
RESEARCH

Theoretical and Applied Climatology         (2025) 156:164 
https://doi.org/10.1007/s00704-025-05359-5

1  Introduction

Southern African has been identified as a climate change 
hotspot in the Intergovernmental Panel on Climate Change 
(IPCC) Special Report on Global Warming of 1.5  °C 
(Hoegh-Guldberg et al. 2018, 2019). This stems from the 
region being projected to become drastically warmer, and 
likely also generally drier, under low mitigation climate 
change futures (Engelbrecht et al. 2009, 2015; Ranasinghe 
et al. 2021; Hoegh-Guldberg et al. 2018). Given that the 
region’s climate is already warm and water-stressed (Engel-
brecht and Engelbrecht 2016), such a change implies that 
opportunities for adaptation are limited (which is essentially 
what renders the region a climate change hotspot) (Engel-
brecht and Monteiro, 2022). Extreme events such as tropical 
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Abstract
The Intergovernmental Panel on Climate Change in its Sixth Assessment Report reported that increases in extreme weather 
events can already be detected in every region in the world. For eastern southern Africa the report provides evidence of an 
increasing trend in extreme precipitation events, but more research is needed to understand how this change is manifesting 
over regions as diverse as South Africa’s eastern escarpment and northern Mozambique. This study evaluates the trends 
in extreme precipitation over the Enkangala Escarpment, part of South Africa’s eastern escarpment, over the period 1961 
to 2021. Daily precipitation data covering 22 stations with fewer than 10% missing values over 61 years were obtained 
from the South African Weather Service. A total of twelve extreme events precipitation indices were computed using the 
ClimPACT2 package, and a time series trend analysis was performed using the Trend Free Whitening Mann Kendal test 
and a field significance test. The results indicate significant increasing trends in nine out of the twelve extreme events 
indices that were investigated. The three indices which have shown significant decreasing trends include Consecutive Wet 
days (CWD) at (0.03  day/year total annual rainfall (PRCPTOT) (0.61  mm/decade) and the annual count of days when 
precipitation ≥ 10 mm (R10mm) of 0.32 days/decade. Indices such Rx1 days, Rx3 days and Rx5 days exhibited increas-
ing trends of 0.2 days/decade each. Other indices with an increasing trend are CDD (3.6 day/decade), R20mm (0.2 days/
decade) and R30mm (0.2 days/decade). The R95p (11.2 mm/decade) and R99p (6.0 mm/decade) indices, and Simple Daily 
Intensity Index(0.4 mm/decade) also exhibit positive trends over the study period. Overall the analysis is indicative of a 
change in the nature of rainfall over the Enkangala escarpment of South Africa, with annual rainfall totals, the number 
of consecutive wet days and the frequency of events with smaller thresholds such as 10  mm/day decreasing, but with 
extreme events of larger thresholds occurring more frequently. That is, when it rains, it tends to rain more intensely than 
in the past. The use of a field significance test was useful to formalise when relatively small but spatially homogeneous 
trends detected at separate weather stations yield statistical significance. The findings of the paper are relevant to decision 
and policy in multiple of socio-economic sectors active in South Africa’s eastern escarpment.
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cyclone Idai, that hit Mozambique in 2019, the 2015/16 
summer rainfall drought in southern Africa and Durban 
Flood of 2022 are three of the most costly events in south-
ern Africa over the past five decades, costing the economy 
billions of $US via the damages incurred (Douris and Kim 
2021).

South Africa’s eastern escarpment is important in terms 
of both rain-fed and irrigation agriculture (Strauss et al. 
2021; Olabanji et al. 2020), forestry (Naidoo et al. 2013) 
and biodiversity (Nel et al. 2017). This area is critical to 
South Africa’s water security where rainfall totals are rela-
tively high (Engelbrecht et al. 2002), and where its large 
dams are located (Taylor et al. 2016; Engelbrecht and Mon-
teiro, 2022). However, over this part of South Africa, pro-
jected rainfall futures are uncertain, in the sense that there is 
no model agreement in terms of the direction of the change 
(Lee et al. 2021). There is therefore clear value in under-
standing observed climate trends in this region, also in 
terms of changes in extremes.

