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Abstract

The historical context and potential causes and structure of the 1992/93 drought in KwaZulu-Natal are analysed using NCEP
reanalysisdata. Theanalysisindicatesthat increased westerly windswith surface marinelowsand continental highsprevailed over
Southern Africa. Anomal ous divergence and subsidence occur over the eastern subcontinent, coupled with reduced tropical moist
inflows. Mid-latitude confluence, anticyclonic vorticity and upper level convergence suppressed convection over KwaZulu/Natal .
The precipitable water field reflects a SE-NW orientated stationary wave-train pattern over Southern Africawith KwaZulu-Natal
anti-phase with the Zambezi valley. A meridional overturning cell is seen asadriving mechanism behind the 1992/93 drought over
South Africa. The velocity potential shows a dipole between the Zambezi and the SW Indian Ocean, and it appears that the
kinematic structure was more important than the thermodynamic. Impactsinclude areduction in crop yield and streamflows, and

aslowing of economic activity.

Keywords:

Introduction

The majority of the population in Southern Africarely on agricul-
ture at asubsistence level for food and are particularly susceptible
to changesinrainfall and climate. Thisproblem isexacerbated by
thehigh degree of inter-annual and intra-seasonal rainfall variabil-
ity over the Southern African subcontinent (Preston-Whyte and
Tyson, 1988; Crimp, 1997). Another factor compounding the
drought problem is the growing population of Southern Africa
which is placing increasing pressure on aready limited water
resources. Improving the understanding and prediction of the
weather systems affecting Southern Africawill be of assistanceto
engineers, hydrologistsand agriculturalistsin effectivewater man-
agement and in ensuring food security for the population.
Widespread and sustained droughts that have periodically
afflicted Southern Africa over the past three decades are those in
1964, 1968, 1970, 1982, 1983 and 1984, often in association with
the El Nifio (Preston-Whyte and Tyson, 1988). From 1987 to 1996
KwaZulu-Natal experienced agradual decline and rise of rainfall
(Fig. 1a), with the minimum reached in 1992/93. Variousdrought
simulation studieswith predicted sea surface temperatures (SSTs)
as inputs, have been undertaken in South Africa and elsewhere
(Walker, 1989; Hunt, 1991; Mason., 1992; Montecinos et al.,
1997; Mullan et al, 1997; Rautenbach, 1997; Ronchail, 1997
Pathack et al., 1993; Landman et al, 1997; Rocha and Simmonds,
1997 a, b; Thiao and Barnston, 1997). Statistical techniques have
also been employed (Landman, 1994; Hastenrath, 1995; Mason et
al., 1996; Landman et a., 1997; Jury, 1998) to demonstrate
structureand causality. QBO signalsand ENSO tel econnectionsto
climateanomaliesover Southern Africahavebeenstudied (Lindesay,
1988; Jury, 1992; Jury and Levey, 1993; Jury et al., 1993; Jury et
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a., 1994; Pathack et al., 1993; Jury, 1997). All these efforts
highlight awide scopeto be covered in search of improved drought
forecasting skill and a better understanding of drought-inducing
meteorological processes. Acquiring accurate drought forecast
skills has been such a priority that National Meteorological Serv-
icesandtertiary institutionsacross Africaare undertaking research
on this application whose value is increasingly appreciated by
agriculturalists, hydrologists and politicians for decision-making
(South African Weather Bureau, 1992; Jury, 1996). It is against
this background that a study on precursors of the 1992/93 drought
over KwaZulu-Natal was accomplished.

Background and methods

KwaZulu-Natal is located along the east coast of South Africa
Climatologically it is classified as a summer rainfall region. The
altitude ranges from sea level to over 3 000 m, resulting in a
considerablerangeintemperature. Topography variesfromtheflat
coastal plains of Maputaland to the rugged, broken terrain of the
Valley of aThousand Hills and the Drakensberg Mountains. The
rainfal also varies considerably, from 500 mm to over 2 000
mm/a. River systems of the province run west to east, cutting
through geological layers and resulting in deeply incised valleys
(Campetadl., 1995; Camp, 1997). Extremesof maximum tempera-
turesand evaporativelossesarelow dueto themoderating effect of
the Agulhas Current.

