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EXECUTIVE SUMMARY  

An analysis of heavy rainfall events over the Limpopo River Basin during the summer has shown that 

these events are more common between January and March than between October and December. A 

sharp rainfall gradient exists across the region, which is related to the topography and distance from 

moisture sources. Tropical extratropical cloud bands make the largest contribution overall and are most 

common in February. The second-largest contribution comes from tropical low-pressure systems that 

peak in February. Mesoscale convective systems can make a substantial contribution in any summer 

month, whereas cut-off lows are more likely in October and March.  

In terms of the interannual and interdecadal variability of the rainfall in the basin, an important aspect is 

the Botswana high-pressure system (Botswana High). This high-pressure system is a mid-level 

anticyclone that forms in the austral spring over western tropical southern Africa and then moves south 

and strengthens during summer. The relationships between low-frequency variability in this circulation 

system, regional rainfall, air temperature and sea surface temperature were examined. Multidecadal 

epochs in rainfall over southern Africa appear related to the strength and position of the Botswana High. 

This low-frequency variability may sometimes oppose and – at other times – reinforce trends in regional 

rainfall and temperature associated with global warming.  

Although no students were formally funded by the project, a black South African student has been 

involved in the rainfall analysis over the Limpopo River Basin.  
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CHAPTER 1: EXTREME RAINFALL EVENTS  

OVER THE LIMPOPO RIVER BASIN 

 
Located centrally within subtropical southern Africa, defined here as Africa south of 15 °S, is the 

Limpopo River Basin (Figure 1.1), an important region locally due to its agricultural output, rich 

biodiversity and tourism. The Limpopo River Basin mostly comprises a rural population, and extends 

about 1,770 km across four countries (southeastern Botswana, southern Zimbabwe, northeastern 

South Africa and southern Mozambique) where the Limpopo River flows into the southwestern Indian 

Ocean near the town of Xai-Xai. The altitude of the Limpopo River Basin ranges from less than 200 m 

over the Mozambican floodplains to higher than 1,600 m over the mountainous regions of South Africa. 

The rainfall season occurs between October and April, with the largest precipitation occurring during 

the late summer months (January to March) and the greatest evaporation losses occurring during the 

early summer (October to December). Both severe drought and extreme rainfall events are common 

over the Limpopo River Basin (Mulenga et al., 2003; Usman and Reason, 2004; Reason and 

Jagadheesha, 2005; Malherbe et al., 2014; Manhique et al., 2015). 

 

 

Figure 1.1:  Topographic shaded relief map of southern Africa showing the Limpopo River Basin 

(brown polygon with rivers and tributaries) over parts of eastern Botswana, southern 

Zimbabwe, southwestern Mozambique, and northeastern South Africa. Produced with 

the National Oceanic and Atmospheric Administration’s Weather and Climate Toolkit 

(after Rapolaki et al., 2019)  

During the austral summer, southern Africa may experience extreme precipitation events associated 

with convective storms, ranging in scale from single-cell storms through to organised systems such as 

mesoscale convective complexes (Blamey and Reason, 2012; Blamey and Reason, 2013), squall lines 

(Rouault et al., 2002) and tropical storms (Reason and Keibel, 2004; Reason, 2007; Malherbe et al., 

2012; Malherbe et al., 2014; Rapolaki and Reason, 2018). The dominant rainfall-producing systems 

over the region are synoptic-scale cloud bands, known locally as tropical temperate troughs (TTTs) 

(Harrison, 1984; Reason et al., 2006; Hart et al., 2010; Hart et al., 2013; Manhique et al., 2011). Cut-

off lows (COLs) can also lead to extreme rainfall in the region (Taljaard, 1985; Singleton and Reason, 

2006; Singleton and Reason, 2007a; Favre et al., 2012).  
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Many of these heavy rainfall events are associated with major socio-economic impacts, including 

sometimes loss of life. For example, the tropical cyclone Eline caused severe flooding over the basin 

when it tracked across Zimbabwe in February 2000 after making landfall near Beira on the central 

Mozambican coast (Dyson and Van Heerden, 2001; Reason and Keibel, 2004). About 1,000 people 

were killed as a result of this cyclone. Another notable flood event occurred in January 2013, which 

Manhique et al. (2015) suggested was related to an intense and long-lasting cloud band. The flood left 

approximately 200,000 people homeless and led to more than 100 deaths in central and southern 

Mozambique (Manhique et al., 2015). More recently, the tropical storm Chedza caused severe flooding 

in Mozambique in 2015, with more than 20,000 people displaced, and 75 deaths reported in 

Madagascar (Rapolaki and Reason, 2018). 

On inter-annual time scales, rainfall over the Limpopo River Basin, like over much of southern Africa, is 

strongly impacted on by the El Niño Southern Oscillation (ENSO) (Lindesay, 1988; Nicholson and Kim, 

1997; Reason et al, 2000; Washington and Preston, 2006). Typically, El Niño (La Niña) conditions are 

associated with dry (wet) summers here. However, the relationship between the strength of ENSO 

events and rainfall over southern Africa is non-linear, i.e. not every El Niño corresponds to dry conditions 

over the region (e.g. Reason and Jagadheesha, 2005). For example, widespread, below-average dry 

conditions failed to materialise over southern Africa during the strong 1997/98 El Niño (Lyon and Mason, 

2007; Blamey et al., 2018). In contrast, the weaker 1991/92 and 2002/03 El Niño events were linked to 

severe summer droughts over a large part of southern Africa. Reason and Jagadheesha (2005) showed 

that the 1997/98 drought was less intense because the Angola low-pressure system (Angola Low) was 

not anomalously weak, unlike during 1991/92 and 2002/03. Another example of a relatively strong  

El Niño event for which the Angola Low did not weaken much and hence the expected severe drought 

did not occur was in 2009/10 (Driver et al., 2018). In that study, experiments with a 0.5° resolution 

stretched grid global model provided further evidence of the importance of the strength of the Angola 

Low for summer rainfall variability over the region. The significance of the Angola Low is that it tends to 

act as the source region for the cloud bands that bring much of the summer rainfall (Harrison, 1984; 

Hart et al., 2010; Hart et al., 2013).  

