand sector are associated with variability
in wave 3 (Trenberth 1975 and 1980b), but such an
association is less well defined near southern Africa
(Mason and Jury 1997). Instead, the stratospheric
Quasi-Biennial Oscillation (QBO) of equatorial zonal
winds is implicated (Mason and Tyson 1992, Mason
and Lindesay 1993, Mason et al. 1994) through a
hypothesised interaction with the Walker circulation
over eastern southern Africa (Jury et al. 1994).
During the easterly phase of the QBO, uppertropospheric easterlies off the east coast of southern
Africa are thought to strengthen (Figure 8.5), result
ing in upper-level convergence and subsidence over
the subcontinent (Jury 1992, Jury et al. 1994, Jury

and Pathack 1993 and 1997). However, uppertropospheric near-equatorial easterly anomalies are
not a consistently observed feature of dry conditions
over the subcontinent (Tyson 1986, Lindesay 1988,
Mason et al. 1994, Rocha and Simmonds 1997a and
1997b, Jury 1996a, Mason and Jury 1997), and the
mechanisms of stratospheric-tropospheric interaction
in the region have yet to be verified. Further work is
required to investigate the possibility of an alternative
influence of tropospheric QBOs (Trenberth 1979 and
1980b, Ropelewski et al. 1992).
As a reflection of the influence of El N iñoSouthern Oscillation events on rainfall variability in
the region, rainfall oscillations with periods of 3.5-7
years are evident throughout most of the sub
continent (Vines and Tomlinson 1985, Nicholson
1986, Nicholson and Entekhabi 1986 and 1987,

Figure 8.5 A schematic conceptual model to illustrate changing
circulation controls, sea-surface tem peratures, m oisture
transport conveyors, and loci of tropical convection in extended
w et and dry spells over southern Africa
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Tyson 1986, Lau and Sheu 1988, Jury et al. 1992
and 1995, Jury and Levey 1993a and 1993b, Makarau
and Jury 1997). Oscillations with periods of 2.7 and
6 years over Namibia have not been explained (Dyer
and Marker 1978).
Long-term trends in drought frequency and
intensity

Whether southern Africa has been experiencing pro
gressive desiccation has been debated for more than
100 years (Wilson 1865, Barber 1910, Schwarz 1919,
Cox 1926, Thompson 1936, Vorster 1957, Brook
and Mametse 1970), and opinion is still somewhat
divided. No evidence of progressive desiccation has
been reported for Zimbabwe (Marume 1992, Unganai
1992), Botswana (Nicholson 1989), and the summer
rainfall region of South Africa (Dyer 1976b, Tyson et
al. 1975, Tyson 1980, Mason 1996). Notwith
standing, averaging over a wider area of southern
Africa as a whole reveals that the period since the late
1970s has been considerably drier than any earlier
period over the last century (Nicholson 1993, Hulme
et al. 1996). A decrease of approximately 10 per cent
in mid-summer rainfall (December-February) has
been observed between 1931-60 and 1961-90 over
northern Botswana, Zimbabwe, and eastern South
Africa (Hulme 1992 and 1996, Gondwe et al. 1997,
Hulme et al. 1996, Mason 1996, Makarau and Jury
1997). This has been accompanied by a decrease in
the effectiveness of rainfall for maize growing in
southern Zambia (Kruss et al. 1992). The effects of
abrupt warming in tropical sea-surface temperatures
in the mid-1970s and an increase in the frequency of
El Niño events (Trenberth 1990, Kerr 1992, van
Loon et al. 1993, Graham 1994 and 1995, Allan et
al. 1995, Wang 1995, Trenberth and Hoar 1996)
have probably been significant in causing the altered
conditions after the 1970s (Mason 1996 and 1997a).
An increase in the interannual variability of rainfall
appears to have occurred over Zimbabwe (Unganai
1992), eastern South Africa (Mason 1996), and other
parts of southern Africa (Hulme 1992). The implications
are that droughts (and flood years) are becoming more
frequent and severe. Such an occurrence is consistent
with those expected for the region as a result of an
enhanced greenhouse effect (Joubert et al. 1996).

