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ABSTRACT 

The southern African region is susceptible to climatic extremes and particularly to extended dry periods. Possible changes in 
the probability of dry years under doubled-C02 conditions are examined using output from the CSIRO nine-level general 
circulation model. Changes in annual mean rainfall are not expected to be significant. However, the model simulates an 
increase in the probability of dry years in the tropics, to the south-west of the subcontinent, as well as over the western and 
eastern parts of South Africa and southern Mozambique, where large percentage increases in the most intense dry spells are 
indicated. A decrease in the frequency of dry years is simulated over much of the interior of the subcontinent south of 10"s. In 
regions where the frequency of dry years decreases, the most severe events occur less often. The CSIRO nine-level model 
indicates a shift in the frequency distribution of daily rainfall events under doubled-C02 conditions. A small change in the 
frequency distribution of daily rainfall events may have further implications for the frequency of mid-summer droughts during 
the peak summer rainfall period of December-February. Increases in the frequency of mid-summer droughts are simulated 
over the eastern part of the subcontinent south of 20"s. 
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INTRODUCTION 

Most of the southern African region south of 20"s is arid or semi-arid, with a high degree of interannual rainfall 
variability (Tyson, 1986). As such, the region is vulnerable to droughts, which have important agricultural and socio- 
economic implications for a vast number of its inhabitants (Vogel, 1994). The severe droughts of 1982-1983 
(Schulze, 1984), and more recently in 1991-1993 and 1994-1995, are indicative of the vulnerability, particularly of 
rural communities, to the occurrence of extended periods of low rainfall (Vogel and Drummond, 1993). The last 15 
years have seen a procession of droughts over much of southern Africa, adversely affecting agricultural production 
and water reserves, but there is no evidence of progressive desiccation at least over most of South Afiica (Tyson, 
1986; Mason, 1995). An exception is over the Lowveld region of the Mpumalanga province of South Africa, where 
an approximately 40 per cent decrease in expected annual rainfall totals since the mid-1970s has occurred (Mason, 

Given the vulnerability of rural communities in southern Africa to droughts, possible changes in the frequency 
and intensity of dry conditions, resulting from an increase in the concentration of atmospheric carbon dioxide 
(COZ), could have significant implications. General circulation models (GCMs) are used widely to provide 
estimates of doubled-C02-induced climatic change, but are unreliable at simulating regional rainfall distributions, 
particularly where the dominant mode of rainfall production is convective (IPCC, 1990, 1992). Modelled changes in 
total rainfall resulting from a doubling of atmospheric carbon dioxide therefore should be interpreted with caution. 

A range of GCM simulations of precipitation over southern Africa under 1 x C02 conditions were considered by 
Joubert (1 995). Of the models considered, the nine-level CSIRO model (CSIRO9) was considered most reliable. The 
model indicated only small increases in annual rainfall under doubled-C02 conditions over much of the subcontinent 

1995). 

CCC 0899-8418/97/101149-08 
0 1996 by the Royal Meteorological Society 



1150 A. M. JOUBERT, S. J. MASON AND J. S. GALPIN 

(Joubert, 1994; Mason and Joubert, 1997). Other high-resolution GCMs also simulate only small changes in annual 
mean rainfall for the region (Tyson, 1993). Although the CSIRO9 model has simulated small changes in mean 
rainfall over much of the subcontinent, even small changes in rainfall climatology can result in large changes in the 
frequency and intensity of wet and dry years (Mearns et al., 1984; Wigley, 1987; Wigley and Jones, 1987; Katz and 
Brown, 1992; Katz and Acero, 1994; Mason, 1995). In the Australian region, an increase in the frequency and 
intensity of extreme rainfall, as well as a decrease in the frequency of low-rainfall events may be expected with a 
doubling of COz (Whetton et al., 1993). Similar increases in extreme rainfall are indicated for southern Africa 
(Mason and Joubert, 1997). 