On a regional scale, sea surface temperature (SST) modes such as the subtropical southern Indian Ocean 

Dipole (SIOD) (Behera and Yamagata, 2001; Reason, 2001; Reason, 2002) may also influence summer 

rainfall over the region and can reinforce or oppose the ENSO signal if they occur at the same time. Hoell 

et al. (2017) presented evidence that when a La Niña and a positive-phase SIOD co-occur, the 

precipitation anomaly over southern Africa is increased relative to when La Niña co-occurs with a negative-

phase SIOD. Climate modes may influence the rainfall of the Limpopo River Basin via inducing anomalies 

in regional circulation over southern Africa, which then modify the low-level moisture fluxes and uplift. For 

example, during El Niño, there tend to be anticyclonic circulation anomalies over southern Africa with 

increased subsidence, with the reverse trend during La Niña. On average, most of the moisture flowing 

into subtropical southern Africa during summer originates from the western Indian Ocean (D’Abreton and 

Tyson, 1995), but the tropical southeastern Atlantic can also make important contributions (Cook et al., 

2004; Reason et al., 2006; Manhique et al., 2015). Thus, anomalously warm conditions in the tropical 

southeastern Atlantic (Rouault et al., 2003; Hansingo and Reason, 2009) or in the southwestern Indian 

Ocean (Walker, 1990; Mason, 1995; Reason, 1998; Reason, 1999; Reason and Mulenga, 1999) during 

summer have been associated with the increased transport of moist marine air towards southern Africa 

and hence increased rainfall. Although the relationship between seasonal rainfall patterns and modes of 

variability over southern Africa has been established to some degree, there has been less focus on how 

these modes of variability impact on extreme rainfall events over Limpopo, although work has been done 

on relationships between ENSO and the number of dry spells during the rainy season (Reason and 

Jagadheesha, 2005). There is also some evidence that the Southern Annular Mode (SAM) may influence 

rainfall over parts of South Africa during summer (Gillett et al., 2006; Malherbe et al., 2014), although its 

influence may be stronger in winter (Reason and Rouault, 2002).  
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To date, there have been very few studies that have investigated variability in daily extreme precipitation 

events over the Limpopo region. Given its vulnerable and poor rural population, which is largely 

dependent on rain-fed subsistence agriculture, a better understanding of the nature of rainfall extremes 

in the Limpopo River Basin is crucial for decision makers, as well as disaster management and seasonal 

forecasters. To help obtain a better understanding of the relationships between extreme rainfall events 

over the Limpopo River Basin during summer, this study considers the synoptic weather types 

associated with the events, and how they may vary through summer. An improved understanding of 

these events and their variability should then help with their forecasting, as well as with seasonal rainfall 

outlooks over subtropical southern Africa. 

1.1 MERGED PRECIPITATION DATA 

Extreme rainfall-producing systems can evolve and dissipate within the span of a few hours, days or 

weeks, and are difficult to study with monthly averages. Thus, analyses of these events over a longer 

period, prior to 1996, have been limited by a lack of high-resolution ground-based precipitation data over 

southern Africa. However, various satellite-derived rainfall products such as the Tropical Rainfall 

Measuring Mission (TRMM) (Huffman et al., 2009), which has a higher temporal resolution (three-hourly 

to daily), have been developed based on ground-based observations and using satellite-based algorithms 

to estimate rainfall (e.g. Huffman et al., 2009; Maidment et al., 2014). Given that many of these products 

rely on satellites, they tend to only cover the recent period (typically the last 30 years or so),  

thus making it difficult to investigate the decadal variability of rainfall patterns over southern Africa. 

In this study, the daily data of Climate Hazards Infrared Precipitation with Stations (CHIRPS) Version 2 

(Funk et al., 2015) is used to identify daily extreme rainfall events over the basin. The CHIRPS dataset 

combines multiple data, including gauges and satellite imagery, to provide the best estimates of rainfall. 

Furthermore, CHIRPS was developed to monitor drought conditions over places with complex 

topography, as well as deep convective precipitation, such as in Ethiopia (Funk et al., 2015), which 

makes it appropriate for the Limpopo River Basin, which is also dominated by steep topography and 

convective rainfall. CHIRPS is available at 0.05° (~5 km) spatial resolution on a quasi-global (50 °S to 

50 °N) grid for the period 1980 to the near-present, which makes it suitable for this study. Daily rainfall 

totals were obtained for the region, extending from 0 to 50 °E and 0 to 40 °S, with data falling outside 

the Limpopo River Basin masked out as depicted in Figure 1.1.  

1.2 THE IDENTIFICATION AND RANKING OF EXTREME RAINFALL EVENTS  

The method for identifying and ranking the daily extreme rainfall events used here was first proposed by 

Hart and Grumm (2001) and later modified by Ramos et al. (2014, 2017) for the Iberian Peninsula. The 

choice of this method is that it takes into consideration both the spatial extent (i.e. an area affected by the 

event) and the intensity of rainfall over the basin. The 95th percentile is calculated for each grid point. Only 

grid points with rainfall above 1 mm per day (wet days) for the extended austral summer season (October 

to April) are considered. Following this, a seven-day running mean (μ) is applied to the 95th percentile for 

each grid point to smooth the daily climatological noise. The anomalies (N) are then calculated by 

subtracting the smoothed 95th percentile (μ) values from daily rainfall totals as follows: 