ATMOSPHERIC CIRCULATION DURING
DRO UG H T YEARS

Distinctive changes in the large-scale atmospheric flow
fields take place over southern Africa and adjacent
oceans during periods of prolonged below-normal
rainfall and during severe short-term droughts. The
standing wave structure of the Southern Hemisphere
circumpolar westerlies undergoes systematic change in
the vicinity of Africa. The oceanic semipermanent sub
tropical high pressure cells weaken and are displaced
equatorward, the intertropical convergence zone is
similarly affected, moisture fluxes alter significantly, and
moisture transport patterns change radically. The
development of weather-producing quasi-stationary
easterly waves is curtailed over southern Africa and the
locus of tropical convection moves eastward and often
offshore. An attempt is made to capture these changes
schematically in Figure 8.5 by comparing the conditions
conducive for droughts with those responsible for
extended wet spells. It is necessary to consider in more
detail each of the component factors interacting to
produce droughts.
The eastward shift in the locus of tropical con
vection during droughts (Harangozo and Harrison
1983, Harrison 1983a, Tyson 1986, Jury 1992 and
1996, Jury and Pathack 1991 and 1993, Jury et al.
1992 and 1994) is evident in patterns of outgoing
long-wave radiation (Jury et al. 1992, 1993a, and
1995; Jury and Waliser 1990) and has been ascribed
to a reversal in the Walker circulation over the east
coast (Harrison 1983a, Lindesay 1986, Jury 1992,
Jury et al. 1994, Shinoda and Kawamura 1996). Con
fluent upper winds associated with this reversal of the
western Indian Ocean Walker cell contribute to the
general weakening of tropical convection over the
subcontinent in dry summers and to subsidence and
positive pressure anomalies (Hofmeyr and Gouws
1964; Taljaard 1981 and 1989; Tyson 1981, 1984,
and 1986; Matarira 1990; Matarira and Jury 1992;
Shinoda and Kawamura 1996; Rocha and Simmonds
1997a). The structure of the Walker circulation over
the east coast is complicated (Tyson 1986, Lindesay
1988, Mason et al. 1994, Janicot et al. 1996, Jury
1996, Rocha and Simmonds 1997a and 1997b), and
further work is required to clarify more precisely the
details and mechanisms of variability in the region.
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With the suppression of convection over the sub
continent, Hadley cell mass overturning weakens, but
becomes more vigorous to the east (Lindesay 1988,
Lindesay and Jury 1991, Jury 1996). A weakening,
and possibly a northward shift, of the tropical con
vergence zones occurs over the subcontinent (Torrance
1979, Lindesay and Jury 1991, van den Heever
1994, Shinoda and Kawamura 1996), but the sig
nificance of latitudinal displacements of convection is
less clear than that of longitudinal displacements
(Nicholson and Chervin 1983).
During wet spells (Figure 8.5), the interaction
between quasi-stationary tropical easterly waves and
transient temperate westerly waves produces tropicaltemperate troughs that contribute significantly to the
excess rainfall characteristic of wet spells (Harangozo
and Harrison 1983; Harrison 1984a, 1984b, and
1984c; Smith 1985; Tyson 1986; Diab et al. 1991;
Lyons 1991; van den Heever 1994; Jury 1997a).
This is particularly so in eastern areas of the continent
where the locus of convective activity is to be observed.
By contrast, during droughts the preferred location of
tropical-temperate troughs and their associated cloud
bands shifts eastward over the western Indian Ocean.
The systems are less frequent and more diffuse during
dry conditions. The eastward shift in convection is
manifest in part as an increase in the frequency of
tropical disturbances in the southwest Indian Ocean
to the east of Madagascar (Jury 1993). The sub
sidence in the easterly outflow from disturbances that
occur in the Mozambique Channel to the west of the
island causes dry conditions over southern Africa. In
both cases, low-level westerlies or westerly anomalies
to the west of the disturbances inhibit moisture con
vergence over the land from the Indian Ocean
(Matarira 1990, Jury and Pathack 1991, Jury 1992
and 1993, Rocha and Simmonds 1997a and 1997b).
During wet conditions, moisture transport is
almost exclusively in a slowly ascending conveyor
from the northeast and the tropical Indian Ocean
(D ’Abreton and Lindesay 1993, D ’Abreton and
Tyson 1995 and 1996) (Figure 8 .6 ). By contrast, in
droughts, and even on no-rain days generally, moisture
transport is primarily in a descending dry conveyor
from the southwest and from the South Atlantic
Ocean. Low-level westerly wind anomalies over the
east coast of southern Africa are a consistent feature