Several studies have explored historical rainfall trends 
over southern Africa (Kruger and Sekele 2013; MacKellar 
et al., 2014; Bruinsma 2017; Naidoo 2022) and based on 
these the IPCC assessed that rainfall totals over the region 
have been decreasing in recent decades (Ranasinghe et al. 
2021). This decreasing trend can be detected in the sum-
mer rainfall regions of western and eastern southern Africa, 
as well as in the winter rainfall region of South Africa 
(Ranasinghe et al. 2021). However, the IPCC assessed that 
extreme rainfall events have been increasing in frequency 
in recent decades over eastern southern Africa (including 
South Africa’s eastern escarpment), despite the decline in 
rainfall totals (Ranasinghe et al. 2021). This finding has 
recently been confirmed for a century-long data set cover-
ing 1921–2020 (McBride et al., 2022).

In this paper, we explore in some detail the observed 
trends in extreme precipitation over the Enkangala escarp-
ment, which forms the central part of South Africa’s eastern 
escarpment. We focus on this region given its importance 
for agriculture, forestry and water security in South Africa’s 
economy (Nhemachena et al. 2020; Branca et al. 2021). 
The Enkangala escarpment forms part of South Africa’s 
larger summer rainfall region, and most of the rainfall that 
occurs in this region is convective. The thunderstorms that 
bring the bulk of rainfall to the Enkangala escarpment can 
cause heavy falls of rain, hail, damaging winds, tornadoes 
and lightning (Punge et al. 2023; Bopape et al. 2022; Sierks 
2022). Intense convective rainfall events are also impor-
tant for the region in terms of their ability to produce run-
off and eventually streamflow (Yin et al. 2021; Quintero et 
al. 2022), and on the negative side, in terms of their abil-
ity to cause soil erosion and possible flooding (Zhao et al. 
2021; Ran et al. 2019; Dunkerley 2021). In a warmer global 

climate, general increases in the intensity of precipitation 
are projected due to the atmosphere’s ability to hold more 
water vapor (Trenberth 2011; Gu et al. 2017). However, 
regional changes in circulation and moisture transport may 
also decrease water vapour concentrations even in the pres-
ence of temperature increases.

Our study consequently explores the hypothesis that the 
well-documented warming in southern Africa (Engelbrecht 
et al. 2015; Ranasinghe et al. 2021) is associated with an 
increase in intense precipitation over the Enkangala escarp-
ment. Investigating spatiotemporal extreme precipitation 
trends is important to inform adaptation interventions. 
Although the previously mentioned studies have explored 
precipitation trends over eastern South Africa, site-specific 
studies analyzing rainfall characteristics in the Enkangala 
Escarpment have not been conducted. Here we explore the 
local statistical significance of trends in extreme precipita-
tion indices in several locations in the Enkangala escarp-
ment. Additionally, we make use of a field significance test, 
to explore when a spatial coherency in rainfall trends that 
are locally insignificant, may still yield a statistically signifi-
cant change over an encompassing area.

