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ABSTRACT 

 

The Drakensberg range is the highest landscape zone in southern Africa, is a World Heritage 

site and an important source of surface runoff. General climatic evaluations covering the 

area, however, date from the 1970’s. Remarkably, few contemporary studies detail rainfall 

attributes and limited surface-climate data has been collected describing the sub-periglacial 

summit regions. This thesis presents an evaluation of rainfall and surface-temperature 

attributes in the mountains and, where possible, related geomorphic implications are 

described. The assessment is partly based on analysis of historical rainfall data measured by 

the South African Weather Services during the 20th Century, and partly on new rainfall, air 

and soil temperature data collected by the author over a five year period. Historical rainfall 

records show, when a spatial approach is taken, that altitude and distance from the 

escarpment eastward influence annual rainfall totals.  Latitude plays no significant role in 

influencing rainfall totals, but is the single important factor influencing inter- and intra-annual 

rainfall variability. Rainfall variability increases from the southern Drakensberg to the north 

where important water transfer schemes operate.  When a temporal approach is taken, 

historical records indicate no change in mean annual rainfall during the last half of the 20th 

century. Intra-annual rainfall variability has increased and this is illustrated by a statistically 

significant decrease of rainfall during the autumn season. A contemporaneous as well as a 

lagged correlation exists between the El Niño/Southern Oscillation and summer rainfall in the 
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Drakensberg. An increase in the frequency and intensity of ENSO should decrease summer 

rainfall and the lagged correlation could be used for summer rainfall forecasting.  

 

Using temporary field stations, analysis of rainfall and air, soil and rock temperatures 

contribute to an improved understanding of the characteristics and structure of rainfall 

events, surface conditions and effect on rock weathering and soil erosional processes. With 

respect to rainfall attributes, totals recorded on the escarpment summit are considerably less 

than anticipated. Individual erosive storm events at all altitudes are found to have the ability 

to detach soil, but at high altitude less rain falls as erosive storms, and the total erosivity 

generated by rainfall events is less on the escarpment than in the foothills. Five-minute 

intensity data indicate that extreme rainfall events generate peak rainfall intensity, within the 

first half of the storm duration. Mean annual air temperature (MAAT) measured on the 

escarpment falls within the range previously estimated, but is higher than the MAAT 

suggested by other authors for the plateau peaks behind the escarpment.  No long-duration, 

or seasonal freeze was found on the soil surface and soil temperatures are generally higher 

than air temperatures. Rock temperature and rainfall frequency recorded below the 

escarpment imply an environment conducive to rock weathering processes such as wetting 

and drying and thermal fatigue with the possibility of frost action. Contrasting air, rock and 

soil surface temperatures measured in the Drakensberg, emphasises the dissimilarity in 

micro-environmental conditions experienced by different natural mediums in the landscape. 

Overall, the data confirm the marginal-periglacial nature of the summit region but earlier 

estimates for rainfall totals at the escarpment appear to be notably high. Extrapolation 

towards, for example, palaeo-precipitation scenarios using earlier estimates, should thus be 

made with caution. 
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INTRODUCTION 

 

The Drakensberg range in South Africa is part of the Main Escarpment that extends as a 

passive margin around the African sub-continent. In KwaZulu-Natal the mountains are 

divided into three regions, the northern, central and southern Drakensberg (Fig. 1). Land-use 

within the Drakensberg area is mainly related to altitude, with the wilderness conservation 

areas situated in the escarpment zone (2200 m to above 3000 m a.s.l.) and farmland and 

small towns found below 2200 m a.s.l. in the foothills (Fig. 1). Typically, the escarpment edge 

lies between 2800-3000 m and defines the watershed border between the interior 

catchments of Lesotho that feed into the Orange River and the shorter and steeper 

catchments of the rivers in the province of KwaZulu-Natal (Fig. 1). The Drakensberg area 

has recently been declared a Trans-Frontier National Park and has become South Africa’s 

most valuable source of surface runoff since population growth and industrial development 

has placed increasing pressure on water resources (Mason and Jury, 1997). In the 

Johannesburg area, South Africa’s biggest city situated in the Gauteng province, water 

consumption has more than doubled since 1970. It is predicted that the domestic and 

industrial water demand in Gauteng is to increase from 980 million cubic metres to 3800 

million cubic metres per annum and such a demand will exceed existing water resources 

(Waites, 2001). To address this resource problem and to supply water to Gauteng, two inter-

basin transfer schemes that operate in the Drakensberg region, the Tugela-Vaal transfer 

tunnel (TUVA) and the Lesotho Highlands Water Project (LHWP) were developed to transfer 

water from the upper catchments in KwaZulu-Natal and Lesotho to Gauteng (see Bell, 1999; 

Nel and Illigner, 2001; Waites, 2001). Although the Drakensberg is hydrologically important, 

climatic data are only predominantly collected in the foothills and very few contemporary 

analyses of these data have been forthcoming for this region. 

 
 
 



 2

 

 

Figure 1: Location of the Drakensberg and the SAWS and D-MCS rainfall stations used 

for analysis in this study. 
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Where KwaZulu-Natal borders on eastern Lesotho, the catchments generate nearly twice as 

much total runoff per unit of rainfall than for the average of South Africa as a whole, and this 

contributes a quarter of South Africa’s streamflow (Whitmore, 1970). Sources of precipitation 

over the Drakensberg include large-scale line and orographically induced thunderstorms, and 

cold fronts that develop as closed low-pressure cells in the western Atlantic and move across 

southern Africa in a west-northwest to east-southeast direction (Tyson et al., 1976). 

Snowfalls occur on average eight times a year (Tyson et al., 1976), predominantly in the 

summit region, although the frequency could be underestimated since localised snowfalls are 

not considered (Boelhouwers and Meiklejohn, 2002).  

 

Stations in the Drakensberg experience an average of 16 to 18 rain days in the months of 

December and January and the summer months November to March account for 70% of the 

annual rainfall, whilst May to August accounts for less than 10% (Tyson et al., 1976). Even 

though the high altitude region of the Drakensberg is an important catchment area, little 

research has focussed on assessing rainfall on the escarpment. Mean annual precipitation 

(MAP) measured in the 1930’s at Sani Pass (2865 m a.s.l.) on the southern Drakensberg 

escarpment edge was 995.8 mm (Killick, 1978). Three years of rainfall data are also 

presented from an unknown station at the summit of Organ Pipes Pass (2927 m a.s.l.) on the 

central Drakensberg escarpment. Mean annual precipitation measured at this site was 1609 

mm (Killick, 1978) (Table 1). Carter (1967), in an assessment of the rainfall in Orange River 

catchment in Lesotho, published data from a station situated approximately 1,8 km west of 

the escarpment at an altitude of roughly 3121 m a.s.l. Based on five years of measurements 

in the early 1960’s, MAP for this site was 1068 mm. Sene et al. (1998) uses rainfall data from 

Sani Pass to assess the flow variations in the Lesotho Highlands and Schulze (1979) 

published data from Sani Pass and Cleft Peak, situated on the escarpment edge at 2880 m 

a.s.l., where rainfall was recorded for an unspecified short duration, and the monthly data 

synthesised to 21 years. Mean annual precipitation from both stations are unknown, but, 

estimates exceeding 1800 mm per annum are given using relief-based extrapolation from 
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lower altitude (Tyson et al., 1976; Schulze, 1979), possibly exceeding 2000 mm per annum 

(Tyson et al., 1976) (Table 1). 

 

Author(s) Topic Station 
Name 

Recording 
period 

Data 
published 

Mean annual 
precipitation 

Carter 
(1967) 

Water resources of 
the Upper Orange 
catchment. 

N 6 years Monthly 855 mm 
(measured) 

Tyson et al. 
(1976) 

Climate of the 
Drakensberg Sani Pass Unknown 

No. of 
raindays 

and annual 
total 

For station 
unknown 

For escarpment 
>2000 mm 
(estimated) 

Killick (1978) 

Climate of the 
Alpine Vegetation 
Belt of eastern 
Lesotho. 

Sani Pass 
 

Organ 
Pipes Pass 

12 years 
 

3 years 

Monthly 
 

Monthly 

995.8 mm 
(measured) 
1609 mm 

(measured) 

Schulze 
(1979) 

Hydrology of the 
Drakensberg 

Sani Pass 
 
 

Cleft Peak 

18 years 
 
 

Few 
months 

Monthly 
 
 

Monthly 

For stations 
unknown 

For escarpment 
>1800 mm 
(estimated) 

Sene et al. 
(1998) 

Rainfall and flow 
variations in the 
Lesotho Highlands 

Sani Pass Unknown Annual Unknown 

 

Table 1: Previous published rainfall data from the Drakensberg escarpment. 

 

According to the values available in the literature, precipitation on the escarpment thus has a 

notably large range from 1000 mm per annum to in excess of 2000 mm per annum. Many 

contemporary authors cite MAP exceeding 1000 mm per annum especially when 

extrapolating for palaeoclimates above the escarpment zone using departures from current 

values (Boelhouwers, 1988; Grab, 1994; 1996), In particular the high values (MAP exceeding 

1500 mm per annum) are cited in favour of former glaciation during the Last Glacial 

Maximum (Grab, 2002). Precipitation for this period is believed to be 70% of current values 

(Partridge, 1997), but if current rainfall estimates are above 1500 mm this supports snow 

accumulation during the LGM. Alternatively, contemporary dryer conditions would favour 

periglaciation at high altitude during the LGM (see Boelhouwers and Meiklejohn, 2002). 

 
 
 



 5

Collection and analysis of current data could to a large extent resolve the situation by giving 

researchers a platform from which to base extrapolations for palaeoclimates.  

 

Few studies have investigated contemporary rainfall erosivity and no studies have assessed 

rainfall structure and characteristics in the KwaZulu-Natal Drakensberg area. Schulze (1979) 

undertook a preliminary investigation into the kinetic energy of rainfall using two low 

altitudinal stations in the Central Drakensberg (Cathedral Peak at 1854 m and Ntabamhlope 

Research Station at 1457 m a.s.l.). More recently, in a study of rainfall erosivity of southern 

Africa, Seuffert et al. (1999) used one station in the central Drakensberg foothills (Giant’s 

Castle) as representative of the mountainous area and mapped findings suggest that their 

Rainfall Erosivity Index decreases from east to west from the foothills to the escarpment.  

 

The South African Weather Services (SAWS) operate a number of weather stations in the 

Drakensberg, but they are mostly confined in the foothills at altitudes below 1800 m.  At the 

stations, daily rainfall is measured manually from a rain-gauge at 08h00 by SAWS 

volunteers; for example police officers (e.g. Sani Border Post), conservation personnel (eg. 

Royal Natal National Park (Fig. 2a); Giant’s Castle Game Reserve) and farmers (eg. 

Heartsease) (Fig. 1). In earlier reports, 95-98% accuracy was noted for station data (Schulze, 

1979; Dent et al., 1987) but presently, the SAWS do not claim such accuracy from stations 

(Swart, pers. com). Consequently, in assessing the spatial and temporal trends of rainfall and 

rainfall variability in the foothills, this thesis only used data from well-established SAWS 

weather stations with long-term unbroken rainfall measurements (Fig. 1). On the escarpment, 

where no SAWS stations and consequently no contemporary climatic data exist, 

measurement is difficult due to equipment theft and inaccessibility. In this thesis rainfall 

recordings on the escarpment took place at temporary field stations on the Sentinel Peak 

(Fig. 1, Fig. 2c) in the northern Drakensberg, which can only be accessed through climbing 

the steep cliffs, and at the Sani Pass chalet complex in the southern Drakensberg, which has 

established tourist related infrastructure and people guarding the recording equipment (Fig. 
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1, Fig. 2d). In assessing the structure and characteristics of rainfall in this thesis, automated 

tipping-bucket rain-gauges (Davis-MC Systems) were installed at these two escarpment sites 

as well as three sites in the foothills namely: Injisuthi Outpost, Royal Natal National Park and 

Glenisla (Fig. 1).  

 

b

a

c

d
 

Figure 2: Photographs of a) Royal Natal National Park SAWS station b) blocked rainfall  

intensity meter at Royal Natal National Park SAWS station c) the D-MCS 

rainfall and temperature logger on Sentinel Peak and d) the D-MCS rainfall 

gauge at Sani Pass. 

 

General air and soil temperature conditions in the Drakensberg escarpment zone remain 

uncertain, particularly since temperatures in headwater catchments on the escarpment edge 

or above the escarpment are formerly derived from extrapolations from lower altitude. The 

escarpment and adjacent summits is classified as a marginal periglacial area (Boelhouwers, 

1991) but, geomorphologically, the area has generated much interest and debate, 
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particularly in the field of climatic or palaeo-climatic interpretation based on landforms (see 

Boelhouwers and Meiklejohn, 2002). Researchers in the area concede that contemporary air 

and soil temperatures, from which extrapolations can be based, are scarce (Boelhouwers 

and Meiklejohn, 2002; Sumner, 2003). First assessments of air temperature on the 

escarpment estimated mean winter temperature to be 4°C and winter mean minimum air 

temperature be as low as -13°C (Tyson et al., 1976) (Table 2). Grab (1994) published data 

from Letseng-la- Draai station 3050 m a.s.l west of the escarpment in Lesotho and used it to 

extrapolate mean annual air temperature (MAAT) and winter temperatures for the 

escarpment zone. Mean winter temperatures is estimated to be 0.4°C and mean minimum as 

low as -6°C (Grab, 1994; 1997a; 1997b; 1999; 2002). Some contemporary ground surface 

temperature data and observations on freezing depths on the high points of the escarpment 

region have been recorded but these are limited to two sites (Grab, 1997b; Sumner 2003) 

over single winters. During winter, frost action disrupts soil on the escarpment (Boelhouwers 

and Meiklejohn, 2002), but the penetration and intensity of frost processes are unclear 

(Sumner, 2003). It appears that frost penetration is limited to the upper 15 cm of soil and 

given this marginal frost activity, the effect of climate warming on frost-related processes is 

unknown.  

 

Geomorphological researchers estimates MAAT above 2800m to be in the region of 3°C to 

7°C (Boelhouwers, 1994; Grab, 1997a; 2002) and although this estimated MAAT range 

appears small, departures from these current values are often cited when substantiating or 

refuting certain palaeoclimates, particularly the intensity of soil frost processes and the 

presence or absence of ground ice during the Last Glacial Maximum (see Boelhouwers and 

Meiklejohn, 2002). Scenarios, such as former permafrost, become controversial when 

estimated temperature depressions are 5 to 6°C from current MAAT values (see e.g. Grab, 

2002; Sumner, 2004).  
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Author(s) Topic MAAT 
(Estimated/Measured) Winter Temperature 

Tyson et al. (1976) Climate of the 
Drakensberg - 

Mean minimum 
(-13°C) (Estimated) 
Mean July 
(4°C) (Estimated)  

Boelhouwers (1994)  Periglacial landforms at 
Giant's Castle 7°C (Estimated) - 

Grab (1994) Thufur in the Mohlesi 
Valley 5 to 6°C (Estimated) 

Mean 
(0.4°C) 
Mean minimum  
(-6°C)  

Grab (1997a) 
Thermal regime for a 
tufa apex and 
depression 

6°C (Estimated) Mean minimum 
(-6°C) (Grab 1994) 

Grab (1997b) Analysis of high altitude 
air temperature 3 to 5°C (Estimated) Mean minimum  

(-6°C) (Grab 1994) 

Grab (1999) Block deposits in the 
High Drakensberg 4°C (Estimated) Mean July 

(0°C) (Estimated) 

Grab (2002)  Characteristics of relict 
patterned ground 4°C (Estimated) Mean July 

(0°C) (Estimated) 
 

Table 2: Previous published Mean Annual Air Temperature (MAAT) and winter 

temperatures. 

 

The aim of the thesis is to provide a contribution to an understanding of the contemporary 

and historically recent climatic characteristics in the KwaZulu-Natal Drakensberg. As 

geographical focus area, the thesis focuses on the Drakensberg foothills when analysing 

long-term climatic trends, but emphasises the attributes of rainfall and to a lesser extent air 

and soil temperatures measured in the Drakensberg escarpment zone and its effects on 

surface processes, a first for this hydrologically crucial area. Key objectives of this study 

include the following: 

• Analysing the spatial and temporal trend of rainfall totals and variability within the 

Drakensberg foothills,  

• investigating the characteristics, structure  and erosivity of rainfall events at all 

altitudes, 

• and analysing the surface-climate attributes measured on the escarpment and in the 

foothills and their possible effects on geomorphological processes.   
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The thesis is a compilation of articles produced by the author (some are co-authored), either 

already published or in various stages of submission and review for journals, and comprises 

two sections. Section 1 constitutes two Chapters: the first is an article on rainfall spatial 

variability trends in the Drakensberg foothills, and the second an article on long-term 

temporal rainfall trends also in the foothills. Both these Chapters use existing data collected 

by the SAWS. 

 

Section 2 comprises six Chapters, each originating from articles that present and discusses 

new rainfall and temperature data collected over a period of five years. The first Chapter 

presents initial contemporary measured rainfall data from the southern and northern 

KwaZulu-Natal Drakensberg escarpment stations. The second chapter in this section 

analyses rainfall totals generated from individual rainfall events. Chapter three and Chapter 

four of this section discuss the first data on storm erosivity in the KwaZulu-Natal Drakensberg 

summit area and in the foothills east of the escarpment. Soil and rock temperature data 

measured at a site in the Drakensberg foothills, are discussed in Chapter five and the final 

Chapter of the thesis presents the longest contemporary rainfall, soil and rock temperature 

data recorded on the Drakensberg escarpment edge. 

 

Both sections are introduced with a Preface. The publication status of each article is noted 

on the Chapter title page and where papers are co-authored the relative contributions by the 

authors are noted in the Preface. Some repetition does occur between Chapters, particularly 

in the introductions in the various documents. Unfortunately this cannot be avoided since the 

papers are included as the text appears in the literature or in submission for publication. 

Relevant acknowledgements and references are presented at the end of each Chapter. The 

style of graphical presentation is similar throughout the thesis although published documents 

may show some variations due to external editorial requirements. One article by the author 

that discusses specific attributes of thermal conditions in four distinct climatic zones 
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(including the Drakensberg) is included in the Appendix. This paper is related to the thesis 

but not integral to the discussion. 
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SECTION 1: LONG-TERM TRENDS IN RAINFALL AND RAINFALL VARIABILITY 

 

PREFACE 

 

Section 1 comprises two Chapters as follows: 

 

Nel. W. and Sumner, P.D. 2006. Trends in rainfall total and variability (1970-2000) along the KwaZulu-

Natal Drakensberg foothills. South African Geographical Journal, 88, 130-137. 

 

Nel, W. Submitted. Rainfall trends in the KwaZulu-Natal Drakensberg region of South  

Africa during the Twentieth Century. International Journal of Climatology. 

 

The first Chapter of Section 1 is a chapter co-authored with Paul Sumner published in the 

South African Geographical Journal1. The chapter focuses on recent rainfall records along a 

latitudinal and altitudinal gradient in the KwaZulu-Natal Drakensberg foothills east of the 

escarpment. South African Weather Services rainfall station data are contrasted with respect 

to altitude, location in relation to the escarpment and latitude. Rainfall totals are found to be 

affected by altitude and distance from the escarpment, and this correlates well with findings 

from earlier work undertaken on the eastern and western side of the escarpment.  This paper 

also presents new findings on the effect that latitude has on rainfall totals and inter- and intra-

annual rainfall variability.  

 

The second Chapter, as re-submitted to the International Journal of Climatology following 

inputs from two reviewers, assesses long- term rainfall records in the KwaZulu-Natal 

Drakensberg east of the escarpment. The study analyses temporal trends of inter- and intra-

annual rainfall variability of both annual and seasonal rainfall, and the relationship between 

summer rainfall in the Drakensberg in correlation to the El Niño/Southern Oscillation 
                                                 
1 Paul Sumner provided inputs and discussions on the text. The original idea for the paper was mine, 

and I undertook the text compilation, submission and revision. 
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phenomenon. Analysis of monthly rainfall indicates an increase in the variability of the 

distribution of monthly rainfall and the strengthening of rainfall seasonality in the 

Drakensberg. The El Niño/Southern Oscillation influences summer rainfall variability and a 

strong correlation exist between summer rainfall and the Southern Oscillation Index for 

preceding periods. The paper suggests that the lagged correlation between summer rainfall 

in the Drakensberg and the Southern Oscillation Index could be used as an indicator for 

seasonal forecasting.  
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ABSTRACT 

 

South Africa’s most valuable source of water is the eastern escarpment region of the 

KwaZulu-Natal Drakensberg and Lesotho highlands. These upper catchments supply much 

of KwaZulu-Natal, feed the Vaal River in the interior through two inter-basin transfer schemes 

and are important conservation areas. Analysis of rainfall and rainfall variability trends can 

thus contribute to a better understanding and management of the area and yet no recent 

studies have investigated these aspects. This study assesses the 1970-2000 rainfall period 

using 13 stations to the east of the escarpment in KwaZulu-Natal and presents a spatial 

perspective on annual rainfall totals and intra- and inter-annual variability. Altitude and 

distance from the escarpment eastward are found to influence total annual rainfall with an 

increase of 41.5 mm per 100 m in altitude between approximately 1100 m and 2100 m a.s.l., 

and a corresponding decrease of 54 mm for every 10 km eastward from the escarpment. 

Neither inter- nor intra-annual rainfall variability is influenced directly by altitude or the 

relation to the escarpment. Latitudinal position is found to have no significant affect on station 

totals but variability increases from south to north in the Drakensberg, possibly related to the 

greater seasonal contribution by frontal rains in the south, or more variable annual storm 

activity in the north. 
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INTRODUCTION 

 

Rainfall totals and seasonality are crucial in understanding the biotic and abiotic 

environment. Rainfall trends are critical to the spatial distribution of ecological units (Bailey, 

1998), population fluctuation of small mammals (Monadjem and Perrin, 2003), distribution 

and diversity of insects (e.g. Davis, 2002) and the spatial and temporal patterns of vegetation 

(Fernandez-Illescas and Rodriguez-Iturbe, 2004). In addition, hydrological aspects such as 

runoff generation (Winchell et al., 1998), water balance of first order catchments (Everson, 

2001) and the timing and magnitude of streamflow events in large watersheds (Koren et al., 

1999) are also affected by rainfall trends and variability. In this context, rainfall and rainfall 

variability in mountainous areas are of primary significance since mountains are typically 

areas of ecological importance and high altitude sub-catchments regulate discharge, 

particularly during low-flow conditions. 

 

Recently declared a Trans-Frontier National Park where KwaZulu-Natal borders on eastern 

Lesotho, the mountainous escarpment region of eastern southern Africa approximates the 

watershed between the interior catchments that feed the Orange River and the shorter and 

steeper catchments such as the Tugela, Mooi and Mkomazi Rivers that flow towards the east 

coast (Fig 1). Given the high rainfall totals known for the area (e.g. Schulze, 1979) there is 

nearly twice as much total runoff in KwaZulu-Natal per unit of rainfall than for the average of 

South Africa as a whole, and the province contributes a quarter of South Africa’s streamflow 

(Whitmore, 1970). Given that two inter-basin transfer schemes, the Tugela-Vaal transfer 

tunnel (TUVA) and the Lesotho Highlands Water Project (Nel and Illigner, 2001), rely on 

these upper catchments, the area can be considered South Africa’s most important source of 

water.  
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Figure 1:  Map of the KwaZulu-Natal Drakensberg and the location of rainfall stations. 

  The escarpment edge corresponds closely to the international border. 

 

Few published assessments exist on total rainfall or rainfall variability for the KwaZulu-Natal 

Drakensberg area and recent environmental studies still cite trends from the benchmark 

assessments by Tyson et al. (1976) and Schulze (1979). The aim of this study is to assess 

more recent rainfall records along a latitudinal and altitudinal gradient in the KwaZulu-Natal 

Drakensberg foothills east of the escarpment. A spatial approach is taken where weather 

station data are contrasted with respect to altitude, location to the escarpment and latitude.  

 

STUDY AREA 

 
The Drakensberg is part of the Main Escarpment of southern Africa, which extends as a 

passive margin around the sub-continent and has a highest point of 3482 m a.s.l. (above sea 
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level) in eastern Lesotho. Typically, the escarpment reaches above 3000 m on the watershed 

border between KwaZulu-Natal and Lesotho (Fig. 1). Given the remoteness of the eastern 

Lesotho highlands, few reliable long-term weather stations have been operating in adjacent 

to and immediately west of the escarpment, and the study focuses on the records available 

east of the escarpment in what is locally known as the Drakensberg. The main land-use 

within the Drakensberg area is related to altitude with holiday resorts and conservation areas 

situated mostly above 1500 m a.s.l. and farmland and small towns found in the lower lying 

areas. South African Weather Services stations are located in the conservation areas, at 

resort offices, farms and in towns. Several dams in the northern region on the Tugela River 

feed the TUVA scheme.  

 

Rain producing systems in the Drakensberg consist of two types (Tyson et al., 1976). Large-

scale line thunderstorms and orographically induced storms provide the major source of 

rainfall over the Drakensberg in the extended summer period. Frontal systems develop as 

closed low-pressure cells in the western Atlantic and move across southern Africa in a west-

northwest to east-southeast direction (Tyson et al., 1976). Approximately 43 cold fronts 

annually affect KwaZulu-Natal (Grab and Simpson, 2000), mainly in winter. Stations in the 

Drakensberg are known to experience an average of 16 to 18 rain days in the months of 

December and January, and the summer months November to March account for 70% of the 

annual rainfall whilst May to August accounts for less than 10% (Tyson et al., 1976). 

 

Snowfalls occur on average eight times a year (Tyson et al., 1976), predominantly in the 

summit region, although the frequency could be underestimated since localised snowfalls are 

not taken into account (Boelhouwers and Meiklejohn, 2002). Heavy snowfalls can remain for 

several weeks on the ground in the high altitude areas (Hanvey and Marker, 1992). 

Observations by the authors give a water-equivalent of less than 100 mm p.a. on the 

escarpment (Nel and Sumner, 2005) but the contribution of snow to the water budget in the 

Drakensberg is unknown.  
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Rainfall Station Date Latitude 
S (°) 

Longitude 
E (°) 

Altitude 
(m) 

Mean 
(mm) 

CV 
(%) 

Abs Dev 
(%) PCI 

Roseleigh 1957 28.62º 29.55º 1219 844.9 23.7 19.0 16.3 
Cavern Guest 
Farm 1947 28.63º 28.97º 1980 1351.3 24.4 17.8 15.9 
Royal Natal  NP 1948 28.68º 28.95º 1392 1314.6 24.4 16.9 16.0 
Bergville 1931 28.73º 29.35º 1128 767.0 22.8 18.6 16.5 
Cathedral Peak 1937 28.95º 29.20º 1448 1220.4 24.5 15.8 15.8 
Heartsease 1928 29.00º 29.50º 1167 922.5 21.4 15.4 16.1 
Giant’s Castle 1948 29.27º 29.52º 1754 1058.0 18.9 12.4 15.5 
Highmoor 1955 29.32º 29.62º 1981 1229.0 25.5 20.0 16.1 
Kamberg 1954 29.37º 29.70º 1525 1099.1 19.3 16.2 15.3 
Sani Pass 
Border Post 1968 29.60º 29.35º 2055 1180.4 20.2 15.7 15.4 
Himeville 1935 29.75º 29.53º 1524 938.3 16.9 11.5 15.2 
Bulwer 1923 29.80º 29.77º 1484 1062.4 21.4 17.3 14.8 
Emerald Dale 1969 29.93º 29.95º 1189 858.6 21.1 16.1 14.3 
 
Table 1:  Spatial distribution, mean annual rainfall and rainfall variability from selected 

stations in the KwaZulu-Natal Drakensberg, 1970–2000. 

 

With respect to rainfall totals, Tyson et al. (1976) propose that mean annual rainfall varies 

markedly with altitude, and by extrapolating from lower altitude it is estimated that the top of 

the escarpment receives over 2000 mm of rain annually. Similarly, Schulze (1979) estimates 

a mean annual rainfall of 1500 mm on the escarpment and a mean January rainfall of 250 

mm. However, these annual totals derived for altitudes above 2100 m a.s.l., where few data 

have been collected in the past, may be overestimates (Nel and Sumner, 2005). More 

reliable long-term monitoring has been undertaken at altitudes below 2100 m and these 

records are analysed here. 

 

STATIONS AND DATA ANALYSIS 

 

Rainfall data from 13 South African Weather Service (SAWS) stations in the Drakensberg 

covering the period 1970 to 2000 for the area between 28.5° and 30° S and 28.5° and 30° E 

(Table 1, Fig. 1) are analysed. At the stations, daily rainfall is manually measured from a 

raingauge at 08h00 by SAWS volunteers; for example police officers (e.g. Sani Border Post), 
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conservation personnel (eg. Royal Natal National Park; Giant’s Castle Game Reserve) and 

farmers (eg. Heartsease). In earlier reports, a 95-98% accuracy was noted for station data 

(Schulze, 1979, Dent et al., 1987) but presently, the SAWS do not claim such accuracy from 

stations (Swart, pers. com). Consequently, only well-established weather stations with long-

term unbroken rainfall measurements were considered. Thirteen stations were selected that 

provided a good geographical coverage of the Drakensberg foothills (Table 1, Fig. 1). 