of dry conditions over the subcontinent (Jury and
Lutjeharms 1993, Rocha and Simmonds 1997a).
Northeasterly transport is weakened not only when
tropical cyclones form frequently over the western
tropical Indian Ocean, but also when the south Indian
Ocean anticyclone weakens (Matarira 1990, Jury and
Pathack 1993, Jury et al. 1992 and 1995, Matarira
and Jury 1992, Hastenrath et al. 1993, Jury 1996).
Variability in the strength and position of the South
Indian anticyclone is relatively high compared to the
South Adantic anticyclone (Vowinckel 1955, McGee
and Hastenrath 1966, Dyer 1981b).
The southeast Atlantic Ocean becomes the
dominant moisture source during dry years (Figure
8 .6 ). Being colder and subsiding, the Atlantic moisture
conveyor is considerably drier than its wet-spell
Indian Ocean equivalent. It is also more stable
(Miron and Lindesay 1983, Harrison 1988, Barclay et
al. 1993). During drought years the dominance of
westerly flow is indicative of the persistence of the
temperate circulation throughout the summer season
(Taljaard 1989). The westerlies prevail anomalously
far north (Tyson 1986) and are an expression of a
weakening in the semiannual oscillation (Harrison
1984b, Lindesay 1988, Theron and Harrison 1991).
In the equatorward-shifted westerlies during drought
years, changes in amplitude and phase of standing
westerly waves are of considerable importance (Hofmeyr
and Gouws 1964). For good rains, a northwest- to
southeast-aligned trough needs to be located over the
western half of the subcontinent to facilitate advection of
tropical moisture ahead of the trough (Harrison 1986,
D’Abreton and Lindesay 1993, D’Abreton and Tyson
1995 and 1996, van den Heever 1994, Jury 1996). If the
trough is displaced toward the east coast or has a low
amplitude, or if the trailing ridge is weak, equatorward, or
weakened, poleward transport occurs and rainfall occurs
less easily (King and van Loon 1958, Longley 1976,
Taljaard 1981, Tyson 1981, Miron and Tyson 1984,
Lyons 1991, Taljaard and Steyn 1991). With a weaken
ing in the amplitude of the westerly waves, the formation
of cut-off lows (van Loon 1971, Dyer 1982, Taljaard
1985 and 1986) and ridging of anticyclones south of the
subcontinent (Taljaard 1986, Tyson 1986, Triegaardt et
al. 1988) is curtailed. The coupling of tropical and
temperate disturbances (Tyson 1986, Barclay et al. 1993)
is less frequent. With more zonal westerlies, blocking to
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Figure 8.6 Mean moisture transport fields in the horizontal and vertical on rain and no-rain days in mid-summer (January) over
southern Africa (after D’Abreton and Tyson 1996). Heavy lines denote maximum frequency transport pathways, along which mean
times of transit (in days) from receptor points and specific humidities (g.kg-1) are indicated; contours enclose percentage air
transported

the southeast of the subcontinent weakens (Tyson 1984)
and the persistence of westerly disturbances over the sub
continent diminishes (Tyson 1986).
Over the winter rainfall region in the extreme
southwestern part of the subcontinent, rainfall is almost
exclusively from midlatitude disturbances (Taljaard
1981, Muller and Tyson 1988). The atmospheric
circulation controls of drought are different from those
affecting the summer rainfall areas of the rest of the
subcontinent. In fact, the relationship between droughts
in the latter region and wet spells in the former is inverse
(Lindesay 1984 and 1988, Muller and Tyson 1988).
Atmospheric variability in the midlatitudes of the South
Atlantic Ocean is weaker than over the Indian Ocean
(Physick 1981), and so drought conditions over the
winter rainfall region are generally not as severe as over
the rest of the subcontinent. Drier conditions are usually
experienced when temperate cyclones are anomalously
far south and when wet conditions are prevailing
elsewhere in the subcontinent (Taljaard 1989, Brundrit
and Shannon 1989).

CAUSES OF D RO UG H TS A N D EXTENDED
DRY PERIODS

Droughts over southern Africa are caused by decreases
in the frequency, duration, an d /o r intensity of largescale weather systems that are responsible for sig
nificant rainfall in the region (Harrison 1983b, Taljaard
1989, Mason and Jury 1997) rather than by a simple
decrease in the number of rain days (Rubin 1956,
Harrison 1983b) or in the length of the rainfall
season (Nicholson and Chervin 1983, cf. Waylen and
Henworth 1996). To some extent, the variability of
the atmosphere over southern Africa may be attri
buted to internal variability of the circulation in the
region, but boundary layer forcing both locally and
from far afield has a significant effect.

El Niño-Southern Oscillation events

El Niño-Southern Oscillation (ENSO) warm events
are frequently associated with drought over much of
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southern Africa (Stoeckenius 1981, Mo and White
1985, Nicholson and Entekabi 1986, Ropelewski and
Halpert 1987 and 1989, Janowiak 1988, Halpert and
Ropelewski 1992, Main and Hewitson 1995, Moron
et al. 1995, Shinoda and Kawamura 1996, Mason and
Jury 1997, Nicholson and Kim 1997, Rocha and
Simmonds 1997a) and are partly responsible for con
tinental and global-scale climate anomaly telecon
nections (Nicholson 1981 and 1986, Nicholson and
Chervin 1983, Harnack and Harnack 1985). The
influence of ENSO warm events on rainfall is
strongest in the southeastern part of the subcontinent
(Ropelewski and Halpert 1987 and 1989, Matarira
1990, Rocha and Simmonds 1997a, Shinoda and
Kawamura 1996, Nicholson and Kim 1997). Near
the border between Zimbabwe and South Africa,
correlations between the Southern Oscillation Index
and rainfall are reduced (Harrison 1984d, Waylen and
Henworth 1996), but the association strengthens
again in a northwest to southeast band across South
Africa (Dyer 1979, Lindesay et al. 1986, Lindesay
1988, van Heerden et al. 1988, Jury and Pathack
1993, Jury et al. 1994, Hastenrath et al. 1995, Jury
1996). The association with rainfall over South Africa
has occurred for at least the last 200 years (Lindesay
and Vogel 1990), although El Niño years are not
always synchronous with dry conditions in the region
(Mason and Mimmack 1992).
The influence of ENSO warm events on the atmos
phere over southern Africa occurs mainly, though not
exclusively, via the tropical atmosphere. The
predominance of the tropical response in turn defines
the spatial and seasonal variation of the rainfall asso
ciations in the region (Mason et al. 1996, Nicholson
and Kim 1997). Over South Africa the influence is
strongest during the peak summer rainfall months of
December-March, when warm and cold events have
typically reached maturity and when the tropical
atmospheric circulation is usually dominant over most
of the subcontinent (Lindesay 1988, Mason and Jury
1997). Over Zimbabwe, it is the early- and lateseason rains that are more severely affected, suggesting
an impact on the timing of the southward and
northward migration of the tropical convergence zones
(Waylen and Henworth 1996, Makarau and Jury
1997). Differences between the timing of the rainfall
deficits associated with ENSO warm events between