Over southern Africa, modelled increases in rainfall intensity are found to be a spatially coherent and an 
apparently less regionally-dependent signal of climatic change than changes in annual means or the simulated 
number of rain-days (Mason and Joubert, 1997). For Australia, the CSIR09 model is also considered to provide 
more spatially coherent estimates of rainfall change when changes in rainfall intensity are examined (Gordon et al., 
1992; Whetton et al., 1993). Widespread increases in the frequency and intensity of extreme daily rainfall events are 
simulated over much of the southern African subcontinent, most notably over the winter rainfall region of the 
Western Cape Province. Increases in the intensity of the lowest frequency floods are shown to be particularly severe, 
suggesting that greenhouse-related climatic change may be most detectable through an increase in extreme flood 
events rather than changes in long-term means. Similar results are evident when changes in the frequency and 
intensity of prolonged rainfall events are analysed (Mason and Joubert, 1997). All results are qualitatively similar to 
those for the Australian region, except that the model's sensitivity to sharp changes in topography over southern 
Africa is highlighted. The increase in the frequency and intensity of flood events may indicate a change in the 
frequency distribution of all daily rainfall events in the CSIRO9 model, suggesting that changes in the frequency of 
dry spells may also be expected. The model is used here to examine possible changes in drought frequency and 
intensity over southern Africa under doubled-COz conditions. 

DATA METHODS 

Daily rainfall data for both the control (1 x CO2) and perturbed (2 x COz) simulations of the CSIRO nine-level 
model were obtained from the Commonwealth Scientific and Industrial Research Organization. The atmospheric 
component of the model is coupled to a simple mixed-layer ocean and a Q-flux procedure is applied to ensure 
accurate representation of seasonally varying sea-surface temperatures (cf. Gordon et al., 1992). The atmospheric 
model has nine vertical levels with a spectral horizontal resolution of R21 (approximately 3.2" latitude by 5.6" 
longitude). A comprehensive description of the model is provided by McGregor et al. (1993). Annual totals, average 
number of rain-days per year (a rain-day is defined as a day with 0.2 mm of rainfall or more, after Whetton et al., 
1993), and average rainfall intensities were calculated from the daily data for all of the 28 model years available at 
each of the 108 grid-points representing Africa and the surrounding oceans south of the Equator. 

The occurrence of drought is examined in this paper in terms of rainfall deficits only. However, it is recognized 
that changes in soil moisture and water availability in a doubled-C02 climate will be influenced by temperature and 
other factors, and not just by changes in rainfall. The frequency of occurrence of annual droughts under 1 and 
2 x COP conditions were calculated by identifying the probabilities of the annual rainfall total being less than 90 per 
cent of the simulated annual means. In the CSIR09 model climate, an annual rainfall of 90 per cent of the long-term 
mean represents a fairly severe dry year, typically occurring every 3 5  years over the subcontinent, and in areas of 
the subtropics, every 20 years. The probabilities of drought occurrence were obtained from the right tail areas of 
generalized extreme value (GEV) distributions fitted to the annual rainfall totals at each grid-point. The GEV 
distributions were fitted using maximum likelihood estimation (Prescott and Walden, 1980; Wilks, 1993; Mason, 
1995). Percentage changes in drought probabilities were then calculated. Where appropriate, field significance was 
assessed using a two-tailed binomial test. Spatial correlation was ignored. 

Possible changes in the occurrence of dry periods within the peak summer rainfall season (mid-summer droughts) 
were investigated by examining the frequencies of occurrence of periods of five or more consecutive days with 
rainfall below 0.2 mm. Differences between 1 and 2 x COz simulations were considered for the period December to 
February. The significance of possible changes in the frequency distribution of mid-summer droughts were tested 
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Figure 1 .  Percentage changes in the probability of dry years, defined as rainfall below 90 per cent o f  the annual mean. Shading indicates areas 
of decreased drought probabilities. 

using survival analysis techniques, after checking the feasibility of the assumption of independence of dry events via 
runs tests. The Gehan's generalized Wilcoxon test statistic (Lee, 1992) is calculated based on the combined ranks of 
the event durations for both 1 and 2 x COz simulations. The test statistic is compared to chi-squared tables, using 
one degree of freedom, and was performed separately at each grid-point. 

RESULTS 
Changes in the severity of annual droughts under doubled-C02 conditions 

Except in areas where the control climate simulation is poor, modelled changes in annual mean rainfall over most 
of the subcontinent are relatively small (Mason and Joubert, 1997). Although it has been shown that changes in the 
annual mean rainfall are not expected to be highly significant, changes in interannual rainfall variability and the 
frequency distribution of annual rainfall totals can affect drought frequencies and intensities. 