 

There are many global water resources problems, such as regional water yield studies, for 

which knowledge of annual or even seasonal rainfall is of little consequence, and an intra-

year distribution is required (Schulze, 1979). In the analysis of intra-yearly rainfall trends in 

the Drakensberg, the seasonality can be described through the monthly rainfall totals as a 

percentage of the total annual rainfall (Table 2). To define intra-annual variability and to 

quantify its spatial distribution, a modified version (De Luis et al., 2000; Ceballos et al., 2004) 

of the precipitation concentration index (PCI) was applied:  

 

2
i = 1 Pi 
12

2
i = 1 Pi 
12( )

PCI = 100
   (1) 

 

where Pi is the precipitation of the month i. Values below 10 indicate a uniform distribution of 

rainfall throughout the year. PCI values from 11 to 20 indicate a seasonal trend and values 

above 20 indicate a considerable variability of the distribution of monthly rainfall (Ceballos et 

al., 2004). Measures of variability about the mean are of critical importance to water 

resources, since the greater the variability the more difficult and expensive management of 

water resources becomes (Klemes, 1973). Inter-annual variability of each station was 

calculated through the mean coefficient of variation (CV), which is defined as the relationship 

of standard deviation about the mean as a percentage of the mean as well as the percentage 

ratio of absolute mean deviation of annual rainfall to mean annual rainfall (absolute 
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deviation). Data were investigated along a latitudinal and altitudinal gradient and mean 

annual rainfall and variability plotted in relation to the station’s distance perpendicular from 

the escarpment in an eastward direction. Since the data are normal and the variance 

constant the Pearson Product Moment Correlation parametric test, as well as linear 

regression were applied to discern any spatial trends.  

 

 
 
Table 2: Monthly rainfall as a percentage of total rainfall, 1970-2000. 
 
 

TRENDS IN RAINFALL DISTRIBUTION 

 
Tyson et al. (1976) and Schulze (1979) found a clearly defined positive relationship between 

altitude and rainfall. Schulze, (1979) mapped mean annual precipitation and other rainfall 

statistics in the Drakensberg through the use of trend surface analysis (TSA) with 

physiographic variables of altitude, distance from a physiographic barrier and alignment of 

topography. Similarly, more recent data from the stations used in this study indicate a 

statistically significant (P= 0.006) positive correlation (R2= 0.51) between mean annual 

rainfall and altitude (Fig. 2), and from linear regression an increase of 41.5 mm for every 100 

m in altitude can be discerned between the lowest and highest altitude stations (Table 1).  

Rainfall Station Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec 
Roseleigh 19 18 12 4 2 1 1 3 4 9 12 15 
Cavern Guest 
Farm 19 18 13 4 2 1 1 3 4 9 11 15 
Royal Natal 
National Park 19 18 13 4 2 1 1 2 5 9 11 15 
Bergville 19 18 14 5 1 1 1 3 4 9 11 14 
Cathedral Peak 18 20 14 5 2 1 1 3 4 8 11 13 
Heartsease 19 17 14 5 2 1 1 2 4 9 11 15 
Giant’s Castle 19 16 14 5 1 1 1 3 5 9 11 15 
Highmoor 18 16 14 4 2 1 1 2 4 10 13 15 
Kamberg 19 16 15 5 2 1 1 2 4 8 11 16 
Sani Pass 
Border Post 19 17 14 5 1 1 1 3 5 9 10 15 
Himeville 18 18 15 5 2 1 1 2 5 8 11 14 
Bulwer 18 15 14 5 2 1 1 3 5 9 12 15 
Emerald Dale 15 14 15 5 2 1 2 3 7 9 12 15 
Average 18 17 14 5 2 1 1 3 4 9 11 15 
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Figure 2:  Relationship between mean annual rainfall in the KwaZulu-Natal Drakensberg 

and (a) altitude, (b) eastward distance from the escarpment and (c) latitude  
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A strong negative correlation (R2= 0.55) also exists between annual rainfall at the stations 

and the station’s eastward distance from the escarpment (P= 0.004) (Fig. 2). Linear 

regression shows that mean annual rainfall decreases by 54 mm for every 10 km from the 

escarpment. However, a significant correlation (R2= 0.47; P= 0.009) also exists between 

station altitude and station distance from the escarpment (Fig. 3). This indicates that altitude 

decrease with an increase in distance from the escarpment in an eastward direction, which is 

understandable if the topography of the Drakensberg is taken into account (Fig. 1). It is 

unclear whether the two factors work collectively to affect rainfall totals in the Drakensberg, 

or if both altitude and the distance from the escarpment influence the spatial distribution of 

mean annual rainfall independently. Schulze (1979) notes through observations from rainfall 

maps that rainfall amounts appeared to be influenced by the distance from the escarpment 

although no mention is made of the correlation in the Drakensberg between altitude and 

distance from the escarpment. 

 

 

 

 

Figure 3:  Relationship between altitude and eastward distance from the escarpment in 

the KwaZulu-Natal Drakensberg.  
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No significant relationship (R2= 0.031, P= 0.57) is found between the latitude of rainfall 

stations in the Drakensberg and mean annual rainfall (Fig. 2). However, spatial trends in 

mean annual rainfall appear to be only affected by altitude and the eastward distance from 

the escarpment. 

 

The five summer months (November to March) account for 75% of the annual rainfall, whilst 

winter months (May to August) contribute less than 10% (Table 2). This seasonality is also 

observed in the PCI values, which range between 14.3 and 16.5 (Table 1).  Inter-annual 

rainfall variability, as calculated through the CV, is between 17.0% and 25.5%. The data 

indicate no statistically significant relationship between altitude and inter-annual rainfall 

variability, as calculated through the CV and the absolute deviation (Fig. 4). Altitude plays no 

significant role in affecting spatial trends of variability in the monthly distribution of rainfall in 

the Drakensberg, as calculated through the PCI (Fig. 4). As with altitude, no significant 

correlation exists between the eastward distance from the escarpment and inter- and intra-

annual rainfall variability (Fig. 5). 

 

Statistically significant linear trends are found when comparing rainfall variability to latitudinal 

position (Fig. 6). The CV and particularly the PCI show strong negative correlation with an 

increase in latitude. From linear regression, inter-annual variability as calculated through the 

CV decreases by 1.7% for every 0.5° increase in latitude (R2= 0.40, P= 0.02) between 28.5° 

and 30°S. Absolute deviation shows the same linear trend, but the correlation is poor (R2= 

0.18) and not statistically significant (P= 0.15). Intra-annual rainfall variability, as calculated 

by the precipitation concentration index, shows a strong negative correlation (R2= 0.76) that 

is significant at P< 0.001. The PCI decreases by 0.6 for every half a degree increase in 

latitude.  

 

 
 
 



 26

 

 

 

 

Figure 4:  Relationship between altitude in the KwaZulu-Natal Drakensberg and (a) CV, 

(b) absolute deviation and (c) the precipitation concentration index.  
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Figure 5:  Relationship between eastward distance from the escarpment in the KwaZulu- 

Natal Drakensberg and (a) CV, (b) absolute deviation and (c) the precipitation 

concentration index.  
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Figure 6:  Relationship between latitudinal position in the KwaZulu-Natal Drakensberg 

and (a) CV, (b) absolute deviation and (c) the precipitation concentration 

index. 
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DISCUSSION 

 

A general influence of physiography on the spatial distribution of mean annual precipitation 

has been long established. Spreen (1947) indicates that altitude accounts for 30% of the 

variation in mean seasonal precipitation in Colorado (USA), and in the southern Cape of 

South Africa, Whitmore (1968) showed that a regression equation, which used altitude, 

aspect, continentality and longitude, could explain most of the variation in mean annual 

precipitation. More recently, Johansson and Chen (2003) present highly significant 

relationships between daily precipitation amounts and orography in Sweden. Among the 

variables selected, the single most important is the location of a station with respect to a 

mountain range. In the Blue Ridge mountains in the southeastern USA, Konrad (1996) found 

no significant relationship between heavy rain frequency and elevation alone. In the 

highlands of Scotland, Prudhomme and Reed (1998) found similar results.  

 

Below 2100 m a.s.l. in the Drakensberg, mean annual rainfall is strongly related to altitude 

and the location to the escarpment. Above 2100 m a.s.l. where no long-term data are 

available, the trend of increasing precipitation has been assumed to extend to the 

escarpment summit altitudes exceeding 3000 m, where rainfall is anticipated to exceed 1500 

mm p.a. (Tyson et al., 1976; Schulze, 1979). Similarly, in analysing rainfall trends in the 

Lesotho Highlands west from the escarpment, Sene et al. (1998) found that rainfall is also 

strongly related to altitude, but it is not clear whether the overall maximum rainfall occurs 

upwind of or over the crest of the escarpment. Recent data collected from the escarpment 

above 2800 m a.s.l. (Nel and Sumner, 2005) give lower precipitation values at the 

escarpment edge and challenge the assumption of increasing rainfall with altitude on the 

eastern side of the escarpment. Until more data are available, the trend for increasing rainfall 

towards the escarpment from the east can only be considered to apply to the region below 

2100 m elevation as presented in this paper. Similarly, snowfalls and snow cover in the 
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Drakensberg appear independent of altitude, and there is a strong negative correlation (r= -

0.91) between snow covered areas and westward distance from the escarpment (Mulder and 

Grab, 2002) in Lesotho. It is, therefore, suggested that for rainfall estimation in the 

Drakensberg, greater consideration be given to both the effect of distance from the 

escarpment, and the relationship between the distance from the escarpment and altitude.  

 

Rainfall in the KwaZulu-Natal Drakensberg displays year-to-year variability, although no 

relationship between altitude, eastward distance from the escarpment and inter-annual 

rainfall variability in the Drakensberg is found. Annual rainfall in the Drakensberg is strongly 

seasonal, as noted in the PCI, with 75% of the annual rainfall occurring between the five 

summer months from November to March; a contribution that is marginally higher than the 

value of 70% calculated earlier by Tyson et al. (1976) for the period up to 1960. The winter 

months from May to August give a correspondingly lower total of 3% less than the earlier 

record of 10%. As with inter-annual rainfall, altitude and distance from the escarpment 

appears not to affect the variability in monthly distribution of annual rainfall.  

 

A significant spatial trend in rainfall variability is present with regards the station’s latitudinal 

position within the study area. Although this change in variability is not high the trend is 

significant and it indicates that variation in mean annual rainfall measured from year to year 

increases from the southern Drakensberg towards the north where the TUVA scheme relies 

on catchment rainfall in this area. The variability of rainfall does affect streamflow in the 

Drakensberg (Everson, 2001) with wet years giving higher discharge and dry years low 

continuous discharge throughout the year and an increase in rainfall variability could present 

an increase in cost and difficulty in the management of water resources and transfer 

schemes operating in this area. Latitude also influences the variability in the monthly 

distribution of annual rainfall as measured at the individual stations. As with inter-annual 

variability, the variability in the monthly distribution of annual rainfall increases with 
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decreasing in latitude.  Winter rainfall in the Drakensberg is driven by frontal systems that 

move across southern Africa from the south west (Taljaard and van Loon, 1962; 1963). 

Rainfall in the southern Drakensberg even though seasonal, thus receives proportionately 

more rainfall in winter and hence the lower PCI value. Reasons for the higher inter-annual 

rainfall variability in the northern Drakensberg, however, are unclear. It is possible that 

orographic induced storms are more variable in the north and that the annual frequency of 

cold fronts that move north of 30˚ S are erratic, making the rainfall in the north more variable. 

More research, however, is required to assess the causes behind the spatial distribution of 

inter-annual rainfall variability. 

 

CONCLUSION 

 
This study analysed records on annual rainfall totals and intra- and inter-annual rainfall 

variability trends from 1970 to 2000 in the KwaZulu-Natal Drakensberg foothills and thus 

updates and extends aspects of the earlier assessments by Tyson et al. (1976) and Schulze 

(1979). Mean annual rainfall on the eastern side of the Drakensberg escarpment is affected 

by altitude, and this correlates well with findings from earlier work undertaken on the western 

side of the escarpment (Sene et al., 1998). However, the findings from this study only apply 

to records obtained from stations below 2100 m a.s.l. and extrapolations of trends to the 

ecologically and hydrologically important higher catchment altitudes as done in the past do 

not appear feasible at this stage without further data. More consideration should be given to 

the eastward distance from escarpment when assessing rainfall totals and this is supported 

by recent research elsewhere that finds altitude is not necessarily the only important factor 

influencing rainfall in mountainous areas (e.g. Prudhomme and Reed, 1998; Johansson and 

Chen, 2003; Konrad, 1996).  

 

In the KwaZulu-Natal Drakensberg, latitude apparently plays no significant role in influencing 

rainfall totals, but is found to be the single important factor influencing inter- and intra annual 
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rainfall variability. Rainfall variability increases from the southern Drakensberg to the north 

where the important TUVA scheme operates. The spatial trend could be related to increased 

winter frontal activity in the south or greater thunderstorm variability in the north but further 

research is required to discern the cause. 
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ABSTRACT 

 
This study assesses long-term rainfall records in the KwaZulu-Natal Drakensberg, South 

Africa’s most valuable source of surface runoff. Records from 11 stations covering the 

Drakensberg region indicate that no statistically significant trend in interannual variability 

exists during the last half of the 20th Century. Mean annual rainfall in the Drakensberg is 

highly seasonal and analysis of monthly rainfall indicates an increase in the variability of the 

distribution of monthly rainfall and the strengthening of rainfall seasonality in the 

Drakensberg through a significant decrease in autumn rainfall. The El Niño/Southern 

Oscillation influences summer rainfall variability of the KwaZulu-Natal Drakensberg and a 

strong correlation also exist between summer rainfall and the Southern Oscillation Index for 

preceding periods. This correlation between summer rainfall and El Niño/Southern Oscillation 

events suggest that changes in the frequency and intensity of the El Niño/Southern 

Oscillation should affect the rainfall in the Drakensberg. The lagged correlation between 

summer rainfall in the Drakensberg and the Southern Oscillation Index could be used as an 

indicator for seasonal forecasting.  
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INTRODUCTION 
 
South Africa is predominantly a semi-arid country; and it is only primarily areas in the east 

that record rainfall above 600 mm (Schulze, 1979). The KwaZulu-Natal Drakensberg is part 

of the Main Escarpment of southern Africa that extends as a passive margin around the sub-

continent. Typically, the escarpment reaches above 2800 m to 3000 m and represents the 

watershed between the interior catchments of Lesotho and the shorter and steeper 

catchments of the rivers in KwaZulu-Natal. The province of KwaZulu-Natal contributes nearly 

twice as much total runoff per unit of rainfall than in South Africa as a whole and a quarter of 

South Africa’s streamflow (Whitmore, 1970) (Fig. 1).  

 

 

 

Figure 1: The KwaZulu-Natal Drakensberg region and locations of rainfall stations. 
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The amount of annual rainfall and its seasonal distribution are crucial factors for 

understanding the spatial distribution of different ecological units (Bailey, 1998). A whole set 

of systems such as soil typology and the intensity of geomorphological processes (Ceballos 

et al., 2004), runoff generation (Winchell et al., 1998), the timing and magnitude of 

streamflow events in large watersheds (Koren et al., 1999) and the water balance of first 

order catchments (Everson, 2001) are all affected by rainfall variability. Rainfall trends are 

also important in the distribution and functioning of fauna and flora and influence for example 

the distribution and diversity of insects (e.g. Davis, 2002) population fluctuation of small 

mammals (Monadjem and Perrin, 2003) and the spatial and temporal patterns of vegetation 

(Fernandez-Illescas and Rodriguez-Iturbe, 2004). Also, population growth and industrial 

development in South Africa has placed increasing pressure on water resources (Mason and 

Jury, 1997). For example, in the Johannesburg area in the Gauteng province, South Africa’s 

biggest city, water consumption has more than doubled over the last 30 years (Mason and 

Joubert, 1995) and it is still rising particularly in dry years (Mason and Jury, 1997). Gauteng 

province is the economic heartland of sub- Saharan Africa and contains 42% of South 

Africa’s urban population, 50% of the nations industry and generates 79% of all mining 

output (Nel and Illigner, 2001). It is predicted that the domestic and industrial water demand 

in Gauteng is to increase from 980 million cubic metres to 3800 million cubic metres per 

annum and such a demand will outstrip existing water resources (Waites, 2001). To address 

this resource problem and to supply water to Gauteng, two inter-basin transfer schemes, the 

Tugela-Vaal transfer tunnel (TUVA) and the Lesotho Highlands Water Project (LHWP) were 

developed to transfer water from KwaZulu-Natal and Lesotho to Gauteng (see Bell, 1999; 

Nel and Illigner, 2001, Waites, 2001). These water transfer schemes rely heavily on the 

upper catchment areas of the KwaZulu-Natal Drakensberg and Lesotho Highlands for its 

supply. In this context, rainfall in the mountainous areas is of primary significance because of 

the ecological importance of the Drakensberg, and also since the high altitude sub-

catchments regulate discharge, particularly during low-flow conditions. 

  

 
 
 



 39

Even though the area is crucial for runoff generation, no studies have investigated the long- 

term trends of rainfall and rainfall variability for the Drakensberg region and only a few 

published assessments exist on total rainfall or rainfall variability for the area (for example 

Tyson et al., 1976; Schulze, 1979). The aim of this study is to assess long- term rainfall 

records in the KwaZulu-Natal Drakensberg east of the escarpment. The study analyses the 

temporal trend of inter- and intra-annual rainfall variability of both annual and seasonal 

rainfall and the relationship between summer rainfall in the Drakensberg and its correlation to 

the El Niño/Southern Oscillation. 

 

STUDY AREA AND DATA 

 

Given the remoteness and inaccessibility of the eastern Lesotho highlands and the 

escarpment area, no long-term, reliable weather stations have been operating in the past few 

decades in this area and the study focuses on the records available from 11 selected South 

African Weather Services (SAWS) stations in the KwaZulu-Natal Drakensberg region east of 

the escarpment.  The stations are well established, with long-term rainfall data covering most 

of the last century and provide a good geographical coverage of the Drakensberg between 

28.5° and 30° S and 28.5° and 30° E longitude (Table 1, Fig. 1). At the stations, daily rainfall 

is manually measured from a standard raingauge at 08h00 by SAWS volunteers that include 

farmers, police officers and wildlife conservation personnel. 

 

The major source of precipitation over the Drakensberg is large-scale line thunderstorms and 

orographically induced storms developing mostly over the extended summer period (Tyson 

et al., 1976). Also, during winter, approximately 43 cold fronts affect KwaZulu-Natal annually 

(Grab and Simpson, 2000), which develop as closed low-pressure cells in the western 

Atlantic and move across southern Africa in a west-northwest to east-southeast direction 

(Tyson et al., 1976) bringing widespread rainfall to the Drakensberg and occasional snow. 

The contribution of snow to the water budget in the Drakensberg is unknown. It is estimated 
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through observations that snow gives a water-equivalent of less than 100 mm per annum 

above the escarpment (Nel and Sumner, 2005). At lower altitudes precipitation falling as 

snow is minimal. Below 2100 m a.s.l. in the Drakensberg, mean annual rainfall is strongly 

related to altitude and the location to the escarpment (Nel and Sumner, 2006). Above 2100 

m a.s.l. where no long-term data are available, the trend of increasing precipitation has been 

assumed to extend to the escarpment summit altitudes exceeding 3000 m, where rainfall is 

anticipated to exceed 1500 mm per annum (Tyson et al., 1976; Schulze, 1979). Similarly, in 

analysing rainfall trends in the Lesotho Highlands west from the escarpment, Sene et al., 

(1998) found that rainfall is also strongly related to altitude, but it is not clear whether the 

overall maximum rainfall occurs upwind of or over the crest of the escarpment. However, 

recent research suggests that the estimates of annual totals derived for altitudes above 2000 

m a.s.l. may be overestimated and challenge the assumption of increasing rainfall with 

altitude above 2100 m on the eastern side of the escarpment (Nel and Sumner, 2005). At 

altitudes below 2100 m a number of more reliable long-term monitoring sites exist (Table 1) 

and it is these rainfall records that are analysed here. 

 

Table 1:  Spatial distribution of selected rainfall stations in the KwaZulu-Natal 

 Drakensberg. 

 

Rainfall Station Historical 
record 

Latitude 
(S) 

Longitude 
(E) 

Altitude 
(m a.s.l.) 

Mean 
(mm) 

CV 
(%) PCI 

Cavern Guest Farm 1947-2000 28º 38’ 28º 58’ 1980 1354.5 21.5 15.4 
Royal Natal 
National Park 1948-2000 28º 41’ 28º 57’ 1392 1314.0 21.8 15.6 
Bergville 1934-2000 28º 44’ 29º 21’ 1128 754.9 23.1 16.1 
Cathedral Peak 1941-2000 28º 57’ 29º 12’ 1448 1260.9 21.5 15.6 
Heartsease 1928-2000 29º 00’ 29º 30’ 1167 919.0 19.5 16.2 
Giant’s Castle 1948-2000 29º 16’ 29º 31’ 1754 1045.8 17.0 15.2 
Highmoor 1955-2000 29º 19’ 29º 37’ 1981 1227.3 23.3 15.8 
Kamberg 1955-2000 29º 22’ 29º 42’ 1525 1061.8 19.3 15.2 
Himeville 1935-2000 29º 45’ 29º 32’ 1524 935.7 15.4 15.3 
Bulwer 1955-2000 29º 48’ 29º 46' 1484 1034.5 21.9 15.0 
Ben Lomond 1921-2000 30º 06’ 29º 22’ 1432 848.7 16.9 15.0 
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TRENDS IN INTERANNUAL RAINFALL VARIABILITY 

  

To study rainfall trends in the lowlands of Lesotho, Eckert (1980) computed a Lowlands 

rainfall series 1920/21-1978/79 as an arithmetical mean. Hydén, (1996) showed that this 

method gave almost identical results as with using weights as outlined by Thiessen (1911). 

In this context, to test for trends in annual rainfall, the data at each station for the period 

1955-2000 were used to calculate an arithmetical mean for the region and this mean for each 

year was plotted (Fig. 2). Mean annual rainfall in the study area range from 750 mm to 1350 

mm (Table 1), but no linear trend in mean annual rainfall in the Drakensberg from 1955 to 

2000 is evident (Fig. 2). 

 

 

 

 

Figure 2: Time series of mean annual rainfall for eleven stations in the Drakensberg 

region for the period 1955 to 2000. 

 

 

Analysis of annual rainfall as measured at the three longest running stations (Ben Lomond in 

the southern Drakensberg, Heartsease in the central and Bergville in the north) indicate that 

at Heartsease and Bergville a slight non-significant increase in annual rainfall over time exist 
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and the 2-year moving average of the annual rainfall shows cyclic oscillations between 

approximately 10 and 20 years (Fig 3). Much of the summer rainfall area of South Africa 

does experience a quasi 20-year rainfall oscillation and previous research has shown that 

the Drakensberg falls in the area that has rainfall oscillations between 16 and 20 years 

(Tyson et al., 1975). Tyson et al., 1976 also found minor rainfall cycles in the Drakensberg 

between 2 to 3 and 3 to 4 years and rainfall cycles of 3.5 to 6 years are also detectable over 

southern Africa, which are associated with the El Niño/Southern Oscillation phenomenon 

(Mason and Jury, 1997).  

 

Interannual rainfall variability in South Africa is high with the coefficient of variation (CV) 

exceeding 40% in the dry western areas (Tyson, 1986).  Previous research indicate that 

interannual rainfall variability in the Drakensberg region as calculated through the CV, range 

between 16.9 and 25.5% and decreases from north to south, possibly due to the greater 

seasonal contribution by frontal rains in the south or more variable annual storm activity in 

the north (Nel and Sumner, 2006).  

 

To analyse the long-term trend in interannual rainfall variability at each station for the period 

1955-2000, the absolute deviation of annual rainfall from mean annual rainfall (absolute 

deviation) were analysed (Fig. 4). The Pearson Product Moment Correlation parametric test 

as well as linear regression was applied to all data to discern any temporal trends with the 

related degree of significance. Even though all stations show an increase in the variability of 

annual rainfall measured from the mid 1950’s to the end of the century, none of the linear 

trends of interannual rainfall variability are statistically significant at the 95% confidence level.  
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Figure 3: Linear trend and 2-year moving average of annual rainfall measured at  

a) Bergville, (b) Heartsease and (c) Ben Lomond. 
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Figure 4: Linear trends of the absolute deviation of rainfall measured at each  

individual station for the period 1955 to 2000. 

 

 

TRENDS IN INTRA- ANNUAL RAINFALL AND SEASONAL VARIABILITY 

 

Rainfall in the Drakensberg is seasonal, and the seasonality can be described through the 

monthly rainfall totals as a percentage of the total annual rainfall (Nel and Sumner, 2006). 

However, to define the intra-annual variability and its temporal trends a modified version (De 

Luis et al., 2000; Ceballos et al., 2004) of the precipitation concentration index (PCI) was 

applied: 

 

2
i = 1 Pi 
12

2
i = 1 Pi 
12( )

PCI = 100
   (1) 

 

where Pi is the precipitation of the month i. Values below 10 indicate a uniform distribution of 

rainfall throughout the year. PCI values from 11 to 20 indicate a seasonal trend and values 

above 20 indicate a considerable variability of the distribution of monthly rainfall (Ceballos et 
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al., 2004). Therefore, an increase in the PCI value over time indicates an increase in the 

variability of the distribution of monthly rainfall.  

 

To analyse the long-term trend in intra-annual rainfall variability the PCI was calculated for 

each station from 1955 and the linear regression plotted (Fig. 5). Pearson correlation 

coefficient was applied to the station data to quantify any trends with the related degree of 

significance. All stations, except Bulwer, show an increase in PCI values from 1955 to 2000 

indicating an increase in the variability of the distribution of monthly rainfall. The increase in 

PCI over time at Cavern Guest Farm, Giant’s Castle, Highmoor and Kamberg stations are 

statistically significant at the 95% confidence level. From linear regression the PCI increased 

from 14.3 to 16.6 at Cavern Guest Farm, 14.2 to 17.2 at Highmoor and 14 to 16.5 at Giant’s 

Castle and Kamberg from 1955 to 2000 (Fig. 5). An increase in PCI values indicates an 

increase in the seasonality of monthly rainfall in the Drakensberg. Since rainfall in the 

Drakensberg is strongly seasonal this increase in PCI values could suggest an increase in 

summer rainfall and a decrease in winter rainfall. To test the hypothesis of an increase in 

seasonality and to quantify the changes in seasonal rainfall the mean summer (November to 

March), winter (May to August), spring (September and November) and autumn (April) 

rainfall measured at each station for the period 1955-2000 was analysed and plotted for each 

year. As expected from the PCI an increase in summer and spring rainfall and a decrease in 

winter rainfall from 1955 can be observed (Fig. 6), but the trends are not significant. 

However, a statistically significant (P= 0.009) decrease in autumn rainfall can be discerned. 

In the Drakensberg region, rainfall falling during autumn decreased by approximately 30 mm 

from 1955 to 2000. However, it must be noted that the use of monthly values of rainfall to 

define a seasonal regime is “suspect” (Jackson, 1977) because the onset or end of a rainfall 

season, either on average or individual years seldom coincide with calendar months 

(Schulze, 1979). Since for this study only temporal trends are analysed this delimitation is 

purely a functional one.  
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Figure 5: Linear trends of the Precipitation Concentration Index measured at each 

individual station for the period 1955 to 2000. 

 

 

THE SOUTHERN OSCILLATION AND SUMMER RAINFALL 

 

The Southern Oscillation influences the rainfall variability of the southern hemisphere and 

research has shown that the Southern Oscillation in turn is connected to the El Niño/La Niña 

phenomenon (Hydén and Sekoli, 2000). Many authors have studied the effect the El 

Niño/Southern Oscillation (ENSO) has on the Southern African rainfall. (eg. Lindesay et al., 

1986; Lindesay, 1988; Van Heerden et al., 1988; Jury et al., 1994; Mason, 2001) and that 

ENSO warm events (negative values of the Southern Oscillation Index) are frequently 

associated with less than average rainfall and drought over much of southern Africa (eg. 

Tyson, 1986; Ropelewski and Halpert, 1987; Janowiak, 1988; Van Heerden et al., 1988; 

Mason and Jury, 1997). During an El Niño low phase (warm event) the cloud- band 

convergence zone moves offshore and with it the highest rainfall. Cold events (La Niña) as 

expressed by positive values of the Southern Oscillation Index (SOI) bring increased rainfall 

because of the location of the cloud band over southern Africa (Tyson and Preston- Whyte, 

2000).  For a full review of the mechanisms by which change in the tropical Pacific Ocean 
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affects the atmosphere over southern Africa see Mason and Jury (1997); Mason and Tyson 

(2000); Tyson and Preston-Whyte, (2000) and Mason (2001).  

 

 

Figure 6: Time series and linear trends of (a) summer, (b) autumn, (c) winter and (d) 

spring rainfall for eleven stations in the Drakensberg region, 1955 to 2000. 
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The influence of ENSO events is strongest during the summer rainfall months of December 

to March when the El Niño/La Niña events have reached maturity (Mason and Jury, 1997). 

