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Abstract

The standardised precipitation index (SPI) is an index that allows monitoring the intensity and spatial extension of droughts
at different time scales (3, 6, 12 and 24 months). The SPI is linked to the probability occurrence of dry or wet events.
The SPI allows monitoring operationally any location with a 30-year time series. It is also used here to do a retrospective
analysis of the spatial extension and intensity of droughts in South Africa since 1921. According to this index, the 8 most
severe droughts at the 6-month time scale for the summer rainfall region of South Africa happened in 1926, 1933, 1945,
1949, 1952, 1970, 1983 and 1992. There is considerable decadal variability and an 18 to 20 year cycle is only found in
the number of dry districts. The total number of wet and dry districts per decade seems to have increased since the 1960s.
Drought lasting 3 years is not uncommon for each of the 8 South African rainfall regions defined by the South African
Weather Service. Combining the retrospective analysis with real time monitoring could be extremely beneficial in the
development of response, mitigation strategies and awareness plans.
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Introduction

Droughtis a regular and recurrent feature of South African climate.
A drought is a shortage of precipitation over an extended period. Its
impact on society depends on its intensity but also on its duration.
Over Southern Africa, the recent period (since 1970) is characterised
by strong interannual rainfall variability. In particular, countries
experienced more intense and more widespread droughts (Richard
etal.,2001). A common time-scale for agricultural droughts is the
season (3 to 6-month time scales) when deficiency in precipitation
results in damage to crop (Harsch, 1992). Studies of the normalised
vegetation index dataset (Los et al., 1994) show that the impact of
droughts on vegetation (Farrar et al., 1994) is particularly strong
where annual rainfall amount varies from 300 to 500 mm (Richard
and Poccard, 1998). This is the case for most of South Africa.
Hydrological drought is associated with precipitation shortage on a
longer time scale (12 months to 2 years or more) and its effect on
surface or subsurface water supply (Meigh et al., 1999). Although
all droughts originate fromalack of precipitation, hydrologists want
to know how the precipitation shortage influences the hydrological
system. As a result hydrological or agricultural drought can be out
of phase and their impacts on various economic sectors can be
appreciably different. It takes longer for precipitation shortage to
become evident in soil moisture, streamflow, groundwater and dam
levels. It is therefore useful to define a drought index that will
represent different time scales from 3 months to 2 years.

Hayes et al. (1999) used the standardised precipitation index
(SPI) to monitor the 1996 drought in the United States of America.
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They show how the SPI can be used operationally to detect the start
of a drought, its spatial extension and temporal progression Hayes
etal. (1999) shows that the onset of the drought in the USA in 1996
couldhavebeen detected one month inadvance of the Palmer Drought
Severity Index (PSDI). The PDSI (Palmer, 1965) is the most used
index in the USA but has some limitation (Guttman, 1998; McKee
etal, 1995). Although it is quite a recent index, the SPI was used in
Turkey (Komuscu, 1999), Argentina (Seiler et al;, 2002), Canada
(Anctil et al.; 2002), Spain (Lana et al.; 2003), Korea (Min et al.;
2003), Hungary (Domonkos, 2003), China (Wu et al.; 2001) and
Europe (Lloyd-Hughes and Saunders; 2002) for real time monitoring
or retrospective analysis of droughts. The SPI is consistent with
regard to the spatial distribution of rainfall that occurs with great
variability in South Africa due to geographical location, orography
and the influence of the oceans. Using that index to develop a
climatology of the spatial extension and intensity of droughts gives
alsoanadditional understanding of its characteristics and an indication
of the probability of recurrence of drought at various levels of
severity.

The main goal of this paper is to present the SPI and its potential
use for real time monitoring of spatial extension and intensity of
droughts in South Africa. Because we can learn from past events or
compare real time with similar past conditions, the SPI of the 93
SAWS (South Africa Weather Service) rainfall districts at different
time scales was calculated at the end of every month since 1922 and
displayed on a chart of South Africa. This atlas is available on a web
site (http://www.egs.uct.ac.za/~rouault/spil.html). An extract from
the atlas displays the intensity and spatial extension of the 20 worst
droughts since 1922 at the 6-month scale at the end of April. Another
one show the conditions at different time scale at the end of December
1982, beginning of the most severe drought since 1921 according to
the SPI. The last part of the paper show that the SPI is also valuable
when studying the interannual and interdecadal variability of rainfall
in South Africa and provide new insights on the topic.
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Complexity of the rainfall
regimes in South Africa

The SAWS divides the country into 93
rainfall districts. Each district combines an
average of typically 5 to 15 rain-gauge
stations. The 93 districts are parts of 8
climaticregions. Those regions were deter-
mined by the SAWS based on a cluster
analysis of South African rainfall (South
African Weather Bureau, 1972). Figure 1
shows the location of the 8 areas and the 93
districts and table 1 presents the names of
the 8 regions.