South Africa and Zimbabwe suggest that different
synoptic climatological responses are involved (Waylen
and Henworth 1996) and would help to explain the
weakening of the ENSO influence near the border of
the two countries (Harrison 1984d). The tropical
atmosphere in the southern African region during the
austral summer responds to ENSO warm events in a
manner largely consistent with the characteristics
associated with dry conditions as discussed above and
as summarised in Figure 8.5. An eastward shift in the
preferred longitude of tropical convection occurs
(Lindesay et al. 1986, Mason and Jury 1997). Similar
eastward shifts in convection have been observed in the
Australasian sector during Pacific warm events (Allan
1988 and 1991). Warming in the tropical western
Indian Ocean during ENSO warm events appears to be
largely responsible for the teleconnection between the
Pacific signal and the tropical atmosphere over
southern Africa (Goddard and Graham 1997,
Nicholson 1997, Nicholson and Kim 1997, Rocha and
Simmonds 1997b), and so details of the mechanisms
involved are discussed in the section on sea-surface
temperatures below.
It would be incorrect to state that the ENSO
signal in the southern African region is detectable only
in the tropical atmosphere. The Southern Hemi
sphere standing waves are known to respond to
ENSO events (Pittock 1973; Trenberth 1975, 1979,
and 1980a; Rogers and van Loon 1982; Karoly et al.
1996). In the southern African sector, a northward
shift of the westerlies and a weakening of amplitude
of the waves occur during warm events (Lindesay
1988) and are typical features of dry conditions over
the subcontinent (Figure 8.5).
Sea-surface tem perature anomalies

Higher-than-average sea-surface temperatures in the
central and western tropical Indian Ocean are fre
quently responsible for dry conditions over southern
Africa (Walker 1990; Jury 1992, 1995, and 1996;
Walker and Shillington 1990; Jury and Pathack 1993
and 1997; Mason 1995; Makarau and Jury 1997;
Rocha and Simmonds 1997a). Although occasional
independent Indian Ocean warm events occur, typi
cally they follow shortly after a peak in warm events in
the Pacific Ocean (Cadet 1985, Suppiah 1988, Meehl
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1993, Jury et al. 1994, Mason 1995, Nicholson
1997). The warming of the Indian Ocean is probably
in response to associated changes in wind stress and
the radiation budget (Cadet 1985, Hastenrath et al.
1993, Latif et al. 1994, Latif and Barnett 1995, Nagai
et al. 1995, Nicholson 1997). This sympathetic
response in the Indian Ocean may be essential in the
transmission of the El Niño signal to southern Africa
since it provides the mechanism for an eastward shift in
the preferred longitude of tropical convection
(Goddard and Graham 1997, Nicholson 1997,
Nicholson and Kim 1997, Rocha and Simmonds
1997b). Increased sensible and latent heat fluxes over
the warmer oceanic areas of the tropical Indian Ocean
increase the atmospheric instability in the vicinity of
the heat anomaly and weaken the pressure gradient
onto the subcontinent. The influx of moisture over the
land by the tropical easterlies therefore weakens and a
strengthening of convection over the ocean occurs
(Jury 1992, 1995, and 1996; Jury and Pathack 1993;
Jury et al. 1993b and 1996; Mason et al. 1994; Mason
1995; Tennant 1996; Crimp 1997; Rocha and
Simmonds 1997a and 1997b). The variance of seasurface temperatures of the Indian Ocean is low during
the summer rainfall season (Streten 1981) and so the
association with rainfall over the subcontinent is
possibly weaker than it otherwise would be (Shinoda
and Kawamura 1996).
As discussed, dry conditions over southern Africa
are frequently associated with a warmer-than-average
western tropical Indian Ocean (Figure 8.5). How
ever, this area is an important source of atmospheric
moisture throughout the summer rainfall season and
becomes the dominant source in the second half of
summer. Increases in sea-surface temperatures in the
same region have therefore been observed to enhance
rather than reduce rainfall over southern Africa
(Lindesay and Jury 1991, Hulme et al. 1996).
Similarly, modelling studies fail to produce much
enhancement of rainfall over southern Africa given
negative sea-surface temperature anomalies, nor much
weakening of convective activity over the Indian
Ocean (Tennant 1996, Jury et al. 1996).
Farther south, a decrease in the surface tempera
tures of the Agulhas Current may have a negative
effect on moisture fluxes into the overlying atmos
phere, particularly with the occurrence of ridging