2  Materials and methods

2.1  Study area

The Enkangala Escarpment is part of the greater Drakens-
berg region found in the eastern Escarpment of South Africa 
(Fig. 1). It is a biodiversity hotspot with a dense network 
of headwaters of rivers (Tugela, Pongola, Usutu, and Vaal) 
and their watersheds. The Enkangala escarpment is defined 
here as an area of 2 ° in latitude by 2 ° in longitude (approxi-
mately 200 × 200km2), with the northwest corner located at 
26.965  S; 28.991 °E and a southeast corner at 28.791  S, 
30.908 °E. The Escarpment supports agriculture, forestry, 
and hydropower generation, which are vital for the bioecon-
omy of South Africa (Anekwe et al. 2023). It excludes the 
high Drakensberg along the KwaZulu Natal-Lesotho bor-
der that provides water to the Tugela system, as well as the 
integrated Vaal River system that provides water to South 
Africa’s Gauteng province via inter-basin water transfers 
(Taylor et al. 2016). The major biophysical changes are as 
result of land use change in the form of agricultural activi-
ties; and additionally there is also rapid urbanization taking 
place in the area, (Onaolapo et al. 2022).

While the altitude in the Enkangala Escarpment ranges 
from 166 to 3242 m, the weather stations available for this 
study spanned an altitudinal range from 1050 at Elands-
laagte to 1852 m at Tygerfontein. The Enkangala Escarp-
ment region identified above is important for South Africa’s 
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water security, as well as for local rain-fed agriculture. Iden-
tifying rainfall trends for this region is therefore important.

2.2  Data sources and quality assurance

Daily rainfall totals for 22 high-quality stations were 
obtained from the South African Weather Service (SAWS), 
for the period 1961 to 2021 (Fig. 1), out of a larger set of 69 
stations, where stations with more than 30 days of missing 
data were excluded. Within the records used, missing data 
were replaced based on nearby stations. When 1 or 2 days 
were missing, the average of neighbouring stations for the 
same days was used. Missing data for consecutive days were 
calculated with the long-term average of the same days from 
different years. These stations also met the criteria of having 
less than 10% missing values for the period of interest.

The data quality was checked using the Climatol package 
in R (Guijarro 2018; Guijarro et al. 2023), to locate pre-
cipitation values, including outliers that likely exist because 
of errors rather than from unlikely physical events. A cru-
cial step in quality control is testing for homogeneity of the 
time-series, because of discrepancies that may occur inde-
pendently from the climate, including broken instruments, 
modifications/upgrades to instrumentation, changes in sta-
tion exposure and location, changes in observational proce-
dures, and changes in aggregation methods. The Climatol 
package offers efficient dataset control for outlier discovery 

and correction and can define break points (Guijarro 2014, 
2018, 2019) while homogenising the series.

Climatol software uses relative homogenisation proce-
dures, which are more robust than absolute procedures since 
they incorporate values from the correlated neighbouring 
stations (Guijarro et al. 2023). Based on their weighted aver-
age, Climatol generates a single composite reference series 
from the participating stations. The series is normalised, and 
missing values of the original data are filled in together with 
the outliers. The operation is split into an optimal iterative 
process to achieve stability of the series, and the series sta-
tistical properties (mean and standard deviation) are recal-
culated—the stability of the mean leads to the normalisation 
of the data. Using the composite reference series values, the 
missing values are weighted with the available values from 
the stations of their cluster. Table  1 lists the indices used 
in this study to identify extreme events. Table 2 in Sect. 3 
below provides the list of stations considered here.

2.3  Methodology

Multi-decadal (1961–2021) trends were examined, in sev-
eral extreme rainfall statistical indices for the Enkangala 
Escarpment, using the Trend Free Pre-Whitening Mann-
Kendall test (TFPWMK) and statistical significance was 
applied (Bartolini et al. 2022; Garba and Abdourahamane 
2023; van der Walt and Fitchett 2021; Montero-Martínez 
and Andrade-Velázquez 2022).