Figure 2 shows the mean yearly cycle
forthose 8 areas. The North-Western Cape
has very little rainfall with a winter maxi-
mum (June) of 30 mm (Fig. 2a). The South
Western Cape has also most of its rain in
June but differs witha maximum of 70 mm
(Fig.2b). Both Areas 1 and 2 constitute the
winter area region. South Coast (Area 3)
experiences regular rainfall all year long
from about 30 mm to 40 mm (Fig. 2¢). The
next five areas represent the summer rain-
fall region. The Southern Interior (Area 4)
has its maximum rainfall in late summer
(March) with about 60 mm (Fig. 2d). The
Western Interior (Area 5) has also its rain-
fall maximum in March, with about 60 mm
(Fig. 2e), but differs from the Southern
Interior because of its very dry winter. The
Central Interior (Area 6), KwaZulu-Natal
(Area 7) and the North-Eastern Interior
(Area 8) have a maximum rainfall in Janu-
ary. KwaZulu-Natal (Fig. 2g) is the wet-
test area with maximum in January (130
mm), and the North-Eastern Interior (Fig.
2h) has the biggest difference between
summer and winter. Therefore, a deficit of
rainfall of 10 mm for a given month could
be considered asadroughtin onearea (Area
1 for example) but not in another (Area 7).

Figure 1 (top left)

Location of the 93 districts of the South
African Weather Service rainfall dataset
used in the study. Number represents the
8 homogeneous rainfall area defined by
SAWS: North-Western Cape (1); South-

Western Cape (2), South Coast (3),
Southern Interior (4), Western Interior
(5), Central Interior (6), KwaZulu-Natal

(7), North-Eastern Interior (8).

Figure 2 (bottom left)

Mean 1921-2001 monthly precipitation
rate (mm/month) for the 8 SAWS
homogeneous rainfall areas. From left to
right and top to bottom: North-Western

Cape; South-Western Cape, South Coast,

Southern Interior, Western Interior,
Central Interior, KwaZulu-Natal, North-
Eastern Interior.
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In the same way, areduction of 20 % of rainfall in some area
and different season (Area 8 in summer for example) can
represent a huge difference in water storage deficiency, but
not in another (Area 2 in summer). Moreover, a percentage
fromnormalis difficult to interpret in terms of impact. Given

those areas, with different precipitation and difference in
seasonal behaviour, it is clear that a precipitation total could

lead to a drought in some area while for others it will be near
normal. Because precipitation associated with droughts in
one area or one season corresponds to flood in others areas
or another season, the temporal and spatial differences of
rainfall in South Africa make it difficult to represent a
coherent picture. Furthermore, the onset of the rainy season
and the timing of maximum rainfall are different for the 8 areas
making water management and mitigation of agricultural or
hydrological drought difficult. A problem using normalised

anomalies (difference from the mean divided by standard
deviation) is that the normalised anomaly is not symmetrical
(positively skewed) because flood leads to a bigger anomaly from
the mean than drought. The SPI addresses those problems because
it is normalised in time and in space.