anticyclones (Lutjeharms et al. 1986, Walker and Mey
1988, Mey et al. 1990, Jury and Levey 1993b, Jury
1994, D ’Abreton and Tyson 1995 and 1996, Rouault
et al. 1995). Dry conditions may result over eastern
southern Africa as a consequence (Walker 1990,
Mason 1990 and 1995, Mason and Tyson 1992, Jury
1992, Jury and Pathack 1991 and 1993, Jury et al.
1993c, Hastenrath et al. 1995, Rocha and Simmonds
1997a, Shinoda and Kawamura 1996). Possibly of
greater importance than the sea-surface temperature
anomalies per se is their influence on the meridional
sea-surface temperature gradients to the south and
southeast of the subcontinent. Weaker-than-average
sea-surface temperature gradients that would be
associated with negative temperature anomalies in the
Agulhas region could weaken baroclinic disturbances
passing over the area (Sanders and Gyakum 1980,
Brundrit and Shannon 1989).
Changing temperature gradients in the South
Atlantic Ocean may have a similar effect on the baroclinicity of disturbances (Walker and Lindesay 1989).
The variability in the westerly waves and the surface
passage of cyclones and transient anticyclones is likely to
be a reflection of such sea-surfàce temperature modu
lation on the systems (Mason et al. 1994, Mason 1995).
Sea-surface temperature variability in the tropical
Atlantic Ocean illustrates some similarities to the Pacific
El Niño phenomenon (Weare 1977, Gillooly and
Walker 1984, Walker et al. 1984, McLain et al. 1985,
Lamb et al. 1986, Lough 1986, Shannon et al. 1986,
Parker et al. 1988, Taunton-Clark and Shannon 1988,
Agenbag 1996, Jury 1997b, Nicholson 1997) and has
been linked to drought conditions over the Sahel
(Semazzi et al. 1988 and 1996, Ward 1992, Nicholson
and Kim 1997). The impact of changes in this oceanic
region on rainfall over southern Africa is insignificant in
comparison to the impacts of changes in the Pacific and
the Indian Oceans (Walker 1990, Mason et al. 1994,
Mason 1995, Jury 1997b, Mason and Jury 1997),
except over Angola and Namibia, where near-coastal
precipitation is enhanced (Hirst and Hastenrath 1983a
and 1983b). Theoretically, tropical Atlantic sea-surface
temperature variability could have an important influ
ence on moisture flux convergence over southern Africa
during early summer, but further work is required to
confirm this (D’Abreton and Lindesay 1993, D’Abreton
and Tyson 1995).
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South of about 15°S in the eastern Atlantic Ocean,
sea temperatures are relatively low. The Walker cell over
the South Atlantic Ocean consequently lies farther
north than its western Indian Ocean counterpart.
Walker cell variability is therefore of less significance
over the west coast of southern Africa than it is over the
east coast (Mason and Jury 1997). Temperature
contrasts between the tropical Adantic and eastern
Pacific oceans may be partly responsible for Walker cell
variability over the Adantic (Park and Schubert 1993,
Jury 1996, Janicot et al. 1996). The variability may
explain westerly upper zonal wind anomalies over the
equatorial Adantic that frequently precede a dry rainfall
season over southern Africa (Jury et al. 1994 and 1995).
The Quasi-Biennial Oscillation

The ENSO influence on rainfall over southern Africa
is stronger when the stratospheric QBO is in its
westerly phase (Mason and Lindesay 1993). When
the QBO is in easterly phase, the influence of ENSO
variability on rainfall in the region becomes insig
nificant (Figure 8.7). The 1991-2 season provides an
exception (Jury 1995). The mechanism by which the
QBO possibly modulates the ENSO-southern African
rainfall association is poorly understood. The Oscil
lation is thought to interact with the Walker cir
culation over the western Indian Ocean (Jury and
Pathack 1993 and 1997, Jury et al. 1994). Lower
stratospheric easterly zonal winds would provide

Figure 8.8 A possible mechanism for the interaction of the
stratospheric Quasi-Biennial Oscillation of zonal winds and the
W alker circulation over eastern southern Africa (after Jury et al.
1994)

upper-tropospheric wind stress that would enhance
Walker cell overturning with a descending limb over
southern Africa and a rising limb over the ocean to
the east (Figure 8.8). During westerly phase years,
the Walker cell would be reversed, and with a rising
limb over southern Africa, convection and rainfall
over the subcontinent would be enhanced. Whichever
way the mechanism operates, the influence of the
stratospheric QBO on rainfall over southern Africa is
significant (Mason and Tyson 1992, Jury 1993,
Mason et al. 1994). This is further illustrated by the
modulating effect brought about on the associations
between sea-surface temperatures and rainfall. In the
case of a sensitive area of the southwest Indian Ocean
(Figure 8.9, upper), the anomalously warm seasurface occurs during droughts over South Africa
when the QBO is easterly, but during wet years when
it is westerly (Mason 1992). Similar modulation, though
not as pronounced, occurs in the cases of other
designated regional sea-surface temperature effects in
the Indian and South Atlantic oceans (Mason 1992).
There is evidence to suggest that tropical forcing by
sea-surface temperatures (e.g., in the Indian Ocean to
the north of Madagascar) may be little influenced by
changes in the phase of the QBO (Figure 8.9, lower).
FORECASTING DRO UG H TS