Van Heerden et al. (1988) found a strong relationship between summer monthly SOI values 

and corresponding summer monthly rainfall in South Africa. These findings make it likely that 

there exist a simultaneous, non-lagged relationship between the ENSO and rainfall in 

Southern Africa (Hydén and Sekoli, 2000). However, due to this persistence of the ENSO 

equally significant correlations were found between winter three-month mean SOI values and 

individual summer month district rainfall (Van Heerden et al., 1988). This indicated that 

lagged correlation between the SOI and summer rainfall existed. Hydén and Sekoli, (2000) 

successfully used this lagged correlation to forecast early summer rainfall from preceding 

months SOI values in the Lesotho lowlands. 

 

To investigate the effect the ENSO has on summer rainfall totals in the KwaZulu-Natal 

Drakensberg, the regional summer rainfall (November to March) has been determined 

annually for the period 1955-2000 as an eleven station arithmetical mean. To calculate the 

SOI, the method used by the Australian Bureau of Meteorology is the Troup SOI, which is the 

standardised anomaly of the Mean Sea Level Pressure difference between Tahiti and 

Darwin. The SOI data were retrieved from the Internet on February 21 2005 from the 

Australian Bureau of Meteorology’s website. To test if there is a non-lagged relationship 

between summer rainfall and the SOI the average of November to March SOI was compared 

with the summer rainfall (November to March) of the Drakensberg region (Table 2). The 

Pearson Product Moment Correlation parametric test was applied to test the strength of the 

relationship with the related degree of significance. A statistically significant correlation (r= 

0.52, P= 0.003) exists between summer rainfall in the Drakensberg region and the 

contemporaneous SOI (Table 2). Also, summer rainfall correlates well (r= 0.54, P= 0.002) 

with spring and early summer SOI (September to January). To forecast early summer rainfall 

from SOI values in the Lesotho lowlands, Hydén and Sekoli (2000) assume that one-month 

is needed to model the forecast, distribute the results and act on them. Therefore, the SOI 
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was computed for preceding periods lagged at least one month. A similar methodology was 

used to test if there is a lagged relationship between the SOI and the summer rainfall in the 

Drakensberg and if this correlation is strong enough to be used as an indicator for seasonal 

forecasting (Table 2). All lagged correlations that were tested are significant for P< 0.01. The 

correlation coefficients between summer rainfall and preceding months are all above 0.4 

(except May+Jun+July+Aug+Sept SOI) with the highest lagged correlation (r= 0.50) from the 

four months preceding the start of the summer rainfall season (July to October). 

 

 
 
 
 
 
 
 
 
 

 

Table 2: Correlation coefficient r with the relevant level of significance P between 

regional summer rainfall and the mean SOI values for certain periods. 

 
 

DISCUSSION AND SUMMARY 

 
Mean annual rainfall in the study area range from 750 mm to 1350 mm and no increase or 

decrease in mean annual rainfall during the last half of the 20th century in the Drakensberg 

could be discerned. However, annual rainfall does show cyclic variation of between 15 and 

20 years.  This compares well with previous findings (Tyson et al., 1975; Tyson et al., 1976) 

that suggest that the Drakensberg falls in the area that has a quasi 20-year rainfall 

oscillation. Historical records indicate that interannual rainfall variability over South Africa is 

increasing (Mason, 1996) but in the Drakensberg region all stations show a non-significant 

change in variability of annual rainfall. Mean annual rainfall is highly seasonal with 75% of 

the total rainfall measured during November to March and although no change in annual 

Rainfall period Period of SOI values (non- lagged) r P 

Nov+Dec+Jan 0.52 0.0003 
Nov+Dec+Jan+Feb+Mar 0.52 0.0003 

Period of SOI values (lagged) 
  

May+Jun+Jul+Aug+Sep 0.39 0.0076 
Jun+Jul+Aug+Sep 0.44 0.0022 

Jun+Jul+Aug+Sep+Oct 0.47 0.0012 
July+Aug+Sep 0.47 0.0010 

November-March 

Jul+Aug+Sep+Oct 0.50 0.0006 

 
 
 



 50

rainfall can be discerned in the Drakensberg (1955-2000) an increase in the variability of the 

distribution of monthly rainfall can be seen. The increase in PCI over time at four stations in 

the Drakensberg region is statistically significant at the 95% confidence level and indicates 

an increase in the seasonality of monthly rainfall in the Drakensberg. Trend analysis of the 

four different rainfall seasons indicates a statistically significant decrease of rainfall during 

autumn. In the KwaZulu-Natal Drakensberg the active crop-growing season is from October 

to April (Schulze, 1979). If this decrease in autumn rainfall persists it could affect the late 

crop-growing season in this crucial area. 

 

The Southern Oscillation influences the summer rainfall variability of the KwaZulu-Natal 

Drakensberg with a strong statistically significant correlation existing between summer 

rainfall in the Drakensberg and the contemporaneous SOI. This correlation between summer 

rainfall and ENSO events suggest that an increase in the frequency and intensity of ENSO 

should negatively affect the rainfall in the Drakensberg. Due to the persistence of the SOI 

(Hydén and Sekoli, 2000), there also exists a statistically significant correlation between 

summer rainfall and the SOI for preceding periods lagged at least one month. The highest 

lagged correlation (r= 0.50) between summer rainfall and SOI is obtained from the SOI 

values for July to October. This is in the same order as the correlation found by Hydén and 

Sekoli (2000) between November and December rainfall in the Lesotho Lowlands and the 

SOI values of July to September (r= 0.51).  The lagged correlation between summer rainfall 

in the Drakensberg and SOI could be used as an indicator for seasonal forecasting.  
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SECTION 2: MEASURED RAINFALL ATTRIBUTES, SURFACE TEMPERATURES AND 

GEOMORPHIC IMPLICATIONS 

 

PREFACE 
 

Section 2 comprises six Chapters and one Appendix that present and discuss measured 

data from the study area. They appear as follows: 

 
Nel, W. and Sumner, P.D. 2005. First rainfall data from the KZN Drakensberg escarpment edge  

(2002 and 2003), Water SA, 31, 399-402. 

 
Nel, W. Submitted. Observations on daily rainfall events in the KwaZulu-Natal Drakensberg.  

Water SA. 

 

Nel, W. and Sumner, P.D. Submitted. Intensity, energy and erosivity attributes of storm events in  

the Drakensberg, South Africa. Catena. 

 

Nel, W. Submitted. Intra-storm attributes of extreme storm events in the Drakensberg, South  

Africa. Physical Geography. 

 

Sumner, P.D. and Nel, W. 2006. Surface-climate attributes at Injisuthi Outpost, Drakensberg, and  

possible ramifications for weathering. Earth Surface Processes and Landforms, 31, 1445-

1451. 

 

Nel, W. and Sumner, P.D. Submitted. Rainfall and temperature attributes on the Lesotho-KwaZulu- 

Natal Drakensberg escarpment edge, southern Africa. Geografiska Annaler: A. 

 

 

APPENDIX: 

 

Sumner, P.D., Meiklejohn, K.I., Nel, W. and Hedding, D.W. 2004. Thermal attributes of rock 

weathering: zonal or azonal? A comparison of rock temperature data from different 

environments. Polar Geography, 28, 79-92. 
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The first (Nel and Sumner; published in Water SA in 2005)2 and second (submitted to Water 

SA) Chapters present the first measured contemporary rainfall data from the southern and 

northern KwaZulu-Natal Drakensberg escarpment. The first chapter introduces the reader to 

previous rainfall estimations on the escarpment as well as rain-catch deficiency that could 

exist in the mountains. It also presents findings on calibration issues between the D-MCS 

automatic gauges used by the author and the standard SAWS manual rain gauges. Rainfall 

measured suggests that earlier estimates for rainfall totals at the escarpment may be an 

over-estimation and that rainfall totals from the D-MCS automatic gauges and the standard 

SAWS manual rain gauge are comparable. The second chapter presents an analyses of 

rainfall totals generated from individual rainfall events at all altitudes. Daily rainfall and mean 

rainfall from individual events is less on the escarpment, but the number of rain days as well 

as the number of rainfall events increases with altitude. A high percentage of rain days 

recording single rainfall events are evident in the Drakensberg and these events contribute a 

high proportion of the total daily rainfall.  

 

Chapter three (Nel and Sumner, submitted to Catena)3 and Chapter four (submission to 

Physical Geography) of this section presents the first data and discussions on storm erosivity 

in the KwaZulu-Natal Drakensberg summit area and in the foothills east of the escarpment. 

Chapter three analyses the characteristics of individual storms as well as the rainfall 

intensity, kinetic energies, rainfall frequency and erosivity of storm events. Erosive events are 

shown to be a summer phenomena and the attributes of these storms; rainfall intensity, 

kinetic energy and erosivity are positively correlated with storm depth. A clear altitudinal 

trend when comparing maximum intensity, depths of erosive storms, cumulative kinetic 

energy and cumulative erosivity is found. Chapter four analyses the within-storm distribution 

of rainfall and kinetic energy attributes of extreme erosive rainfall events in the Drakensberg. 

                                                 
2 Paul Sumner provided inputs on the text as well as inputs on methodology. The original idea for the 

paper was mine, and I undertook the text compilation, submission and revision. 
 
3 The original idea for the paper was mine, and I analysed the data, undertook the text compilation and 

submission. Paul Sumner provided inputs on the text and discussion. 
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An exponential distribution of cumulative kinetic energy content of storm rainfall over time 

exists and most storms indicate a high proportion of rainfall and peak intensity being 

generated within the first half of the storm duration. This Chapter also highlights the need for 

further research to supplement the understanding of the relationship between rainfall and the 

subsequent soil loss dynamics from rainfall events in the Drakensberg. 

 

The fifth Chapter (Sumner and Nel, published in Earth Surface Processes and Landforms in 

2006)4 presents general surface-weather conditions in the Drakensberg foothills and 

therefore adding to the very scarce database on temperatures in the Drakensberg. A 

predominance of summer rainfall is clearly evident extending from November towards the 

end of March and rainfall frequency and rock temperature records suggest an environment 

conducive to thermal fatigue and wetting a drying with potential for frost action. The 

differences in air, rock and soil surface temperatures underline the dissimilarity in 

environmental conditions experienced by the different mediums in the field as well as the 

problem in using air temperatures as a surrogate for rock temperatures in weathering 

studies. The data from this study are compared with similar data at higher altitude and it 

appears that with an increase in altitude up to the escarpment, air temperature decreases 

more rapidly than soil temperature. 

 

The final Chapter of the thesis (submitted to Geografiska Annaler: A)5 presents the longest 

contemporary rainfall, air and soil temperature data recorded on the Drakensberg 

escarpment edge. Rainfall totals less than records for the same period lower down the 

escarpment and challenges, the assumption of an increase in rainfall up to the escarpment, 

and the data show that earlier estimates for January and annual rainfall have been over-

                                                 
4 The idea for the paper was mine and I initiated the methodological approach used in the paper. Paul 

Sumner was responsible for the first draft as well as the submission and revision. I was directly 
involved in data collection in the field and comments and discussions on the draft. 

 
5 Paul Sumner provided inputs on the text and on methodology. The original idea for the paper was 

mine, and I undertook the text compilation and submission. 
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estimated. Mean air temperature measured at the escarpment falls within the estimated 

range for the area, but is somewhat higher than the 3° to 4° MAAT postulated for the plateau 

peaks immediately behind the escarpment. Frost cycles in air and soil surface are found to 

be frequent in winter, but no long-duration, or seasonal freeze was found for the soil surface. 

In general the soil temperatures are higher than that of air and this chapter notes that air 

temperature cannot be convincingly used as a proxy to study soil frost.  

 

The appended paper (Sumner et al. published in Polar Geography in 2004)5 investigates the 

specific attributes of thermal conditions in four distinct climatic zones (including the 

Drakensberg) and analyses rock thermal conditions, with respect to mechanical 

disintegration in these environments. Findings recommend that although the settings differ 

greatly in terms of absolute air temperatures, they experience many similarities in terms of 

rock temperature changes; thereby nullifying the notion of zonality with regards to rock 

weathering.  
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ABSTRACT 

 

Rainfall data for the KwaZulu-Natal Drakensberg escarpment, the first from above 2800 m 

a.s.l., are presented. Rainfall at the top of Sani Pass (2850 m a.s.l.) in the southern 

Drakensberg was 742 mm in 2002, while totals in the January months of 2002 and 2003 

averaged 109 mm. Rainfall on Sentinel Peak (3165 m a.s.l.) in the northern KZN 

Drakensberg during 2003 was 765 mm and in January 2003 totalled 145 mm. Recorded 

rainfall at the two sites on the escarpment was marginally lower than, but within 6% of rainfall 

recorded at adjacent lower altitude Drakensberg stations over the same period. In the 

southern and northern Drakensberg, the number of rain days increased slightly with altitude 

and the data suggest that even though the amount of rainfall on the escarpment is similar to 

that at lower altitude, the frequency of rainfall events is higher on the escarpment. Even 

though 2002 and 2003 were dryer than normal years in the region, comparisons between this 

preliminary data with prior estimations where rainfall is expected to range between 1500 and 

2000 mm p.a, it is possible that mean annual totals, and mean January rainfall, for the 

summit of the escarpment have been over-estimated in the past. Measurements to verify 

these data are ongoing. 
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INTRODUCTION 

 

Rainfall data and accurate rainfall estimation in the Drakensberg and adjacent Lesotho 

highlands are of fundamental importance in geomorphological, hydrological and botanical 

research and form a basis for palaeoenvironmental reconstruction. For example, Partridge 

(1997) predicts precipitation at the Last Glacial Maximum (approx. 18 000 B.P.) to be in the 

region of 70% of current values. However, contemporary meteorological data are sparse 

(Boelhouwers and Meiklejohn, 2002) and measured rainfall data for the Drakensberg 

escarpment region (above 2500 m a.s.l.) do not exist on record. Rainfall estimation for the 

escarpment zone has been a topic of research in the past, notably by Tyson et al. (1976) and 

Schulze (1979). All rainfall data for the high Drakensberg are derived by projection from 

stations at lower altitudes. No rainfall records from the top of the escarpment have been 

forthcoming in recent years to verify these estimates, and most contemporary 

geomorphological research in the Drakensberg cite the values given by Tyson et al. (1976) 

and/or Schulze (1979) (e.g. Boelhouwers, 1988; 1991; 1994; Grab, 1994; 1996; 1999; 2002; 

Sumner, 2003). This paper presents the first measured rainfall data from the southern and 

northern KwaZulu-Natal Drakensberg escarpment as part of ongoing meteorological 

monitoring in the high mountain regions at the South Africa-Lesotho border. 

 

 

PREVIOUS RESEARCH 

 

The most comprehensive and most cited rainfall analyses for the escarpment area come 

from the 1970s. Tyson et al. (1976) indicate that mean annual rainfall increases with altitude, 

and that the top of the escarpment should receive over 2000 mm of rain annually. Stations in 

the Drakensberg are noted to experience an average of 16 to 18 rainy days in December and 

January, and the summer months November to March account for 70% of the annual rainfall, 

while May to August for less than 10%. 
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Schulze (1979) sketched a transect through the Central Drakensberg depicting mean annual 

rainfall and mean January rainfall from Hoffenthal in KZN to Mothelsessane in Lesotho. At 

Cleft Peak, situated on a transect and on the escarpment edge at 2880 m a.s.l., rainfall was 

only recorded for an unspecified short duration, and the monthly data synthesised to 21 

years using Cathedral Peak 2A as base station. Schulze (1979) found a clearly defined 

relationship between altitude and rainfall, with the rainfall attaining a maximum before the 

highest altitude is reached. On the escarpment, mean annual rainfall is predicted at over 

1800 mm, just 200 mm less than the estimate from Tyson et al. (1976). Mean January rainfall 

is estimated at over 250 mm (Schulze, 1979). From these two studies, contemporary rainfall 

exceeding 1500 mm p.a is typically quoted for the escarpment (e.g. Boelhouwers, 1991; 

Grab, 2002) and the value applied as a basis for palaeoenvironmental extrapolations. 

 

 

EQUIPMENT AND CALIBRATION 

 

In this study, rainfall at the escarpment edge is currently being measured at two locations 

using a Davis-MC Systems (D-MCS) automated tipping-bucket rain-gauge. The two sites are 

at the top of Sani Pass in the southern Drakensberg, and on Sentinel Peak in the northern 

Drakensberg. Both sites have established South African Weather Service stations at lower 

altitudes using standard SAWS manual-recording rain-gauges. As with the SAWS stations, 

daily rainfall is measured over a 24h cycle from 08h00 to 08h00 the following day. A rain day 

is defined as one on which at least 0.5 mm of rainfall is measured (Schulze, 1979). 

 

The D-MCS gauge has a 163 mm collection diameter and logs total rainfall every 5min on a 

tipping resolution of 0.2 mm rainfall. Snowfalls are not recorded although some snow falls 

into the bucket and subsequent melt will be reflected in the records. No continuous snowfall 

records are available for the escarpment area. Rough estimates from observations in the 
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area during 2002 and 2003, the beginning of the monitoring period, are that less than 0.5 m 

of snow fell on the escarpment each year, which translates into a water equivalent of 

approximately 50 mm (10%).  In general, observations by the authors are that annual 

average snowfall cumulative depth is unlikely to exceed 1 m on horizontal surfaces during 

any calendar year, and the water equivalent will generally be less than 100 mm contribution 

to total precipitation. 

 

Fundamental inaccuracies in the rain-catch by standard rain-gauges are well documented 

(e.g. Ward, 1975; Schulze, 1975; 1979). To test the difference in rain-catch between the 

standard SAWS rain-gauge and the D-MCS automatic rain-gauge, two D-MCS gauges were 

installed within a few metres from manual gauges at established SAWS stations; Glenisla 

Farm near Winterton in the central Drakensberg foothills (1060 m) and at the Royal Natal 

National Park office complex in the northern Drakensberg (1392 m). During the period from 

November 2001 to April 2003 the manual SAWS rain-gauge at Glenisla recorded 1471 mm 

of rainfall and the automatic rain-gauge recorded 1266 mm, a deficit of 14% from the SAWS 

data. The monthly rainfall totals measured by the two rain-gauges shows a similar trend (Fig. 

1), however the deficit is apparent especially when rainfall is higher. In contrast, at the Royal 

Natal National Park station the D-MCS logger measured 3% more than the SAWS station 

records. Differences at stations could be attributed to gauge calibrations and human error, 

while the effect of varying intensities (possibly related to altitude and location) on accuracy 

may be a factor. Rain-catch deficiency is also exaggerated by windy conditions because of 

the formation of turbulent fields (Schulze, 1979) and it has been estimated that on the 

windswept higher altitudes of the Drakensberg, deficiencies in rain-catch are in excess of 

8.1% (Schulze, 1979), possibly approaching 20% as reported by Rodda (1967) for windy 

sites (Schulze, 1979). Since the Royal Natal National Park station is located at a higher 

altitude and nearer to an escarpment monitoring site, more details on those comparative data 

are also provided in Table 1. Although the totals are similar at Royal Natal National Park, four 

fewer rainfall days are apparent from the manually recorded (SAWS) data, which could 
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represent human error in records. This may apply only to small rainfall events recorded by 

the logger but not noted by observers and thus will not significantly affect totals. The 

difference in measured rainfall at Glenisla (Fig. 1) can only be contributed to gauge 

calibration, and between- gauge calibration still requires more detailed investigation given a 

larger data set. Notwithstanding this, the totals are deemed similar enough for direct 

comparison between SAWS and D-MCS data. 

 

 

Rainfall Station Rainfall in 
2003 (mm) Rain Days Rain Days 

(Dec-Jan) 
Rain Days 
(May-Aug) 

Royal Natal National 
Park (SAWS) 774 100 26 10 

Royal Natal National 
Park (D-MCS) 798 104 26 10 

Sentinel Peak 765 107 26 8 

 
 
Table 1: Rainfall and rain days in the northern Drakensberg during 2003 

 

 

 

 

 

Figure 1: Monthly rainfall measured at Glenisla from November 2001 to April 2003 
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NEW RAINFALL DATA FROM 2002 AND 2003 

 

At the southern Drakensberg escarpment edge site, monitoring of rainfall at the top of Sani 

Pass (2850 m a.s.l. 29.57º S, 29.27º E) adjacent to the chalet complex at the top of Sani 

Pass commenced from October 2001. High wind speeds caused the logger support platform 

to be damaged in mid-2003 and records for that year are incomplete. Data presented here 

are for the calendar year 2002 and for the two January months of 2002 and 2003. The logger 

has been subsequently re-established and monitoring is ongoing. Total rainfall recorded for 

the calendar year 2002 was 742 mm, while the rainfall in January 2002 and 2003 gave a 

mean of 109 mm (Tables 2 and 3). 

 

 

Rainfall Station Rainfall in 
2002 (mm) Rain Days Rain Days 

(Dec-Jan) 
Rain Days 
(May-Aug) 

Himeville 799 83 32 9 

Sani Pass Border Post 787 107 36 18 

Sani Pass Top 742 141 44 28 

 

Table 2: Rainfall and rain days in the southern Drakensberg during 2002 

 

For comparative purposes, monthly rainfall data from 1970 to 2002 were obtained from the 

SAWS stations at lower altitude, namely the Sani Pass Border Post (2055 m a.s.l. 29.60º S, 

29.35º E) and Himeville (1524 m a.s.l. 29.75º S, 29.53º E). These three stations depict 

rainfall trends with changing altitude in the southern Drakensberg (Table 3). The number of 

rain days increases with altitude, but the rainfall totals for 2002 show that rainfall on the 

escarpment was slightly less than at the lower altitude stations (e.g. 6% less than the Sani 

Pass Border Post station for the same period) (Table 2).   

 

 
 
 



 66

Rainfall Station Altitude 
(m) Record Mean Annual 

Rainfall (mm) 
Mean January 
Rainfall (mm) 

 
Southern Drakensberg 

Himeville 1524 1970-2002 912 166 

Sani Pass Border Post 2055 1970-2002 1176 221 

Sani Pass Top 2850 2002 742 109  
(2002, 2003) 

 
Northern Drakensberg 
Royal Natal National 
Park (SAWS) 1392 1970-2002 1311 244 

Sentinel Peak 3165 2003 765 145 

 

Table 3: Altitudinal transect through the southern and northern Drakensberg 

 
 
 
At the northern Drakensberg escarpment edge site, the freestanding Sentinel Peak (28.74º 

S, 28.89º E) is the highest point where rainfall is currently measured in Southern Africa (3165 

m). Monitoring commenced in November 2001 although the D-MCS rain-gauge was either 

blown off the site or stolen during 2002 and the data lost. Data presented here are from the 

calendar year 2003. Rainfall for the year totalled 765 mm, a similar value to that obtained the 

previous year at the top of Sani Pass. Rainfall in January 2003 was 145 mm (Table 3), 36 

mm more than the Sani average for 2002 and 2003 but substantially less than the estimate 

by Schulze (1979) of 250 mm. For comparison with lower altitudes data, long-term data from 

the SAWS station at Royal Natal National Park were obtained and, as noted above, a D-

MCS rain-gauge logged during this period. As recorded at the top of Sani Pass, slightly less 

precipitation fell on the escarpment edge than at the next-lowest station, Royal Natal 

National Park (4% less than the D-MCS record) and three more rain days were recorded at 

the higher altitude.  

 

In comparison to mean annual rainfall totals from established stations since 1970, years 

2002 and 2003 were dryer than normal. Analysis of rainfall measured in 2002 at eight 
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stations in the Drakensberg, all with well-established weather stations, ranges from 78 to 

100% of the mean annual rainfall (33 years) and analysis of rainfall in 2003 at four stations 

ranges from 60 to 82% of the MAR (33 years). The totals measured at the top of Sani Pass 

in 2002 (742 mm) and on the Sentinel in 2003 (765 mm) are thus probably below long-term 

rainfall averages for the sites. Both escarpment edge sites recorded totals that were less 

than the next-lowest SAWS sites for the corresponding year, namely the Sani Pass Border 

Post (787 mm) in 2002 and the Royal Natal National Park station (774 mm) in 2003. Long-

term averages for these two SAWS stations are 1176 mm p.a and 1311 mm p.a respectively 

(Table 3). It is thus unlikely that long-term averages for the high-altitude sites will exceed 

these lower station mean values and earlier estimates (Tyson et al., 1976; Schulze, 1979) for 

rainfall totals at the escarpment of between 1500 mm and 2000 mm p.a may thus be an 

over-estimation. The lower precipitation values at the escarpment edge also challenges the 

assumption of increasing rainfall with altitude in the Drakensberg. This is supported by recent 

research elsewhere that suggest altitude is not necessarily the only important factor 

influencing rainfall in mountainous areas (e.g. Prudhomme and Reed, 1998; Johansson and 

Chen, 2003; Konrad, 1996).  

 

 

SUMMARY AND ONGOING RESEARCH 

 

Limited data collected from above 2800 m in the southern and northern Drakensberg are the 

first records from high-altitude sites in Southern Africa at the escarpment. The data are part 

of an ongoing monitoring programme and the first complete calendar years are presented 

here. Although 2002 and 2003 were dryer than average years, estimates based on 

corresponding stations suggest that earlier estimates for rainfall totals at the escarpment of 

between 1500 mm and 2000 mm p.a may be an over-estimation. A similar scenario 

apparently exists for January estimates.  More long-term data are required to verify findings. 
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Inherent and apparent errors also need to be considered further. Rain-gauge calibration 

requires detailed investigation where different gauge-types are used for comparison. Rain-

catch deficiency is also exaggerated by windy conditions and recording errors in manual 

measurements are also apparent given the difference in rain days recorded with the two 

instruments at the Royal Natal National Park station in 2003. Since no snowfall records exist, 

the contribution of snow to precipitation totals is still largely unknown. 
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ABSTRACT 

 

Five-minute rainfall data measured at different stations in the KwaZulu-Natal Drakensberg 

are presented and although the data is limited this paper is the first to analyse individual 

rainfall events in the area.  The occurrence of rain days in the Drakensberg shows strong 

seasonality with most rain recorded during the summer months. Although the number of rain 

days as well as the number of rainfall events increases with an increase in altitude, the mean 

daily rainfall and mean rainfall generated from individual events is less on the escarpment 

than in the foothills. All stations show a high percentage of rain days with single rainfall 

events as well as a high proportion of rainfall received from events generating more than 10 

mm, but the escarpment station receives less rainfall from these events than the stations in 

the foothills. It is known that rainfall in the Drakensberg is mostly generated from 

thunderstorms, and data presented here indicate that rainfall predominately occur in the late 

afternoon/early evening when sufficient cooling has possibly taken place for condensation 

and cloud formation to occur.  

 

 

 

 

 

 

 

 

 
 
 



 73

INTRODUCTION 

 

Recently declared a Trans-Frontier National Park, the Drakensberg is part of the Main 

Escarpment of southern Africa, which extends as a passive margin around the sub-continent 

and reaches above 3000 m on the watershed border between KwaZulu-Natal and Lesotho. 

Rain producing systems in the Drakensberg consist of two types (Tyson et al., 1976). Large-

scale line thunderstorms and orographically induced storms provide the major source of 

rainfall over the Drakensberg in the extended summer period. While frontal systems develop 

as closed low-pressure cells in the western Atlantic and move across southern Africa in a 

west-northwest to east-southeast direction bringing widespread rainfall in winter (Tyson et 

al., 1976). Mean annual rainfall is estimated to vary between 700 mm in the northeast and 

south (Schulze, 1979) to over 1800 and 2000 mm on top of the escarpment (Tyson et al, 

1975; Schulze, 1979). Recently however, data collected by Nel and Sumner (2005) from the 

southern and northern Drakensberg suggest that these earlier estimates of rainfall totals at 

the escarpment may be an over-estimation. Stations in the Drakensberg are known to 

experience an average of 16 to 18 rain days in the months of December and January (Tyson 

et al., 1976), and the summer months November to March account for 75% of the annual 

rainfall, whilst May to August accounts for less than 10% (Nel and Sumner, 2006).  

 

Given the remoteness of the area, especially the escarpment region, high-resolution rainfall 

data are sparse. Most of the above-mentioned rainfall analysis and estimations were done 

with daily or monthly rainfall totals, which is insufficient to assess the characteristics of 

individual rainfall events. This paper presents the first effort to analyse individual rainfall 

events in the KwaZulu-Natal Drakensberg as part of ongoing meteorological monitoring in 

the high mountain regions of the South African eastern escarpment. 
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STUDY SITES AND DATA COLLECTION 

 

Davis-MC Systems (D-MCS) automated tipping-bucket rain gauges were installed at five 

locations within the Drakensberg. The D-MCS rainfall gauges have a 163 mm collection 

diameter and log total rainfall every 5 minutes on a tipping resolution of 0.2 mm. Records by 

the D-MCS are deemed comparable against manual recording rain-gauges used at the 

South African Weather Service stations (Nel and Sumner, 2005).  Two sites on the 

escarpment edge are at the top of Sani Pass (29.57° S, 29.27° E, 2850 m a.s.l.) in what is 

known as the southern Drakensberg and at the Sentinel Peak (28.74° S, 28.89° E, 3165 m) 

in the northern Drakensberg. Rainfall gauges where also installed in the foothills at the Royal 

Natal National Park (RNNP) (28.68° S, 28.95° E, 1392 m) also in the north, and on the farm 

Glenisla (29.02° S, 29.49° E, 1060 m) and the Injisuthi Outpost (29.13° S, 29.45° E, 1920 m) 

both in the central Drakensberg. Five-minute rainfall data that have been analysed here were 

recorded over a 17-months (516 days) period between December 2001 and April 2003 at 

four stations (Sani Pass, Glenisla, Injisuthi Outpost and Royal Natal National Park) and 

during 2003 at the Sentinel Peak, Injisuthi Outpost and Royal Natal National Park.  