𝑁 = 𝑝𝑟𝑒𝑐𝑖𝑝𝑐,𝑖,𝑗 − 𝜇𝑐,𝑖,𝑗        (1.1) 

The extreme events are then ranked based on the magnitude (R) of each event given by an index that 

is obtained after multiplying: 

𝑅 = 𝑁 × 𝑀          (1.2)                    

1) the percentage of grid points that have anomalies (N) above a certain threshold (95th of the long-

term climatology) by 

2) the mean (M) values of the anomalies over this percentage. 
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1.3 SYNOPTIC CLASSIFICATION 

A key component of this study is to understand the dominant mechanisms through which extreme rainfall 

is produced in the Limpopo River Basin. As such, a combination of products is used to subjectively 

identify the type of rainfall-producing system or dominant synoptic setting through which the top 200 

extreme events were produced. These include mesoscale convective systems (MCS) and COLs, which 

were identified subjectively using Gridded Satellite (GridSat-B1) data (Knapp et al., 2011), South African 

Weather Service (SAWS) synoptic weather maps and National Centers for Environmental Prediction 

(NCEP)/National Center for Atmospheric Research (NCAR) reanalysis data (Kalnay et al., 1996). 

Tropical low-pressure systems (depressions, storms and cyclones) were identified from International 

Best Track Archive for Climate Stewardship (IBTrACS) data (Knapp et al., 2010) and from SAWS 

synoptic maps. Cloud bands were identified objectively using the output provided by Hart (2012).  

To investigate the relationship between the number of events and the seasonal rainfall anomalies, the 

standardised precipitation anomalies for each year, Xi, for the short seasons (October to December and 

January to April) and the extended summer season (October to April) were calculated as follows: 

𝑋𝑖 =
𝑃𝑖−�̅�𝑖

𝜎𝑖
          (1.3) 

where Pi is the seasonal rainfall, �̅�𝑖  is the seasonal rainfall mean for the period 1981 to 2016 for the 

entire basin, and 𝜎𝑖 is the standard deviation of seasonal rainfall totals during the same period for the 

entire basin. 

As alluded to in the introduction, summer rainfall in South Africa is modulated by numerous large-scale 

modes of variability. To assess the potential links between some of the dominant large-scale climate 

modes of variability and the occurrence of extreme rainfall events in the Limpopo River Basin, the results 

were correlated with SIOD, ENSO and SAM indices. The Niño 3.4 Index used in this study is based on 

the Group for High Resolution Sea Surface Temperature (GHRSST) anomalies in the Niño 3.4 box  

(190 °E to 240 °E; 5 °S to 5 °N). The seasonal (October, November, December/January, February, March 

April) averages in the Niño 3.4 SST Index above (below) 0.5 °C (-0.5 °C) are defined as El Niño (La 

Niña), while the averages between -0.5 °C and 0.5 °C are defined as neutral. The Behera and Yamagata 

(2001) SIOD Index, defined as the difference in SST anomalies between the eastern Indian Ocean  

(90 °E to 100 °E; 28 °S to 18 °N) and the southwestern Indian Ocean (55 °E to 65° E; 37 °S to 27 °S), 

was used. The SAM Index used in this study is that of Marshall (2003), which is the monthly mean 

difference between the mean sea level pressure (SLP) anomalies at six stations close to 40 °S and six 

stations close to 65 °S. 

1.4 SYNOPTIC WEATHER TYPES AND SPATIAL DISTRIBUTION OF EXTREME RAINFALL  

In this section, the focus is on all synoptic weather systems linked to extreme rainfall events over the 

Limpopo River Basin. For the purpose of the analysis, two categories of the rankings are shown: the 

top 20 and the top 200. Each of the top 200 events was then classified into one of the four main rainfall 

producing systems: cloud bands, tropical lows (depressions, storms and cyclones), mesoscale 

convective systems or cut-off lows. Table 1.1 lists a ranking of maximum daily rainfall and the associated 

rainfall-producing system for each of these top 20 events. Of these 20 events, 45% (nine) were 

associated with cloud bands, 45% (nine) with tropical lows and 10% (two) were linked to the MCS. This 

corroborates an earlier finding for tropical systems and their association with widespread extreme multi-

day rainfall events over the Limpopo River Basin, based on observed data for the period 1948 to 2011 

(Malherbe et al., 2012). For the top 200 events, the proportions remained similar, with 48% of events 

(96) classified as cloud bands, just over 28% (57) as tropical lows, about 14% (27) as MCS events, and 

10% (20) as COLs. It should be noted that the method used in this study identifies and ranks daily 

precipitation extremes (i.e. heavy rainy days). Several events listed in Table 1.1 (and in the top 200) 

can thus be linked to a single multi-day event. 
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Table 1.1.  The ranking of the top 20 daily events over the Limpopo River Basin and the accompanying 

daily maximum rainfall total and synoptic weather type, as determined by analysing SAWS’s 

synoptic charts, IBTrACS data, and outgoing long-wave radiation. The ranking of an event 

is based on the percentage area of grid points that has rainfall anomalies above the 95th 

percentile of the long-term climatology multiplied by the mean values of the anomalies over 

this percentage. It should be noted that several daily events can be linked to a single multi-

day event. 