Figure 8.7 January-March correlation between the seasonal
mean SOI and rainfall by phase of the QBO. Point correlations in
shaded areas are significant at the 90 per cent level. Statistical
field significance (sfs) for the region as a whole is indicated
w here it exceeds 90 per cent. The dashed line indicates the
boundary between the summer (to the northeast) and winter
(to the southwest) rainfall regions (after Mason 1992)

Interannual rainfall variability over southern Africa is
largely determined by the preferred longitude of sub
tropical convection and by shifts and changes in
amplitude of the westerly waves. These features of
atmospheric variability respond in part to changes in
boundary-layer forcing associated with sea-surface
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Figure 8.9 Correlations, stratified by the phase of the QBO,
between January-March sea-surface tem perature principal
com ponent scores in the indicated areas of the Indian Ocean
and rainfall (after Mason 1992). Areas with positive correlations
are shaded light gray. Areas with significant correlations (positive
and negative) are shaded dark grey. In the case of the association
between the southwestern Indian Ocean tem peratures (upper)
and rainfall, statistical field significance exceeds 90 per cent for
the summer rainfall region of South Africa taken as a whole; in
the case of the tropical Indian Ocean tem peratures (lower), the
combined set is field significant, but the com ponent fields, split
by the phase of the QBO, are not

temperatures in the oceans surrounding southern
Africa and farther afield in the equatorial Pacific
Ocean. Skilful seasonal forecasts of rainfall over the
subcontinent depend on an ability to explain such
variability and on the memory of the atmosphere
(Palmer and Anderson 1994, Kumar and Hoerling
1995, Mason et al. 1996, Mason 1997b and 1998).
The sensitivity of the atmosphere to boundary con
ditions is usually the main source of seasonal pre
dictability, although the large-scale atmospheric
components, such as westerly waves, may have some
influence on the probability of individual synoptic
weather patterns, thus providing an additional ability
to make probabilistic forecasts of general conditions
beyond two weeks.

Models developed during the late 1970s and early
1980s for long-range rainfall forecasting were based
on statistical extrapolation of observed oscillations of
rainfall (Dyer and Tyson 1977, Tyson and Dyer 1978
and 1980, Louw 1982), surface pressure variations
(Dyer 1976a and 1976b, Howes and Dyer 1982), the
use of sunspots (Dyer 1977, Dyer and Gosnell 1978),
and antecedent winter temperatures (Dyer 1980b).
They had limited success. In response to a better
understanding of the atmospheric response to
boundary-layer forcing (Mason et al. 1996), current
operational seasonal forecasting is more soundly
based. The method relies on statistical associations
between sea-surface temperatures, outgoing long
wave radiation, and atmospheric circulation indices in
the tropics, subtropics, and midlatitudes (Mason 1995,
1997b, and 1998, Barnston et al. 1996, Jury 1996,
Mason et al. 1996, Makarau and Jury 1997, Mattes
and Mason 1998, Landman and Mason 1999). In
October 1994, the South African Long-lead Forecast
Forum (SALFF) was founded with the purpose of
developing the seasonal forecasting capabilities in
South Africa. Many of the national meteorological
services of countries to the north of South Africa have
also established long-range forecasting units (Mason
et al. 1996, Mason 1997b).
Predictability

The World Climate Research Programme’s Atmos
pheric Modelling Intercomparison Project (AMIP)
has provided an opportunity for using general circu
lation models to estimate the potential predictability
of the atmosphere from boundary-layer forcing asso
ciated with sea-surface temperature variability. By vary
ing initial conditions slightly, an ensemble of pre
dictions is prepared. By comparing simulated ensemble
variability for various AMIP experiments with the
ensemble variability of control runs, and by using
unvarying climatological sea-surface temperatures,
estimates of predictability can be derived (Dix and
H unt 1995). In those regions where sea-surface
temperatures provide a source of atmospheric pre
dictability, correlations between individual runs con
stituting an ensemble should be significant. The
average correlations between monthly rainfall anomalies
of three ensemble members for the CSIRO nine-level
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Figure 8.10 Average correlations of time series of monthly rainfall anomalies at each grid point between three CSIRO nine-level
model AMIP runs. The three runs differ only in their initial conditions (after Dix and Hunt 1995). High correlations indicate areas
with a reproducible atmospheric response to sea-surface tem perature forcing