 

 

DAILY RAINFALL 
 

In this study daily rainfall is measured over a 24h cycle from 00h00 to 00h00 the following 

day and a rain day is defined as one on which at least 0.5 mm of rainfall is measured 

(Schulze, 1979). Royal Natal National Park (RNNP) measured 1559.4 mm of rainfall from 

December 2001 to April 2003 in 166 rain days, while Sani Pass, Injisuthi Outpost (Outpost) 

and Glenisla measured 1303.6 mm, 1345.6 mm and 1139.0 mm in 210, 205 and 139 rain 

days respectively (Table 1).  Glenisla recorded the highest rainfall per day of 62.4 mm, while 

Royal Natal National Park (RNNP), Sani Pass and the Outpost measured maximum daily 

rainfall of 59.8 mm, 55.6 mm and 44.4 mm respectively.  Daily rainfall measured at RNNP 
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shows that an average of 9.4 mm of rain is recorded per rain day. Glenisla, Outpost and Sani 

Pass measured lower rainfall per rain day of 8.2 mm, 6.7 mm and 6.2 mm respectively 

(Table 1). Differences can also be discerned when comparing rainfall totals and number of 

rain days measured during 2003 at RNNP (1392 m) and Sentinel Peak (3165 m) (Table 1). 

Even though these stations are in close proximity of each other, they have an altitude 

difference of 1773 m. During 2003, Sentinel Peak recorded 754.4 mm of total daily rainfall 

that were measured in 115 days. RNNP measured 773.0 mm but in only 96 days, giving a 

mean of 8.1 mm of rainfall per rain day for 2003 (Table 1). 

 
 

Station Recording 
period 

Total daily 
rainfall (mm) 

No. of 
rain days 

Maximum daily 
rainfall (mm) 

Mean 
rainfall/rain day 

Sani Pass 
(2850 m.a.s.l.) 

Dec 2001 to 
Apr 2003 1303.6 210 55.6 6.2 

Outpost 
(1920 m.a.s.l.) 

Dec 2001 to 
Apr 2003 1345.6 205 44.4 6.7 

RNNP 
(1392 m.a.s.l.) 

Dec 2001 to 
Apr 2003 1559.4 166 59.8 9.4 

Glenisla 
(1060 m.a.s.l.) 

Dec 2001 to 
Apr 2003 1139.0 139 62.4 8.2 

Sentinel Peak 
(3165 m.a.s.l.) 2003 754.4 115 50.0 6.6 

Outpost 
(1920 m.a.s.l.) 2003 724.2 123 44.0 5.9 

RNNP 
(1392 m.a.s.l.) 2003 773.0 96 59.8 8.1 

 
 

Table 1:  Daily rainfall characteristics measured at the recording stations in the  

KZN Drakensberg. 

 

The monthly distribution of rain days measured at the different stations was calculated and 

all stations show that rain days predominate during the summer months (Fig. 1), with the 

highest number of rain days measured in December and the lowest in July. The high altitude 

station, Sani Pass, has a higher number of rain days in total and also measured more rain 

days during the winter of 2002 (May to September) and the summer of 2002/2003 than the 

stations at lower altitude (Fig. 1).  
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Figure 1: Number of monthly rain days recorded at the stations from December  

2001 to April 2003. 

 

The amount of rainfall recorded in a certain hour as a percentage of total rainfall at the 

different stations was also considered (Fig. 2). Rainfall at all four stations predominantly falls 

in the latter part of the day with 75% of the total rainfall falling between 12h00 and 24h00. 

Most stations show peak rainfall in the late afternoon/early evening between 19h00 and 

21h00 and 46% of the total rainfall were measured between 16h00 and 22h00 (Fig. 2).  

 
 
Figure 2: Timing of daily rainfall measured at the respective stations. 

 
 
 



 77

 
RAINFALL EVENTS 

 

For this study a discreet rainfall event is defined as one that generates more than 0.5 mm of 

rain and is separated from the next event by more than three hours. Sani Pass measured 

231 rainfall events during the recording period, while Injisuthi Outpost, RNNP and Glenisla 

measured 223, 205 and 161 respectively (Table 2).  Rainfall measured from each individual 

events recorded at the different stations indicate that RNNP has on average the highest 

rainfall generated by each event with 7.6 mm per event. The high altitude station at Sani 

Pass has the lowest mean event rainfall with 5.5 mm per event.  All stations show that a high 

percentage of rain days only record a single rainfall event. At Sani Pass of the 210 rain days 

that were recorded, 162 days only measured single rainfall events. Injisuthi Outpost, RNNP 

and Glenisla recorded single events on 156, 127 and 117 days respectively (Table 2). Of the 

total rainfall recorded at Glenisla, 81% is generated during days that only record a single 

discreet rainfall event (Table 2). Sani Pass has the lowest percentage of total rainfall 

generated during days with single rainfall events with 61%.  Sani Pass and RNNP also have 

the highest number of days (5) measuring three rainfall events, while the Outpost only 

measured three discreet rainfall events on three days and Glenisla did not record a single 

day with three rainfall events. No station recorded more than three discreet rainfall events 

per day.   

 

The number of rainfall events that generate more than 10 mm was also considered at each 

station (Table 2). Rainfall events above this threshold measured at Royal Natal National Park 

generate approximately 70% of the total rainfall measured at that station. Rainfall events at 

Sani Pass with rainfall above 10 mm only generate 47% of the total rainfall.  

 

 
 
 



 78

Station 
 

No of 
rainfall 
events 

Mean 
event 

rainfall 
(mm) 

Days 
with 

1 
event

Rainfall 
from 1 

event/day 
(mm) 

Percentage 
of total 
rainfall 

No 
events> 
10mm 

Rainfall 
from 

events 
>10mm 

Percentage 
of total 
rainfall 

Sani 
Pass 231 5.5 162 795.4 61 29 594.8 47 

Outpost 223 5.9 156 835.2 62 34 705.6 54 

RNNP 205 7.6 127 1172.4 75 50 1082.2 69 

Glenisla 161 7.1 117 922.6 81 36 741.8 65 

 
 

Table 2:  Rainfall event characteristics measured at the recording stations for the period 

December 2001 to April 2003.  

 

 

DISCUSSION 
 

Rainfall measured in 2002 at eight stations in the Drakensberg, all with well-established 

weather stations, ranges from 78 to 100% of the mean annual rainfall (MAR) (33 years) and 

analysis of rainfall in 2003 at four stations ranges from 60 to 82% of the MAR (33 years) (Nel 

and Sumner, 2005). The totals measured from December 2001 to April 2003, and for the 

year 2003, at the respective stations in this study are thus probably slightly below long-term 

rainfall averages for the sites. Even though there are latitudinal differences in station 

positions, latitude is found to play no significant role in influencing rainfall totals (Nel and 

Sumner, 2006). Below 2100 m a.s.l. in the Drakensberg, mean annual rainfall is strongly 

related to altitude and eastward distance from the escarpment (Nel and Sumner 2006). 

Above 2100 m a.s.l. where no long-term data are available, the trend of increasing 

precipitation has been assumed to extend to the escarpment summit, where rainfall is 

anticipated to exceed 1500 mm p.a. (Tyson et al., 1976; Schulze, 1979).  During the 

recording period in this study, the two escarpment sites, Sani Pass and Sentinel Peak, 

recorded less total and mean daily precipitation than the lower altitude stations and the 
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precipitation values at the escarpment edge, therefore, challenges the assumption of 

increasing rainfall with altitude in the Drakensberg up to the escarpment. Rainfall in the 

Drakensberg is highly seasonal (Nel and Sumner, 2006) and the monthly distribution of rain 

days indicates the predominance of rain during the summer months. Even though daily 

rainfall is less on the escarpment, the number of rain days recorded increases with altitude.  

 

Line and orographically induced thunderstorms provide the major source of rainfall over the 

Drakensberg, and most rainfall events in the high Drakensberg occur in the late 

afternoon/early evening with most stations showing peak rainfall occurring between 19h00 

and 21h00 when sufficient cooling has occurred for condensation and cloud formation. An 

increase in the number of rain events also exists with altitude, but less rain falls per event on 

the escarpment than at the stations at lower altitude. All stations show a high percentage of 

rain days that record single rainfall events only and these events contribute between 61 and 

81% of the total daily rainfall with a decrease in contribution with altitude. The high altitude 

station also record higher contributions to the overall rainfall totals from rain days that record 

two or three events. The number of rainfall events that generate more than 10 mm show that 

altitudinal difference can also be discerned with regards to the amount of rainfall generated 

by these high rainfall events. Rainfall events that generated precipitation above this threshold 

are less on the escarpment than stations in the foothills with Sani Pass only measuring 47% 

of the total rainfall from these events. At Sentinel Peak rainfall events above 10 mm 

generated 60% of the total rainfall measured during 2003. This compares well to the figure of 

Berding (1981) for northern Lesotho, where 50% of the annual rainfall was received by 

events of 10 mm or more. 

 

SUMMARY 

 

The rainfall records presented here are the first data that analysis specific rainfall events in 

KwaZulu-Natal Drakensberg.  The rainfall records challenges the assumption of an increase 
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in rainfall with altitude in the Drakensberg up to the escarpment. Even though daily rainfall 

and mean rainfall from individual events is less on the escarpment, the number of rain days 

as well as the number of rainfall events increases with altitude. All stations also show a high 

percentage of rain days recording single rainfall events and these events contribute between 

61 and 81% of the total daily rainfall. However, the station on the escarpment has a lower 

contribution to the overall rainfall totals from rain days with single rainfall events than the low 

altitude stations.  

 

Clear altitudinal differences also exists with regards to the amount of rainfall generated by 

events of 10 mm or more, with the escarpment stations receiving less rainfall from high 

rainfall events than the stations in the foothills. Most rainfall events in the high Drakensberg 

occur in the late afternoon/early evening when sufficient cooling would have occurred for 

condensation and cloud formation.  
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ABSTRACT 

 

Rainfall intensity, kinetic energy and erosivity were analysed for 106 erosive storm events at 

five locations from the end of 2001 to the beginning of 2006 in the KwaZulu-Natal 

Drakensberg, a portion of the eastern escarpment of southern Africa. Three stations located 

in the escarpment foothills and two stations sited on the escarpment edge above 2800 m 

a.s.l. provide the first detailed rainfall data for the Drakensberg escarpment summit areas. 

Erosive storm events, defined as a total rainfall exceeding 12.5 mm and a maximum 5-

minute intensity exceeding 25 mm/hour, are found to vary in duration and in depth, but that 

the distribution is biased towards shorter shallower storms. Erosive events are also almost 

exclusively a summer phenomena and the attributes of these storms; rainfall intensity, kinetic 

energy and erosivity are positively correlated with storm depth but not the duration of the 

storm. Inter-station similarities exist when comparing rainfall totals, mean kinetic energies 

and erosivities from individual storm events. However, this study has found a clear altitudinal 

trend when comparing maximum intensity, depths of erosive storms, cumulative kinetic 

energy and cumulative erosivity. An increase in altitude gives a decrease in maximum rainfall 

intensity, number of high intensity events and the cumulative kinetic energy and erosivity. 

Potential to detach soil does exist on the escarpment, but the frequency of erosive events as 

well as the extent of collective erosive effect decreases with an increase in altitude. Analysis 

of the monthly distribution of erosive events suggest that the differences in cumulative kinetic 

energy and cumulative erosivity can be explained by the lack of erosive events during early 

and late summer at the escarpment, and significant erosive rains during this period at lower 

altitudes in the foothills.  
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INTRODUCTION 

 

The KwaZulu-Natal Drakensberg in the east of South Africa is part of the Main Escarpment 

of southern Africa that extends as a passive margin around the sub-continent. South Africa is 

predominantly a semi-arid country; and it is only primarily areas in the east that record rainfall 

above 600 mm (Schulze, 1979). In the high mountains, that reaches up to 3482 m a.s.l., 

annual rainfall totals have been estimated to exceed 1500mm although recent records show 

this could be an overestimate (Nel and Sumner, 2005). The Drakensberg is considered 

South Africa’s most important source of runoff and was recently declared a World Heritage 

site. Typically, the escarpment reaches above 2800-3000 m and defines the watershed 

between the interior catchments of Lesotho that feed into the Orange river, and the shorter 

and steeper catchments of the rivers in the province of KwaZulu-Natal (Fig. 1). KwaZulu-

Natal contributes nearly twice as much total runoff per unit of rainfall than in South Africa as 

a whole and a quarter of South Africa’s streamflow (Whitmore, 1970). Rainfall in the 

Drakensberg is highly seasonal with the five summer months (November to March) 

accounting for 75% of the annual rainfall, whilst winter months (May to August) contribute 

less than 10% (Nel and Sumner, 2006). The major source of precipitation over the 

Drakensberg is large-scale line thunderstorms and orographically induced storms that 

develop mostly over the extended summer period (Tyson et al., 1976). During winter, just 

over 40 cold fronts affect KwaZulu-Natal annually (Grab and Simpson, 2000). These develop 

as closed low-pressure cells in the western Atlantic and move across southern Africa in a 

west-northwest to east-southeast direction (Tyson et al., 1976) bringing widespread rainfall to 

the Drakensberg. Occasional snowfalls are thought to contribute around 100 mm water 

equivalent to precipitation totals (Nel and Sumner, 2005), or less than 10% of the rainfall 

total, but the precise contribution remains unmeasured. 
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Figure 1:  Map of the KwaZulu-Natal Drakensberg and the location of rainfall stations. 

The escarpment edge corresponds closely to the international border. 

 

Rainfall in the Drakensberg is of primary significance because of the mountain’s ecological 

importance, and also since the high altitude sub-catchments regulate discharge, particularly 

during low-flow conditions. Rainfall influences the creation of surface runoff and detachment 

of soil particles (Moore, 1979) and the erosivity of rainfall in the Drakensberg is a major 

driving force of many of the hydrological and erosional processes. The key process in water 

erosion and the amount of soil that is detached by a particular depth of rain is related to the 

intensity at which this rain falls (Van Dijk et al., 2002). The combination of rainfall intensity 

and raindrop fall velocity influence soil splash rate (Ellison, 1944) and the amount of erosion 

caused by rainfall from a certain storm is a function of the rainfall physical characteristics 

including intensity, amount (or rain depth), drop size distribution, terminal fall velocity, wind 

speed and rain inclination (Obi and Salako, 1995). In particular, rainfall kinetic energy has 

been suggested as an indicator of rainfall erosivity (Free, 1960). Direct measurements of 
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kinetic energy and raindrop sizes are in most cases not readily available, unlike rainfall 

intensity; hence the development of empirical relationships between rain intensity and kinetic 

energy (Nyssen et al., 2005).  

 

Few studies have investigated contemporary rainfall erosivity in the KwaZulu-Natal 

Drakensberg area. Schulze (1979) undertook a preliminary investigation into the kinetic 

energy of rainfall using two low altitudinal stations in the Central Drakensberg (Cathedral 

Peak at 1854 m and Ntabamhlope Research Station at 1457 m a.s.l.). More recently, in a 

study of rainfall erosivity of southern Africa, Seuffert et al. (1999) used one station in the 

central Drakensberg foothills as representative of the mountainous area. Given the paucity of 

existing data the aim of this study is to investigate storm erosivity in the KwaZulu-Natal 

Drakensberg summit area and in the foothills east of the escarpment. First, the study 

analyses the characteristics of individual storms. Second, rainfall intensity and kinetic 

energies of the storm events are examined, and finally, rainfall frequency and magnitude of 

the erosivity of storm events is determined. 

 

 

STUDY SITES AND DATA COLLECTION 

 

Davis-MC Systems (D-MCS) automated tipping-bucket rain gauges were installed at five 

locations within the Drakensberg. The D-MCS rainfall gauges have a 163 mm collection 

diameter and log total rainfall every 5min on a tipping resolution of 0.2 mm rainfall.  Two sites 

are on the escarpment edge, one at the summit of Sani Pass (2850 m a.s.l.) in what is known 

as the southern Drakensberg and on the Sentinel Peak (3165 m) in the northern 

Drakensberg. Rainfall gauges where also installed in the foothills at the Royal Natal National 

Park (RNNP) (1392 m), also in the north, and on the farm Glenisla (1060 m) and the Injisuthi 

Outpost (1920 m)  
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both in the central Drakensberg (Fig. 1, Table 1). The two high altitude stations are the first 

that attempt to record detailed and long-term rainfall data from the upper reaches of the 

catchments. 

 

  

Table 1:   General characteristics of erosive events measured at the rain gauge stations 

in the KwaZulu-Natal Drakensberg. 

 

Rainfall at the top of Sani Pass was monitored from September 2001 to mid April 2003. Then 

some data were lost due to wind damage but records commenced again from early 

September 2003 to early January 2006. Total records for this station span over 1425 days. 

Monitoring on the summit of the Sentinel Peak commenced in late November 2002 and data 

presented here are for 1201 days from the 28th of November 2002 to the 12th of March 2006.  

At the RNNP rainfall recording began on the 21st of November 2001 and ended on the 10th of 

January 2005 (1147 days). Data presented here for the Injisuthi Outpost are from the 29th of 

October 2001 to the 12th of January 2004 (828 days) and at Glenisla from the 29th of October 

2001 to the 30th of April 2003 (528 days) (Table 1, Table 2). 

 

 

 

Station Recording 
days 

Number 
of erosive 

storms 

Total 
rainfall 
(mm) 

Total storm 
depth (mm) 

Total storm 
duration (min) 

No.  I5 > 
50mm/h 

Sani Pass 
(Altitude 2850m) 1425 9 3172 252.2 3465 5 

Sentinel Peak 
(Altitude 3165m) 1201 11 2660.8 321.2 4170 6 

Royal Natal NP 
(Altitude 1392m) 1147 49 3145 1249.6 29756 29 

Injisuthi Outpost 
(Altitude 1920m) 806 14 1917 348.4 4035 7 

Glenisla  
(Altitude 1060m) 528 23 1270 515.8 3840 14 
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Station Recording 
period 

Total 
rainfall 
(mm) 

Erosive 
rainfall 
(mm) 

(%) Kinetic Energy 
(J m-2) 

Erosivity 
(J mm m-2 h-1) 

Sani Pass 
(2850 m.a.s.l.) 

December 
2001 to April 

2003 
1330.8 182.4 13.7 3556 155 256 

Outpost 
(1920 m.a.s.l.) 

December 
2001 to April 

2003 
1363.0 238 17.5 4409 124 985 

RNNP 
(1392 m.a.s.l.) 

December 
2001 to April 

2003 
1591.4 536.8 33.7 11542 351 370 

Glenisla 
(1060 m.a.s.l.) 

December 
2001 to April 

2003 
1202 473.6 39.4 10212 360 460 

Sentinel Peak 
(3165 m.a.s.l.) 2003 764.8 40.6 5.3 705 11 976 

Outpost 
(1920 m.a.s.l.) 2003 741.8 99 13.3 1656 34 572 

RNNP 
(1392 m.a.s.l.) 2003 798.8 242.4 30.3 5021 152 451 

 
 
Table 2:   Erosive rain attributes as measured for selected periods in the KwaZulu-Natal 

Drakensberg 

 
 

DATA ANALYSIS AND RESULTS 
 

Stocking and Elwell (1976) classify a distinct erosive rainfall event as a storm when total 

rainfall exceeds 12.5 mm, maximum 5-minute intensity exceeds 25 mm/hour and the event is 

isolated by at least a two-hour period of no rain. With this definition, the data series from the 

five gauge locations used in this study contain 106 individual erosive storm events.  

 

Storm characteristics 
 

Of the 106 individual erosive storm events the Royal Natal National Park station measured 

49 storms. At Glenisla farm 23 storms were measured, at Injisuthi Outpost 14 and at Sani 

Pass and at the Sentinel Peak, 9 and 11 storms with erosive energy were measured 

respectively (Table 1). The shortest erosive storm that was recorded had a duration of 20 

minutes and the longest had a duration of 26 hours. Erosive storm events had an average 

duration of 279 minutes (4 hours and 36 min) but the distribution is noticeably skewed (CV = 

 
 
 



 89

1.0) with 25% of the storms being shorter than 106 minutes (1 hour and 46 min) and 75% 

shorter than 335 minutes (5 hours and 36 min). The mean amount from all measured 

individual storm events is 25.3 mm with the lowest totaling 12.6 mm and the highest 72.0 

mm. This distribution is also skewed (CV = 0.5) with 25% of all storms having a rainfall depth 

of between 12.6 and 15.7 mm, 75% of the events have rainfall of less than 29.5 mm and 

90% of all storms have a rainfall depth of less than 47.3 mm. A comparison between storm 

depth and storm duration shows a statistically significant (P> 0.001) positive correlation (R= 

0.61) (Fig. 2).  

 

 

 

 

Figure 2: Correlation between storm depth and storm duration. 
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Figure 3: Monthly rainfall and erosive rainfall as measured at stations in the 

Drakensberg. 
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Given the seasonality of rainfall in the Drakensberg (Nel and Sumner, 2006) monthly rainfall 

(in mm) for the recorded period at each station was compared to monthly erosive rainfall (in 

mm) (Fig. 3). At Royal Natal National Park and Glenisla stations approximately 40% of the 

total rainfall measured at these stations are derived from erosive rainfall events. The high 

altitude stations, Sani Pass and Sentinel Peak, have the lowest percentage of rainfall 

generated from erosive events to total rainfall with 8 and 12 percent respectively. No erosive 

storms occurred at the recording sites during the months of May, June, July and September 

(Fig. 3) even though collectively 907.4 mm of rainfall were recorded at the sites during these 

months. Glenisla and Sentinel Peak recorded one erosive event each during August, and all 

other erosive rainfall events at the stations occurred from October to April with the highest 

number of erosive storms during January.  Comparing monthly rainfall and erosive rainfall 

measured during 2003 at Royal Natal National Park (1392 m) and Sentinel Peak (3165 m) 

that are in close proximity of each other (Fig. 1), but have an altitude difference of 1773 m, a 

difference in the distribution and magnitude of monthly erosive events is evident (Table 2). 

During 2003, Sentinel Peak recorded 764.8 mm of total rainfall, from which 40.6 mm fell as 

erosive events (5%). At the Royal Natal National Park 798.8 mm were recorded from which 

242.4 mm fell as erosive events (30%). Comparatively, during 2003 at the Injisuthi Outpost at 

an altitude of 1920 m, 741.8 mm of rainfall fell from which 99 mm was during erosive events 

(13%). Although all three stations only recorded erosive events during the summer months 

some difference do exist in the intra-annual distribution of erosive events. During the early 

and late summer months of 2003 (February, March and October) at the Sentinel, 313.2 mm 

of rainfall fell but no erosive events were recorded. For the same period at Injisuthi Outpost 

285.2 mm fell from which 85.6 mm were from erosive events (30%) and at the Royal Natal 

National Park 256.8 mm fell from which 115.8 mm were from erosive events (45%). When 

comparing 17 months of 5-minute rainfall data from December 2001 to April 2003 at Sani 

Pass, Glenisla, Injisuthi Outpost and Royal Natal National Park (Table 2) an altitudinal 

difference in the rainfall generated during erosive events as a percentage of total rainfall is 

apparent. At Glenisla (1060 m) 1202 mm fell from which 473.6 mm are from erosive events 
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(39%). At Royal Natal National Park (1392 m), 1591.4 mm fell and 536.8 mm were during 

erosive events (34%). Injisuthi Outpost (1920 m), which is close to Glenisla but at higher 

altitude (Fig. 1) recorded 1363 mm from which 238 mm fell as erosive events (18%) and at 

Sani Pass (2850 m) 1330.8 mm of rainfall were recorded but only 182.4 mm was generated 

by erosive events (14%). The main differences between stations is that the higher altitude 

stations (Injisuthi Outpost and Sani Pass) recorded no erosive events during the early and 

late summer months of 2002 (March, April and October) while the lower altitude stations did 

record substantial erosive rains during this period (Fig. 3). 

 

Rainfall intensity 
 

Five-minute rainfall intensity (I5) of erosive events measured at the different stations, range 

from 26.4 mm/h to 144 mm/h and 30-minute rainfall intensity (I30) range from 8 mm/h to 70.4 

mm/h (Table 3). At Glenisla rainfall intensity of 144 mm/h in 5 minutes was recorded (Table 

3, Fig. 4) and this was the maximum 5-minute rainfall intensity measured in the Drakensberg 

during the recording period. At RNNP 120 mm/h in 5 minutes was recorded and at the 

Injisuthi Outpost, Sani Pass and Sentinel Peak the maximum I5 measured during an 

individual storm was less with 93.6 mm/h, 79.2 mm/h and 69.6 mm/h respectively (Table 3, 

Fig. 4). Again altitude appears to have an influence, but mean 5 minute and 30 minute 

rainfall intensities measured at the different locations for individual events, show no 

measurable differences (Table 3). A comparison between storm depth and mean storm 

intensity, maximum intensities for 5 minutes (I5) and 30 minutes (I30) were attained for all 

erosive events (Fig. 5). There is a statistically significant, positive correlation between storm 

depth and maximum 5-minutes intensity (I5) (R= 0.25, P= 0.01) and storm depth and 

maximum 30-minutes intensity (I30) (R= 0.54, P< 0.001). However, no statistically significant 

correlation exists between mean intensity and storm depth (Fig. 5).  
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Figure 4: Maximum rainfall intensity recorded for each storm event at stations in the 

Drakensberg. 

 

 

 

 

 

Figure 5:  Correlation between storm rainfall intensity and storm depth. 
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Even though erosive events have, by the definition of Stocking and Elwell (1976), a 

maximum 5-minute intensity exceeding 25 mm/hour, the occurrence of high intensity storm 

events also needs to be considered. A high intensity event is defined as one with maximum I5 

greater than 50 mm/h (Schulze, 1978) and the number of high intensity events that occurred 

at each station is given in Table 1. RNNP has the highest number of high intensity rainfall 

events during the recording period (27) with the high altitude stations (Sani Pass and 

Sentinel Peak) having the least (5 and 6 respectively).   

 

Storm kinetic energies 
 

Wischmeier and Smith (1958) used measurements of drop size characteristics and terminal 

velocity to derive a relationship between rainfall intensity and kinetic energy. The proposed 

relationship is a logarithmic function in the form: 

E = 11.87 + 8.73Log10R        (1) 

where the intensity R is in mm/h. Van Dijk et al. (2002) did a critical appraisal of the literature 

on the rainfall intensity–kinetic energy (R–EK) relationship and, based on the average 

parameter values that were derived from the best data-sets, the following general equation to 

predict storm kinetic energy content from rainfall intensity data is given:  

EK = 28.3 [1−0.52 exp(−0.042R)]        (2) 

 

where the intensity R is in mm/h. However, earlier work by Elwell and Stoking (1973) in 

Zimbabwe suggest that for subtropical climates the kinetic energy of rainfall can be predicted 

by the equation: 

 

Ek  = (29.82 – 127.51/ I) in J m-2 mm-1      (3) 
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where the intensity I is in mm/h. This equation has also been adopted for use in the SLEMSA 

(Soil Loss Estimation Model for Southern Africa) and was used by Schulze (1980) in a first 

assessment of the kinetic energy of rainfall in South Africa.  As such, for the purpose of a 

spatial study any of the three equations would suffice in estimating kinetic energy contents.  

In order to allow for consistency with previous studies in southern Africa, the equation by 

Elwell and Stoking (1973) (eq. 3) is used here to assess the 5-min incremental kinetic energy 

content derived from rainfall intensity. Total storm kinetic energy (E) generated during each 

individual erosive storm event (in J. m-2) is calculated through the 5-min kinetic energy 

content, multiplied by the quantity of rain (in mm) falling in that specific 5 minutes to give the 

5-min kinetic energy. Each of the 5-min kinetic energy values generated during the storm is 

then summed to give the total storm kinetic energy generated during each individual event. 

 

Maximum energy produced during any individual storm was 1639.7 J m-2 recorded at Royal 

Natal National Park, and the storm with the lowest kinetic energy was also measured at this 

station (142.0 J m-2). Mean kinetic energy of all erosive events measured during the 

recording period was 490.1 J m-2, and no significant differences exist between mean kinetic 

energy of individual events at the different stations (Table 2). For the 17-month period 

between December 2001 and April 2003, an altitudinal difference exists when the cumulative 

energies are calculated. (Table 2). The kinetic energies measured at the low altitudinal 

stations (Glenisla and Royal Natal) are 10 212.3 J m-2 and 11 542 J m-2 respectively. Lower 

kinetic energies were measured at the higher altitude stations of Injisuthi Outpost (4409 J m-

2) and much lower at the escarpment station at Sani Pass (3556 J m-2). Similarly, during 2003 

at Royal Natal National Park the annual kinetic energy generated by erosive events was 

5021.3 J m-2 but at the Injisuthi Outpost for the same period 1656.1 J m-2 was generated by 

erosive events and on the escarpment at the Sentinel Peak only 705 J m-2 was measured 

(Table 2).  
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The relationship between storm kinetic energy and storm depth and storm duration was 

examined for all events at all stations (Fig. 6), and as expected a strong correlation, that is 

statistically significant, exist between storm kinetic energy and storm depth (R= 0.83; P< 

0.001). However, no correlation exists between storm kinetic energy and the duration of the 

storm (Fig. 6).  