With this variation in topography, geology and climate,
KwaZulu-Natal possessesenormousdiversity of natural resources.
Inrecent years, however, increased water demand from theurban,
industrial, and agricultural centres has placed an untenable
burden on theenvironment. Followingthe1992/93 drought, urban
water restrictionswerein force, many farmerswent bankrupt, and
there were major economic repercussions (Financial Mail, 1993a,
b, ¢; The South African Sugar Association, 1993a, b, c; Landbou-
weekblad, 1993; Farmer’s Weekly, 1993).
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Figure 1

(a) Rainfall time series (standardised anomalies) for KwaZulu/-atal over the period 1987-1997, to place the 92-93 drought in
perspective; (b) rainfall anomaly map (mm/day) for the period Oct.1992 to Feb. 1993 based on station and satellite data
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Thispaper describestheorigin and structure of the 1992/
93 drought from NCEP reanalysisdata at aresol ution of 2.5°
x 2.5°. To achieve this objective, meteorological model-
generatedfieldsfor precipitablewater; vertical motion; zonal
wind and velocity potential are utilised. Meansand anoma-
lies of these variables are computed to establish patterns of
circulation and convection over the region. Temperature,
relative humidity, wind speed, and dew-point temperature
station data for Estcourt, Cedara (Pietermaritzburg) and
Durban obtained from the South African Weather Bureau are
used to quantify evaporative | osses and associated boundary
layer conditions over KwaZulu-Natal.

Results
Climatic conditions

In this section the anomaly fields are interpreted.

The October 1992 to February 1993 rainfall anomaly is
shown in Fig. 1b. A large area of below-normal rainfall is
found over South Africa. Thedry axisextendsalong the east
coast from East London to Swaziland. The geopotential
height anomaly field (not shown) reveals a mid-latitude
trough over the ocean to the south of Africa, apattern known
to induce dry westerly flow over the east coast.

Model-interpolated precipitable water is ~2 kg-m? be-
low normal and displaysawavetrain pattern orientated NW-
SE (Fig 2a). Consideration of its history indicatesthisto be
a stationary feature with little propagation. Above-normal
precipitablewater islocated over the Zambezi valley extend-
ingtoward Madagascar. Another bel ow-normal axisisfound
in the zone of the ITCZ around 10S. The wavelength of the

Figure 2 (left)

DJF 1993 anomalies of (a) precipitable water (mm); (b)
upper level velocity potential (kg m?/s), based on NCEP
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Figure 3

DJF 1993 anomalies in vertical slice from 1000 to 100 hPa of (a) vertical motion (Pa/s) on 30 E; (b) zonal wind (m/s) on 30 S, based on
NCEP reanalysis data
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Figure 4
Schematic illustration of (a) position of the subtropical and subpolar jet streams, and (b) local circulations associated with the drought.
Solid lines are surface winds, dotted are upper winds and dashed are vertical motions

systemis4 000 km, arather short-length scalefor astanding wave.

The sea-surface temperature patterns over the adjacent Indian
and Atlantic Oceanswereweak, withgenerally below normal SSTs
north of 20S, and above normal to the south. The Atlantic and
Indian Oceanswerein-phase, unlikethat typically generated by an
El Nifio. A warmer south Indian Ocean was thought to be respon-
siblefor ‘pulling’ water vapour away from KwaZulu-Natal (Dube
and Jury, 2002). The equatoria Pacific remained neutral during
this event, following the El Nifio of the previous year. Hence
thermodynamic coupling was weak, and the circulation patterns
became more important.