Fig. 1  Topography of the Enkangala Escarpment and the location of the 22 weather stations operated by the South African Weather Service 
(SAWS), which are found in the provinces of Free State, Mpumalanga, and KwaZulu-Natal
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2.3.1  Extreme climate indices

Climate indices were calculated using the ClimPACT2 soft-
ware package, which can deal with missing data and conduct 
quality checks before processing the indices. The indices 
are recommended and developed by the WMO Commis-
sion for Climatology Expert Team on Sector-Specific Cli-
mate Indices (ET-SCI), and are accessible from ​h​t​t​p​​s​:​/​​/​c​l​i​​
m​p​​a​c​t​​-​s​c​i​​.​o​r​​g​/​a​​s​s​e​​t​s​/​​c​l​i​m​​p​a​​c​t​2​-​u​s​e​r​-​g​u​i​d​e​.​p​d​f (Sevruk et 
al. 2009). Twelve precipitation indices were selected and 
further grouped into three classes (absolute, duration, and 
percentile-based indices). The Expert Team on Climate 
Change Detection and Indices (ETCCDI) threshold defini-
tions are commonly used for this analysis, as recommended 
by the WMO (Steinschneider and Brown 2013; Palharini et 
al. 2021; Risser et al. 2021). We utilize the ETCCDI in this 
study on the Enkangala escarpment.

2.3.2  Trend-free pre-whitening mann kendall (TFPWMK)

Each rain gauge time series is presumed to be serially inde-
pendent in the sense that values at a particular time are not 
dependent on the values at any other time. However, the 
results of the MK test are frequently impacted by serial cor-
relation in the hydro-meteorological time series (Almaz-
roui and Şen 2020; Citakoglu and Minarecioglu 2021). 
For instance, the significance of the MK test is understated 
when there is a positive (negative) serial correlation in a 
time series (Jin et al. 2023; Tan et al. 2020; Adeyeri et al., 
2022). The TFPWMK is chosen over traditional trend anal-
ysis such MK and regression analysis due to its ability to 
distinguish several pre-whitening (PW) approaches, includ-
ing trend-free pre-whitening, have been presented to reduce 
the effects of serial correlation on the MK test findings 
(TFPWMK). The findings of the MK test are less affected 
by a serial correlation within the hydro-meteorological time 
series when using TFPWMK (Karki et al. 2017). Therefore, 
TFPWMK was employed.

The initial step in TFPWMK involves normalizing the 
time series data by dividing each data value by the mean, 
removing any trends, and calculating the slope of the trend 
using Sen’s method. After identifying and addressing any 
lag-1 auto-correlation, the modified individual values are 
then re-inserted into the original time series. The time series 
is reintegrated with the trend component. Subsequently, 
the pre-whitened time series is analysed using the MK test 
(Charifi Bellabas et al. 2021; Onaolapo et al. 2022; Tan et 
al. 2017).

Data analysis and mapping have been done using R 4.0.2 
and Arc GIS 10.3. The spatial patterns of rainfall indices 
shown in the maps below were generated using inverse dis-
tance weighting (IDW) interpolation. The 12 selected indi-
ces were calculated for each weather station for the period 
1961 to 2021, and subsequently spatially interpolated to 
a spatial grid of 0.5 resolution using the Inverse Distance 
Weighting (IDW) method.

Table 1  Provides detailed information about those indices (type, indi-
ces, description, definitions, and units) used to evaluate extreme rain-
fall between 1961 and 2021 over the Enkangala Escarpment using the 
ClimPACT2. RR is the daily precipitation sum
Type Indices Description 

name
Definition Units

Duration 
indices

CDD Consecutive 
dry days

Maximum number 
of consecutive days 
when RR < 1 mm

Days

CWD Consecutive 
wet days

Maximum number 
of consecutive days 
when RR ≥ 1 mm

Days

SDII Simple daily 
intensity 
index

Annual total precipita-
tion divided by the 
number of wet days 
(defined as precipita-
tion ≥ 1.0 mm) in a 
year