general circulation model are illustrated in Figure
8.10 (Dix and H unt 1995). Most predictability lies
within 20° of the equator, and is greatest in areas
where rainfall is predominantly from a single wellorganised quasi-permanent circulation system, such as
the intertropical convergence zone (Hastenrath 1995).
Tropical sea-surface temperatures are the main source
o f predictability, even within the midlatitudes (Lau
and Nath 1994). Unfortunately, even within the tropics,
estimated potential predictability is disproportionately
small over land areas (Dix and Hunt 1995). This has
been confirmed for southern Africa (Harrison 1996).
Given the seasonal variability of the predictability
of the atmosphere, which is marked over southern
Africa (Mason et al. 1996), estimates of annual pre
dictability may be misleading. Reasonably successful
hindcasts of rainfall variability for some extreme drought
years over southern Africa have been produced using
general circulation models forced by forecasted and
observed sea-surface temperatures (Hunt et al. 1994,

Semazzi et al. 1996, Goddard and Graham 1997). In
some years, as was the case for the 1991-2 drought,
results were less satisfactory (Hunt 1997). The models
appear to perform poorly where the model clima
tology is not sufficiently realistic (Hunt 1997). Over
southern Africa, the control rainfall simulations by
general circulation models generally reproduce the
broad-scale features of spatial and seasonal variability,
but significant weaknesses are apparent (Joubert 1997,
Mason and Joubert 1997). Accordingly, seasonal
forecasting skills for the region may suffer.
The general circulation models probably under
estimate the predictability of the atmosphere because
of inadequately or incorrectly simulated responses to
sea-surface temperature anomalies (Latif et al. 1994)
and because of an exaggeration of the importance of
atmospheric chaos (Dix and H unt 1995). Modelled
tropical convection responses to positive sea-surface
temperature anomalies are generally too weak (Mo
and Wang 1995). Most models simulate an atmos
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pheric response that is correspondingly weak, as was
the case for southern Africa with the 1982-3 warm El
Niño-Southern Oscillation event (Smith 1995,
Joubert 1997). Given the limitations of general circu
lation models, it has been suggested that a variety of
different forecasting models be used (Vislocky and
Fritsch 1995) in conjunction with statistical models
that are currently claiming relatively high levels of
predictability (Mason 1998, Mattes and Mason
1998).
Operational ensem ble seasonal forecasting for
southern Africa

From the onset of the wet season in 1995, oper
ational seasonal forecasts for southern Africa derived
from ensemble general circulation model forecasts
and sea-surface temperatures have been produced by
the United Kingdom Meteorological Office (UKMO)
and the Scripps Institute of Oceanography. Pre
liminary assessments of the operational performance
of the UKMO model have been made, and these
suggest that the statistical models may be performing
slightly better. For both the 1995-6 and 1996-7
seasons, the UKMO forecasts were for average or
drier conditions for the second half of the season
(January-April). Wetter-than-average conditions were
experienced. The model simulated an early start of
the northward advance of the westerlies, characteristic
of the onset of winter, for the 1995-6 season. As
discussed earlier, the westerlies bring relatively dry,
often descending, air over southern Africa. The
westerlies in the late-summer control climate of the
UKMO model are too strong (Joubert 1997), and so
on average the model will simulate a late-season
decrease in rainfall that is too early and too rapid. A
similar problem was experienced during the 1996-7
season: the UKMO model indicated a drier-thanaverage January-April, but exceptional rains in March
pushed the seasonal total above average. Given this
limitation in the control climate, the UKMO model
may be inherently unable to simulate adequately wet
conditions in late summer. Numerical modelling holds
great promise for the future, but until the forecasting
can be improved, statistical modelling remains
essential.