Thelower level velocity potential anomaly wasdivergent over
the west Indian Ocean and convergent over the Zambezi valley
(Fig. 2b). Hence the zonal overturning circulation directed mois-
turefluxestoward Africa, but were confined to thelower |atitudes.

In N-S vertical section, an alternating pattern of sinking and
rising motion is found along 30°E. Hence subsidence was strong
over KwaZulu-Natal, whilst rising motion is located over the
Zambezi (Fig. 3a). Westerlieswereincreased over KwaZulu-Natal
and the Indian Ocean east of Madagascar (Fig. 3b). Moisture was
diverted, resultinginlocalised drought over KwaZulu-Natal. There-

Available on website http://www.wr c.org.za

fore the meridional overturning and zonal circulations inhibited
convective eventsin South Africa.

Discussion
Jet stream influence

A climatic feature of the 1992/93 drought is negative geopotential
anomalies south of Africa, increased westerly flow and a Rossby
wavetrain. Therewasasouthward shift of thesubtropical jet stream
and anorthward shift of thesubpolar jet (Fig. 4a) inagreement with
Barclay’s (1992) dry troughs analysis. A compressed thermal
gradient coincided with an upper-level anticyclone centred around
25°S. Positivegeopotential height anomaliesover South Africaand
negative anomaliesto the south suggest apol eward shift of kinetic
energy in agreement with Mulenga (1998).

Theshiftin position of thesubtropical jet stream contributed to
the decline of summer rainfall over south-east Africa. It bringsthe
descending limb of the meridional overturning circulation over
South Africa. Figure 4b is a conceptual model indicating the
influence of winds and Indian SSTs on rainfall over Southern
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Figure 5
Conceptual flow chart of
the influences of jet
streams, local circulations
and tropical effects on the
drought over KwaZulu-
Natal
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Africaduring the 1992/93 drought season. Cooler SSTs over the
east coupledwithastrong vel ocity potential anomaly gradient (Fig.
2b) generate easterly anomalies over northern Madagascar and
ascend in the Zambezi Valley and descend at 30°S (Fig. 3a).

The Rossby wave train during the 1992/93 summer drought
had a zonal wavelength of ~4 x10*km (L, ) and latitudinal width
of ~2x10°km(L, ). Thecalculated wavespeedrelativetothezonal
flow from the equation for a Rossby wave ¢ - u = -[B/(k* + n¥)]
(Haltiner and Williams, 1980) is 1 m-s*. This suggests that the
synoptic scale Rossby wave train moved very slowly from spring
tosummer 1992/93 over south-east Africa. Thewavesappear tobe
unrelated to the ocean heat anomalies.

Tropical influences

Over most parts of the summer rainfall region of South Africa,
enhanced rainfall is associated with airflow from a northerly
direction. Theserain-bearing windsare consistent with deep tropi-
cal low-pressuredisturbances, either in theform of easterly waves
or lows forming over Botswana and adjacent regions (D’ Abreton
and Tyson, 1996; Preston-Whyte and Tyson, 1988). The absence
of these winds during the 1992/93 dry summer limited moisture
influx into KwazZulu-Natal. The advection of dry air from the
southwest sweeping through the Karoo desert of western South
Africa into KwaZulu-Natal contributed to drought conditions
(Dube and Jury, 2002). The southerly winds (Fig. 4b) entered a
zoneof lower Coriolis, resultinginasinking motion over KwaZulu-
Natal . The hemisphericwavetrainin precipitablewater waspart of
an‘atmosphericconspiracy’ toinflict dry conditionsover KwazZulu-
Natal (Fig. 5). The major water vapour source region for South
Africaisthe Indian Ocean around Madagascar. The advection of
dry subsiding air from the South Atlantic Ocean into South Africa
isafeatureof no-raindays(D’ Abretonand Tyson, 1996). Thus, the
moisture-laden air from the tropical region was confined to the
north.
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Local topographic circulations

The dominance of anticyclonic conditions and the entrainment of
seabreezes into the gradient westerly wind produced increased
stability and solar insolation. Evaporative losses over KwaZulu-
Natal were calculated (Table 1) from the Meyer Equation:

E=c(e,-e)(1+V/10)

where:
cisacoefficient which isafunction of wind and atmospheric
pressure (-0.36);
e, and e, are saturation vapour pressure and vapour pressure
respectively; and
V iswind speed (Schulz, 1976).