mm/
day

Absolute 
Indices

Rx1day Max 1-day 
precipitation 
amount

Monthly maximum 
1-day precipitation

mm

Rx3day Max 3-day 
precipitation 
amount

Monthly maximum 
consecutive 3-day 
precipitation

mm

Rx5day Max 5-day 
precipitation 
amount

Monthly maximum 
consecutive 5-day 
precipitation

mm

Per-
centile-
based 
indices

R95P Very wet 
days

Annual total pre-
cipitation when daily 
precipitation > 95th 
percentile

mm

R99P Extremely 
wet days

Annual total pre-
cipitation when daily 
precipitation > 99th 
percentile

mm

Thresh-
old 
indices

R10mm Number of 
days above 
5 mm

Annual count 
of days when 
precipitation ≥ 10 mm

Days

R20mm Number 
of heavy 
precipitation 
days

Annual count 
of days when 
precipitation ≥ 20 mm

Days

R30mm Number of 
very heavy 
precipitation 
days

Annual count 
of days when 
precipitation ≥ 30 mm

Days
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the tally of statistically noteworthy trends (at a significance 
level of 0.1) at each station, i. This process has been repli-
cated 1000 times for every resampled network. The 1000 
counts of significant positive (negative) trends have been 
ranked in ascending order utilizing the Weibull distribu-
tion (Petrow and Merz 2009). The plotting position formula 
yields the empirical cumulative distributions, Cf, as:

P (Cf ≤ C′ rf) = r/(N + 1)� (2)

where r is the rank of C, and N is the number of resampled 
networks. The probability of several significant positive and 
negative trends in the original network has been estimated 
by comparing with Cf of significant positive and negative 
trends obtained from the resampled networks:

Pobs = P (Cf, obs ≤ C′ r f )� (3)

where Pf = ( 1Pobs−, forPobs, PPobsobs ≤ > 0.50.5).

3  Results and discussions

3.1  Temporal and spatial variability of the annual 
precipitation

Annual average (1961–2021) precipitation varies greatly 
along the Enkangala Escarpment, from 645  mm to 

2.3.3  Field significance

The significance of a trend at one or more stations may or 
may not be representative of the trend in the neighbouring 
region. The term ‘field significance’ describes the degree 
of validity of the station’s trends over the surroundings. 
Indeed, numerous stations in each area may exhibit either 
positive or negative trends. Thus, regardless of the statisti-
cal significance of the individual station trends, regions with 
trends of a consistent sign are found using the field signifi-
cance test (Zeder and Fischer 2020). The field significance 
of local trends can be evaluated using various techniques 
(Zeder and Fischer 2020; Yue and Wang 2002; Yue et al. 
2003; Renard and Lang 2007). To evaluate the field sig-
nificance on the escarpment. The Yue technique was used 
(Yue et al. 2003. This strategy bootstraps the original station 
network 1000 times while distorting (preserving) the auto-
(cross-) correlation to prevent it from influencing the field 
significance analysis. Then, each site’s synthetic time series 
is subjected to the TFPWMK test. Equation 1 has been used 
for each resampled network to count the sites with signifi-
cant upward and downward trends at the set significance 
level. The area’s field significance is then estimated as

Cf =
∑

n
i=1Ci� (1)

The value of n represents the number of stations located 
within a specific region under examination, while Ci denotes 