Standardised Precipitation Index

McKee et al. (1993, 1995) from the Colorado Climate Centre
formulated the SPIin 1993. In summary, the SPI allocates a single
numeric value to the precipitation (-3 to 3), which can be compared
acrossregions with different climates. The SPIwas designed to state
that it is possible to simultaneously experience wet conditions on
one or more time scales, and dry conditions at other time scales. The
SPI is based on the probability of precipitation for a given time
period. Technically, the SPI is the number of standard deviations
that the observed value would deviate from the long-term mean, for
a normally distributed random variable. Since precipitation is not
normally distributed, a transformation is first applied so that the
transformed precipitation values follow a normal distribution. The
SPI allows to determine the probability occurrence of dry or wet
events at different time scales (from 3 monthly to two yearly mean
rainfall). The SPI can be used on all stations having more than 30
years of rainfall (Hayes et al., 1999). The climatological rainfall
distribution at any station or ensemble of nearby station can be
represented by a gamma distribution. The gamma distribution can
be described by its frequency or probability distribution. The
precipitation rate is fitted to a gamma distribution for different time
scales (3 months, 6 months, 12 months, and 24 months) for each
month of the year. The resulting function can be used to find the
cumulative probability of a rainfall event for a station for a given
month of the dataset and at different time scale of interest (Table 2).

Thus an SPI of 2 or more happens about 2.3 % of the time and
anormal condition (SPIbetween 1 and -1) happens 68.2 % of the time.
This allows establishing a classification values for SPI values
(Table 3).

A SPI of -2.00 and less will identify a extreme drought that
happens twice per century; from -1.5 to -1.99 about 4 times per
century; from -1 to -1.5 about 9 times per century. An SPI of 0
to -1 will be related to normal or slightly below normal condition
happening 34 times per century. Detail of the SPI algorithm can be
found in Guttman (1998;1999), McKee et al. (1993; 1995) and
Hayes et al. (1999). The SPI has been favourably evaluated and
compared with others indices (Keyantash and Dracup, 2002) and
is now integrated in the set of indices used by the Drought Monitor
in the USA (Svoboda et al., 2002). Because the SPI is linked to
percentage of occurrence and based on rainfall only, it can be used
in others countries.

Available on website http://www.wrc.org.za

TABLE1 TABLE1
The 8 climatic areas defined SPland Corresponding
by the South African Weather cumulative probability in
Service (SAWS) relation to the base
period (Hayes et al, 1999)
Number|Name
SPI Cumulative
1 North-Western Cape Probability
2 South-Western Cape
3 South Coast -3.0 0.0014
4 Southern Interior -2.5 0.0062
5 Western Interior -2.0 0.0228
6 Central Interior -1.5 0.0668
7 KwaZulu-Natal -1.0 0.1587
8 North-Eastern Interior -0.5 0.3085
0.0 0.5000
+0.5 0.6915
+1.0 0.8413
+1.5 0.9332
+2.0 0.9772
+2.5 0.9938
+3.0 0.9986
TABLE2
SPI classification (Hayes et al., 1999)
SPI Value Drought category | Occurrence
2.00 and above Extremely wet 23 %
1.5t0 1.99 Very wet 4.4 %
1.to 1.49 Moderately wet 92 %
-0.99 t0 0.99 Near normal 68.2 %
-1.00 to -1.49 Moderately dry 9.2 %
-1.50 to -1.99 Severely dry 4.4 %
-2.00 and less Extremely dry 2.3 %

We have calculated the SPI for a precipitation total ranging
between 3 months and 2 years for each of the 1921 to 2001 SAWS
93 districts rainfall data using the techniques developed by Hayes et
al. (1999). The 3-month SPI can be used to characterise a seasonal
drought index well suited to describe the beginning, the heart or the
end ofthe rainy season. The total rainy season can be described using
the 6-month index and 12-month and 24-month SPI can be used for
long-term drought. The X-month SPI (X=3, 6, 12 or 24) is used to
compare the precipitation over a specific X-month period with the
precipitation totals from the same period for all the years of the
dataset.

Spatial extension of droughts
SPI calculated for December 1982

3-month SPIuses the precipitation total of October, November and
December 1982 while the 6-month SPI calculated for December 1982
use the precipitation total of July 1982 to December 1982 (Fig. 3).
A 3-month SPI can be used to monitor soil moisture conditions at the
start of the growing season or precipitation during the different
stages of plant development or reproduction. The 3-month SPI for
the end of December 1982 (Fig. 3) showed a deficit in rainfall in the
North-Eastern Interior. However, dry conditions in the summer
rainfall South African regions began in 1982, as can be seen in the
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12-month and 24-month SPI. In fact the 12-month SPI is more
intense that the 3-month SPI due to dry condition in 1982. A study
of the SPI for the 1981 and 1982 shows some serious deficit at the
6-month scale for the Northeast part of South Africa and more
widespread dry condition at the 3-month scale at the end of March
1982. The evolution of the 3-month SPI for each month of the
summer rainy season in 82/83 shows dry to extreme dry condition
atthe end of December 82 in the Northeast and along the East coast
increasing and spreading to all summer rainfall areas during that
season. Comparison with other rainy season shows that the start
of the rainy season was one of the worse since 1922. Interestingly
one can note that the coastal regions were experiencing a drought at
the 3-month scale but wetter conditions at the 2-year scale. In that
region in spite ofabad start of the year, water storage must have been
plentiful.