Simulated percentage changes in the probability of dry years (droughts), defined as rainfall below 90 per cent of 
the annual mean, are shown in Figure 1 .  Under doubled-COz conditions, decreases in the probability of dry years 
(shaded) are indicated over a large part of the subcontinent south of lo's, except over the western and eastern parts of 
South Africa and southern Mozambique. North of 10's and south-west of the subcontinent, increases in the 
frequency of dry years may occur. In areas where dry years are expected to become more frequent, large percentage 
increases in the most intense droughts are evident. Equally, in areas of decreased drought frequency, the more severe 
droughts may occur considerably less often. Percentage changes in the probability of dry years are shown to be field 
significant at the 5 per cent significance level using a two-tailed binomial test and ignoring spatial correlation. 

Changes in the frequency distribution of daily rainfall events 
The CSIRO9 model simulates widespread changes in the average number of rain-days as well as rainfall totals, 

thus implying that a shift in the frequency distribution of daily rainfall events over southern Africa will occur (Mason 
and Joubert, 1997). Such a change has been suggested for the Australian region as well (Whetton et al., 1993). 
Figure 2 indicates changes in the fiequency of varying daily rainfall magnitudes for different regions of the 
subcontinent. Land grid-points over the subcontinent have been divided into four regions representing the tropics 
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Figure 2. Percentage changes in the frequency of simulated daily rainfall (for rain-days > 0.2 mm) totals for various rainfall classes. Results are 
illustrated for four regions over the southern African subcontinent (defined in Joubert, 1995, his Figure 4), as well as for all land gnd-points. 

(north of 1 WS), the dry western and wetter eastern halves of the summer rainfall region and the winter rainfall region 
of the Western Cape Province of South Africa (cf. Joubert, 1995). Based on the model simulations, widespread 
decreases in the frequency of occurrence of low daily rainfall events (less than 6.4 mm day-') may be expected over 
almost all of southern Africa (Figure 2). Conversely, large increases in the frequency of heavy rainfall events (above 
12.8 mm day-'), indicated for all regions (Figure 2), are consistent with the expected increases in the magnitude and 
frequency of extreme flood events (Mason and Joubert, 1997). There is a possibility therefore of a change in the 
frequency distribution of daily rainfall events under doubled-C02 conditions, with high rainfall events becoming 
more frequent and low rainfall events occurring less frequently. 

Changes in mid-summer droughts 

Serious impacts resulting from drought conditions are not necessarily confined to dry conditions lasting for a 
number of weeks or longer. The timing of rainfall within the peak rainfall months of December-February is often 
crucial for crop production. It has been shown that there is often a mid-season hiatus in rainfall, typically occurring 
some time in January (Hamson, 1986; Olivier, pers. corn.) ,  known as a mid-summer drought. Given a change in 
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Figure 3. Simulated changes in the average number of rain-days (0.2 mm) during January. 

the frequency distribution of daily rainfall events, the possibility that an increase in the occurrence of dry days 
during the summer rainfall season may lead to an increase in the occurrence of mid-summer droughts is of particular 
concern. Such a change may have serious implications for crop yields and agricultural productivity in general. 

Of key importance to the occurrence of mid-summer droughts is the number of rain-days within the peak few 
weeks of the wet season (the month of January) of the summer rainfall area. The CSIR09 model simulates a general 
decrease in the number of rain-days in January over much of the eastern part of the subcontinent except where the 
model is sensitive to topography (Figure 3). Over Botswana, Namibia and the northern parts of South Africa (the 
Kalahari Desert) there is an increase of five in the average number of January rain-days. Over the Lowveld region of 
the Eastern Transvaal, the simulated number of rain-days in January decreases by about 5 days. Over the north- 
eastern Free State Province of South Africa, an important maize-producing region, almost no change in the average 
number of rain-days is predicted. Simulated changes in the number of rain-days in January are not field significant at 
the 5 per cent significance level. Each of the three regions identified above are examined for changes in the 
frequency of mid-summer droughts. 