Table 2  List of stations and their descriptive statistic mean annual precipitation (MAP) standard deviation (STD) and coefficient of variance (CV) 
over the Enkangala Escarpment, for the period between 1961–2021
Station Latitude Longitude Altitude m MAP mm STD CV%
Bergville -28.73 29.35 1145 831.2 180 22
Cavern Farm -28.64 28.96 1490 1361.4 296 22
Chelmsford Dam -27.95 29.95 1219 812.3 175 22
Dannhauser -28.01 30.06 1350 745.5 166 22
Dundee -28.16 30.23 1247 795.4 203 26
Elandslaagte -28.4 29.96 1050 762.6 180 24
Glencoe -28.18 30.15 1311 900.2 176 20
Hattingspruit -28.08 30.12 1310 781.3 183 23
Kingsley -27.93 30.53 1219 682.5 166 24
Marthinusdrift -27.52 30.73 1195 829.9 171 32
Memel -27.68 29.57 1728 693.8 162 23
Moorside -28.4 29.61 1219 812.4 175 22
Ncome -27.93 30.65 1295 705.0 153 22
Newcastle -27.73 29.92 1235 682.5 148 22
Rocco -27.73 29.17 1844 669.7 146 22
Roseleigh -28.61 29.55 1145 799.7 198 25
Sterkfontein -28.41 29.04 1691 644.9 145 23
Tygerfontein -27.59 29.45 1852 676.9 151 22
Van Reenen -28.38 29.39 1683 976.0 186 19
Verkykerskop -29.28 27.92 1830 670.7 143 21
Warden-SK -27.85 28.96 1631 671.7 185 28
Warden- -27.96 29.06 1765 701.7 135 19
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autumn March to May (MAM) rainfall, which accounts on 
average for more than 80% of the rainfall across the Enk-
angala Escarpment (Fig. 3). The average range across the 
stations is between 236 and 695  mm for the DJF season, 
with winter June to August (JJA) rainfall ranging between 
27.8 mm and 82.4 mm, across the stations, this cannot be 
seen in the figure because of the scale used. The scale was 
chosen to allow other seasons to be represented (Fig.  3). 
Clearly, the Enkangala escarpment is a region that displays 
pronounced dry-wet seasonality.

3.2  Interannual variation of extreme precipitation 
indices

The interannual variation of precipitation to extreme pre-
cipitation indices, averaged across all stations over the 
period 1961 to 2021 is shown in Table 2. Annual precipita-
tion totals demonstrate pronounced interannual variability 
with a CV range of 19–32%, consistent with the variations 
listed in Table 2 for the individual stations. The following 
indices exhibit statistically significant (p < 0.05) positive 
trends: R95p (11.2  mm/decade), R99p (6.3  mm/decade), 
SDII (0.4 mm/decade) and Rx1day (2.3 mm/decade). Con-
sistently, this result is similar to regional model projections 
for the these indices (Pinto et al. 2016; Giorgi et al. 2014). 

1361 mm, across the weather stations listed in Table 2 and 
depicted in Fig. 2. The highest annual average precipitation 
total (1361 mm) was recorded at Cavern Farm, southwest of 
the Enkangala Escarpment close to the Lesotho Highlands. 
The lowest value (643 mm) was observed at Sterkfontein 
Dam. These two stations are less than 50 km apart, which 
indicates that one must always be cautious about interpo-
lated values for infilling of missing data.

Generally, the stations on the plateau in the northwest of 
the domain shown, have lower rainfall totals than those to 
the east or the southeast of the escarpment. The Cavern sta-
tion in the southwest part of the Enkangala Escarpment has 
the highest standard deviation value of 296 mm per annum, 
with a CV of 22%.

The range of the CVs across the Enkangala Escarpment 
is between 19 and 32% (Table 2). This is consistent with 
the known high variability of rainfall over the larger eastern 
Drakensberg region (Dedekind et al. 2016; Engelbrecht et 
al. 2009; Nel and Sumner 2006; Abba and Abiodun 2017). 
The station with the highest CV (32%) is Marthinusdrift on 
the north-eastern part of the escarpment. Van Reenen and 
Warden Heritage, located on the central part of the Enkan-
gala Escarpment, have the lowest CV (19%).

Seasonal rainfall is dominated by the summer Decem-
ber to February (DJF), September to November (SON)and 

Fig. 2  Overall annual average precipitation over Enkangala Escarpment for the period 1961–2021
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the period 1961–2021 R10mm insignificantly decreased at 
a rate of 0.30 days/decade.