The 3-month and 6-month SPI may be misleading in regions
where it is normally dry during a 6-month period. For instance the
6-month SPI at the end of December 1982 resembles the 3-month
SPI. During the dry season large negative or positive SPIs may be
associated with precipitation totals not very different from the mean.
This caution can be demonstrated with the climate of Western Cape,
where very little rain falls from November to March.. Because this
isaperiod with littlerain, these mean totals will be small and relatively
small deviations on either side of the mean could have large negative
orpositive SPI (Fig. 6). Nevertheless, itis important to have a drought
index for longer time scales. A normal 3-month period could occur
in the middle of a longer-term drought that would only be visible at
longer time scales.

SPI calculated for the 80 districts representing the
summer rainfall season

The SPI when applied to the 80 districts representing the summer

rainfall season (Areas 4 to 8) allows a particular classification of
droughts at different time scale as a function of the number of
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districts within a certain range. Fig. 4 shows the spatial extension
and intensity of 20 of the worst droughts experienced in the summer
rainfall areasince 1922.1n1926, 1933, 1945, 1949, 1952, 1970, 1983
and 1992 more than half of the 80 summer rainfall districts had an
SPI <-1. The 3-month SPI can be used to look at the beginning or
the end of the rainy season. For instance in 1973, there were 60 dry
districts at the end of January at the 3 months scale but good late
season rainfall (no dry district at the end of April at the 3-month
scale) mitigated the drought. Likewise in 1922, there was no dry
district at the 3-month scale at the end of January but a dry late
season brought the total of dry districts at the 3-month scale to 50.
The 3-month and 6-month SPI show that 1982/1983 was the worst
drought since 1922 according to that index.

Time series
3, 6,12 and 24-month SPI

The SPI can be used in a time series to compare real time with SPI
of the previous 80 years. Figures Sa,b,c and d show the SPIs at the
end of March since 1922 for the summer rainfall regions at the heart
oftherainy season (Areas4, 6,7 and 8). Fig.s Se and fshow the SPIs
at the end of August for the winter rainfall (Areas 1 and 2). The SPI
is symmetrical for occurrence of wet and dry events. It represents an
advantage on the normalised anomaly (anomaly from the mean
divided by standard deviation) where wet anomalies have a higher
absolute value. This gives usaclimatology of major droughtand wet
spells atdifferent time scales. For Area4 (Fig. 5a) the worst drought
atthe2-yearscale wasin 1946 and 1947. Neither normalised anomaly
(not shown) nor a 3-month SPI at the end of March indicates the
severity of the situation. Dry conditions persisted in Area 6 in summer
for 1982, 1983 and 1984. Figure 5 illustrate the fragility of South
Africa as far as rainfall is concerned. At the 2-year scale Area 6
recovered from the drought atall scales only during 1998. Extended
wet or dry period seems to be the rule for all areas. Looking at Fig.
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Figure 4a
Spatial extension of the 6-month SPI at the end of April for 10 of
the worst dry years in South Africa since 1922. Colour code:
brown (-3 to -2), red (-2 to -1.5), orange (-1.5 to -1), yellow (-1
to-0.5), dark blue (3 to 2), light blue (2 to 1.5), dark green (1.5
to 1), green (1 to 0.5).

16E20E24E28E 32E

5, there is reason to believe that other multi-year dry spells could
happen. The wet season during the La Nifia event of 2000 is the
wettest of the time serie for North-Eastern Interior (Area 8) and
there is a drought during the 1998 El Niilo that is apparent only in
that area. Extended dry or wet period can be seen through the time
series at the 1-year and 2-year scales.