 

 

 

 

 

Figure 6: Correlation between storm kinetic energy and (a) storm depth and (b) storm 

duration.  
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Storm erosivity 
 

Seuffert et al. (1999) developed an integrated rainfall erosivity index (REI) for assessing 

rainfall structure, runoff and erosion. This index was developed from a number of rainfall 

elements including rainfall quantity, energy, (dis)continuity, intensity and spatial pattern. 

Erosivity can also be determined by the product (EI30) of the total kinetic energy (E) of the 

storm times its maximum 30-minute intensity (I30) developed by Wischmeier and Smith, 

(1978). This equation has been used globally as part of the (Revised) Universal Soil Loss 

Equation (R)USLE and in southern Africa to asses the spatial distribution of erosivity (Stoking 

and Elwell, 1976; Smithen, 1981; Smith et al., 2000)  and reflects the combined potential of 

raindrop impact and turbulence created in overland flow. To be consistent with erosivity 

studies elsewhere the spatial distribution of erosivity in this study was determined by the 

product (EI30) of each individual storm (in J mm m-2 h-1).  

 

The erosivity of each individual storm (EI30) varies in the Drakensberg with maximum erosive 

power generated by a storm being 110 186.7 J mm m-2 h-1 at the RNNP station and minimum 

erosivity was 1135.7 J mm m-2 h-1 also measured at RNNP. Mean erosivity of storm events 

measured during the recorded period for all stations is 7107.3 J mm m-2 h-1. and slight 

differences exist between stations regarding the mean storm erosivity generated during 

individual events (Table 3). As with kinetic energies, a difference in cumulative erosivity 

exists between stations. Erosivity measured at Glenisla and Royal Natal during December 

2001 to April 2003 (Table 3) is 360 460.6 J mm m-2 h-1 and 351 370.7 J mm m-2 h-1 

respectively. Erosivities measured at the higher altitude stations of Injisuthi Outpost (124 

985.9 J mm m-2 h-1) and at the escarpment station at Sani Pass (155 256.7 J mm m-2 h-1) 

were lower than at the low altitude stations. Also during 2003 at Royal Natal National Park 

the annual erosivity generated by erosive events was 152 451.3 J mm m-2 h-1 but at the 

Injisuthi Outpost (34 572.9 J mm m-2 h-1) and on the escarpment at the Sentinel Peak annual 
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erosivity measured for the same period was of an order of magnitude lower (11 976.2 J mm 

m-2 h-1).  

 

Storm erosivity was also investigated in relation to storm depth and storm duration (Fig. 7). A 

strong significant correlation (R= 0.72; P< 0.001) exists between storm erosivity and storm 

depth but no correlation exists between storm erosivity and the duration of the storm. 

 

 

 

 

Figure 7: Correlation between storm erosivity and (a) storm depth and (b) storm 

duration. 
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DISCUSSION 
 

Erosive storm events across the KwaZulu-Natal Drakensberg vary considerably in duration 

as well as depth of rainfall generated. The distribution of events is also skewed with a bias 

towards shorter shallower storms. Rainfall in the Drakensberg is highly seasonal (Nel and 

Sumner, 2006) and this seasonality is also observed in the monthly occurrences of erosive 

storm events. No erosive storms occurred at the recording sites during the winter months of 

May, June, July and only two erosive events were recorded during August. There appears to 

be a clear contrast in the kinetic energy contents associated with orographic storms and 

those associated with drizzle (Van Dijk et al., 2002). In South Africa a strong correlation 

exists between high intensity rainfall and thunderstorm activity, and that low intensity rainfall 

are normally associated with frontal systems (Schulze, 1980). In KwaZulu-Natal rainfall in the 

winter season displays much lower kinetic energy than rainfall during mid summer (Schulze, 

1978). In the Drakensberg, the seasonality of erosive events is associated with the source of 

precipitation. During winter, frontal rainfall is linked mostly to low intensity drizzle, while 

thunderstorms develop over the summer period that gives rise to erosive storm events being 

primarily a summer phenomena.  

 

Tyson et al. (1976) indicate that mean annual rainfall increases with altitude, and that the top 

of the escarpment should receive over 2000 mm of rain annually. Schulze (1979) also 

defined a clear relationship between altitude and rainfall, and predicted mean annual rainfall 

at over 1800 mm and January rainfall at 250 mm along the High Berg, but these estimations 

have been challenged (Nel and Sumner, 2005). A significant linear relationship in the 

KwaZulu-Natal Drakensberg foothills between mean annual rainfall and altitude below 2100 

m a.s.l does exist (Nel and Sumner, 2006), but whether or not the increase in rainfall with 

altitude extends up to the escarpment (above 2100 m a.s.l.) is uncertain. In this study, when 

comparing rainfall totals measured at the different stations for the same periods, as well as 

mean kinetic energies and erosivities from individual storm events, no real spatial difference 
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with regards to these attributes can be discerned. However, altitudinal differences exist when 

comparing depths of erosive storms as well as cumulative kinetic energy and erosivity. A 

high proportion of rain falls as erosive events at the lower altitude stations and only a small 

percentage of monthly rainfall falls as erosive events at the escarpment edge. The lower 

altitude stations record higher cumulative kinetic energies and erosivities than those at higher 

altitude. If the monthly distribution of erosive events is considered, it seems that the main 

differences between stations is that the higher altitude stations recorded no erosive events 

during the early and late summer months while the lower altitude stations did record 

significant erosive rains during this period.  

 

In the KwaZulu-Natal Drakensberg an increase in altitude shows a decrease in maximum 

rainfall intensity of erosive events. The high altitude stations recorded lower maximum five-

minute rainfall intensities as well as fewer high intensity events than the stations at lower 

altitude. Mean rainfall intensities of erosive events show no spatial differences, but storms 

with a higher total, tend to have higher maximum rainfall intensities, kinetic energies and 

erosivity.   

 

Raindrop size distribution at a given intensity also decreases with altitude (Van Dijk et al., 

2002), although greater fall velocities associated with higher elevations could offset the effect 

on kinetic energy (Beard, 1977). Earlier findings from Schulze (1979) in the Central 

Drakensberg indicate that a higher frequency of high intensity storms was measured at 

Ntabamhlope (1457 m a.s.l) than at the higher altitude station at Cathedral Peak (1854 m 

a.s.l). Ntambamhlope also measured higher annual kinetic energy of rainfall than Cathedral 

Peak per unit of rainfall (Schulze, 1979). Seuffert et al. (1999) from their Figure 8 suggests 

that their Rainfall Erosivity Index decreases from east to west from the foothills to the 

escarpment. Our study found that in the Drakensberg mean kinetic energy produced during 

individual storms are similar throughout the area. Therefore, rainfall has the potential to 

detach soil through the combined potential of raindrop impact and turbulence created in 
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overland flow from individual storm events at all altitudes in the Drakensberg, but at high 

altitude a lower percentage of rain falls as erosive storms, and the cumulative kinetic energy 

produced as well as total erosivity of rainfall is less on the escarpment than at stations lower 

down.  

 

 

CONCLUSION 

 

Erosive storm events across the KwaZulu-Natal Drakensberg vary in duration as well as in 

depth, but events tend to be short and shallow. Erosive rainfall is associated with 

thunderstorms and highly seasonal with limited erosive storms occurring at the recording 

sites during the winter months. Storms with a higher total tend to have higher maximum 

rainfall intensities, kinetic energies and erosivity.  The suggested increase in rainfall with 

altitude in the Drakensberg (Tyson et al. 1976; Schulze, 1979) is not apparent in the data 

when comparing rainfall totals measured at the different stations for the same periods.  

 

This study found that in the KwaZulu-Natal Drakensberg an increase in altitude gives a 

decrease in maximum rainfall intensity of erosive events. The high altitude stations recorded 

lower maximum five-minute rainfall intensities as well as fewer high intensity events than the 

stations at lower altitude but mean kinetic energy produced during individual storms are 

similar throughout the area. Therefore, individual storm events at all altitudes in the 

Drakensberg has the potential to detach soil, but at high altitude a lower percentage of rain 

falls as erosive storms, and the cumulative kinetic energy produced as well as total erosivity 

of rainfall is less on the escarpment than at stations lower down. This altitudinal differences 

in erosivity attributes compares well with earlier findings from Schulze (1979) and Seuffert et 

al. (1999). Analysis of the monthly distribution of erosive events suggest that the differences 

in cumulative kinetic energy and cumulative erosivity can be explained by the lack of erosive 

 
 
 



 102

events during early and late summer at the escarpment, and significant erosive rains during 

this period at lower altitudes in the foothills.  
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ABSTRACT 
 

Intra-storm rainfall attributes were analysed for 49 extreme storm events at five locations in 

the KwaZulu-Natal Drakensberg in the east of South Africa. Three stations located in the 

mountain range foothills and two stations sited on the escarpment edge above 2800 m a.s.l. 

provide the first detailed intra-storm data for the Drakensberg escarpment area.  Extreme 

rainfall events were found to vary in duration and in depth, but all stations measure a clear 

exponential distribution of cumulative kinetic energy content of storm rainfall over time. The 

first 300 minutes of storm duration generate more than 90% of the total energy content 

available as well as 80% of the total rainfall. When rainfall generation and high rainfall 

intensity (exceeding 25 mm/h) is plotted as a function of storm duration, most storms at the 

stations indicate a high proportion of rainfall being generated within the first and second 

quartile of the storm duration. More than half the storms generate their maximum peak 

intensity within the first quartile of the duration of the storm and 84% of the storms show 

maximum intensity within the first half of the storm duration. Even though these common 

tendencies are evident, the data show that the structure of erosive rain is site specific, and 

that the within-storm distribution of rainfall should be incorporated into soil loss modelling in 

the region. It is suggested that further research is needed to ascertain the actual effect 

within-storm distribution of rainfall has on runoff and soil detachment in the KwaZulu-Natal 

Drakensberg. 

 

 

 

 

 

 
 
 



 107

INTRODUCTION 
 

South Africa is predominantly a semi-arid country; and it is only primarily areas in the east 

that record rainfall above 600 mm (Schulze, 1979). In the east of South Africa, the KwaZulu-

Natal Drakensberg is part of the Main Escarpment that reaches above 2800 m and defines 

the watershed between the interior catchments of the Kingdom of Lesotho, and the shorter 

and steeper catchments of the rivers in the South African province of KwaZulu-Natal. Annual 

rainfall totals in the high mountains have been estimated to exceed 1500 mm although recent 

records show this could be an overestimate (Nel and Sumner, 2005). Notwithstanding this, 

the Drakensberg is considered South Africa’s most important source of runoff and was 

recently declared a World Heritage site. The province of KwaZulu-Natal contributes nearly 

twice as much total runoff per unit of rainfall than in South Africa as a whole and a quarter of 

South Africa’s streamflow (Whitmore, 1970). The major source of precipitation over the 

Drakensberg is large-scale line and orographically induced thunderstorms that occur mostly 

during summer (Tyson et al., 1976). During winter, just over 40 cold fronts affect KwaZulu-

Natal annually (Grab and Simpson, 2000). These develop as closed low-pressure cells in the 

western Atlantic and move across southern Africa in a west-northwest to east-southeast 

direction (Tyson et al., 1976) bringing widespread rainfall to the region.  

 

Rainfall in the Drakensberg is a major driving force of many hydrological and erosional 

processes through the detachment of soil particles and creation of surface runoff (Moore, 

1979). The amount of erosion caused by the rainfall from a certain storm is a function of the 

rain's physical characteristics, including the total rainfall as well as the intensity at which it 

falls (Obi and Salako, 1995). During summer in the Drakensberg some thunderstorms can 

generate erosive rainfall, and the attributes of these storms namely rainfall intensity, kinetic 

energy and erosivity are positively correlated with the amount of rainfall produced (Nel and 

Sumner, submitted). However, natural rainfall is long known to be highly variable both 

spatially and temporally (Schiff, 1943; Huff, 1967) and storm patterns can be complex with 
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the peak rainfall intensity early in the storm, in the middle or at the end (Flanagan et al., 

1987; Nyssen et al., 2005). This intra-storm variation in peak rainfall intensity has been 

shown to effect peak runoff rates, infiltration and soil loss (Flanagan et al., 1987) and 

significant differences in eroded material exist across different soil types for different storm 

patterns (Parsons and Stone, 2006). Although studies have investigated storm kinetic energy 

and erosivity in South Africa (Schulze, 1980; Smithen, 1981; Seuffert et al., 1999) and in the 

Drakensberg (Schulze, 1979, Nel and Sumner, submitted) no studies have investigated the 

intra-storm distribution of rainfall parameters in this hydrological area. The aim of this study is 

to investigate the within-storm distribution of rainfall depth, extreme rainfall intensity and 

cumulative kinetic energies. The need for further research to supplement the understanding 

of the relationship between rainfall and the subsequent soil loss dynamics from rainfall 

events in the KwaZulu-Natal Drakensberg is highlighted. 

 

STUDY SITES AND METHODS 
 

Davis-MC Systems (D-MCS) automated tipping-bucket rain gauges logged rainfall at five 

locations within the Drakensberg from the end of 2001. The D-MCS rainfall gauges have a 

163 mm collection diameter and log total rainfall every 5 minutes on a tipping resolution of 

0.2 mm rainfall.  The locations were as follows: on the escarpment edge at the top of Sani 

Pass (29.57° S, 29.27° E, 2850 m a.s.l.) in the southern Drakensberg, on the escarpment 

edge at the Sentinel Peak (28.74° S, 28.89° E, 3165 m) in the northern Drakensberg, in the 

Royal Natal National Park (RNNP) (28.68° S, 28.95° E, 1392 m) in the northern 

Drakensberg, on the farm Glenisla (29.02° S, 29.49° E, 1060 m) and at the Injisuthi Outpost 

(29.13° S, 29.45° E, 1920 m) in the central Drakensberg. The two high altitude stations are 

the first that attempt to record detailed and long-term rainfall data from the upper reaches of 

the catchments and the freestanding Sentinel Peak is the highest point where rainfall is 

currently measured in southern Africa (3165 m). 
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Rainfall at the top of Sani Pass was collected over 1425 days, commencing during 

September 2001 to mid April 2003 and again in early September 2003 to early January 2006. 

Recording of rainfall on the top of the Sentinel Peak commenced in late November 2002 and 

data presented here are for 1201 days from the 28th of November 2002 to the 12th of March 

2006.  At the RNNP rainfall recording started on the 21st of November 2001 and ended on 

the 10th of January 2005 (1147 days). Data presented here for the Injisuthi Outpost are from 

the 29th of October 2001 to the 12th of January 2004 (828 days) and at Glenisla from the 29th 

of October 2001 to the 30th of April 2003 (528 days). 

 
For a rainfall event to qualify as a distinct erosive event, Stocking and Elwell (1976) state that 

each storm should have a total amount of rainfall exceeding 12.5 mm and a maximum 5-

minute intensity exceeding 25 mm/hour. Each event should be separated by at least two 

hours of no rain. Applying this definition, the data series collected from the five different 

locations in the Drakensberg contain 106 individual erosive storm events.  

 

A number of equations have been developed to calculate kinetic energy from rainfall intensity 

(see Van Dijk et al., 2002), but Elwell and Stoking (1973) show that for subtropical climates 

the kinetic energy of rainfall can be predicted by the equation: 

 

Ek  = (29.82 – 127.51/ I) in J m-2 mm-1      (1) 

 

where the intensity I is in mm/h. This equation is used to assess the 5-min incremental 

kinetic energy content of the rainfall derived from the measured 5-min rainfall intensity. To 

investigate the intra-storm changes in rainfall attributes received from an extreme rainfall 

event, the 10 storms with the highest total kinetic energy content at each station were chosen 

for analyses. However, it must be noted that the Sani Pass station only recorded 9 erosive 

storms in total and therefore all available storms were used for analyses from that station. A 
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total of 49 events is thus analysed in detail of the 109 storms that meets the criteria of an 

erosive event. 

 

INTRA-STORM DISTRIBUTION OF RAINFALL DEPTH 
 

The 49 extreme storm events analysed in this study had an average duration of 383 minutes 

(6 hours and 23 min) with the shortest storm being 55 minutes long and the longest 26 hours. 

Mean depth of the 49 individual storm events is 32.4 mm with the lowest totaling 12.6 mm 

and the highest 72.0 mm (Fig. 1). The distribution is skewed (CV = 0.85) with 25% of the 

storms being shorter than 120 minutes (2 hours) and 75% shorter than 450 minutes (7 hours 

and 30 min). 

 

From the definition of Elwell and Stoking (1973), the 5-minute kinetic energy content (Ek) for 

each individual event at each station was calculated and the cumulative kinetic energy as a 

percentage of total energy plotted (Fig. 2). All stations show a clear distribution of cumulative 

kinetic energy of rainfall received over time, with the rainfall events at Sani Pass generating 

90% of the total kinetic energy in the first 60 minutes of the onset of the storms and 90% 

generated in 250 minutes at Royal Natal National Park.  

 

Since the stations receive more than 90% of all the potential kinetic energy content 

generated by the storms within the first 300 minutes of the onset of the storms, for analysis of 

the intra-event temporal distribution of rainfall, the 5-minute increment rainfall depth of each 

individual storm measured at each station was plotted over the first 300 minutes (Fig. 3). All 

the storms show clear variations in rainfall depth over time, but all stations receive above 

80% of the rainfall generated by extreme storm events in the first 300 minutes. At Sani Pass 

50% of the cumulative rainfall received are within the first 38 minutes from the onset of the 

storm, and at Glenisla half the rainfall received from extreme rainfall events are within the 
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first 40 minutes. At Sentinel Peak and Injisuthi Outpost half the rainfall received is within 90 

minutes and at RNNP it is within 135 minutes. 

 

 

 

Figure 1: Total rainfall depth and duration of extreme storm events in the Drakensberg. 

 

 

 

 

 

Figure 2: Cumulative kinetic energy generated over time by extreme storm events at the 

respective stations in the Drakensberg. 
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Figure 3: Rainfall depth and cumulative rainfall generated over time by extreme storm 

events measured at the respective stations in the Drakensberg. 

 
 
 
 
To test for rainfall generation as a function of storm duration, the 5-min rainfall depth of each 

individual storm measured at each station was plotted as a percentage of the storm duration 

(Fig. 4). Each storm is divided into 4 quartiles namely: First Quartile (Q1), Second Quartile 

(Q2), Third Quartile (Q3) and Fourth Quartile (Q4). The extreme rainstorms measured at the 

stations show variability of rainfall over time, but a high proportion of storms generate peak 

rainfall within the first and second quartile of the storm duration. At RNNP, 76% of the total 

rainfall received from extreme rainfall events fall in the first half (Q1 and Q2) of the storm 

duration (Fig. 4F). Sani Pass, Injisuthi Outpost, Sentinel Peak and Glenisla receive 73%, 
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73%, 72% and 65% respectively within the first half of the individual storm duration. Only a 

small number of storms generate peak rainfall in the third and fourth quartile. Glenisla and 

Sani Pass only receive 16% and 15% of all rainfall from extreme events in the last quartile 

(Q4). At the Injisuthi Outpost, RNNP and Sentinel Peak stations it is 13%, 9% and 8% 

respectively.  

 

 
Figure 4: Storm rainfall depth and cumulative rainfall as a function of storm duration at 

the respective stations in the Drakensberg. 

 
 

INTRA-STORM DISTRIBUTION OF EXTREME AND PEAK RAINFALL INTENSITY 
 

All the 49 extreme erosive events analysed have, by the definition of Stocking and Elwell 

(1976), a maximum 5-minute intensity exceeding 25 mm/hour. To test at what stage within a 

storm the rainfall intensity has the potential to possibly exceed infiltration rates the intra-

storm variations of 5-minute intensity exceeding 25 mm/hour were considered. Most storms 

(70%) measured at the stations have intensities above this threshold during the first 100 
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minutes of the storm duration (Fig. 5). At Sani Pass and Glenisla all high rainfall intensities 

received from the storms are within the first 140 minutes, but at Injisuthi Outpost and RNNP 

intensities above 25 mm/h have been received from storm events as late as 345 minutes and 

535 minutes since the onset of the individual storms. If the distribution of high intensity as a 

function of the storm duration is considered then most of the storms (80%) have their high 

intensities within the first and second quartile of the storm duration (Fig. 6). Only Sani Pass, 

Glenisla and Injisuthi Outpost received high intensity rainfall from a number of storms during 

the last quartile.  

 

 

 

Figure 5: Timing of extreme rainfall intensity (above 25 mm/h) generated by extreme 

storm events at the respective stations. 
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Figure 6: Timing of extreme rainfall intensity (above 25 mm/h) as a function of storm 

duration at the respective stations. 

 

 

Peak rainfall intensity received within 5 minutes of each storm was plotted as a function of 

the storm duration (Fig. 7) and 57% of all storms that were analysed generate peak intensity 

within the first quartile. Of the storms, 84% show maximum rainfall generation in 5-minutes 

during the first half of the storm (50%). No storms generate peak intensity after 80% of the 

storm has passed.  
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Figure 7: Timing of extreme rainfall intensity (above 25 mm/h) generated by storm  

events as a function of storm duration.  

 
 

DISCUSSION 
 

In the Drakensberg extreme rainstorms exhibit temporal variability in rainfall depth, but a 

common trait is that more than 80% of the rainfall generated by extreme storm events is 

within the first 300 minutes of the onset of the storms. If rainfall generation as a function of 

storm duration is examined, then between 65% and 76% of rainfall is received within the first 

half of the storm duration at the respective stations. The intensity of rainfall received from 

extreme rainfall also exhibits intra-storm temporal variability and no storm show constant 

intensity over time. Parsons and Stone (2006) found that a constant-intensity storm yields 

lower soil loss than the varying-intensity storms, and the eroded sediment from the constant-

intensity storms had lower clay content than that from the varying-intensity storms.  

 

Soil loss data in Zimbabwe has indicated that the magnitude of peak intensities is most 

critical to the erosion process (Stocking and Elwell, 1976) and under natural storm conditions 

sediment transport peak in response to intense rainfall (Smith and Olyphant, 1994). Even 

though the storms in the Drakensberg show variations in intensity above 25 mm/h, 70% of 

the storms measured at the stations have intensities above this threshold during the first 100 

minutes of the storm duration. When the distribution of high intensity as a function of the 
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storm duration is analysed then all stations receive a high proportion of peak rainfall intensity 

within the first half of the storm. If it is considered that storms that peak in intensity towards 

the end of the storm duration have the highest peak runoff rates and soil loss (Flanagan et 

al., 1987), then the erosivity of erosive rainfall in the Drakensberg could be moderated by the 

within-storm distribution of rainfall intensity.  

 

It has been known that the erosivity of a rainfall event is affected by the intra-storm 

distribution of rainfall intensity, but only recently has such variability been incorporated into 

soil erosion models (Parsons and Stone, 2006). In South Africa a study of rainfall erosivity by 

Seuffert et al. (1999) did consider the timing of peak intensities within a rainfall event to 

establish erosivity, but only one station in the central Drakensberg foothills was used as a 

representation of the mountainous area. Other erosion studies in South Africa, notably by 

Smithen (1981) only presents the yearly averages of rainfall kinetic energies and do not take 

into account the structure of rainfall. The model used to establish soil loss in the Lesotho 

Highlands Water Project catchment areas (Smith et al., 2000) also uses the long-term 

average annual EI30 values and figures on the seasonal distribution of EI30 obtained from the 

iso-erodent map of South Africa by Smithen (1981). All previous erosivity models used in the 

Drakensberg assume that erosive rainfall falls at a constant intensity, and no rainfall erosivity 

models or experiments have taken into account the within-storm distribution of rainfall in this 

crucial area. This study shows that even though common tendencies of storm structure 

between storms and between stations can be distinguished in the Drakensberg, the within-

storm rainfall distribution of no two storms are precisely similar and no two stations in this 

region show exact similar distributions of storm patterns. This implies that the structure of 

erosive rain is site specific and too many spatial disparities exist for intra-storm rainfall 

distribution measured at a small number of stations to be extrapolated for the region as a 

whole.  
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Storm rainfall in the Drakensberg tend to peak in the beginning of the storm, which could 

possibly decrease peak runoff rates, soil loss and overall erosivity from the storms. However, 

rainfall is generated at varied intensity, which could also imply that soil loss could be more 

and the characteristics of the wash material could be different than if the storms exhibit 

constant intensity. These factors make it difficult to assess total erosivity from rainfall in this 

region. Previous models assume rainfall at constant intensity, yet constant intensity storms 

do not occur in the Drakensberg, and the within-storm distribution of rainfall must be 

incorporated in soil loss modelling. Further research is also needed to ascertain the actual 

effect within-storm distribution of rainfall has on the soil surface dynamics in the KwaZulu-

Natal Drakensberg. 

 

SUMMARY 
 
In the KwaZulu-Natal Drakensberg, extreme rainstorms exhibit temporal variability in rainfall 

depth, but between 65% and 76% of rainfall is received within the first half of the storm 

duration at the respective stations. The intensity of rainfall received from extreme rainfall also 

exhibits intra-storm temporal variability and no storm show constant intensity over time. All 

stations receive a high proportion of peak rainfall intensity within the first half of the storm.  

 

Even though these common tendencies exist, the data suggest that the structure of erosive 

rain show too much of spatial difference for a small number of stations to be representative 

of the region, but the within-storm distribution of rainfall must be incorporated when soil loss 

for the region is modelled. Further research is also needed to determine the effect within-

storm rainfall characteristics has on runoff and soil detachment in the KwaZulu-Natal 

Drakensberg 
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ABSTRACT 

 

Aerial and sub-aerial climatic data were collected from a station at 1920 m a.s.l. in the 

Injisuthi region of the South African Drakensberg. Sensors monitored air temperature, soil 

surface and rock surface temperature, for two rock types, over the summer and winter of 

2001/2002. Rainfall was measured from the summer of 2001 to January 2004. These are the 

first rock and soil surface-climate data to be collected for an exposed site at this altitude in 

the area. Rainfall over the two calendar years 2002 and 2003 was found to be below 

estimates for the region but patterns imply numerous rock wetting and drying cycles in 

summer. At the site, air, rock and soil temperatures differ considerably on a diurnal basis 

both with respect to absolute temperature and daily ranges. Mean rock daily ranges, as 

conducive to possible thermal fatigue, are found to be similar in the summer and winter 

periods. Of the two rock types monitored, the darker coloured basalt attained higher 

maximum and marginally lower minimum temperatures than the sandstone.  Soil frost did not 

occur at 2.5cm depth, but rock did reach below –6°C in winter. Both rock types maintain 

relatively high rock temperatures in winter (exceeding 25°C) thus chemical weathering is 

probably only moisture-restricted during this dry period. Findings highlight the importance of 

directly monitoring rock temperature when attempting to discern the rock weathering 

environment. 
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INTRODUCTION 

 

Given the importance of basic climate attributes to surface processes, surprisingly few data 

are available from southern Africa. The Ukhahlamba-Drakensberg Park, in the province of 

KwaZulu-Natal, is part of the southern African Great Escarpment mountain range and 

contains sites of historically and culturally valuable rock art painted onto sandstone 

exposures below 2000m a.s.l.  Geomorphologically, the area has generated much interest 

and debate, particularly in the field of climatic or palaeo-climatic interpretation based on 

landforms (see Boelhouwers and Meiklejohn, 2002). Central to many ongoing issues is the 

absence of contemporary climatic data in this mountain range. Aerial and sub-aerial data, 

upon which to base process interpretations and palaeo-climatic extrapolations, are scarce 

(Boelhouwers and Meiklejohn, 2002). Weather stations are mostly confined to altitudes 

below 1800m (Nel and Sumner, 2005) thus general temperature conditions remain 

speculative. For example, ground frost is estimated to have a disruptive effect on soil at 

altitudes as low as 1800m a.s.l. (Boelhouwers, 1988) but no other data exist to further verify 

soil frost below the escarpment region. Some climatic data specific to rock weathering have 

been collected in pursuit of rock art preservation (Meiklejohn, 1994; 1997) and monitoring is 

ongoing (Hoerlé and Salomon, 2004; Hoerlé, 2005). However, only three studies to date 

have actually gathered rock temperature conditions in the sub-continent; in the Drakensberg 

(Meiklejohn, 1994; Sumner et al., 2004) and near the west coast of Namibia (Viles, 2005). 

Hoerlé and Salomon (2004) suggest as a compromise that regional climatic data can be 

extrapolated to infer rock art weathering processes in shelters but this is in contrast to 

findings by Meiklejohn (1994) and elsewhere (see e.g. Hall et al., 2002) where climatic 

extrapolations to rock temperatures appear tenuous at best. 