3.3  Spatial distribution of extreme rainfall

3.3.1  Absolute indices

The spatial manifestation of the 1-day (Rx1day), 3-day 
(Rx3day), and 5-day (Rx5day) precipitation indices are 
shown in Fig. 4?. All three indices follow the same spatial 
distribution of average annual precipitation, with the low-
est values over the plateau, with higher values to the east 
over the escarpment and the KwaZulu-Natal Province. In 
the annual mean, the intensity across the domain ranges 
from 46 to 100 mm for Rx1day, 75 to 140 mm for Rx3 day, 
and 86 to 170 mm for Rx5day (Fig.  4? A-C). The south-
western and central fringes of the Escarpment are noted to 
experience the highest Rx1day but lower at the upper parts 
(North). The trend is similar for both maximum 3-day and 
5-day precipitation.

Other indices have increasing trends, but without statistical 
significance, were also recorded for CDD (3.6 day/decade), 
R20mm (0.2 days/decade), 30  mm (0.2 days/decade), 
Rx3day (1.8  mm/decade) and Rx5day (1.0  mm/decade). 
The CWD index showed a significant (p < 0.05 Table  3) 
decreasing trend at a rate of -0.38 mm/day/decade. During 

Table 3  The indices, slopes and p value were calculated for the Enk-
angala Escarpment, for the period between 1961–2021. Note: triple 
stars in the significance level column stands for the 95% level of sig-
nificance
Index Slope/decade p-value Unit sig_level
CDD 3.6 0.0542 day/year
CWD -0.38 0.00022 day/year
PRCPTOT -6.1 0.534 mm/year
R10mm -0.3 0.329 day/year
R20mm 0.2 0.209 day/year
R30mm 0.2 0.154 day/year
R95p 11.2 0.0378 mm/year ***
R99p 6.3 0.00595 mm/year ***
Rx1day 2.3 0.00377 mm/year ***
Rx3day 1.8 0.199 mm/year
Rx5day 1 0.531 mm/year
SDII 0.4 0.00041 mm/year ***

Fig. 3  The spatial distribution of mean seasonal precipitation (mm) across the Enkangala escarpment for (A) DJF; (B) MAM; (c) JJA; and (D) 
SON, as averaged over the period 1961–2021
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including at Cavern Farm station. The northwest parts 
of the Enkangala escarpment experience less heavy rain-
fall days of 10–12 per year. Along the central Enkangala 
Escarpment, stations recorded, on average, 3–15 days 
of very heavy rainfall, with somewhat higher rainfall at 
Bergville, Dundee, Elandslaagte, and Glencoe (19–21 
days per year). The results show a similar distribution 
of extreme precipitation as reported by Engelbrecht et 
al. (2015). For R30 mm, the lowest frequencies similarly 
occur over the plateau, peak along the south-eastern part 
of the Enkangala Escarpment, and are relatively high 
over KwaZulu-Natal east of the mountains (Fig. 4E).

Other threshold indices analysed are PRCPTOT and 
the SDII, which were calculated and annually averaged 
over the same period over the study area. The PRCPTOT 
varies from 620 to 1360 mm (Fig. 5G). Its spatial pattern 
resembles that of total precipitation being lower over the 

3.3.2  Threshold indices

The three threshold indices considered for this study are 
R10 mm, R20 mm, and R30 mm for assessing heavy, very 
heavy, and extremely heavy precipitation days. The spa-
tial presentations of these indices over the study area are 
illustrated in Fig. 4 (D-F). The average annual frequency 
of heavy rainfall ranges from 19 to 44 days for R10 mm 
across the area of interest. Moreover, the observed fre-
quency for R20 mm varies between 6 and 24 days, while 
the extreme precipitation days range between 2 and 12 
days. For R10 mm, the locations with the highest fre-
quency of occurrence follows a southwest to northeast 
alignment along the escarpment, peaking at Cavern Farm 
station, close to the border with Lesotho. For R20 mm 
the highest numbers of 22–24 were similarly recorded 
in the southwestern part of the Enkangala Escarpment, 