Monitoring month to month

The SPI can be also used in a time series to look at the real time
evolution of the SPI. Fig. 6 shows the SPI for the South Western
Cape at the end of every month from 1994 to 2001 at different time
scales. This shows how the SPI can be used operationally to monitor
the start and end of dry or wet period at different time scale. It can
be seen that the heavy rain of the winter 2002 is showing a 3-month
SPI>1 from July to October 2002 but due to below-normal rainfall
in 1999, 2000 and most 0of 2001 one-year and two-year SPIs are not
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Figure 4b
Spatial extension of the 6-month SPI at the end of April for 10
of the worst dry years in South Africa since 1922. Colour code:
brown (-3 to -2), red (-2 to -1.5), orange (-1.5 to -1), yellow (-1
to-0.5), dark blue (3 to 2), light blue (2 to 1.5), dark green (1.5
to 1), green (1 to 0.5).

ashighas one would think. In factthe 2-year SPIis higher from winter
1996 to winter 1998. Looking at Fig. 6 it is not surprising to
understand why dam levels in summer 96/97 in the Western
Province were higher that in 2001/2002 in spite of a 20 year
maximum for winter rainfall in2001. We also note that this decade
did not have some serious droughts. For operational use, caution
must be used when using the SPI in summer months when a flood
can create a high SPI index. Hayes etal. (1999) have shown that for
some regions a good rainfall for one month can create the impression
thatthe droughtis over butuntil the SPIs arenotabove a certain value
atall scales (typically -1) a drought will still affect a region one way
or another.

Decadal variability of summer rainfall
More attention should be pay to decadal variability of rainfall in

orderto produce accurate seasonal forecast and for a better manage-
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&Pl 3-manth for ares S al the end al Barch
E
e 2
E 1 ﬂ |'.1
ie ‘p"*‘-llm-"'-p—lll'.-."--'-lr'rl' "r'! 1ILI|-L"|
= =1
L
aIIIlllllllllllIllllIIIiIIiIIlIIllIIlIIIIllllllllllllllllIIIIlIiIIiIIIIIIIIIIlII
= 1 SP:IH manth fer JE:]n L al the lns al March = g:l w
3
£ F II 1
.- 1;-1 -
£ o A FIJ""I'-I“l I. ."rlT-llllll—ll'llII.Il'l
o e T -
L
oAb AR B E b R ARG R RS R e BiB AR I
. 30 4] FI:I =] T:r"l 90 oj
5P 12-manth {ar area § w the and of Hach
i
&
B
II
&
#

Sum e isite

Figure 5b
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Figure 5c
Standardised Precipitation Index at 3, 6, 12 and 24 months time scale (top to bottom)
at the end of March for Central Interior from 1922 to 2001.
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Figure 5d
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Standardised Precipitation Index at 3, 6, 12 and 24 months time scale (top to bottom)
at the end of March for North-Eastern Interior from 1921 to 2001.
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Figure 5f

Standardised Precipitation Index at 3, 6, 12 and 24 months time scale (top to bottom)
at the end of August for North-Western Cape from 1922 to 2001.
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Figure 5g
Standardised Precipitation Index at 3, 6, 12 and 24 months time scale (top to bottom)
at the end of August for South-Western Cape from 1922 to 2001.
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Figure 6

Standardised Precipitation Index at 3, 6, 12 and 24 months time scale (top to bottom) for
South-Western Cape (Area 2) at the end of every month from January 1994 to October 2001.
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Figure 7

Number of dry districts (SPI 6-month < -1) for the 80 summer rainfall districts (Area 4 to 8)
at the end of April with 9-year window running mean (dashed line) and 1922-2001 mean number of dry districts (solid line).
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Figure 8

Number of wet districts (SPI 6-month > 1) for the 80 summer rainfall districts (Area 4 to 8)
at the end of April with 9-year window running mean (dashed line) and 1922-2001 mean number of wet districts (solid line).
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Figure 9

Total number of wet (SPI 6-month > 1) and dry districts (SPI 6-month < -1) for the 80 summer rainfall districts (Area 4 to 8) at the
end of April with 9-year window running mean (dashed line) and 1922-2001 mean number of dry and wet districts (solid line).