Ranking Event Rainfall (mm) Synoptic weather type 

1. 20 January 2013 133 Tropical low 

2. 5 March 1997 167 Tropical low 

3. 24 February 2000 176 Tropical low 

4. 9 January 1991 116 Cloud band 

5. 27 January 1996 105 Cloud band 

6. 17 December 2007 61 Cloud band 

7. 23 February 2000 114 Tropical low 

8. 6 February 2000 133 Tropical low 

9. 28 March 2006 130 MCS 

10. 10 February 1996 113 Tropical low 

11. 3 March 2006 164 Cloud band 

12. 1 December 1989 97 MCS 

13. 5 March 1999 122 Tropical low 

14. 8 February 1985 188 Cloud band 

15. 4 March 2004 169 Tropical low 

16. 31 January 1981 129 Cloud band 

17. 22 March 1984 66 Cloud band 

18. 19 April 1986 66 Cloud band 

19. 17 January 2000 121 Tropical low 

20. 18 February 1991 125 Cloud band 

 

Figure 1.2 shows spatial rainfall distributions and the synoptic system linked to the top 20 events over the 

entire basin. The transition zone between the steep topographical areas over northeastern South Africa 

and the floodplains in southeastern Mozambique generally received higher amounts of rainfall compared 

to the northern and western parts of the basin (southern Zimbabwe and southeastern Botswana, 

respectively). Heavy rainfall linked to tropical lows (depressions, storms and cyclones) was primarily 

confined to the eastern parts of the basin with the maximum amounts occurring over the steep topographic 

regions (Figure 1.2). No discernible difference could be found with regard to the total spatial coverage of 

rainfall between the different rainfall-producing systems in the top 20 events. Furthermore, the maximum 

daily rainfall received at a particular point in the Limpopo River Basin varies from one event to another, 

and ranges from 61 mm (event ranked number 6) to 188 mm (event ranked number 14).  
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Figure 1.2: Daily rainfall (shaded; units are in mm) of the top 20 ranked extreme rainfall events 

over the Limpopo River Basin. The contours in the panels represent the local 

topography, while for clarity, a zoomed topography map is inserted in the bottom right. 

Symbols CB, TL and MC in the bottom left corner of each panel denote the different 

rainfall mechanism associated with each event (CB = cloud band; TL= tropical low;  

MC = mesoscale convective system). The maximum rainfall during each event is given 

in the bottom right-hand corner. 

1.5 MONTHLY DISTRIBUTION OF HEAVY RAINFALL EVENTS AND SYNOPTIC WEATHER TYPES  

Figure 1.3a shows the monthly distribution of extreme events in the two categories, illustrating that, for 

the top 20 extreme event, there is an increase from December through to a maximum in February/March 

and then a sharp decrease in April. For the top 200 case, there are substantial numbers in all months 

from October to April, but with an obvious increase in January and a maximum in March. Thus, the 

second half of summer tends to show more events for both categories. The monthly breakdown of each 

rainfall-producing type for the top 200 extreme events is provided in Figure 1.3b. Apart from the COLs, 

the seasonal cycle of each weather system that contributes to extreme rainfall is similar to that 

described above, with the largest number of events occurring during the late summer months (January 

to March), and the smallest number of events occurring during the early summer months (October to 

December). The COL timing in Figure 1.3b is consistent with Singleton and Reason (2007b), who found 

that these systems are most common over subtropical southern Africa in the transition seasons.  

Over the seven-month period, the number of cloud band-related events per month in the top 200  

(Figure 1.3b) ranged from nine to twenty, increasing from a minimum in October to a maximum in 

February, with a sharp decline in April, broadly consistent with Hart et al. (2013). The number of tropical 

lows also generally increases through the summer (from November), but has a later maximum (March) 

than cloud bands, and again decreases rapidly in April. For MCS events, the monthly frequency is 

variable through the summer, but with a peak in January. However, it is not uncommon for MCS events 

to be embedded within cloud bands. The analysis may thus underestimate the role of such systems in 

extreme rainfall events in the region. 
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Figure 1.3: (a) The monthly distribution of extreme rainfall events over the Limpopo River Basin 

during the austral summer months for the period 1981 to 2016. The top 20 events are 

represented by grey bars, while the top 200 are represented by blue bars.  

(b) Monthly distribution of rainfall-producing systems that lead to extreme rainfall over 

Limpopo for the top 200 heavy rainfall events (cloud bands are in grey, tropical lows are 

in blue, MCS events are in black and COLs are in red). 

1.6 SUMMARY  

This section set out to identify and classify rainfall-producing systems linked to extreme rainfall events 

over the Limpopo River Basin in southeastern South Africa during the period 1981 to 2016. Long-term 

studies of extreme weather events over southern Africa are limited by a lack of high spatial and temporal 

observation data. However, satellite-derived rainfall estimates with a higher temporal and spatial 

coverage have been invaluable in providing “observations” in data-poor regions. In this study, CHIRPS 

rainfall data was used to identify extreme rainfall events over the Limpopo River Basin.  

It was found that the spatial distribution of rainfall associated with extreme rainfall events is not uniform 

over the basin, with a bias of more extreme rainfall towards the eastern half of the region. This east-

west gradient in extreme rainfall events is consistent with the annual and seasonal mean rainfall 

patterns (Mosase and Ahiablame, 2018). An obvious characteristic is the spatial pattern of the rainfall 

maximum over areas with a steep topographic gradient between the mountainous (e.g. the Drakensberg 

Mountain) areas of northeastern South Africa, where the altitude rises above 1,300 m, and the 

Mozambican floodplains.   
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Although this study does not specifically focus on the topographic effects on rainfall over the Limpopo 

River Basin, the local topography is known to have important consequences for rainfall over southern 

Africa (Dedekind et al., 2016). Furthermore, there is evidence that the coastal mountains of eastern and 

southern South Africa have resulted in extreme rainfall during COL and MCS events (Singleton and 

Reason, 2006; Singleton and Reason, 2007a; Blamey and Reason, 2009). East of the topography in 

the Limpopo River Basin, the Mozambican floodplains also tend to receive high amounts of rainfall, 

likely due to their immediate proximity to the relatively warm waters of the Mozambican Channel, where 

tropical storms, and occasionally tropical cyclones, develop. Such storms, when they make landfall on 

the mainland, tend to do so either near the far eastern Limpopo River Basin or a bit further north along 

the Mozambican coast. Their intensity tends to weaken substantially as they track further inland. The 

eastern Limpopo River Basin is thus more likely to receive more rainfall from these tropical storms than 

the rest of the Limpopo River Basin.  