 

As part of a broader programme to monitor surface climatic conditions in the mountain range, 

a station was established below the escarpment zone in what is known as the central 

Drakensberg where precipitation, air temperature, soil surface and rock surface temperatures 
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were monitored. This project thus serves two interests. First, general surface-weather 

conditions are gathered at a site where no data are yet available and therefore adding to the 

very scarce database on temperatures in the Drakensberg. Second, this study presents the 

first data from an exposed site as opposed to rock shelter conditions previously monitored in 

the interest of rock art weathering (see Meiklejohn, 1994). Some temperature data from the 

logger station have been published in an inter-regional comparison (Sumner et al., 2004) but 

a more detailed synopsis from the site, including additional rainfall, soil and rock temperature 

data, is provided here. 

 

 

STATION LOCATION AND LOGGER MEASUREMENTS 

 

Located on an interfluve at 1920 m a.s.l. at the Injisuthi Outpost in Giant’s Castle Game 

Reserve (29° 42’ S; 29° 12’ E) (Figure 1), the logger station lies immediately above the 

contact between the Lower Jurassic Drakensberg Group basalts and the underlying Clarens 

Formation sandstones. Valleys are deeply incised in the area and the escarpment reaches 

3450m in the west. General climatic conditions for the area, based on the nearest station at 

the Main Camp, are estimated at 1050 mm of rainfall p.a. and 14°C mean annual air 

temperature (Sumner et al., 2004). Basaltic soil underlies the station to a depth of 

approximately 1.0 m and the site is located on the Montane-Subalpine vegetation belt 

transition (Boelhouwers, 1988) dominated by Themeda triandra grassland with scattered 

Protea.  

 

Rainfall was measured with a Davis-MC Systems (D-MCS) automated tipping-bucket rain-

gauge. The bucket has a 163 mm collection diameter and logs every 5 minutes at a 0.2 mm 

rainfall resolution. Calibration of the D-MCS against typical manual-recording rain-gauges at 

two South African Weather Service meteorological stations shows some deviation between 

the two device-types but results are deemed comparable (Nel and Sumner, 2005). The rain-
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gauge was positioned 0.6 m above the surface to avoid rainsplash into the recorder. 

Although manual weather stations record daily at 08h00, records from the D-MCS are 

totalled each day for the diurnal period from 00h00 to 24h00 to correspond with daily 

temperature records. 

 

 

 

 

Figure 1:  Location of the logger station below the escarpment in the Central 

Drakensberg. 

 

A four-channel MC-Systems logger recorded temperatures at the site. Sensors comprised 

5mm diameter thermocouples cased in stainless steel, the specifications of which are 

provided elsewhere (Sumner et al., 2004). Air temperature was recorded at 1.2 m height 

within a radiation screen. A second sensor was inserted into the soil surface at 2.5 cm depth 

between grass tussocks. Both the remaining sensors were placed to record rock 
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temperature. Since the site is at the basalt-sandstone contact, two ~3 kg clasts, one light-

coloured sandstone and one and darker-coloured basalt from the area were drilled to 

approximately 2 to 3 mm depth from the opposite clast surface. Thermistors were inserted 

and glued in place, and the clasts orientated with the undisturbed surface facing upwards 

following established practice (see Sumner et al., 2004). The logger recorded daily minimum 

and maximum temperatures in order to illustrate diurnal limits and ranges, such as relevant 

to frost action in soil and rock, and rock thermal fatigue. Monitoring began on 18 November 

2001. A runaway grass fire damaged the temperature logger sensors on 5 August 2002 

where records end, but the rainfall logger operated to January 2004 thus spanning the 

temperature data set and the years 2002 and 2003. 

 

 

LOGGER RECORDS 

 

For the calendar years of 2002 and 2003, rainfall totalled 873.0 mm and 752.2 mm 

respectively. Daily rainfall totals spanning the temperature logger record are presented in 

Figure 2. A total of 601 mm fell over this period on 119 days. A predominance of summer 

rainfall is clearly evident extending from November towards the end of March. Rainfall over 

winter is scarce but can occur with the passage of mid-latitude cold frontal systems. Not all 

fronts will bring rain but they can cause overcast conditions and a drop in temperature. 

Snowfalls are uncommon but light falls may occur in winter at this altitude. The water-

equivalent contribution of snow is not measured by the logger but field observations are that 

it is unlikely to exceed an average equivalent of 20 mm (or 200 mm of snow) per year; no 

snow was noted during the data record period. Temperature records cover much of both the 

summer of 2001 and the winter of 2002. To enable a seasonal comparison the extended 

“summer” record is defined as running from the November start to the end of March and the 

“winter” period from May to the August record termination. General temperature attributes 

are given in Table 1 and Figure 3. 
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Figure 2:  Daily rainfall at the logger station over the temperature monitoring period. 

 

 

 

 

Table 1:  Temperatures and diurnal ranges recorded by sensors on rock (2 to 3mm 

depth), in soil (25 mm depth) and shaded air (1.2 m height) at Injisuthi Outpost 

(18 November 2001 to 5 August 2002). 

 

Sensor 
location 

Max. 
T (°C) 

Min. 
T (°C) 

Mean 
summer 

max. 
(°C) 

Mean 
summer 

min. 
(°C) 

Mean 
winter 
max. 
(°C) 

Mean 
winter 
min. 
(°C) 

Mean 
diurnal 
range 
(°C) 

[Max.] 

Mean 
summer 

range 
(°C) 

[std dev] 

Mean 
winter 
range 
(°C) 

[std dev] 
 
Air  
 

 
30.6 

 
-3.3 

 
23.9 

 
11.4 

 
16.9 

 
4.3 12.8 

[25.7] 12.6 [3.4] 12.5 [3.1] 

 
Soil 
 

 
35.0 

 
0.6 

 
27.2 

 
15.2 

 
12.2 

 
4.2 

 

10.4 
[19.4] 12.1 [4.5] 8.1 [3.0] 

 
Basalt  
 

 
56.0 

 
-6.7 

 
42.4 

 
10.4 

 
32.6 

 
0.6 32.5 

[48.7] 
32.0 
[10.9] 32.0 [9.0] 

 
Sandstone  

 
50.1 

 
-6.1 

 
36.0 

 
10.6 

 
24.8 

 
1.0 

25.1 
[40.3] 25.4 [9.3] 23.7 [6.7] 
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Figure 3:  Daily maximum (a), minimum (b), and diurnal temperature ranges (c) recorded 

on air, soil and rock temperature sensors at the station. 
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Maximum temperature recorded over the monitoring period was 56.0°C for the basalt clast 

while sandstone reached 50.1°C. Both soil and air temperatures reached maximums 

substantially lower than those recorded on the rock clasts with soil maximum temperature 

(35.0°C) a few degrees warmer than that of air (30.6°C) (Table 1). There are notable 

differences between the summer and winter periods. In summer, maximum temperatures on 

rock are highly variable (Figure 3a), probably due to overcast conditions resulting from mist 

and convective thunderstorms that are regular features in summer. In winter, maximum 

temperatures are lower but are more consistent than the summer period due to less cloud 

cover. Several cold spells occur from the month of April onwards due to the passage of cold 

fronts with associated overcast conditions and influx of cold air. Soil surface maximum 

temperatures remain below that of rock maximum temperatures throughout the monitoring 

period, are higher than air temperatures in summer but are lower than air temperatures in 

winter.  

 

The minimum recorded temperature for the basalt was –6.7°C (Table 1), with a minimum of –

6.1°C recorded on the same day for sandstone. Air temperature dropped to a low of –3.3°C 

and soil temperature remained above freezing for the duration of monitoring, reaching a 

minimum of 0.6°C. Although basalt and sandstone differ notably in diurnal maximum 

temperatures, minimum temperatures are remarkably similar (Figure 3b) both in summer and 

winter (Table 1). Summer rock minimum temperatures are comparable to that of summer air 

minimum temperatures but in winter rock minimum temperatures are on average 3 to 4 

degrees colder than air temperatures for the same period (Table 1). In contrast, the minimum 

temperature measured in soil during summer is higher than that measured by the other three 

sensors. In winter, however, soil minimum temperatures approximate minimum temperatures 

of ambient air. 

 

Basalt records the greatest diurnal temperature range (48.7°C), somewhat higher than that 

for the sandstone (40.3°C) (Table 1, Figure 3c), with both maximum ranges occurring in the 
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month of February. For air temperature, the maximum range value of 25.7°C was recorded in 

March but that value is anomalous in the context of the rest of the air ranges that typically do 

not exceed 20°C. Maximum soil temperature daily range was 19.4°C recorded in the month 

of January. Over the summer period the magnitude of diurnal ranges recorded on rock was 

highly variable but tended to stabilise in winter (Figure 3c). Comparing summer and winter, 

mean range values for air and both rock types are remarkably similar (Table 1) although 

standard deviations show increased variability in summer. In contrast, soil temperature 

ranges deviate from those of air in winter and overall soil has the lowest range in 

temperature, and hence the most isothermal conditions. 

 

 

DISCUSSION AND SIGNIFICANCE 

 

Rainfall totals for 2002 and 2003 are somewhat lower than the mean value of 1050 mm 

obtained from the nearest station at Giant’s Castle Main Camp (see Sumner et al., 2004). 

These two years coincide with a marginally dryer spell in the Drakensberg, however, 

reservations have been expressed on the over-estimates for rainfall totals in the 

Drakensberg, particularly at high altitude (Nel and Sumner, 2005); more data are required 

over longer periods to verify rainfall estimates and the influence of altitude. What is apparent 

from the data is a high propensity for wetting and drying cycles in soil and rock, particularly in 

the summer period. In winter, moisture is scarcer but rainfall does occur occasionally and 

there is, therefore, potential for frost action if favourable temperatures coincide. 

 

Over the winter period, minimum temperatures for air and both rock types frequently drop 

below 0°C. Rock surface temperatures reached less than –5°C on five occasions. Given the 

problems associated with discerning or attributing frost weathering processes in the field 

(Hall et al., 2002), frost action as an active weathering mechanism is not advocated here but 

conditions may be conducive at this altitude. Minimum soil temperatures were surprisingly 
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high in relation to the temperatures measured by the other sensors and no soil frost was 

recorded. This is probably due to grass cover inhibiting effective radiative cooling and given 

the extensive vegetation cover at this altitude the widespread occurrence of soil frost 

appears unlikely. Frost action in soil, such as needle-ice activity (Boelhouwers, 1988), is thus 

likely to be predominant only at higher altitudes or restricted to exposed soil such as on 

stream banks or at mass movement sites.   

 

Maximum rock temperatures are highly variable in summer and this is attributed to the 

frequent rainfall events, which have an obvious cooling effect. The highest temperature on 

record, 56.0°C for basalt, is not dissimilar to the low to mid 60°C‘s maximum temperatures 

reached on rock in the Namib desert (Sumner et al., 2004; Viles, 2005) on the west coast of 

the sub-continent. The sandstone maximum of 50.1°C is also not much higher than the 

45.4°C recorded outside of the Main Caves (Meiklejohn, unpublished data) at Giant’s Castle.  

Within the Main Cave and Battle Cave (Figure 1), both sites of prolific rock art, Meiklejohn 

recorded maximum sandstone temperatures of 33.4°C and 40.8°C where late-afternoon 

insolation reached shelter backwalls. In winter, insolation still heats rock surfaces regularly to 

above 30°C in the case of basalt and above 25°C on sandstone at the study site. Thus, 

chemical weathering of exposed rock surfaces is probably not temperature limited in winter, 

but available moisture may be a constraint. More data are required on rock moisture 

conditions for the area in combination with rock temperatures to explore this further.  

 

A significant finding in the context of understanding surface processes is the overall poor 

correlation between air, soil and rock temperatures. Soil and air temperatures only 

correspond with respect to winter minimums, and differ with regard to maximums and 

summer minimums. Rock temperature maximums only correlate with air temperature 

maximums during rainfall periods, with both rocks being otherwise substantially hotter than 

ambient air. In summer, minimum rock temperatures do correspond well with minimum air 

temperatures, but rock temperatures fall below measured air and soil temperatures in winter. 
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These observations are of particular relevance to rock art conservation at sites where only air 

temperature is known. In the Injisuthi Valley numerous rock art sites are found on isolated 

sandstone boulders, and rock shelter backwalls may also receive early morning or late 

afternoon sun, particularly in winter. The paintings at Battle Cave receive substantial direct 

insolation in winter (Meiklejohn, 1994) and some art in shelters, such as at Battle Cave and 

Barne’s Shelter at the Main Camp, has become more exposed where blocks upon which the 

art is painted have fallen from back walls onto shelter floors. It is argued here that rock 

temperatures should specifically be measured (e.g. Meiklejohn, 1994), probably using very 

small surface sensors (e.g. Hall and André, 2003) to ascertain rock temperatures, and that 

regional air temperature data as a surrogate (c.f. Hoerlé and Salomon, 2004) should only be 

used with caution. 

 

Throughout the year rock experiences substantially greater diurnal temperature oscillations 

than air or soil. Temperature cycles can generate fatigue in rock (Hall, 1999) and result in 

mechanical breakdown. As with absolute temperature, the diurnal temperature range of 

ambient air bears no resemblance to rock temperature ranges, with mean range values of air 

being some 20 degrees less than that of, for example, basalt. Soil diurnal ranges in summer 

do approximate those of air ranges, but soil is more isothermal in winter. For both rock types, 

the temperature ranges are more variable in summer than winter due to the effect of rainfall, 

but average values for summer and winter indicate a similar physical environment for diurnal 

fatigue throughout the year. Air also shows similar average ranges in summer and winter, 

with the sensor in the soil being the only to record markedly lower mean diurnal temperature 

oscillations in winter than in summer. 

 

As a final point, a comparison can be made between the temperatures of the two rock types. 

While darker coloured rocks are expected to achieve higher temperatures than lighter 

coloured rocks due to their low albedos, Hall et al. (2005) found that under certain conditions 

the reverse may apply. In this study, the data show that on all days where the rocks were 
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heated substantially above the temperature of the air, the darker basalt achieved a higher 

temperature than the lighter coloured sandstone.  Minimum temperatures of both rock types 

are virtually identical but, as noted above, both are lower than the temperature of the ambient 

air in winter and higher in summer. Although further study can be conducted using a finer 

monitoring resolution and a greater range of rock colours (see Hall et al., 2005) the findings 

show a greater variability in diurnal temperature fluctuations of darker basalt. 

 

 
SUMMARY 

 

This paper adds a small data set to the still unclear picture on surface-climate conditions in 

the Drakensberg. While soil surface temperatures remained above freezing, rock 

temperature records and rainfall frequency suggest an environment conducive to thermal 

fatigue and wetting a drying with potential for frost action. Contrasting air, rock and soil 

surface temperatures emphasises the dissimilarity in micro-environmental conditions 

experienced by different natural mediums in the field. Using air temperatures as a surrogate 

for rock temperatures, and hence weathering processes, should thus be done with caution 

particularly where sites are partially exposed to sunlight. Even where sunlight is not a direct 

factor some degree of rock temperature departure from air has been recorded in rock art 

shelters (Meiklejohn, 1994) which strengthens the argument for detailed rock temperature 

recordings in weathering studies. 
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ABSTRACT 
 

Located near the south-eastern limit of Africa, the Lesotho-Drakensberg and associated 

escarpment is the highest range of African mountains south of the massifs in Tanzania. At 

the escarpment summit and on the adjacent high peaks, the climate is generally interpreted 

as marginal periglacial yet few data, specifically rainfall and temperature, exist on record at 

these altitudes. Climatic data from two temporary field stations on the escarpment edge, one 

of which is the highest rainfall station yet on record in southern Africa, provide contemporary 

surface-climate conditions. Although some data are missing from the records, rainfall 

recorded on the escarpment between 2001 and 2005 is less than that for the same period in 

the foothills. Even though rainfall is slightly below long-term rainfall averages for the sites due 

to a marginally dry spell in the area, the data show that earlier estimates for annual rainfall 

totals at high altitude are too high. Mean air temperature, however, falls within the range 

estimated for the escarpment summit. In general, soil temperatures are found to be higher 

than that of air. Frost cycles in air and soil surface are frequent in winter, but absent in soil for 

summer, and no long duration surface soil freeze was measured. Temperatures thus confirm 

the marginal periglacial nature as postulated by previous estimates but precipitation data 

indicate a dryer environment than anticipated.  Palaeoenvironmental scenarios, notably 

arguments for former glaciation based on extrapolations from somewhat exaggerated 

contemporary precipitation values, thus require re-consideration. 
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INTRODUCTION 

 

The Drakensberg-Lesotho range is a part of the main escarpment of southern Africa and has 

the highest mountains in Africa south of Tanzania’s Mount Kilimanjaro. The escarpment 

typically summits above 2800 m on the border between the South African province of 

KwaZulu-Natal and the Kingdom of Lesotho. Here, frost action and associated micro-forms 

classify the area as marginal or sub-periglacial (Boelhouwers, 1994). Set slightly back from 

the escarpment within Lesotho, the highest point, Thabana Ntlenyana, measures 3482 m 

a.s.l. while foothills to the east in KwaZulu-Natal fall rapidly to below 1500 m a.s.l. beneath 

the escarpment. Recently declared a Trans-Frontier National Park, the area is a popular 

tourist destination and has been declared a World Heritage Site, houses unique flora and 

fauna and as a watershed is a vital natural water source with catchment drainage to the east 

coast and back into the interior via Lesotho. Given the altitudes attained, the persistence of 

soil frost action in winter and the palaeoenvironmental signatures found from former cold 

periods (see Boelhouwers and Meiklejohn, 2002), the setting is unique in Africa south of the 

equatorial region. 

 

Two inter-basin transfer schemes, the Tugela-Vaal transfer tunnel (TUVA) and the 

international Lesotho Highlands Water Project (LHWP), have their upper catchments in the 

mountains and feed the dryer interior of South Africa. The major source of rainfall is from 

large-scale line thunderstorms and orographically induced storms (Tyson et al., 1976) in the 

summer while mid-latitude cold fronts affect KwaZulu-Natal annually, mainly during winter, 

bringing some precipitation. In the Drakensberg foothills, summer rainfall from November to 

March, accounts for 75% of the annual rainfall whilst the winter from May to August accounts 

for less than 10% (Nel and Sumner, 2006). Snowfalls occur on average eight times a year 

(Tyson et al., 1976), predominantly in the summit region, although the frequency could be 

underestimated since localised snowfalls are not taken into account (Boelhouwers and 

Meiklejohn, 2002). Heavy snowfalls in the high altitude areas can remain for several weeks 
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on the ground (Hanvey and Marker, 1992) and recent observations by the authors on the 

escarpment suggest a water-equivalent of less than 100 mm p.a. (Nel and Sumner, 2005), 

but the contribution of snow to the water budget remains largely unknown.    

 

Notwithstanding the State, public and scientific interest in the area a paucity of rainfall and 

temperature data, especially at high altitude, exists. Temperatures in headwater catchments 

at and above the escarpment are derived either as extrapolations from lower altitudes below 

the escarpment or from relatively short-duration field monitoring. Mean annual air 

temperature (MAAT) above 2800 m is estimated to be in the region of 3°C to 7°C 

(Boelhouwers, 1994; Grab, 1997a; 2002). Frost action disrupts soil during winter 

(Boelhouwers and Meiklejohn, 2002) of which the general intensity and penetration is 

uncertain (Sumner, 2003), but appears limited to the upper 15 cm of soil. Given the marginal 

frost activity, the effect of climate warming on frost-related processes is unknown. Some 

contemporary ground surface temperature data and observations on freezing depths on the 

high points of the escarpment region have been recorded but these are limited to two sites 

(Grab, 1997b; Sumner, 2003) over single winters. Significantly though, while the estimated 

MAAT range appears small, departures from these current values are often cited when 

substantiating palaeoclimates, particularly when debating conditions around the Last Glacial 

Maximum (see Boelhouwers and Meiklejohn, 2002). Scenarios such as the presence or 

absence of permafrost become borderline when estimated temperature depressions are 5 to 

6°C from current MAAT values (see e.g. Grab, 2002; Sumner, 2003).   

 

In addition to the paucity of temperature records there are no contemporary rainfall values 

published from these altitudes. This is particularly remarkable given that the central and 

northern Drakensberg and adjacent Lesotho upper catchments feed two major basin transfer 

systems. Several rainfall measurements do, however, exist from the early and mid-1900’s. 

Killick (1978) documents the mean annual precipitation (MAP) for Sani Pass (2865 m a.s.l.) 

on the southern Drakensberg escarpment as 995.8 mm based on data from the 1930’s and 

 
 
 



 140

also cites a MAP of 1609 mm on the escarpment in the central Drakensberg at an unknown 

station at the summit of Organ Pipes Pass (2927 m a.s.l.). Carter (1967), in an assessment 

of the rainfall of Lesotho, published data from a station N situated approximately 1,8 km west 

of the escarpment at an altitude of 3121 m a.s.l. Mean annual precipitation for this site was 

1068 mm based on five years in the early 1960’s. Schulze (1979) published data from Sani 

Pass and Cleft Peak, situated on the escarpment edge at 2880 m a.s.l., where rainfall was 

recorded for an unspecified short duration, and the monthly data synthesised to 21 years. 

Mean annual precipitation from both stations are unknown but by extrapolation from lower 

altitude it is estimated that 250 mm of rain falls in January and annual rainfall exceeds 1800 

mm  (Schulze, 1979), possibly even 2000 mm p.a. (Tyson et al., 1976).  

 

According to values available in the literature, precipitation on the escarpment could range 

from less than 1000 mm p.a. to in excess of 2000 mm p.a. Many contemporary authors cite 

MAP well exceeding 1000 mm p.a when considering the area above the escarpment, 

especially when extrapolating for palaeoclimates using departures from current values 

(Boelhouwers, 1988; Grab, 1994; 1996). In particular the high values (MAP exceeding 

1500mm p.a.) are cited in favour of former glaciation (Grab, 2002) when precipitation for the 

region was considered to be 70% of current values (Partridge, 1997) but would then still 

support snow accumulation. Alternatively, dryer conditions would favour periglaciation at high 

altitude (see Boelhouwers and Meiklejohn, 2002; Sumner, 2004). The debate, highlighted by 

Boelhouwers and Meiklejohn (2002), remains unresolved but to a large extent could be 

solved by current records upon which to base extrapolations. This study provides climatic 

data obtained since 2001 from two temporary field stations on the escarpment edge, one of 

which is the highest station yet on record in southern Africa. Although some data are missing 

in the continuum the records provide the most recent surface-climate conditions at 

escarpment altitudes.  
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STUDY SITES AND METHODOLOGY 

 

This study focuses on rainfall, air temperature and soil temperature measurements recorded 

at two field stations.  Climatic measurements on the escarpment are notably difficult due in 

part to inaccessibility but mainly because of equipment theft. Only one vehicle route summits 

the escarpment in KwaZulu-Natal. Sani Pass is located in the southern Drakensberg, and a 

station was installed at the top of the pass on the escarpment edge adjacent to the tourist 

complex (29.57° S, 29.27° E, 2850 m a.s.l.). The second station was sited in the northern 

Drakensberg on the freestanding Sentinel Peak (28.74º S, 28.89º E) and is the highest point 

where climatic attributes have been measured in southern Africa (3165 m). Although some of 

the early rainfall data were presented from the two sites (Nel and Sumner, 2005) a longer 

rainfall record and temperature data from the stations are presented here. 

 

Rainfall was measured with a Davis-MC Systems (D-MCS) automated tipping-bucket rain-

gauge. The D-MCS gauge has a 163 mm collection diameter, has a tipping resolution of 0.2 

mm and logs total rainfall every 5 minutes. For comparative purposes, monthly rainfall data 

from 1970 to 2005 were obtained from the South African Weather Service (SAWS) for 

stations at lower altitude, namely Sani Pass Border Post, Himeville and Emerald Dale in the 

southern Drakensberg, and Royal Natal National Park, Cavern Guest Farm and Roseleigh in 

the northern Drakensberg (Table 1). Rainfall records recorded by the D-MCS are deemed 

comparable against manual recording rain-gauges used by the SAWS (Nel and Sumner, 

2005). Air and soil temperatures were measured at both sites using a MC Systems two-

channel logger. The air temperature sensor comprises of a 5 mm diameter thermocouple 

cased in stainless steel, while the soil temperature sensor was on a cable extension 

comprises a similar thermocouple but with a resin tip. At Sani Pass the air temperature 

sensor was placed in a Stevenson Screen and the soil temperature sensor inserted into a 

loamy soil surface at 2.5 cm depth between grass tussocks. At Sentinel Peak air temperature 
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was recorded at 1 m height in a radiation screen and the soil sensor was inserted into a 

coarse gravel, vegetation-free surface at 2.5 cm depth. 

 

 

 

Table 1: Rainfall attributes at selected rainfall stations in the Drakensberg 
 

 

Sani Pass rainfall monitoring commenced from October 2001. High wind speeds caused the 

logger support platform to be damaged in mid-2003 and records for that year are incomplete. 

Rainfall data presented here for Sani Pass are from October 2001 to April 2003 and from 

January 2004 to the end of December 2005. Air and soil temperature were recorded at 

hourly intervals from 1 of November 2001 to 17 March 2002, and then two hourly from the 23 

September 2002 to the 10 July 2003. Thereafter, to reduce visitation, six hourly averages 

were recorded from 9 January 2004 to 15 January 2005. On Sentinel Peak rainfall was 

recorded from 1 December 2002 to 31 December 2005. Temperature recordings on the peak 

Rainfall 
Station 

Altitude 
(m) 

Mean 
(mm) 

1970-2005 

Rainfall 
(mm) 
2002 

Rainfall 
(mm) 
2003 

Rainfall 
(mm) 
2004 

Rainfall 
(mm) 
2005 

Mean 
(mm) 

2002-2005 

 
Northern Drakensberg 

Sentinel Peak 3165 ---- ---- 764.8 417.2 741.6 641.2 

Cavern Guest 
Farm 1980 1317.2 1151.5 759.6 1349.9 1477.3 1184.6 

Royal Natal 
National Park 1392 1302.0 1281.2 774.1 1195.0 1260.8 1127.8 

Roseleigh 1219 807.6 635.0 387.5 764.5 944.5 682.9 

 
Southern Drakensberg 

Sani Pass  2850 ---- 742.0 ---- 702.4 859.0 767.8 

Sani Pass 
Border Post 2055 1156.6 786.9 663.6 1051.5 928.9 857.7 

Himeville 1524 919.9 798.6 792.8 1249.0 607.3 861.9 

Emerald Dale 1189 852.0 902.2 526.6 945.5 797.6 793.0 
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were erratic due to repeated failure and replacement of the two-channel logger. The only 

temperature data that were available for direct comparison with Sani Pass are one hourly 

recordings from 23 November 2001 to 17 March 2002. 

 

FINDINGS 

Rainfall totals 

 

Total rainfall recorded at Sani Pass during the calendar year 2002 was 742 mm. During 2004 

rainfall totalled 702.4 mm and in 2005, 859 mm (Table 1). Rainfall recorded during the 

January months of 2002, 2003, 2004 and 2005 was 79.4 mm, 136 mm, 154 mm and 172 mm 

respectively (Table 2). Summer rainfall total (November to March) for 2001/2002 was 488 

mm. During the summer of 2002/2003, 705 mm was recorded and rainfall during the 

2004/2005 summer season was 700 mm. Winter rainfall (May to August) was considerably 

lower with 94.6 mm measured during 2002, 35.8 mm during 2004 and 43.6 mm measured 

during the winter of 2005 (Table 2). 

 

 

Station Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

2001  100.6 141.0 101.8  
2002 79.4 51.0 114.8 28.6 24.4 8.8 24.2 37.2 54.2 60.0 61.6 197.8 742.0 
2003 136.4 165.4 144.0 41.2 No Data  
2004 154.0 92.0 12.0 15.0 4.4 7.0 17.8 6.6 46.8 96.0 132.0 118.8 702.4 

Sani 
Pass 

2005 172.4 132.8 144.2 50.2 6.6 10.8 0.2 26.0 28.0 98.8 113.8 75.2 859.0 
2002  187.2  
2003 144.6 148.0 117.4 42.0 11.8 3.0 0.4 5.8 17.4 47.8 131.6 95.0 764.8 
2004 71.0 0.0 0.2 17.2 2.6 0.2 15.8 8.6 30.6 62.2 97.0 111.8 (417.2)

Sentinel 
Peak 

2005 240.6 151.4 166.0 42.2 17.0 9.2 0.0 46.0 0.0 0.2 21.4 47.6 741.6 
 

Table 2: Monthly rainfall (mm) measured at Sani Pass and Sentinel Peak. 

 

Total rainfall on Sentinel Peak for the calendar year 2003 was 764.8 mm, in 2004, 417.2 mm 

and during 2005 741.6 mm was measured (Table 1). No rainfall was recorded at the Sentinel 

during February 2004, which is anomalous and could be due to equipment malfunction, but 
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this could not be verified. January rainfall recorded during 2003 was 145 mm, in 2004 it was 

71 mm and in January 2005 totalled 241 mm (Table 2). Summer rainfall totals (November to 

March) for 2002/2003 were 298 mm and for 2004/2005 were 767 mm. Winter rainfall (May to 

August) measured at Sentinel Peak was 21.0 mm measured during 2003, 27.2 mm in 2004 

and 72.2mm measured during the winter of 2005 (Table 2). 