ment of water resources. We look in this section at the number of
dry or wet districts since 1922 for the summer rainfall area using the
SPI 6-month at the end of April. Figure 7 shows the number of dry
districts (SPI < -1) per year for the 80 districts of summer rainfall
(Area 4, 5, 6, 7 and 8) from 1922 to 2001 with a 9-year window
running mean that indicate the mean average of dry district per
decade. The average number of dry districts is 13. There is consid-
erable decadal variability in the number of dry districts per decade.
The 16-20 years cycle in total rainfall anomaly documented by
Tyson et al (1975), Louw (1982) and Reason and Rouault (2002)
isvisiblein Fig. 7. It seems to have become longer in the 1990s. The
number of dry district per year has increased at the end of the
century, the result being in line with a precedent study (Richard et
al., 2001). If we consider years with more than 20 dry districts we
can consider 1926, 1927, 1933, 1945, 1947, 1949 and 1952 as dry
years priorto 1962. Incidentally, 1926, 1933 and 1952 were El Nifio
years (Trenberth, 1997; Compagnucci et al., 2002). El Nifo is
usually linked to drought in South Africa(Van Heerdenetal., 1988;
Lindesay and Vogel, 1990). Since 1962, we had 10 dry years with
anaverage of44 dry districts. Seven of those years are E1 Niflo years
(1966, 1970, 1973, 1979, 1983, 1987, 1992 and 1995).This is
consistent with the work of Richard et al. (2000).

Figure 8 plots the number of wet districts per year (SPI>1) with
a9-year window running mean. On average there are 12 wet districts
per year. The 16-20 years cycle is not seen in the number of wet
districts per decade. There is an increase in the number of years
experiencing alarge number of wet districts. This confirms the work
done by Mason et al. (1999), Alexander (1995) and Dai and
Trenberth (1998). Indeed before 1962, 6 years (1923, 1925, 1934,
1948, 1955 and 1961) had more than 20 wet districts (SPI>1). 1925
and 1955 were La Nifia year (Compagnuccietal.,2002). After 1962,
years with more than 20 wet districts increased twofold (1963,
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1967, 1972, 1974, 1975, 1976, 1978, 1981, 1988, 1989, 1996 and
1997). 1974, 1975, 1976, 1989 and 1996 were La Nifia years
according to Trenberth (1997) and Compagnucci et al. (2002). The
definition of EINifio and La Nifa years is not trivial and the evolution
of El Nifio has varied throughout the century (Trenberth and
Stepaniak; 2002).

To summarise, Fig. 9 displays the total number of wet and dry
districts peryears for the 6-month SPI atthe end of April and a 9-year
window running mean. There are more dry or wet districts per decade
since 1970. Daiand Trenberth (1998) have observed such anincrease
world-wide as well as in Southern Africa. They consider this
increase in the global variation of wet and dry spells to be due to
global warming and the increase in E1 Nifio events since 1970. Their
hypothesis is that the increased combined percentage areas experi-
encing dry or wet seasons is due to an increased hydrological cycle
caused by increased greenhouse gases. Extreme events increase
(floods and droughts) but the mean remains the same. Whether the
increase shownin Fig. 9 is part ofa natural cycle (Tysonetal.; 2002)
ordueto global warming (Dai and Trenberth, 1998) mustbe studied
more deeply.

Conclusion

Dueto the complexity of rainfall regime in South Africa, itis difficult
tomonitor droughtinreal time with a chart showing percentage from
normal or anomaly in total rainfall. Drought occurs often in South
Africa in all climatic areas at all times of the year with different
intensity, spatial extension and duration. Agricultural drought (3 to
6-month time scales) and hydrological droughts (1 to 2-year scale)
are often decoupled. Each drought has a different signature. The SPI
is a simple index based on rainfall only that can measure drought at
different time scales with spatial homogeneity. The SPI can also be
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used to monitor excess moisture during a wet season that can
aggravate consequences of floods. This may indicate a saturated
catchment conducive to flood development if rainfall continues. It
was recently used in many parts of the world (see introduction) but
neverin South Africa. This first application has permitted to observe
some spatial characteristics of the droughts. Furthermore, their
temporal distribution is particular with:

*  The two strongest droughts have happened during the last two
decades (1983 and 1992).

*  Drought since the late 1960 are more often associated with El
Nifio events.

e Thereisconsiderable decadal variability in the spatial extension
and intensity of droughts.

*  Wet years are enhanced since the 1970s.
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