The classification of the top 200 extreme rainfall events suggests that most events over the basin are 

associated with cloud bands (48%) and tropical lows (28%), with MCS events (14%) and mid-to-upper 

level COLs (10%) making up the remaining quarter. The fact that most events in the top 200 are 

associated with cloud bands is in agreement with previous studies (Harrison, 1984; Reason et al., 2006; 

Hart et al., 2010; Hart et al., 2013; Manhique et al., 2011), which further indicates their importance for 

rainfall over southern Africa. The monthly distribution of COLs over the basin agrees with the findings 

of Taljaard (1985), Singleton and Reason (2007b) and Favre et al. (2012), in which they showed that 

COLs over southern Africa occur mostly during transition seasons and that they are important 

contributors to early and late summer rainfall.  

Monthly distribution of the events showed that the late summer months (January to March) had the 

highest number of top 200 events. Approximately 60% of these extreme events occurred during 

January, February and March, a time when convective processes dominate over the southern African 

summer rainfall region (Tadross et al., 2005). Blamey et al. (2017) found marked differences between 

the early and late summer over northern South Africa in severe convective environmental 

characteristics such as convective available potential energy and deep-layer wind shear. Mason and 

Jury (1997) demonstrated that, during late summer (January to March), tropical convection migrates 

southward to about 20 °S over the subtropics, linked to the formation of the cloud bands, which creates 

favourable conditions for rainfall over the Limpopo River Basin. Dyson et al. (2015) indicated that the 

atmospheric conditions over the northeastern parts of South Africa evolve from having an extratropical 

nature in early summer to having a more tropical nature in late summer. 
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CHAPTER 2: INFLUENCE OF THE BOTSWANA HIGH 

ON RAINFALL OVER THE LIMPOPO RIVER BASIN  

The Botswana High is a mid-level anticyclone that develops over tropical southern Africa in austral 

spring as part of the dynamic response to heavy precipitation over the Congo Basin. During summer, it 

strengthens and moves south so that, by February, it is centred over central Namibia and western 

Botswana. Figure 2.1 shows its position relative to other important circulation features over southern 

Africa in summer. As yet, the impact of variability in this circulation system on rainfall over the region is 

not well understood.  

 

Figure 2.1:  The core (red ellipse) of the Botswana High at 500 hPa relative to other important 

circulation features over southern Africa in summer. The black dashed line shows a 

typical tropical temperate trough that stretches from the near-surface Angola Low in the 

southeastern to the southwestern Indian Ocean (after Reason, 2019). 

An index for the Botswana High was created by spatially averaging the 500 hPa NCEP reanalysis 

geopotential height over the box 19-23 oS, 16-21 oE for the period 1979 to 2015. Data prior to the 

satellite era (pre-1979) was not included due to an obvious shift in values at this time. Figure 2.2 shows 

this time series plotted along with a spatially averaged rainfall time series over the region  

(15-25 oS, 17-40 oE). The two series are correlated at r = -0.74 (significant at 99.9%), which is greater 

than the correlation of this rainfall index with ENSO. 
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Figure 2.2:  Standardised anomalies of the Botswana High Index (black) and summer rainfall over 

southern Africa 

The impact of anomalies in the Botswana High on summer rainfall was investigated using composites 

for summers that are neutral with respect to ENSO and which had large departures from the mean in 

the strength of the Botswana High Index. Figure 2.3 shows anomalies in rainfall and 850 hPa zonal 

wind during such summers with an anomalously weak Botswana High.  

 

Figure 2.3: Anomalies in rainfall (mm/month) and 850 hPa zonal wind (m/s) for neutral summers 

with an anomalously weak Botswana High 

It is clear that the entire Limpopo River Basin, as well as large parts of Namibia, Angola and central 

South Africa, receive above-average rainfall when the Botswana High is anomalously weak. These 

increases in rainfall are associated with increased westerly winds over the tropical southeastern Atlantic, 

which feed more moisture into the Angola Low, and hence strengthen the TTT cloud bands. Increased 

easterlies are also seen over the tropical western Indian Ocean, thereby feeding in more moist marine air 

from that source towards southern Africa. Roughly the opposite patterns are seen for those neutral 

summers, with an anomalously strong Botswana High (Figure 2.4), although the magnitude of the drier 

conditions is not as large as that seen in Figure 2.3 for the summers of the weak Botswana High. The 

area with the strongest anomalies has shifted more towards Botswana and central Zimbabwe. Weaker 

westerlies that feed into the Angola Low from the tropical southeastern Atlantic and easterlies from the 

western Indian Ocean are evident.  
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Figure 2.4:  Anomalies in rainfall (mm/month) and 850 hPa zonal wind (m/s) for neutral summers 

with an anomalously strong Botswana High 

In addition to seasonal totals, it is of great interest to assess relationships with synoptic dry spells during 

the summer since the number of these that occur is important for water resource managers, farmers 

and other user groups. A dry spell is defined as a pentad (five days) that receives less than 1 mm of 

rainfall per day on average. Using Global Precipitation Climatology Project (GPCP) daily rainfall data 

from 1997 to 2012, Figure 2.5 shows the mean summer frequency of dry spells.  