Evaporation is higher over Durban, indicating that the drought
effect wasmore pronounced over coastal areasof KwaZulu-Natal.
High surface temperatures over Southern Africaled to excessive
evaporative losses which contributed to a decline in agricultural
production, vegetation cover, and stream flow (Dube and Jury,
2000).

Average daily specific humiditiesfor the 1992/93 DJF season
estimated from q = 0.622¢/(p-0.378¢e) (Mcllveen, 1986) are 1x10?,
1.6 x 102 and 1.8 x 102 g-kg* over Escourt, Cedara and Durban,
respectively. Very little precipitation was possible under an
atmosphere that was so dry.

Budget calculations

Comparisons of the magnitudes of the anomalies for the analysed
variables and their respective composite means were made. Vari-
ableswiththegreatest departuresfrom their composite means (>1)
arevelocity potential, vertical motion and stream function. Verti-
cal motion departureswereof the order of 10*over KwaZulu-Natal
and of theorder of 1 at 60°E, 15°S. Themeridional overturning was
reinforced by the wave train. It is concluded that the circulation
contributed to the occurrence of the drought, not the thermo-
dynamics.
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TABLE 1
Evaporative losses per day over KwaZulu/Natal during the 1992/93 dry summer
Station Period Mean RH e (mb) * e, (mb) Mean Evap./d
temp. (°C) (%) wind (mm) **
speed
(mes™)
Escourt 1992/12 | 22.53 50.0 27.247 13.62 2.83 6.3
1993/01 | 2151 53.8 25.635 13.79 314 5.6
1993/03 | 20.34 61.0 23.959 14.61 2.75 4.3
Cedara 1992/12 20.38 61.0 24.107 14.71 3.12 4.4
1993/01 | 20.05 59.8 23.518 14.06 3.33 45
1993/03 | 19.67 62.8 22.942 14.41 3.92 4.3
Durban 1992/12 | 23.94 61.1 29.652 18.12 4.17 5.9
1993/01 | 24.22 56.1 30.191 16.94 314 6.3
1993/03 | 24.57 58.2 30.923 18.00 2.75 5.9
*  Obtained from Smithsonian Meteorological Tables.
** Calculated from the Meyer Equation (Schulz, 1976).

Regional climatic patterns

Regional climatic patterns contributing to dry conditions in
KwaZulu-Natal in 1992/93 can be summarised as:

e asubtropical upper trough anomaly over eastern Africa;

e >2m-s?!stronger westerly winds to the south;

e weak marinewindsand cool seatemperaturesto thesouth-west
and east;

e amore intense anticyclonic gyre in the south-west Indian
Ocean;

e anupper-level anticyclonic vorticity anomaly across the mid-
|atitudes (Dube and Jury, 2002);

e surface divergence and upper convergence of the order of
2 x 10° st over KwaZulu-Natal (Dube and Jury, 2002);

e a non-convective band that extended north-west-south-east
into the mid-latitudes;

e anassociation with drought off equatorial east Africa;

e upper velocity potential dipole;

e wavetrainsand teleconnectionswith other centresof actionin
the region.

These patterns limit the development of cut-off low pressure
systems, ridging anticyclones and tropical-temperate trough for-
mation which are mgjor rainfall-producing weather systems over
KwaZulu-Natal.

Synthesis and conclusions

The analysis presented here indicates that pressures decreased
south of South Africa causing low-level south-westerly flow.
Anticyclonicvorticity and subsidenceviaupper-level convergence
during the 1992/93 drought period suppressed convection in a
manner similar to other dry yearsidentified in earlier studies (Jury
and Lyons, 1994).