Statistical modelling

Statistical models have been used in operational sea
sonal forecasts of southern African rainfall since 1991.
Various measures of ENSO variability are important,
but not primary, inputs into the models (Cane et al.
1994, Hastenrath et al. 1995, Jury 1996, Mason et al.
1996, Makarau and Jury 1997, Mason 1998, Mattes
and Mason 1998, Landman and Mason 1999). Other
important variables for the southern African region
include sea-surfàce temperatures in the Indian and
South Atlantic oceans, outgoing long-wave radiation
and tropospheric atmospheric circulation indices
(zonal and meridional wind components), and the
Quasi-Biennial Oscillation (Mason et al. 1996). Within
South Africa there are three active forecasting groups,
each of which uses different sets of predictors and
different statistical approaches. At the University of
Zululand, forecasts are produced using a multiple
regression model relating a full range of atmospheric
and oceanic predictors to rainfall over regions through
out southern Africa (Jury 1996). The Research Group
for Seasonal Climate Studies of the South African
Weather Bureau uses a canonical correlation analysis
model to relate sea-surface temperatures in the
Atlantic, Indian, and Pacific oceans to rainfall
variability in eight regions of the country (Landman
and Mason 1999). Atmospheric variables are not used
as predictors. Similarly, the Climatology Research
Group uses principal components of sea-surface
temperatures as the only predictors in a quadratic
discriminant analysis model (Mason 1998) and has
investigated the possibility of constructing models
using canonical discriminant analysis and logistic
regression. In all instances, lead times are restricted to
about six months, although efforts are being made to
extend lead times to nine months or longer by fore
casting sea-surface temperature anomalies in a twotiered approach. The model has been adapted for use
on Namibian rainfall (Mattes and Mason 1998).
The Pacific Ocean is the main source of pre
dictability for southern African six-month rainfall
forecasts. The Indian and South Atlantic oceans are
important for forecasts with shorter lead times (Mason
1998, Mattes and Mason 1998, Landman and Mason
1999). The spatial and temporal variability of forecast
skill over southern Africa is largely a reflection of the
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fundamental differences in ‘forecastability’ between the
tropical and temperate atmospheres and the seasonal
dependence of ENSO influences in the region.
Highest forecast skill accordingly is achieved after the
austral summer rainfall season has started. As an
example, the seasonal variation of skill scores for
cross-validated six-month rainfall hindcasts over the
period 1951-95 for the northeastern interior of South
Africa are illustrated in Figure 8.11. Statistically
significant hindcast skill levels can be achieved
throughout most of the year, and similar results are
evident for other regions (Mason 1998). Linear error
in probability space (LEPS) scores (Potts et al. 1996)
for six-month hindcasts and for the northeastern
interior peak in December (Figure 8.11), when
forecasts for December-May rainfall can be released.
Recently, it has appeared that it will be possible to
develop useful forecast skill shortly before the start of
the summer rainfall season (Mason 1998, Landman
and Mason 1999) as indicated by a secondary peak in
hindcast skill scores in July and August (Figure 8.11).
Indications are that drought years are more forecastable than flood years, since individual flood-

Figure 8 .11 Seasonal variation of the LEPS score for the cross
validated six-month rainfall hindcasts over the training period
1951-95 for the northeastern interior of South Africa (after
Mason 1998)

producing synoptic systems, such as tropical cyclones
or extreme cut-off lows in the westerlies, may
significantly distort annual rainfall statistics in
particular wet years (Landman and Mason 1999).
Droughts, on the other hand, require persistent
forcing of atmospheric conditions that are unfavour
able for the development of rainfall over the sub
continent.
C O N C L U SIO N S

Droughts and extended spells of dry years are an
endemic feature of the climate of southern Africa.
They are more persistent and homogeneously dry
spatially than their wet-spell counterparts. Extended
spells of wet years have a higher internal variability
than their dry-spell counterparts. All current pre
dictions of the effects of global warming suggest that
extremes of climate, including droughts, are likely to
be a feature of the twenty-first century.
The variations in the large-scale flow fields of the
Southern Hemisphere that affect southern Africa and
adjacent ocean areas in extended dry spells have been
thoroughly investigated and are well understood.
Moisture transport patterns have been shown to vary
significantly between wet and dry periods. The degree
of external forcing of southern African climate by
sea-surface temperature changes in the Pacific,
Indian, and Atlantic oceans has been established to
the extent that the spatial variance in southern African
rainfall associated changes in each ocean domain is
known. External forcing by the Quasi-Biennial Oscil
lation has been shown to imprint a distinctive m odu
lation on other forcing mechanisms.
Extended dry spells and droughts are typically
associated with warming of the eastern Pacific Ocean,
the occurrence of El Niños, and positive sea-surface
temperature anomalies north of Madagascar in the
Indian Ocean and over the South Atlantic Ocean. At
the same time, negative anomalies prevail over the
Agulhas current, and beyond, off the east coast of
South Africa. Such changes are linked either directly
or indirectly to distinctive adjustments in the general
circulation over the region. These include strengthen
ing of the subcontinental anticyclone over southern
Africa, while the equivalent South Atlantic and south
Indian anticyclones weaken relatively and are dis-
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placed equatorward. Moisture transport in less stable
air from tropical Africa and the western tropical
Indian Ocean diminishes significantly and is replaced
by a predominance of transport of drier, more stable,
subsided air from the South Atlantic Ocean. The cir
cumpolar westerlies expand equatorward and the dis
turbances therein penetrate farther north over southern
Africa (but are associated with less rainfall than the
tropical systems that are more prevalent in wet spells).
Prediction of seasonal conditions, including the
forecasting of droughts, using sea-surface temperature,
circulation indices, outgoing long-wave radiation and
the Quasi-Biennial Oscillation in statistical models is
performed routinely, and encouraging levels of skill are
being achieved in the southern African region.
Notwithstanding, much work remains to be done to
refine and improve the models. The use of ensemble
forecasting based on general circulation models is in its
infancy, but is being developed rapidly. Ultimately, all
seasonal and interannual prediction of droughts will
have to be based on this approach. Before this can
happen, however, uncertainties associated with the
models need to be minimised and the models need to
be upgraded significantly. While this is being done,
statistical modelling will retain a central role in
forecasting conditions over a subcontinent beset by
drought occurrence and facing an uncertain future in
respect of its water resources.
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