 

Figure 2.5:  The mean frequency of January, February and March dry spells computed from GPCP 

data 

As expected, the smallest number of dry spells occurs over the Intertropical Convergence Zone (ITCZ) 

in northern Madagascar, northern Mozambique and its meridional arm through Zambia and the eastern 

Congo Basin, as well as over the confluence zone between the Angola Low and this arm. Almost the 

entire summer is dry along the west coast of South Africa and Namibia, and a strong gradient exists 

between these semi-arid or arid areas across the land to the east coast of South Africa, as well as north 

towards the confluence zone.  
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Prominent across the subcontinent from southern Mozambique to southwestern Botswana/southern 

Namibia is the so-called “drought corridor” of the Limpopo region identified by Usman and Reason 

(2004) as one where 60-100% of the 21 summers analysed by these authors experienced dry spells 

for at least half of the summer rainy season. The northern South African region falls completely within 

this drought corridor, as does most of the central South African region. The time series of anomalies in 

dry spell frequencies for the northern and central region are shown in Figure 2.6, while Table 2.1 lists 

the correlations between these anomalies and the Botswana High Index. Statistically significant 

correlations exist for both areas, with the strongest relationship existing for the northern South African 

region. In general, the relationship between the Botswana High Index and the dry spell frequency is 

stronger than that between ENSO and the dry spell frequency. 

 

Figure 2.6: Anomalies in dry spell frequency for northern South Africa (grey) and central South 

Africa (black) 

Table 2.1:  Correlations with anomalies in January, February and March dry spell frequency (bold 

italics indicate statistical significance at 95% 

                                          Central South Africa               Northern South Africa 

Nino 3.4                                           0.21                                        0.41 

Botswana High                               0.35                                        0.48 

 
It is clear from figures 2.1 to 2.6 and Table 2.1 that a strong relationship exists between the Botswana 

High and summer rainfall over the Limpopo River Basin (as well as a larger region of southern Africa). 

Thus, summers with an anomalously strong (weak) Botswana High tend to have more (less) summer 

rainfall and a reduced (increased) frequency of synoptic dry spells during this season. The mechanisms 

involve changes in low-level wind (and hence moisture transport) from the tropical southeastern Atlantic 

and western Indian Ocean, as well as in the amount of subsidence over the subcontinent. Modelling 

studies are, however, required to further explore the robustness of these relationships.  

In addition to the interannual variability described above, there is substantial decadal-multidecadal 

variability in the Botswana High. Since it is well known that summer rainfall over southern Africa may 

experience a roughly 18- to 19-year cycle in rainfall (Tyson et al., 1975), it is of interest to see whether 

this may be related to low-frequency variability in the Botswana High. Figure 2.7 plots the time series 

of the Botswana High Index and summer rainfall averaged over 15-40 oE, 15-30 oS.   
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Figure 2.7: Time series of southern African rainfall (black) and the Botswana High for summer after 

smoothing with a seven-year running mean 

The two series are correlated at r = 0.49 (significant at 99%), which increases to r = 0.64 for the 1960-2011 

period. It is clear from Figure 2.7 that there are obvious wet (approximately late-1990s to late-2000s, 

1970s, 1950s and 1920s) and dry (approximately 1980s to early 1990s, 1960s and 1930s) periods 

through the record of roughly decadal duration, although some of these epochs are shorter and of a 

different intensity than others. For example, the 1972-1980 period stands out as the wettest, but this 

spell is somewhat shorter in duration than the next wettest spell (1950-1962) or the 1916-1928 wet 

period. The most obvious dry period is 1981-1994. This was somewhat longer and more intense than 

the 1963-1971 dry spell. The period from 1929 to 1949 contains two relatively intense dry spells, 

punctuated by two relatively short wet spells. These variations in the lengths of the individual dry and 

wet periods suggest that identifying a single cause may be difficult and that there may rather be more 

than one contributing factor to their existence. It also suggests that emphasis on the period of low-

frequency variability as one of 18 years, such as in Tyson et al. (1975, 2002) may over-simplify the 

nature of the rainfall signal. In fact, a spectral analysis of the time series reveals several peaks that are 

significant at 95%; namely 2.3 and 3.9 years on the interannual scale and two decadal peaks at 10.9 

and 19.6 years. A wavelet analysis (not shown) indicates strong power at a period close to 20 years 

during 1948 to 1998 and at a period close to 11 years from about 1968 to 2002. In addition to these 

periods of strong decadal variability on the records, there are periods of strong interannual variability  

(a two- to four-year period), particularly during about 1915-1930 and about 1968-2001.    

As yet, there is no definitive explanation for the driver of this low-frequency signal in rainfall, although a 

number of potential explanations have been proposed. These include changes in regional SST (Mason, 

1990; Mason, 1995; Reason and Mulenga, 1999), modulation of tidal forcing by the 18.6-year lunar 

nodal cycle/SAM interactions (Malherbe et al., 2014), ENSO-like decadal variability (Reason and 

Rouault, 2002), and the Pacific Decadal Oscillation and the Interdecadal Pacific Oscillation (Malherbe 

et al., 2016). It is therefore natural to investigate linkages between low-frequency variability in the 

Botswana High and related circulation patterns, and the decadal rainfall signals. Below, circulation 

patterns associated with low-frequency variability are considered.  

To highlight circulation patterns that may be behind the decadal rainfall variability and to avoid the 

contamination of signals by any underlying trend, figures 2.8 to 2.12 plot differences in rainfall, 

circulation and regional temperature between the wet and dry epochs implied in Figure 2.7.  
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These are 1972-1980 (wet) minus 1981-1994 (dry), 1950-1962 (wet) minus 1963-1971 (dry), and 1916-

1928 (wet) minus 1929-1949 (dry).  

The first two epoch differences (Figure 2.8) show large areas of relatively wetter conditions (1-2 mm 

per day or about 120-240 mm over the December, January, February and March season) over many 

parts of southeastern Africa. For the 1916-1928 minus 1929-1949 epoch, there are smaller areas of 

wetter conditions that extend west from central Mozambique towards northern Namibia/southern 

Angola, but show a smaller increase in rainfall further south.  