Figure5isaflow chart of meteorological influencesproducing
abelow-normal rainfall scenario over KwaZulu-Natal. During the
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1992/93 summer ascend over the Zambezi was offset by sinking
over the Indian Ocean. The analyses point to the north-eastward
relocation of the locus of major convective activity. Continental
convection was reduced by areversed meridional flux of energy
over Southern Africa. The meridional temperature gradient was
increased as suggested by Harrison (1986) and Preston-Whyte and
Tyson (1988) and westerly mid-latitude stormtracks moved north-
ward. Advection of anticyclonic vorticity weakened continental
disturbances. Because of the eastward movement of the region of
major convective activity, cloud bandsformed preferentially over
the Zambezi Valley and southern Madagascar while South Africa
lost its major contributor to annual rainfall.

Drier conditions set in over south-eastern South Africaasthe
thermal low weakened and pressure increased over land. A
negative geopotential height anomaly occurred near Gough Island
in agreement with Tyson’s (1986) dry scenario that includes the
intrusion of subtropical upper westerly flow (Jury and Lyons,
1994; Parker and Jury, 1997).

Jury’s (1992) analysis of SST in the central Indian Ocean
indicates above-normal conditions coupled with low-level west-
erly wind anomalies east of Africa. Analysis of the 1992/93
summer seasons indicates a cool anomaly of the order of ~ 0.3
below normal over the central Indian Ocean, hence contradicting
the normal El Nifio-type drought scenario. Local surface air
temperatures were about 2°C above normal during the 1992/93
season. SSTs were warm to the SE of Africa and this has been
shown to be a characteristic feature of a higher rainfall over the
region. Masonet al. (1994) haveshownthat thepattern of baroclinic
westerly waves over the country may adjust to surrounding SST
patterns.

The OLR and precipitable water analysis indicate that local
convection was suppressed as a result of sinking motions and
increased anticyclonic vorticity inthewavetrain. The OLR analy-
sisshowsthat |ocal dipoleformed with positiveanomalies, indicat-
ing sinking motions over South Africain contrast with negative
anomalies and rising motions over the Mozambique Channel
(40°E) during the drought period.
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The causesof the 1992/93 drought over KwaZulu-Natal can be
summarised as follows:

e The upper circulation was dominated by a stationary wave in
the westerlies over the subtropics.

e Local winds had a major influence in the production and
persistence of the drought over KwaZulu-Natal.

e A sdgignificant ‘memory’ was carried to the DJF from the SON
period. Thewidening of the confluent westerly wind anomaly
and Indian Ocean SST duringthe DJF season, relativeto SON,
provide the most obvious evidence of this.

e The QBO and ENSO phase did not impose significant influ-
encesonrainfall over South Africa. The prominent SST signal
isthat of theimmediate oceans, particul arly the Indian Ocean.

e Thecool SSTsto the east of Madagascar between 15 and 20°S
induced awestward-directed zonal cell at theselatitudeswhich
combined with an N-S overturning cell between South Africa
and the Zambezi.

e Thedeficiency of moist inflows southward from the Zambezi
was one of the limiting factors to rainfall production.

e Thekinematic propertiesof thecirculation contributed moreto
the occurrence of the drought than thermodynamic properties.

e Thenorth-south Hadley overturning between South Africaand
the Zambezi which developed explains the occurrence of
drought during this period.

Evidence presented in thispaper suggeststhat the 1992/93 drought
was characterised by a kinematic wave train not bearing any
prominent ENSO signal. Itisbelieved that theresultsof thisstudy
highlight someof theinformation required for long-rangeforecast-
ing in addition to ENSO. Attempts should be made to understand
decadal tointra-seasonal rainfall variability sothat strategiescanbe
implemented timely to minimise economic side-effects and take
greater advantage of improved technology.
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