 

Rainfall intensity and rain days 

 

A rain day is defined as one on which at least 0.5 mm of rainfall is measured (Schulze, 

1979). At Sani Pass the number of rain days in 2002 totalled 141 while the number of rain 

days in 2004 and 2005 was 136 and 141 respectively (Table 3). At the Sentinel fewer were 

recorded, with 112 days measured during 2003, 75 in 2004 and 93 during 2005 (Table 3). 

Monthly rain days also vary considerably, with the summer months (January, February, 

March, November and December) comprising between 58 and 73 percent of the annual total 

measured at Sani Pass. At the Sentinel the number of rain days measured during summer 

comprises between 60 and 76 percent of the annual total.  

 

Station Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

2001          14 18 17  
2002 21 9 15 6 7 5 6 10 13 12 14 23 141 
2003 19 16 12 9 No Data 
2004 17 23 7 7 2 2 5 3 9 18 21 22 136 

Sani 
Pass 

2005 26 21 21 9 2 3 0 5 3 16 18 17 141 
2002  21  
2003 13 18 11 9 4 2 0 2 11 12 17 13 112 
2004 9 0 0 2 1 0 5 4 5 13 15 21 75 

Sentinel 
Peak 

2005 24 15 18 9 3 3 0 7 0 0 2 12 93 
 

Table 3: Number of rain days measured at Sani Pass and Sentinel Peak. 

 

Rainfall is the key process in water erosion through the detachment of soil particles and 

creation of surface runoff (Moore, 1979) and in turn is related to the intensity at which this 
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rain falls (Van Dijk et al., 2002). At both escarpment sites the five-minute intensities (I5) 

where analysed, and the number of occurrences of I5 more than the thresholds of 15 mm/h, 

30 mm/h and 50 mm/h were compared. Sani Pass recorded 142 occurrences of I5 more than 

15mm/h, 39 occurrences of I5 more than 30 mm/h and 13 occurrences of I5 more than 50 

mm/h. In comparison, Sentinel Peak recorded 100 occurrences of I5 more than 15 mm/h, 19 

of more than 30 mm/h and only 2 occurrences of I5 more than 50 mm/h. The monthly 

distribution of high intensity events was also analysed (Fig. 1) and the highest number of 

occurrences of 5-min rainfall intensity above 15 mm/h and 30 mm/h were measured in 

January at Sentinel Peak. At Sani Pass the most occurrences of I5 above 15mm/h and 

30mm/h were measured in December and March.  

 

 

 

Figure 1:  Monthly occurrences of high intensity rainfall events at (a) Sani Pass and (b) 

Sentinel Peak.  
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Total hourly rainfall as a percentage of total rainfall was considered and at Sani Pass nearly 

10% of the total rainfall measured falls between 19h00 and 20h00 and 60% of all rainfall is 

measured between 13h00 and 21h00 (Fig. 2). At Sentinel Peak approximately 7% of total 

rainfall was measured during 16h00 and 17h00 and 21h00 and 22h00 respectively and 

approximately 61% between 13h00 and 23h00 (Fig. 2).  

 

 

 

 

Figure 2:  Timing of daily rainfall on the Drakensberg escarpment edge.  

 

 
 
Air and soil temperatures 

 
A continuous record of soil and air temperatures was not possible due to regular failure 

coupled with tampering and theft of the sensors and loggers; which highlights the difficulty in 

monitoring in this setting. Sani Pass provided the most complete data on record spanning the 

summer of 2001 to the summer of 2005 (Table 4). Only one uninterrupted year-cycle of 

temperatures was recorded, from 10 January 2004 to 9 January 2005. Screened mean air 

temperature over this period was 5.8°C and mean soil surface temperature 8.5°C. As 

expected, the number of freezing cycles and freezing days, where mean temperatures 

remain below zero, are dominant in the winter periods.  
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Minimum and maximum soil temperatures were consistently higher than that of the 

corresponding air temperatures in both winter and summer (Table 4). The minimum air 

temperature was –11.3°C recorded on 29 July 2004. In 2003, the winter minimum was 

similar at –11.0° on both mornings of 5 and 6 August. In contrast, soil surface temperatures 

only reached –3.0°C and –2.1°C minimums in the respective winters. Diurnal freezing cycles 

were, however, frequent in winter, and the longest period of continuous soil freeze recorded 

was only 4 days. 

 

 

 

Temperatures 
( °C): 

Summer 2001/2 
(1 Nov to 17Mar) 

Summer 2002/3 
(1 Nov to 31 Mar) 

Winter 2003 
(1 May to 10 Jul) 

Winter 2004 
(1 May to 31 Aug) 

Mean air T 6.7 6.6 -2.9 -2.1 

Mean soil T 11.9 10.6 1.5 0.7 

Min Air T -1.6 -5.6 -11.0 -11.3 

Max Air T 20.8 21.0 13.2 12.2 

Min Soil T 4.0 1.4 -2.1 -3.0 

Max Soil T Soil 24.3 23.8 13.5 12.5 

No. of  freezing 
cycles in air 4 6 65 76 

No. of freezing 
cycles in soil 0 0 40 48 

No. of frost days 
in air 0 1 6 17 

No. of  frost days 
in soil 0 0 5 0 

 
 

Table 4: Air and soil temperatures measured at Sani Pass 

 

Air and soil temperatures recorded hourly at Sani Pass and Sentinel Peak for the summer of 

2001/2002 are compared in Table 5. At Sani Pass, mean air and soil temperature for this 

period was 9.7°C and 14.1°C, and at Sentinel Peak 9.3°C and 13.2°C respectively. Daily 
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minimums and maximums were also considered (Table 5, Fig. 3); the mean daily minimum 

air temperature recorded at Sani Pass for this period was 4.8°C, mean daily maximum air 

temperature was 14.6°C, and absolute minimum and maximum were -1.6°C and 20.8°C. 

Mean daily minimum and maximum air temperature recorded at Sentinel Peak for the same 

period was 5.9°C and 13.5°C and absolute minimum and maximum were 2°C and 18.8°C. 

Mean daily minimum soil temperature for this period recorded at Sani Pass was 10.1°C and 

mean daily maximum air temperature was 18.9°C. Absolute minimum and maximum soil 

temperatures measured at Sani were 6.9°C and 24.3°C. Mean daily minimum and maximum 

soil temperature during the same period at Sentinel Peak was 6.1°C and 24.3°C and 

absolute minimum and maximum soil temperatures were 1.3°C and 38.5°C respectively 

(Table 5). 

 

 

 

Table 5: Air and soil temperatures measured at Sani Pass and Sentinel Peak  

(21/11/2001- 17/3/2002) 

 

Station Statistic Daily Air T Daily Soil T Rate of 
change air T 

(°C/hour) 

Rate of 
change soil T 

(°C/hour) 
Mean 9.7 14.1 0.9 0.7 

Mean min 4.8 10.1   
Mean max 14.6 18.9   

Absolute min -1.6 6.9   
Sani Pass 

Absolute max 20.8 24.3 6.4 4.9 
Mean 9.3 13.2 0.8 1.6 

Mean min 5.9 6.1   
Mean max 13.5 24.3   

Absolute min 2 1.3   

Sentinel 
Peak 

Absolute max 18.8 38.5 4.9 11.1 
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Figure 3:  Daily minimum and maximum temperatures measured at Sani Pass and 

Sentinel Peak for (a) air and (b) soil.  

 

 

DISCUSSION 

 

Rainfall totals from the two stations were considerably less than expected in comparison to 

earlier literature. Although the measured totals from the 1930’s show a MAP slightly below 

1000 mm (Killick, 1978) all previous measurements and extrapolations far exceed the totals 

measured here. The monitoring period was, however, marginally dryer than long-term 

averages. In comparison to mean annual rainfall totals since 1970 (36 years) at six 

established stations, the period 2002 to 2005 had 85 to 90% of the mean annual rainfall in 

the northern Drakensberg and between 74 to 93% of the mean annual rainfall in the southern 

Drakensberg. The mean rainfall for January (135.5 mm) for the top of Sani (4 years) and 152 

mm for Sentinel Peak (3 years) as well as the annual rainfall measured at the top of Sani 
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Pass in 2002, 2004 and 2005 (767.8 mm) and on Sentinel Peak in 2003 and 2005 (753.2 

mm) are thus probably slightly below long-term rainfall averages for the sites. Nonetheless, 

averages remain substantially less than anticipated. Either rainfall has severely been 

overestimated in the past or the sensitivity to dry and wet periods is far greater at higher 

altitudes. It is worth noting that the 1970’s, a period where several of the estimates for rainfall 

were made (Tyson et al., 1976; Schulze, 1979), was a wetter period in southern Africa 

(Tyson and Preston-Whyte, 2000). Longer-term records may provide a solution but, given the 

data provided here, it is apparent that rainfall on the escarpment area may have been 

overestimated in the past. Extrapolation towards palaeo-precipitation scenarios using values 

exceeding 1000mm p.a. should thus be made with caution.  

 

With respect to rain days, in the southern and northern Drakensberg, the number of rain days 

increased slightly with altitude (Nel and Sumner, 2005; Nel, submitted) and the number of 

rain days measured each month at the two stations is strongly correlated with the respective 

monthly rainfall and the linear relationship is statistically significant at P< 0.001 (Fig. 4). As 

expected, an increase in measured monthly rainfall signifies an increase in the number of 

rain days for that particular month. Schulze (1979, Fig. 4.11, p.66) estimates that the 

Drakensberg escarpment receives approximately 125 rain days a year. Rain days measured 

here indicate that the southern Drakensberg receives more than the estimate, and the north 

fewer rain days, but as a regional figure for the whole escarpment edge 125 appears to be a 

good approximation. Differences in the amount of rainfall and the number of rain days that 

exist between the two stations can also be considered further. At Sani Pass the amount of 

rainfall measured in 2002 is 742 mm and it was recorded in 141 days, representing a mean 

of 5.3 mm per rain day. At Sentinel Peak in 2005 the same amount of rainfall (741.6 mm) 

only fell in 93 days, which gives 7.8 mm per rain day. For the same year (2005) Sani Pass 

received 6.1 mm per rain day in 141 days.  Based on these data it seems that on the 

northern Drakensberg escarpment fewer rain days are recorded than in the southern 

Drakensberg, but the number of rain days recorded increases with altitude (Nel, submitted). 
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Figure 4:  Correlation between monthly rainfall and rain days for (a) Sani Pass and (b) 

Sentinel Peak. 

 

Nel and Sumner (submitted) indicate that erosive events in the Drakensberg are almost 

exclusively a summer phenomena and the distribution of high intensity rainfall events on the 

escarpment is also seasonal with most occurrences measured during summer. However, in 

the southern Drakensberg the monthly distribution of high intensity 5-min rainfall is more 

complex than in the north with the most occurrences measured during December and March. 

Most rainfall events in the high Drakensberg occur in the late afternoon/early evening with 

both Sani Pass and the Sentinel showing 40.1% and 30.8% of total rainfall measured 

between the hours of 15h00 and 20h00 respectively when sufficient cooling has occurred for 

condensation and cloud formation. This correlates well with the findings from Nel (submitted) 

for the Drakensberg foothills and Schulze (1965), which indicate that thunderstorms in the 

Drakensberg occur in mid- to late- afternoon. 
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Temperature records from Sani Pass proved to be intermittent and highlight the problems 

associated with attempts at monitoring along the escarpment edge. Only one complete 

annual cycle of records was made but several summer and winter periods are on record. The 

mean air temperature of 5.8°C falls within the range estimated for above the escarpment 

(see Boelhouwers, 1994), but is somewhat higher than the 3° to 4° MAAT postulated by, for 

example, Grab (1994; 1997a) on the plateau peaks immediately behind the escarpment. As 

expected, frost cycles in air and soil surface are frequent in winter, but absent in soil for 

summer although a few are recorded in air in summer. In general the soil temperatures are 

higher than that of air and thus air temperature cannot be realistically used as a surrogate to 

analyse soil frost phenomena. Even though the minimum soil temperatures measured at 

Sani Pass were –2.1°C and -3°C for the winters of 2003 and 2004 respectively, no long-

duration, or seasonal, freeze was found for the soil surface in either of the winters on record. 

In contrast, a seasonal freeze of 56 days was found at 2 cm depth at 3200 m, some 300 m 

higher in altitude near Thabana Ntlenyana to the north of Sani Pass, with a winter minimum 

of –4.5°C reached (Sumner, 2003). Although the records represent separate winters the 

difference may highlight the role of increasing altitude above the escarpment in depressing 

soil temperatures. At lower altitudes, few recent soil-air temperature data sets exist for 

comparison with the data provided here. In the Central Drakensberg at 1920 m a.s.l. Sumner 

and Nel (2006) recorded air and soil surface minimum temperatures of –3.3°C and 0.6°C and 

mean air and soil temperatures of 4.3°C and 4.2°C respectively over the winter of 2001. 

During the winter of 2003 and 2004 mean air and soil temperatures recorded at Sani Pass 

were –2.9°C and 1.5°C, and –2.1°C and 0.7°C respectively. Based somewhat speculatively 

on these data, it seems that air temperature decreases more rapidly with regards to altitude 

than soil temperatures, thus highlighting the difficulty in extrapolating soil conditions through 

air temperatures. 
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Comparing air and soil temperature data at the two escarpment sites it is clear that 

differences exist with regards to minimum and maximum soil temperatures. As noted above, 

the soil temperature sensor at Sani Pass was inserted into a loamy soil surface between 

grass tussocks and at Sentinel Peak the sensor was inserted into a dark coarse gravel 

surface with no vegetation cover. Even though mean daily soil temperatures for the period 

are similar, differences in absolute minimum and maximum soil temperatures as well as the 

temperature range between Sentinel Peak and Sani Pass appear related to the type or 

texture of soil and differences in vegetation cover. At Sani Pass where the sensor was in soil 

with vegetation cover the range between minimum and maximum temperature and the rate 

of temperature change is less than the coarse Sentinel material, which has a larger 

temperature range, has faster rate of change in temperature and reaches higher and lower 

maximum and minimum temperatures (Table 5). Sumner and Nel (2006) also highlight the 

role of vegetation cover as an inhibitor to soil frost. Given the changes speculated for under 

climatic change or associated with intensified land use, the role of vegetation may be even 

more significant in inhibiting soil movement or degradation associated with frost action (see 

Boelhouwers and Meiklejohn, 2002) than previously considered. 

 

 

SUMMARY 
 

Weather station data from two sites on the Drakensberg-Lesotho escarpment provide new 

contemporary surface-climatic data from this unique setting in Africa.  Rainfall, collected over 

a four-year period, shows lower totals than equivalent sites below the escarpment. 

Comparing mean annual rainfall totals from established stations in the foothills since 1970, 

2002 to 2005 were slightly dryer than normal. Even though wind catch deficiency may exist 

to some extent (Nel and Sumner, 2005) and the rainfall measured at the top of Sani Pass 

and Sentinel Peak are probably slightly below long-term rainfall averages for the sites, the 

data suggest that earlier estimates for total annual rainfall between 1800 mm and 2000 mm 
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at the escarpment appears to be too high. Linked to this, the data thus also signify that it is 

unlikely an increase in rainfall with altitude all the way up to the escarpment exists (e.g. 

Tyson et al., 1976; Schulze, 1979).  

 

The mean air temperature measured at Sani Pass falls within the range estimated for the 

escarpment, but is somewhat higher than the 3° to 4° MAAT postulated for the plateau peaks 

immediately behind the escarpment (Grab, 1994; 1997a). Frost cycles in air and soil surface 

are frequent in winter, but absent in soil for summer although a few are recorded in air in 

summer. No long-duration, or seasonal freeze was found for the soil surface and in general 

the soil temperatures are higher than that of air and thus air temperature cannot be 

realistically used as a surrogate to study soil frost. Comparing across the escarpment, no 

difference exist with regards to mean air and soil temperatures at the two stations although 

temperature range differences appear related to the soil characteristics and vegetation cover.  

Rainfall totals are similar, but the amount of rainfall measured in each rain day is found to be 

proportionately more in the north than in the south. When comparing temperature data with 

those at slightly higher (Sumner, 2003) and lower altitudes (Sumner and Nel, 2006) it 

appears that air temperature decreases more rapidly with altitude than soil does. A strong 

decline in soil temperatures may exist behind the escarpment onto the highest peaks but 

more field data are required to verify this.   

 

Temperature findings, although limited in duration, support the classification of the 

Drakensberg-Lesotho summit area as currently marginal periglacial. Effects of global 

warming and land use change, such as increased grazing, on frost action and land 

degradation (Boelhowers and Meiklejohn, 2002) still require further exploration but 

indications are that soil frost would be enhanced under a declining grass cover (see also 

Sumner and Nel, 2006). The dryer then anticipated current environment above the 

escarpment questions the accuracy of relief-based models from which former rainfall totals 
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were generated. In addition, palaeoenvironmental extrapolation based on inflated current 

values, such as used in support of former glaciation, requires re-consideration. 
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CONCLUSIONS 

 

The Drakensberg is a World Heritage site and has been declared a Trans-Frontier National 

Park on the border between KwaZulu-Natal and eastern Lesotho. This area receives above 

average rainfall for South Africa and has increasingly become a valuable source of surface 

water for the densely populated Gauteng province through two inter-basin transfer schemes 

that operate in the Drakensberg region. Notwithstanding the hydrological importance, 

geomorphologically, the area has also generated debate in the field of climatic and palaeo-

climatic interpretation based on landforms. This thesis addresses the lack of contemporary 

climatic data and presents findings on rainfall and surface-temperature attributes and how 

these affects geomorphological processes. 

  

The first Chapter in Section 1 of this thesis (Nel and Sumner, 2006) analysed records on 

annual rainfall totals and intra- and inter-annual rainfall variability trends from 1970 to 2000 in 

the KwaZulu-Natal Drakensberg foothills and thus extends aspects of the earlier 

assessments by Tyson et al. (1976) and Schulze (1979) as well as presenting new findings 

on the effects of latitude on rainfall variability. Mean annual rainfall on the eastern side of the 

Drakensberg escarpment is affected by altitude, and this correlates well with findings from 

earlier work undertaken on the western side of the escarpment (Sene et al., 1998). Also, 

more consideration should be given to the eastward distance from escarpment when 

assessing rainfall totals and this Chapter found that altitude is not necessarily the only 

important factor influencing rainfall in the mountains. In the KwaZulu-Natal Drakensberg, 

latitude plays no significant role in influencing rainfall totals, but was found to influence inter- 

and intra-annual rainfall variability. Rainfall variability increases from the southern 

Drakensberg to the north where important water transfer schemes operate. The spatial trend 

could be related to increased winter frontal activity in the south or greater thunderstorm 

variability in the north, but this study calls for further research into the climatic causes of 

rainfall variability in the Drakensberg.  
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Chapter 2 of Section 1 (Nel, submitted) analysed historical rainfall records from 11 stations 

and the study shows no increase or decrease in mean annual rainfall during the last half of 

the 20th century in the Drakensberg, but that the annual rainfall does show cyclic variation of 

between 15 and 20 years. This compares well with previous findings (Tyson et al., 1975; 

Tyson et al., 1976) who propose that the Drakensberg falls into the area that has a quasi 20-

year rainfall oscillation. In this region, although no change in annual rainfall can be seen, an 

increase in the variability of the distribution of monthly rainfall indicates an increase in the 

seasonality of monthly rainfall in the Drakensberg. Trend analysis of the four different rainfall 

seasons shows a statistically significant decrease in rainfall during autumn and this rainfall 

trend could affect the late crop-growing season in this area. The El Niño/Southern Oscillation 

influences summer rainfall variability with a strong statistically significant correlation existing 

between summer rainfall in the Drakensberg and the contemporaneous Southern Oscillation 

Index. This correlation implies that an increase in the frequency and intensity of ENSO 

should negatively affect rainfall in the Drakensberg. There also exists a statistically significant 

correlation between summer rainfall and the SOI for preceding periods. The lagged 

correlation between summer rainfall in the Drakensberg and SOI could be used as an 

indicator for seasonal forecasting.  

 

Section 2 presents and discusses new rainfall and temperature data collected in the 

Drakensberg, which includes a number of unique studies for the region. This section 

presents contemporary measured rainfall as well as observations on rainfall totals generated 

from individual rainfall events. The thesis discusses storm erosivity characteristics of 

individual storms as well as the rainfall intensity, kinetic energies, rainfall frequency and 

erosivity of storm events. Analyses of extreme erosive events in the Drakensberg with 

regards to the within-storm distribution of rainfall and kinetic energy attributes are also 

presented.  Surface-climate attributes from an exposed site in the Drakensberg foothills and 

on the Drakensberg escarpment edge are discussed and the effects these attributes have on 

geomorphological processes observed.  Findings from some of the data, notably rock and air 
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temperatures, are placed in a regional context in the Appendix where a climatic-zonal 

approach to temperatures relevant in mechanical rock weathering is questioned. 

 

Several key findings on the contemporary climatic environments and its implications on the 

geomorphology of this region can be made from the assessments in Section 2: 

 

• Rainfall totals at the escarpment have previously been overestimated. Even though 

wind catch deficiency may exist to some extent and the rainfall measured in this 

thesis is probably slightly below long-term rainfall averages for the sites, earlier 

estimates for total annual rainfall between 1800 mm and 2000 mm at the escarpment 

appears to be an over-estimation. Many authors cited MAP exceeding 1000 mm per 

annum when extrapolating from current values for palaeoclimate above the 

escarpment zone (Boelhouwers, 1988; Grab, 1994; 1996). Authors in favour of the 

presence of ground ice during the Last Glacial Maximum (Grab, 2002) prefer to cite 

high values for MAP (>1500 mm per annum) that support snow accumulation during 

this period. This thesis found dryer contemporary conditions that probably would 

favour periglaciation at high altitude during the LGM.  

 

• The number of rain days and rainfall events increases with altitude, but daily rainfall 

and mean rainfall from individual rainfall events is less on the escarpment than in the 

foothills. This challenges the assumption of an increase in rainfall with altitude in the 

Drakensberg above the escarpment zone (above 2200 m a.s.l.). Clear altitudinal 

differences also exists with regards to the amount of rainfall generated by events of 

10 mm or more, with the escarpment stations receiving less rainfall from high rainfall 

events than the stations in the foothills. On the escarpment a lower contribution to the 

overall rainfall totals from rain days with single rainfall events was measured than at 

the low altitude stations.  

 

 
 
 



 161

• Individual erosive storm events at all altitudes in the Drakensberg has the potential to 

detach soil, but at high altitude a lower percentage of rain falls as erosive storms, and 

the cumulative kinetic energy produced as well as total erosivity of rainfall is less on 

the escarpment than in the foothills. The high altitude stations recorded lower 

maximum five-minute rainfall intensities as well as fewer high intensity events than 

the stations at lower altitude, but mean kinetic energy produced during individual 

storms are similar throughout the area. Analysis of the monthly distribution of erosive 

events show that the differences in cumulative kinetic energy and cumulative erosivity 

can be explained by the lack of erosive events during early and late summer at the 

escarpment, and significant erosive rains during this period at lower altitudes in the 

foothills.  

 

• Extreme rainfall events in the KwaZulu-Natal Drakensberg generate most of their 

rainfall, as well as peak rainfall intensity, within the first half of the storm duration. This 

could possibly decrease peak runoff rates, soil loss and overall erosivity from storms 

events in the region. However, rainfall is generated at varied intensities, implying 

more soil loss and different characteristics of wash material than if the storms exhibit 

constant intensity. These factors make it difficult to assess total erosivity from rainfall 

in the Drakensberg. 

 

• Rock temperature and rainfall frequency records at a site in the Drakensberg foothills 

show an environment conducive to thermal fatigue and wetting and drying with 

potential for frost action. Rainfall patterns imply numerous rock wetting and drying 

cycles in summer. At the site, air, rock and soil temperatures differ considerably with 

respect to absolute temperature and daily ranges on a diurnal basis. Mean rock daily 

ranges, as conducive to possible thermal fatigue, are found to be similar in the 

summer and winter periods. Darker coloured basalt attains higher maximum and 

marginally lower minimum temperatures than the lighter sandstone and both rock 
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types maintain relatively high rock temperatures in winter (exceeding 25°C) thus 

chemical weathering is probably only restricted by a lack of moisture during this dry 

period. Findings also highlight the importance of directly monitoring rock temperature 

when attempting to discern the rock-weathering environment rather than attempting 

to extrapolate from general climate data.  

 

• Mean air temperature measured on the escarpment edge falls within the range 

previously estimated for the area, but is somewhat higher than the MAAT postulated 

by other authors for the plateau peaks immediately behind the escarpment. 

Comparing across the escarpment, no difference exist with regards to mean air and 

soil temperatures although temperature range differences appear related to the soil 

characteristics and vegetation cover.  No long-duration, or seasonal freeze was found 

for the soil surface and in general the soil temperatures are higher than that of air and 

thus air temperature cannot be realistically used as a surrogate to study soil frost. 

When comparing temperature data with those at slightly higher (Sumner, 2003) and 

lower altitudes (Sumner and Nel, 2006) it appears that air temperature decreases 

more rapidly with altitude than soil does. A strong decline in soil temperatures may 

exist behind the escarpment onto the highest peaks but more field data are required 

to verify this.   

 

Rainfall measured in this thesis indicates that an increase in altitude increases the number of 

rain days and the number of rainfall events measured. However, daily rainfall, maximum five-

minute rainfall intensities, high intensity events, the amount of rainfall generated by erosive 

events, the percentage of rain that falls as erosive storms, the cumulative kinetic energy 

produced and total erosivity of rainfall is less on the escarpment than in the foothills. 

 

Temperature findings support the current classification of the Drakensberg-Lesotho summit 

area as being marginal periglacial. Data collected in this thesis suggest that soil frost could 
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be enhanced under a declining grass cover but the effect of amelioration of global 

temperatures and changes in land use on frost action and land degradation still require 

further exploration. In addition, palaeoenvironmental extrapolation based on inflated current 

rainfall values, such as used in support of former glaciation, requires re-consideration. 

Distance from the escarpment needs to be considered when rainfall is assessed and the 

persistence of rainfall variability trends of the 20th century into the new millennium and its 

effect on the region should be monitored. The erosion models used in the Drakensberg 

needs to be revisited and the structure of erosive rain should be incorporated when soil loss 

for the region is modelled and further research into determining the effect within-storm rainfall 

characteristics has on runoff and soil detachment can be undertaken. Detailed rock 

temperature recordings are needed in weathering studies in this region, and using air 

temperatures, as a surrogate for rock temperatures, should be avoided. Differences in air 

and soil temperature measured in this thesis also highlights the problem associated with 

measuring soil temperatures, and that air temperatures cannot be used to realistically attain 

soil thermal conditions. 

 

The papers presented in this thesis have been through accepted reviewing procedures and 

have been published in peer reviewed journals.  However, the study area is characterised by 

few data relating to climatic records.  Furthermore, given that findings presented are largely 

based on a four year monitoring period and from spatially discontinuous data, discussions 

should be treated with the necessary prudence.   
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ABSTRACT 

 

Recent investigations into mechanical weathering in cold environments have highlighted 

products similarities to those of hot deserts. Although general temperature conditions 

between these two settings are obviously different on the basis of absolute air temperatures, 

the zonality with respect to thermal changes affecting the rock is less apparent. Data are 

presented here from four diverse environmental settings with particular emphasis on the 

fluctuating temperature regime as applicable to rock thermal stress fatigue and thermal 

shock.  The data focus on diurnal oscillations and short-duration rapid changes on rock 

surfaces at sites in the Antarctic, sub-Antarctic, and at two southern African sites.  

Comparisons show that different climatic regimes may not be distinctive with respect to rock 

thermal changes. The azonality is strongly apparent when contrasting the two African sites, a 

hot desert and cooler alpine setting, in terms of diurnal fluctuations where very similar values 

are recorded. Overall temperature ranges measured at the Antarctic site approach the 

magnitude of those in southern Africa and all sites show a high potential for thermal shock 

under rapid temperature changes. These findings highlight potential azonality with respect to 

thermally-induced rock weathering and shift the emphasis in cross-climate comparisons to 

detailed considerations of the moisture regime.  
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INTRODUCTION 

 

In deserts, weathering processes appear distinctive due to assumed unique temperature 

conditions (Cooke et al., 1982; Smith, 1994) and thermally induced weathering, involving the 

expansion and contraction of rock under oscillating temperatures, has traditionally been 

considered to be a major component of hot desert weathering processes. An increasing body 

of literature (see Hall et al., 2002), however, suggests that thermally-induced processes are 

also highly effective under cold alpine and high latitude settings. Hall et al. (2002) emphasise 

the neglected role of thermal stress in mechanical breakdown under cold conditions where 

frost action has traditionally been regarded as the dominant process. An argument for similar 

thermally-driven processes in cold and hot settings is supported by the presence of angular 

products, the result of mechanical rock breakdown, and near-identical thermally-induced 

hierarchical fracture patterns. Notably, both Hall et al. (2002) and Smith (1994) cite similar 

research problems pertaining to the study of rock weathering in cold climates and hot 

deserts; primarily the absence of appropriate field data on temperature and moisture 

conditions. 