While Figure 2.9 shows that each epoch difference is characterised by a weaker and southward-shifted 

Botswana High, consistent with wetter conditions, there appear to be two cases. In the most recent epoch 

difference (Figure 2.9a), the changes in the Botswana High seem to be linked to a broader weakening of 

geopotential height across most of the southern hemisphere tropics. This difference pattern may reflect 

the occurrence of a strong protracted La Niña during the mid-1970s and two strong El Niño events during 

the 1980s. On the other hand, for the last two epoch differences (Figure 2.9b and 2.9c), the changes in 

the Botswana High appear to be more closely linked to those over the midlatitude southern Atlantic and 

southern Indian oceans rather than to any coherent pattern in the tropics. A weaker or southward-shifted 

Botswana High implies reduced mid-tropospheric subsidence over the region and is hence consistent with 

increased rainfall. 

Figure 2.10 plots epoch differences in omega at the 500 hPa level, with negative differences implying 

relative uplift and positive differences implying relative sinking. For the two most recent epoch 

differences, there are large negative values over southern Angola, extending east over the southern 

Congo Basin, which are typical source regions for the cloud bands that bring much of the summer 

rainfall. Weaker negative differences are present over the Botswana High region and over many other 

areas in southern Africa, consistent with the increased rainfall. For the 1916-1928 minus 1929-1949 

case, there are weak negative differences over much of the region, but relatively larger values over 

central and northern Mozambique near where the rainfall differences are the greatest.  

Epoch differences in low-level winds (Figure 2.11) also show some important commonalities. In general, 

the southwestern Indian Ocean is an important moisture source for southern Africa (D’Abreton and 

Tyson, 1995; Reason et al., 2006), although the tropical southeastern Atlantic can also make a 

substantial contribution during synoptic or intraseasonal wet spells in the summer (Cook et al., 2004). 

Reason (2019) showed evidence that, averaged over the summer, there are two main low-level 

moisture sources from the western Indian Ocean; the first represents the northeast monsoonal flow into 

southern Tanzania and northern Mozambique, which extends into the meridional arm of the ITCZ 

through western Tanzania/eastern Congo, and the second is the easterly flow into southern 

Mozambique and northeastern South Africa associated with the Mozambican Channel trough.  

For each epoch difference plot, there are easterly anomalies in the western tropical Indian Ocean, 

indicating a stronger northeast monsoon and increased moisture transported from this ocean towards 

Tanzania and northern Mozambique. The two most recent epoch differences (figures 2.11a and 2.11b) 

also show easterly anomalies in the northern Mozambican Channel, implying reduced flux of moisture 

away from northern Mozambique by the mean northwesterly flow towards northern Madagascar, thus 

increasing that available for storm development over the southern African mainland. Further south, 

there are areas of increased easterly flow towards the south coast of Mozambique and the east coast 

of South Africa, although the location differs in each epoch difference. Nevertheless, these enhanced 

easterlies also imply increased moisture transported towards southeastern Africa from the subtropical 

southwestern Indian Ocean; and are hence also favourable for wetter conditions over subtropical 

southern Africa.  
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Each epoch difference also shows westerly differences over parts of the tropical southeastern Atlantic, 

implying increased moisture transported from this ocean region towards the Angola Low where the 

cloud bands typically originate. Hence, these anomalies are also favourable for increased rainfall over 

the subcontinent.  

To assess whether any surface temperature differences are associated with differences in rainfall, 

Figure 2.12 plots skin temperature in each case. In general, there are areas of relative cooling in each 

case near where there are rainfall differences consistent with increased cloud cover and convection 

over the landmass in the wetter epochs. The implied SST epoch differences show some areas of weak 

warming in the southwestern Indian Ocean, and east of Madagascar, as well as in the southern 

Mozambican Channel, which are all regions that are known to be linked with increased rainfall over 

southeastern Africa (e.g. Mason, 1995; Reason and Mulenga, 1999; Reason, 2002). The first and last 

epoch difference (figures 2.12a and 2.12c) also show a cooler SST in the eastern Pacific, which bears 

some resemblance to a broad-scale La Niña or negative interdecadal Pacific oscillation pattern, as well 

as La Niña-like cooling in the tropical Indian Ocean. La Niña-like SST conditions are often associated 

with increased summer rainfall over southern Africa (Lindesay, 1988; Reason et al., 2000; Allan et al., 

2003; Reason and Jagadheesha, 2005; Washington and Preston, 2006). In the Indian Ocean, the 

second epoch difference shows a pattern similar to the decadal SST mode found by Ansell et al. (2000). 

In the tropical southeastern Atlantic, each epoch difference also shows areas of warming off the coast 

of Angola/northern Namibia, which has previously been associated with wet summers over parts of 

southern Africa (Hirst and Hasternrath, 1983; Rouault et al., 2003; Hansingo and Reason, 2009). 

2.1 SUMMARY AND DISCUSSION 

The Botswana High is a mid-level anticyclone that forms in the austral spring over western tropical southern 

Africa and then moves south and strengthens during the summer so that its core region is located over 

central Namibia and western Botswana from December through to March. Previous work has shown a 

strong seasonal and interannual relationship between this high-pressure system and summer rainfall over 

the sub-continent (Driver and Reason, 2017). However, lower-frequency variability in the Botswana High 

has not been studied before. Hence, given the well-known existence of decadal to multidecadal rainfall 

variability over southern Africa (e.g. Tyson et al., 1975; Reason and Rouault, 2002; Malherbe et al., 2016), 

this study has also investigated decadal variability in the Botswana High and its relationships with regional 

rainfall, temperature and circulation using 20th-century NCEP reanalysis data.  