The frequencies of mid-summer droughts (defined as a period of five or more consecutive days with rainfall 
below 0.2 mm) for different starting dates in December to February are illustrated in Figure 4 for three selected 
regions within South Afnca. The probability of a mid-summer drought under control climate conditions, starting 
within each week after the beginning of December, is represented by the shaded bars and is less than observed 
because of the overestimation of the observed number of rain-days by the CSIR9 model (Mason and Joubert, 1997). 
The hollow bars represent the probability under doubled-C02 model conditions. For the Lowveld (Figure 4(a)) a 
decrease in the average number of rain-days in January by as much as 5 days (Figure 3) is accompanied by a small 
increase of approximately 10 per cent in the frequency of occurrence of mid-summer droughts throughout the period 
December-February. Increases are most marked during January and early February. In the Kalahari, a simulated 
increase in the average number of rain-days, again by as much as 5 days, is associated with a decrease in the 
frequency of mid-summer droughts, most notably during January and February (Figure 4(b)). Over the 
maizegrowing region, little change in the frequency of mid-summer droughts is expected (Figure 4(c)) and the 
probability of occurrence is very low for both control and doubled-C02 conditions. The control climate simulation 
by CSIRO9 is in good agreement with observations, as this part of South Africa is a region where mid-summer 
droughts occur relatively infrequently. 
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Figure 4. Simulated frequencies of mid-summer droughts (defined as a period of five or more consecutive days each with rainfall below 
0.2 mm) for different starting dates in December to February for (a) the Lowveld, (b) the Kalahari Desert, and (c) the maize growing region of 
South Africa. Shaded bars indicate probabilities under present climate conditions. Hollow bars indicate probabilities under doubled-C02 

conditions. 
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Differences in the frequency distribution of mid-summer droughts between the 1 and 2 x C02 simulations are not 
significant over much of the interior of the subcontinent. Figure 5 shows isopleths of the probabilities for the Gehan 
tests at each of the grid-points. In view of the fact that the data at the grid-points are correlated, it is not appropriate 
to consider tests at the simple 5 per cent or 10 per cent levels (Livezey and Chen, 1983). True significances will lie 
somewhere between the simple and Bonferroni levels (Brown and Katz, 1991). However, differences between the 
two distributions are significant (cf. Figure 1) only in regions where the control simulation of rainfall is known to be 
poor (Mason and Joubert, 1997), including the coastal areas of Angola, the west coast of South Africa and the 
southern coastal regions of Mozambique. This result suggests that caution needs to be exercised when interpreting 
the practical implications for changes in mid-summer droughts as simulated by the model. Again, it serves to 
highlight the caveat for all GCM simulations of possible changes in rainfall totals, frequencies, and intensities. The 
representation of physical processes responsible for rainfall production, most notably convection, requires 
improvement. 

CONCLUSIONS 

General circulation model predictions of regional changes in rainfall differ considerably from model to model, and 
regionally-specific changes from a single model therefore may not be reliable. It is preferable to consider several 
GCMs when assessing regional climate change and the use of only the CSIRO9 model implies that the results 
presented here should be interpreted with caution. There is some consensus amongst GCMs that only small changes 
in annual mean rainfall may occur over the subcontinent. Although changes in annual mean rainfall with a doubling 
of atmospheric CO2 over southern Africa are not expected to be highly significant, even small changes in 
interannual rainfall variability and the frequency distribution of annual rainfall totals can affect drought frequencies 
and intensities. 

The CSIR09 model predicts that dry years (droughts), defined as rainfall below 90 per cent of the annual mean, 
will become less frequent over much of the subcontinent between lo" and 25"s under double-C02 conditions. By 
contrast, increases in drought frequency are indicated in the tropics, to the south-west of the subcontinent and in 
parts of South Africa and southern Mozambique. In regions where the frequency of dry years decreases, the most 
severe droughts occur less often. Equally, in regions where increases in the frequency of droughts are indicated, 
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large percentage increases in the most intense droughts are expected. For the Lowveld, a decrease of up to 5 days in 
the average number of rain-days in January is accompanied by a small (10 per cent) decrease in the frequency of 
occurrence of mid-summer droughts during the period December-February. An increase in the number of rain-days 
of a similar magnitude over the Kalahari is associated with a decrease in the frequency of occurrence of mid- 
summer droughts during January and February. Few mid-summer droughts occur over the maize-growing region of 
South Africa, as simulated correctly by the CSIR09 model under 1 x COz conditions, and little change under 
doubled-C02 conditions is predicted. Overall, expected changes in extreme flood events and droughts imply a shift 
in the frequency distribution of daily rainfall events in the CSIR09 model. Widespread but small decreases in the 
frequency of occurrence of low daily rainfall events may be expected over almost all of southem Africa. Large 
increases in the frequency of heavy rainfall events, indicated for all regions, are consistent with expected increases 
in the magnitude and frequency of extreme flood events. 
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