 

The concept of zonality of process is fundamental to the traditional approach of ‘climatic 

geomorphology’ (see Thorn, 1988). For example, Weinert (1961, 1965) separated southern 

Africa into two climatic-weathering regimes, namely a dominant chemical weathering 

environment in the temperate-wet east extending into dominant mechanical weathering in the 

hot and arid west. A climatic zone classification is also used to define the periglacial realm 

(e.g. Peltier, 1950; Karte, 1983; French, 1996) and cold environments suffer from the 

preconception that freeze-thaw weathering is the dominant mechanical weathering process 

with limited chemical weathering. Ironically, however, freeze-thaw is recognised to occur in 

both hot deserts and cold high altitude and high latitude settings (Abrahams and Parsons, 

1994; Thomas, 1997; Hall et al., 2002). An apparent similarity in products and the potential 
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for similar thermal regimes with respect mainly to thermal changes thus challenges the 

accepted zonality of weathering processes. Clearly, the specific attributes of thermal 

conditions need further investigation which poses the question: are the rock thermal 

conditions, with respect to mechanical disintegration, unique to specific environments?  

 

In this paper, summary rock and air temperature data are presented from four sites (Figure 

1): from the desert of southern Namibia and a mountain in South Africa (both on similar 

latitudes near the tropic of Capricorn but on opposite extremes of the African sub-Continent), 

from the periglacial environment of the sub-Antarctic in the “Roaring Forties”, and finally the 

permafrost regime of the Antarctic Peninsular near the Antarctic circle. It is shown that 

although the settings differ greatly in terms of absolute air temperatures, they experience 

many similarities in terms of rock temperature changes; thereby nullifying the notion of 

zonality with regards to rock weathering. 

 

THE ROLE OF TEMPERATURE CHANGE IN MECHANICAL ROCK WEATHERING 

 

Thermal stress fatigue is a process where rock experiences a series of thermal events that 

may not cause immediate rock failure, but through repetition on a diurnal or seasonal scale, 

can ultimately result in granular disintegration or the propagation of new fractures (Yatsu, 

1988). Where temperature changes are rapid, thermal shock occurs when the stress 

temperature change is sufficient to cause rock failure (Yatsu, 1988). The processes and 

effect of thermal changes on rock are reviewed in detail by Hall (1999; 2003) and Hall et al. 

(2002). Although the emphasis in those papers lies within cold environments, repeated 

comparisons are made with hot conditions in deserts. A brief summary follows and readers 

are referred to the above papers for a more extensive discussion.   
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Figure 1:  Logger site general locations. 

 

Thermal shock is induced where the rock fails to accommodate rapid changes in temperature 

and subsequent fracturing occurs. The process can be envisaged in the case of vegetation 

burning or lightning strikes on rock, but rapid rock temperature changes are also noted under 

partly cloudy or windy conditions, or where shading occurs (Hall et al., 2002). A boundary 

rate of change of temperature of 2°C/min was ascertained by Richter and Simmons (1974; in 

Yatsu, 1988) for the occurrence of fracturing along grain boundaries. On large rock bodies, 

where uneven heating and buttressing increases tensile and compressive forces, the value 

may be lower. High frequency rock temperature measurements in the order of one-minute 

duration are thus required to recognise thermal shock (Hall, 2003). Although some data are 

available on general rock temperature in deserts and stemming from freeze-thaw 
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investigations in cold environments, very few high frequency data are available for discerning 

thermal shock in different environments. 

 

In hot deserts, the role of thermally-induced breakdown is readily envisaged due to high 

insolation receipts by day and low rock temperatures from radiative cooling at night. In 

contrast, thermal stress in cold climates has been largely neglected due to the assumption of 

dominant freeze-thaw weathering (Hall, 1999). However, relatively high rock temperatures 

due to insolation heating, particularly on vertical rock surfaces at high latitudes, causes steep 

temperature gradients between air and rock surfaces. As a result, removal of the heat 

source, or wind blowing on the surface, can cause rapid cooling. Heating and cooling cycles 

establish compressive and tensile stress within the rock, the most potentially destructive of 

which are the tensile stresses under cooling (Marovelli et al., 1966). Under cold conditions, 

the contrasting low air temperatures and heated rock surfaces imply that cooling stresses are 

probably frequent. Hierarchical fracture patterns, similar to those found in ceramics (Bahr et 

al., 1986), that cross bedding planes and obvious lines of weakness may develop and have 

been observed in both hot and cold environments (Hall et al., 2002). Unfortunately, both 

desert and cold environments suffer from a general lack of appropriate field data for thermal 

stress calculations, or from which rock thermal regimes can be compared. 

 

MEASURING ROCK TEMPERATURES 
 

Published literature highlights the range in approaches to measuring rock temperatures. 

Manual measurements taken by placing thermometers or probe thermometer sensors 

against bedrock characterised the early literature and have also been used more recently 

(e.g. Boelhouwers et al., 2003). An advantage of this approach is that there is no disturbance 

to the rock surface in the form of sensor attachment, although the contact when measuring 

may not be reliable and repeatable and thus the method is impractical for frequent readings. 

Thermistors (e.g. Smith, 1977; Meiklejohn, 1994b; Hall, 1997) and thermocouples (e.g. Peel, 
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1974; Hall and André, 2003) have both been used as permanent attachments to rock, 

particularly where frequent measurement in the order of one minute or shorter are taken. 

Seldom are all logger and sensor specifications detailed by researchers; e.g. sensor size and 

casing composition, accuracy and response times.  

 

Attached sensors suffer from the ability to alter surface conditions and thus the possibility 

that data reflect sensor and not true rock temperatures. The problem has been rectified 

somewhat with the use of small thermistors where shading effects, heat sink and heat inertia 

(mass) are minimal (e.g. Hall, 1998). The typically larger thermocouples, some protected in 

stainless steel and measuring up to 5 mm in diameter, can be inserted from beneath or 

behind the rock surface (e.g. Hall, 1997). Smaller bead-type thermistors have also been used 

on rock surfaces (Hall, 1998). A reduction in sensor size is accompanied by the difficulty in 

attachment, more frequent visitation for maintenance and a greater risk of data loss (e.g. Hall 

and André, 2003 p. 828). 

 

Notwithstanding potential sensors problems, few specific details on sensor locations are 

provided in studies. Although aspect orientations are generally noted, sometimes for specific 

comparative reasons, detail is lacking. For example, ‘upward facing’ or equator orientations 

fail to fully consider the effect of the angle of incidence on the rock surface. At high latitudes, 

horizontal surfaces are less orientated towards incoming solar radiation than vertical faces. A 

failure to document precise dip and orientation may make a comparison between sites 

problematic. In addition, frequency of measurement varies considerably. Measurement 

intervals range from diurnal minima and maxima, based on actual values or derived from 

interval data, to 20 second intervals (Hall and André, 2003; Hall, 2003). High-frequency 

recordings on a number of channels rapidly generate large data sets, which can create on-

site logger storage problems and increase visitation frequency. Seldom can all collected data 

be presented in detail making direct comparisons between published field information from 

different sites difficult. 
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SITE DESCRIPTIONS AND DATA COLLECTION 

 

Four data sets collected by the authors from field investigations initiated in the 1990's, but not 

running consecutively or simultaneously, are presented here. The data focus on diurnal 

cycles, intended to illustrate the conditions conducive to thermal fatigue, and maximum short-

term (one minute) rock temperature changes as representative of the potential for thermal 

shock. As is typical for isolated, site-specific studies a direct comparison of data was not 

intended from the outset and different equipment were used at the sites. A Campbell 

Scientific® logger and a Grant Squirrel® were used in the Antarctic for air and rock 

temperature measurements respectively. MCS® data recorders were used at the three other 

sites. A brief site description and specific methodology is detailed as follows: 

 

In southern Namibia (26° 42'  S; 16° 12' E), a logger station was set on the summit of a 

granite gneiss outcrop on the farm Klein Aus Vista, 2 km west of the village Aus and 115 km 

inland from the coastal town of Luderitz. Granite gneiss outcrops, part of the Namaqua 

Metamorphic complex, are conspicuous in the area and rise to a few hundred metres above 

the sandy plains. The logger was situated on the eastern fringe of the coastal Namib desert, 

at 1278 m a.s.l.  The environment is arid to hyper-arid with precipitation approximately 150 

mm p.a. and a mean annual air temperature (MAAT) of ~20°C.  Rock surface temperatures 

were measured using Type-T thermocouples (2mm x 5mm; 2 second response time; 

resolution 0.4°C over the range -200 to +400°C) bonded with contact adhesive to the 

northern, upper and southern-facing surfaces of a granite block measuring 2m x 2m x 1m, 

long axis orientated to the north. At a latitude of 26°S the upper surface was deemed most 

appropriate for maximum thermal fluctuations and only those data are considered here. 

Monitoring covered a six month period until logger failure in January 2003 (Table 1). Daily 

minimum and maximum were recorded for both rock surfaces and shaded air temperatures 

at 1m height. Another logger was installed to assess short-term temperature changes over a 

nine month period ending September 2003. The single thermistor sensor, measuring 5mm in 
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diameter (resolution 0.2°C over the range -35 to +95°C) and cased in stainless steel, was 

inserted into a pre-drilled clast (~3kg) to 2mm depth from the opposite surface and placed 

such that the undisturbed surface faced upwards. These commonly used thermocouples 

have a response time of less than 30 sec, sufficient for one minute resolution readings (Hall, 

2003). The logger was programmed to only record events where temperature changes 

exceeded 1°C in any minute period.  

 

The second site was located on a similar latitude to Aus but on the eastern region of South 

Africa in the Drakensberg range. The site, located adjacent to the Injisuthi Cottage outpost at 

1920 m a.s.l. (29° 08' S; 29° 26' E), represents a mid-latitude cool alpine environment with an 

estimated mean annual precipitation (MAP) of 1050 mm and a MAAT of 14°C. Maximum 

altitude near the site is 3450 m on the escarpment and valleys incise to below 1400 m a.s.l. 

Located on a valley interfluve the site is on the contact between the Lower Jurassic 

Drakensberg Group basalt lavas and Clarens Formation sandstones (Eriksson, 1983; Eales 

et al., 1984). To measure  rock temperatures, a basalt clast (~3kg) was drilled, the thermistor 

(identical to the Aus thermistor-type) inserted to 2 mm from the opposite surface and 

positioned with the undisturbed surface facing upwards (see Hall, 1997). Daily minimum and 

maximum were recorded for both rock surface and shaded air temperatures at 1m height. 

Records began in November 2001 and ended in August 2002 due to cable damage in a 

runaway fire. No short-term data are available from the site, although one of the authors 

monitored rock temperatures at one-minute intervals in sandstone using a LM 35DZ 

thermistor connected to a calibrated digital display at 1700 m in 1994 from nearby site (see 

Meiklejohn, 1994b). These are the only known short-interval data available from the 

Drakensberg.  

 

The third site is located in the sub-Antarctic. Marion Island, one of two constituting the Prince 

Edwards islands (46°S 38°E), reaches 1240 m a.s.l. and is a hyper-maritime periglacial 

environment (Boelhouwers et al., 2003). Precipitation at the coast is in the region of 2000 
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mm p.a. and the MAAT ~6.5°C (Smith, 2002). Precipitation falls on approximately 25 days 

each month (Schulze, 1971) which implies cloudy conditions and consequent low insolation 

receipts. In the higher interior of the island, discontinuous permafrost exists above 

approximately 1000m and MAAT is estimated at 0°C (Boelhouwers et al., 2003).  

Temperatures were measured in 1999-2000, using the same logger and thermocouples as 

later used at Aus, on a grey lava block measuring approximately 1m x 1m x 0.6m. Rock 

surface temperatures were monitored on the northern and southern-facing aspect. While the 

southern aspect of the block has a vertical face, the northern surface dipped at 

approximately 40°. Given the latitude of the site (46°S), this would imply more near-direct 

insolation than an upward-facing surface during the year. One shaded sensor measured air 

temperature at 0.5m above the ground. Readings were taken as hourly instantaneous for 

one year (Table 1) and the results, in terms of frost cycles and overall means are presented 

by Boelhouwers et al. (2003). Here the northern surface data are re-analysed in part to 

determine diurnal fluctuations as indicative of conditions conducive to thermal fatigue. On a 

separate occasion, subsequent to this period near sea level, thermocouples were also used 

on rock surfaces to monitor short-duration temperature fluctuation on grey lava clast 

surfaces. Finally, an Antarctic site was monitored in Viking Valley on Alexander Island (71° 

50’ S, 68° 21’ W), which is an east-west-orientated tributary of the Mars Glacier that is part of 

the Two-Step Cliffs massif. The area comprises a belt of Jurassic and Cretaceous marine 

sandstones (Horne, 1968; Taylor et al., 1979); a detailed description of the site is provided by 

Hall (1997). The monitoring site was located at an altitude of 200 m a.s.l. in the base of 

Viking Valley, where MAP is estimated at less than 200 mm and MAAT at -8°C. Viking Valley 

has continuous permafrost with a shallow active layer (ca. 5 to 20 cm) (Meikeljohn, 1994a; 

Meiklejohn & Hall, 1997).  Sandstone air temperatures and rock temperatures were recorded 

using a Campbell micrologger and Grant Squirrel logger respectively both with Campbell 

Scientific® 108 temperature sensors that utilise BetaTherm 100K6A1 thermistors (Hall, 

1997).   
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ROCK TEMPERATURES 

 

Summary data from the four sites are presented in Table 1, and Figure 2 provides the basis 

for visual comparison of data. At the two southern African sites, estimated MAAT is 

approximately 6°C warmer in the arid west. The difference is matched by the mean rock 

temperatures with the western site 6.2°C warmer than the recorded values in the east 

(28.6°C vs 22.4°C). Notwithstanding the differences in mean temperatures, the data illustrate 

remarkably similar thermal conditions with regard to temperature ranges. Absolute ranges in 

rock temperatures are 64.4°C measured at Aus in the west and 62.7°C from the 

Drakensberg in the east. Maximum daily ranges of 44.4°C and 48.7°C, and average daily 

ranges of 31.3°C and 31.0°C are noted in the west and east respectively over the monitored 

periods. Although the total measured air temperature range at Aus was greater than that 

recorded in the Drakensberg (41.6°C and 33.9°C) the maximum diurnal range (27.0°C and 

25.7°C) and average daily ranges (13.9°C and 12.2°C) are similar. 

 

At the higher latitude sites, site mean annual air temperatures are estimated at 1°C and -8°C  

on Marion Island and Viking Valley respectively. At both sites, total ranges in rock 

temperatures are smaller than the southern African sites, although the Antarctic rock range 

of 54.9°C (43.3°C for sub-Antarctic) still compares remarkably well to the lower latitude data. 

The maximum daily range decreases from values in the  mid-40 Celsius for the African sub-

continent to 34.2°C on Marion Island to 21.0°C on Antarctica.  Average daily range is also 

smaller at 8.9°C and 5.8°C respectively in contrast to ranges of 30 degree Celsius at the 

southern African sites. The highest and lowest absolute air temperature ranges for the four 

sites were recorded at these higher latitude settings: a low range of 26.6°C on sub-Antarctic 

Marion Island and a high range of 46.3°C on the Antarctic Peninsular, some 5°C greater than 

the Namibia site. Both the Marion Island and the Antarctic data show similar daily ranges in 

air temperature (e.g. a mean daily range of 6.1°C and 5.2° respectively), although these are 

approximately half the corresponding range of the sub-continent sites. 
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Table 1: Summary of environmental conditions and recorded temperature data at the 

four logger sites. 

 

 

Location and attributes 
Aus, 
southern 
Namibia 

Drakensberg,  
South Africa 

Sub-Antarctic, 
Marion Island 

Viking Valley, 
Antarctica 

Lithology Granite gneiss Basalt Basalt Sandstone 

Latitude, altitude (a.s.l.), 26°S, 1278m 28°S, 1920m 46°S, 1000m 71°S, 200m 

MAAT (est) 20 °C 14 °C 1 °C -8 °C 

MAP (est) 150mm 1050mm 2000mm <200mm 

Climate description  
[and Koppen 
classification] 

Hyper-arid, 
sand desert 
margin 

Mid-latitude alpine Periglacial, 
discontinuous 
permafrost 

Arid to hyper-arid, 
polar, continuous 
permafrost 

Monitoring period July 2002 to Jan 
2003 

Nov 2001 to Aug 
2002 

April 1999 to March 
2000 

Dec 1992 to Aug 
1993 

Sensor type Thermocouple Thermistor Thermocouple Thermistor 

Sensor location Horizontal block 
surface 

Horizontal block 
surface, 2mm 
depth 

North-facing block 
surface (dip 40°) 

Horizontal block 
surface, 2mm depth

Logger record interval Daily min max Daily min max Hourly 
instantaneous 

Hourly 
instantaneous 

Rock T: Absolute range 
from min to max [range] -1.6 to 62.8 °C 

[64.4 °C] 
-6.7 to 56.0 °C 

[62.7 °C] 
-8.8 to 34.5 °C 

[43.3 °C ] 
-33.3 to 21.6 °C 

[54.9] 

Rock T: Max daily range 
             min to max 
[range] 

7.6 to 52.0 °C 
[44.4 °C] 

4.3 to 53.0 °C 
[48.7 °C] 

-4.1 to 30.1 
[34.2 °C] 

0.0 to 21.0 °C 
[21.0 °C] 

Rock T: Mean daily 
range min to max [range] 13.0 to 44.3 °C 

[31.3 °C] 
7.0 to 38.0 °C 

[31.0 °C] 
1.7 to 7.2 °C 

[8.9 °C] 
-9.6 to -3.8 °C 

[5.8 °C] 

Rock T: Mean  28.6 °C* 22.4 °C* 1.8 °C -7.2 °C 

Air T: Mean 22.1 °C* 15.3 °C* 0.8 °C -8.0 °C 
Air T: Absolute range 
from min to max [range] 1.3 to 42.9 °C 

[41.6 °C] 
-3.3 to 30.6 °C 

[33.9 °C] 
-10.8 to 15.8 °C 

[26.6 °C] 
-34.8 to 11.5 °C 

[46.3 °C] 

Air T: Max daily range 27.0 °C 25.7 °C 17.8 °C 16.8 °C 

Air T: Mean daily range 13.9 °C 12.2 °C 6.1 °C 5.2 °C 

Max short-term (♠T/t) 
recorded at or near site 

1.7 °C/min 
(2mm depth) (1 
min intervals) 
 

2.0 °C/min 
(surface) 
(1 min intervals) 

>2.0 °C/min 
(surface) 
(1 min intervals) 

>2.0 °C/min 
(surface) 
(1 min intervals) 

* derived from (min + max)/2 (following Smith, 2002) 
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Short-term rock surface temperature fluctuations were recorded at all four locations, although 

the measurements may not have coincided with the longer-term data or at the actual site. 

Temperature changes in the order of 2°C/min, the value for thermal shock, were recorded for 

three of the sites with a maximum value of 1.7°C/min during a cooling cycle noted at the 

Namibia site. 

 

 

 

Figure 2: Air and rock temperature ranges as recorded at the four sites. 
 

 

DISCUSSION 

 

As expected, air and rock temperature means are at a maximum at the southern African 

desert site, decline to the alpine setting in the east of the sub-Continent at a similar latitude, 

and then decrease at higher latitudes towards the pole. At the two southern African sites, the 

similarities in temperature oscillations for both the overall range and at the diurnal scale are 

notable. Although the absolute temperatures are approximately 6 to 7°C warmer in the desert 

in the west, ranges in both air and rock surfaces are very similar as evident on Figure 2. 

Thus, the potential for thermal stress fatigue appears not to differ between the alpine and 
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desert setting. As described by Weinert (1965), Aus falls into the zone of maximum 

propensity for mechanical disintegration and the Drakensberg site falls into the zone for 

maximum chemical decomposition. The products, as noted for dolerites across southern 

Africa (Weinert, 1965) should, therefore, be primarily due to prevalent moisture conditions. 

 

At the higher latitude sites, a decrease in diurnal rock temperature range is observed.  The 

maximum daily range in the sub-Antarctic is approximately 75% that of the desert, and on the 

Peninsular approximately 50% of the desert range (Table 1; Figure 2); average daily ranges 

are proportionally even smaller. Some similarities between sites can, however, be 

highlighted. Although the Antarctic site has mean temperatures roughly 8°C lower than the 

sub-Antarctic site, the ranges in air temperature are similar and the average daily ranges are 

in the same order of magnitude. Of particular interest is the similarity in the magnitude of rock 

temperature range between the Antarctic site and the southern Namibia site, although 

somewhat smaller on the sub-Antarctic island. Smaller ranges on Marion Island can in part 

be attributed to the cloudy conditions on the island where high mean monthly cloud cover 

averaging 6.2 oktas are experienced (Holness, 2001). On Antarctica, ranges on near-vertical 

surfaces with more direct insolation may provide a greater range in temperatures. For 

example, on vertical rock surfaces, Hall (1998) shows a diurnal range of 28.5°C, somewhat 

higher than the range values presented here. Notwithstanding the lower range values 

recorded (in contrast to the lower latitude sites), an issue arises in terms of the effectiveness 

of temperature oscillations and hence the duration required for rock breakdown. Since the 

overall range at the Antarctic site approaches that of the sub-Continent, and the maximum 

daily range of the sub-Antarctic site exceeds the average diurnal ranges of the higher latitude 

sites, given sufficiently long periods of time the process types may be similar even if the 

durations required for effective breakdown differ. Duration of exposure and efficiency of 

process operation thus requires further consideration. 

 

All sites show a potential for thermal shock. Rates of temperature change in the order of at 
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least 2°C/min were measured at three of the sites. Since the sensor at the Namibia site was 

placed 2 mm beneath the surface, a more dynamic temperature environment could be 

expected at the surface and changes exceeding the 1.7°C/min are likely to be frequent. 

Under the colder air temperatures of the high latitude settings, temperature gradients 

between heated rock and air should be higher than those experienced in hot desert 

conditions. This contrast can potentially provide a more dynamic environment for rapid 

temperature changes on cooling even if overall ranges, as envisaged on a diurnal basis, 

appear to be smaller at the colder sites. Given that stresses are greater under cooling 

(Marovelli et al., 1966) the possibility exists that thermal shock is underestimated as an 

effective contributor to fracturing in cold environments. More data are, however, required to 

contrast high-frequency thermal changes under different environmental conditions than 

presented here. On the basis of the above, several questions are considered as being 

essential to furthering our understanding of the mechanical weathering process and its 

spatial distribution: 

 

1) How different are environments with respect to rock thermal conditions? Clearly, moisture 

and air temperature conditions can distinguish environments as climatic zones and the 

concept of climatic geomorphology is well entrenched in the geomorphic literature (see 

Thorn, 1988). However, based on the data presented here, it is possible that certain 

processes or process suites dependant on thermal changes are not zonal in geographic 

distribution. The climatic contrast across southern Africa, from a desert to a wet, cooler 

alpine setting clearly shows the similarity in thermal oscillations conducive to stress fatigue. 

In addition, the potential for thermal shock appears to be ubiquitous across a large latitudinal 

gradient covering diverse environments. However, more comparable data from different 

climates are still required to further test for zonality or azonality between different settings. 

Specific issues pertaining to field methodologies for such studies also require attention in 

future. Techniques for rock temperature measurement, both in terms of equipment and 

approach (for example recording durations) vary from study to study. Recently, approaches 
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to standardise monitoring programmes have gained in popularity, such as the permafrost 

monitoring of PACE (Harris et al., 2001), the CALM (Circumpolar Active-Layer Monitoring) 

initiative of the International Permafrost Association, and proposals for geomorphic 

monitoring of periglacial slopes (Matsuoka, 2004). For direct comparative purposes a 

standard approach is required in rock weathering assessments that includes methodologies 

for rock temperature and rock moisture analysis; this leads to the following important 

considerations: 

 

2) Do we know what to measure, where to measure it and how? Air temperatures alone are 

inappropriate when considering rock conditions; detailed rock temperature data are crucial. 

Traditionally, rock temperature data collection in cold environments has been directed 

towards the identification of freeze-thaw cycles on a seasonal or diurnal scale (Hall et al., 

2002). While these data may provide some indication of thermal fatigue regimes, they are not 

applicable to identifying thermal shock. Advances in sensor technology, logger memory 

capacity and battery life expectations has improved the ability to collect high resolution data 

up to the grain scale in the field (Hall and André, 2003; Hall, 2003). Grain-scale, high-

frequency (less than one minute) data appear incomparable to longer-interval data 

specifically directed towards frost-weathering cycle identification (Hall, 2003). Sensor size 

and measurement frequency does have a lower (or smaller) limit as pertaining to rock 

measurement. Hall (2003) postulates that measurement at a 10 second interval is the 

shortest realistic duration for measurement given the thermal response time of rock crystals. 

Similarly, using sensors smaller than the grain scale may improve the understanding of 

individual crystal breakdown, or perhaps inter-granular interactions, but will probably have 

little bearing on new fracture propagation in the rock mass (Hall, 2003). Evidently, more 

attention needs to be directed towards the issue of appropriate field measurements that are 

pertinent not only to the spatial and temporal scale(s) of the thermal regime, but also to other 

related processes such as salt weathering, wetting and drying, freeze-thaw and chemical 

weathering. 
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3) If thermal conditions tend towards azonality, why are different products observed in the 

field? Thermal fracture patterns are observed in both hot deserts and in cold climates, 

angular weathered material is equally as ubiquitous and granular-scale mechanical 

weathering also produces an array of rounded forms (Hall et al., 2002). Where thermal 

regimes are comparable, the difference in products must, therefore, be attributed to rock 

properties and/or the moisture regime. The relevance of moisture conditions is apparent in 

the contrasting products observed by Weinert (1961; 1965) grading from disintegrated in the 

west of southern Africa to decomposed in the east. Given the similarities in the rock thermal 

regimes, the absolute moisture content, moisture fluctuations and the state of water (frozen 

vs unfrozen) appear to be increasingly important factors in determining process and product. 

Unfortunately, even less is known of moisture conditions in the field, in part due to the failure 

to recognise the importance of chemical weathering in apparently dry settings, the 

assumption of moisture presence where freeze-thaw is considered as the mechanical 

weathering process, and the logistical difficulty in actually monitoring rock moisture 

conditions in the field. Until a clearer picture is presented on both thermal conditions and 

moisture content little progress will be made in understanding weathering processes at any 

location. In summation thus the following: 

 

4) What are the future research issues? The zonality approach to temperature conditions still 

requires extensive testing. Data presented here suggest that conditions pertaining to rock 

thermal fluctuations may be azonal. Absolute temperatures can still be applicable to specific 

processes, but this needs to be considered not from the perspective of temperatures alone, 

but also from the perspective of moisture conditions (specifically state and fluctuations) 

before more clarity can be obtained on process. The efficiency of thermal stress fatigue 

under different temperature ranges still requires extensive laboratory testing, as does the 

effectiveness of rapid temperature changes on producing fracturing at both the granular 

scale and to the rock mass. Much effort must also be directed towards measurement 
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techniques with clearly defined questions or hypotheses that require testing. 

 

CONCLUSION 

 

Rock temperature data collected from two localities in southern Africa, a hyper-arid hot 

desert and a cooler, wet alpine setting in the Drakensberg in the east highlight the similarity 

in rock thermal regimes under different climatic settings. Although absolute temperatures in 

the desert are higher, the ranges and fluctuations of air and rock temperature on a diurnal 

basis and in total over the monitoring periods highlight a remarkable similarity in thermal 

oscillations experienced by rock in both settings. It is expected, therefore, that the climatic 

conditions, although different, are conducive to near identical thermal stress fatigue regimes. 

A similar argument can be made for the role of thermal shock since rapid changes in 

temperature can be expected in either location. It follows that the concept of zonality or 

climatic distinction between obviously different environments may not apply to the 

mechanical weathering suite of processes reliant on rock temperature changes.  

 

In contrast, a gradient of decreasing thermal oscillations is found with increasing latitude. 

Although the data may not be entirely representative of maximum possible thermal 

oscillations at high latitudes, some similarities that again question the concept of zonality 

emerge. Temperature fluctuations at high latitudes can be in the same orders of magnitude 

as those found in a hot desert. The efficiency of occasional diurnal fluctuations as opposed to 

frequent fluctuations in the context of long-term stress fatigue still needs further 

quantification. In addition, rapid changes conducive to thermal shock appear to be 

ubiquitous, and may even be more effective in terms of rock breakdown on cooling under 

cold conditions where air-rock temperature gradients are steeper. As noted for thermal 

fatigue, more data on the efficiency of rapid changes in rock fracturing at the grain scale and 

to the rock mass are required.  
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Finally, if a degree of azonality applies to rock thermal conditions, this would highlight the 

importance of rock moisture in determining process operation and effectiveness under 

different settings. Although several directions for research into rock temperatures are noted 

above, a substantial list can also be made for improving the understanding of the rock 

moisture regime. These data will need to be reconciled with the diverse rock physical 

properties and changing physical properties inherent in field conditions. Until an adequate 

understanding is made of all three aspects, determining process operation will remain 

elusive.  
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