Using the smoothed rainfall series in Figure 2.7, the wetter epochs are characterised by a weaker and 

southward-shifted Botswana High and reduced subsidence over southern Africa. There are also low-

level easterly wind anomalies over the southwestern Indian Ocean and westerly anomalies over the 

tropical southeastern Atlantic Ocean, implying increased moisture flux towards southern Africa 

consistent with increased rainfall. Wetter epochs are also associated with reduced surface temperature 

over much of the land mass, consistent with increased cloud cover. There is also weak warming present 

in parts of the southwestern Indian Ocean and the Mozambican Channel, consistent with previous work 

that has found relationships between SST in this region and summer rainfall (e.g. Walker, 1990; Mason, 

1995; Reason and Mulenga, 1999). The 1972-1980 (wet) minus 1981-1994 (dry) epoch difference, as 

well as that for 1916-1928 (wet) minus 1929-1949 (dry) are characterised by cooling in the eastern and 

central Pacific and in the tropical Indian Ocean, reminiscent of a broad-scale La Niña or negative 

interdecadal Pacific oscillation SST pattern.  

The results presented here suggest that decadal variability in the Botswana High is an important feature of 

this circulation system and may have a strong relationship with the well-known decadal variability in 

southern African summer rainfall. Linkages with regional surface temperature were also found in this study. 

It is important to better understand this low-frequency variability since it is likely to sometimes oppose and, 

at other times, reinforce trends in regional rainfall and temperature associated with global warming.  
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As a result, until this anthropogenic forcing strongly dominates the natural variability signals, climate 

change signals over the region could, to some extent, be obscured in the near-term, posing challenges 

for the appropriate attribution and detection of climate change. 

 

 

 

Figure 2.8:    Wet minus dry epoch differences in December to March rainfall (mm/day) for:  

(a) 1972-1980 minus 1981-1994; (b) 1950-1962 minus 1963-1971; and  

(c) 1916-1928 minus 1929-1949 

a) 

c) 

b) 
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Figure 2.9:   As for Figure 2.8, except epoch differences in December to March 500 hPa 

geopotential height (m) from 20th-century reanalyses 

a) 

b) 

c) 
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Figure 2.10:  As for Figure 2.8, except epoch differences in December to March 500 hPa omega (Pa s-1) 

from 20th-century reanalyses 

 

a) 

b) 

c) 
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Figure 2.11:  As for Figure 2.8,  except epoch differences in December to March 850 hPa wind (ms-1) 

from 20th-century reanalyses 

a) 

b) 

c) 
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Figure 2.12:  As for Figure 2.8, except epoch differences in December to March surface skin 

temperature (oC) from 20th-century reanalyses 

a) 

b) 

c) 
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CHAPTER 3: OTHER INFORMATION  

The work reported on here has been published in the following international refereed literature:  

• RAPOLAKI R, BLAMEY RC, HERMES J and REASON CJC (2019) A classification of synoptic 

weather patterns linked to extreme rainfall over the Limpopo River basin in southern Africa. Climate 

Dynamics 53 2265‒2279. http://doi.org/10.1007/s00382-019-04829-7.  

• REASON CJC (2019) Low frequency variability in the Botswana High and southern African regional 

climate. Theoretical Applied Climatology 137 1321‒1334.  

http://doi.org/10.1007/s00704-018-2661-8.  

In addition, collaboration with Portuguese scientists as a result of the IMDROFLOOD project has led to 

the following papers on Western Cape rainfall variability and the recent “Day Zero” drought:  

• BLAMEY R, RAMOS A, TRIGO R and REASON CJC (2018) The influence of atmospheric rivers 

over the south Atlantic on winter rainfall in South Africa. Journal of Hydrometeorology 19 127‒142. 

http://doi.org/10.1175/JHM-D-17-0111.1.  

• SOUSA MP, BLAMEY RC, REASON CJC, RAMOS AM and TRIGO R (2018) The “Day Zero” Cape 

Town drought and the poleward migration of moisture corridors. Environmental Research Letters 

13. https://doi.org/10.1088/1748-9326/aaebc7.  

• RAMOS A, BLAMEY R, ALGARRA I, NIETO R, GIMENO L, TOME R, REASON CJC and  

TRIGO R (2019) From Amazonia to southern Africa: Atmospheric moisture transport through low 

level jets and atmospheric rivers. Annals of the New York Academy of Sciences 1436 217–230. 

http://doi.org/10.1111/nyas.13960.  

Two black South African students (R Rapolaki and D Morake) have conducted PhD research on aspects 

relating to the project, although they have not been directly funded by it. 
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CHAPTER 4: CONCLUDING REMARKS  

An analysis of heavy rainfall events over the Limpopo River Basin during the summer has shown that 

these are more common from January to March than from October to December. A sharp rainfall 

gradient exists across the region, which is related to topography and distance from moisture sources, 

most obviously the Indian Ocean. Tropical extratropical cloud bands make the largest contribution 

overall and are most common in February. The second-largest contribution comes from tropical lows, 

which peak in February. Mesoscale convective systems can make a substantial contribution in any 

summer month, whereas cut-off lows are more likely in October and March. Ongoing work is considering 

the interannual variability of these synoptic systems and their contribution to heavy rainfall events here.  

In terms of the interannual and interdecadal variability of the rainfall in the basin, an important aspect is 

the Botswana High. This high-pressure system is a mid-level anticyclone that forms in the austral spring 

over western tropical southern Africa and then moves south and strengthens during the summer so that 

its core region is located over central Namibia and western Botswana from December through to March. 

The relationships between low-frequency variability in this circulation system, regional rainfall, air 

temperature and sea surface temperature were examined. It is important to better understand this low-

frequency variability, since it is likely to sometimes oppose and, at other times, reinforce trends in 

regional rainfall and temperature associated with global warming. As a result, until this anthropogenic 

forcing strongly dominates the natural variability signals, climate change signals over the region could 

be obscured to some extent in the near-term, posing challenges for the appropriate attribution and 

detection of climate change.  
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