Fig. 4  Spatial pattern of precipitation indices, namely Rx1day (A), Rx3day (B), Rx5day (C), R10 mm (D), R20 mm (E), and R30 mm (F) over the 
Enkangala Escarpment during the period 1961–2021
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(Fig. 5I-J). The CWD has a frequency range of 4–8 days, 
with peak values along the southwestern and central Enk-
angala escarpment stations around the southwestern part 
(Cavern Farm and Sterkfontein) and the central region 
station of Van Reenen of the Enkangala Escarpment have 
the highest CWD. CDD frequencies are substantial, rang-
ing between 59 and 110 days over the area of interest 
(Fig. 5I), as a reflection of the dry winters occurring in 
the subtropics.

3.3.4  Percentile-based indices

The R95p and R99p indices represent very wet and 
extremely wet days. These are the rainfall amounts that 
fall above the 95th and 99th percentiles of the distribu-
tion. The range of the R95p across the area of interest is 
130 to 300 mm, while R99p ranges between 34 and 90 mm 
(Fig. 5, K and L). The north-eastern part of the Enkangala 
Escarpment exhibits the lowest values of R95p, namely 

plateau and higher along the escarpment and eastwards 
into the KwaZulu-Natal Province. The result are cap-
tured in the PRCPTOT maxima which spanned over the 
complex terrain of eastern part of South Africa, along 
the Inter-tropical Convergence Zone (ICTZ)(Pinto et al. 
2016). The north-eastern and central Enkangala Escarp-
ment has PRCPTOT values ranging from 620 to 770 mm 
per annum, lower than along the southwestern part of the 
escarpment along the Enkangala Escarpment, SDII inten-
sities are highest in the central part around the Elands-
laagte and Glencoe stations, with intensities of 17 and 
18 mm/day (Fig. 5H).

3.3.3  Duration indices

The duration indices used are the consecutive dry days 
(CDD) and consecutive wet days (CWD) indices, for 
which annual average values were calculated for the Enk-
angala Escarpment region over the period 1961 to 2021 

Fig. 5  Spatial distribution of precipitation indices PRCPTOT (G), SDII (H), CDD (I) and CWD (J), R95 (K), and R99 (L) over the Enkangala 
Escarpment, averaged for the period 1961–2021
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stations, which represents 68.2% of the total stations. 
Three stations, Chelmsford, Dundee and Verkykerskop, 
show a significantly decreasing trend (SD), whilst four 
stations show non-significant increasing trends (NSI) 
(Table  4). In comparison, R20 mm and R30 mm each 
have six stations which show NSD trends, all the other 
stations show variable trends, and these details can be 
seen in Table 4. The R30 mm index over the Enkangala 
Escarpment for the period 1961–2021 showed that 36% 
of stations had non-significantly increasing (NSI) trends. 
The field significance test over the Enkangala Escarp-
ment for R10 mm shows an overall significantly decreas-
ing trend, while R20mm and R30 mm show an overall 
significantly increasing trend (Table 4).

For the Rx1day extreme precipitation index, eight sta-
tions have SI trends. None of the stations exhibit SD, but 
nine stations have NSI trends, and five stations exhibit 
NSD trends. The field significance test shows a signifi-
cantly increasing trend for the Rx1day index (Table 4). 
Similarly, for the Rx3day indices there are no stations 
with significantly decreasing trends. Rx3day have five 

130–160 mm. Higher values have been recorded over the 
central escarpment, with R95p peaking over the south-
western escarpment with the Cavern station having a 
value above 300 mm. The pattern of precipitation R95p 
is like that of PRCPTOT, showing a decrease from east 
to the very dry region in the west, Some central escarp-
ment stations (Hattingspruit, Kingsley and Van Reenen) 
have values above 200 mm. The R99p spatial distribution 
shows a similar pattern.

3.4  Analysis of trends in extreme precipitation 
indices

Trends in the extreme precipitation indices are explored 
through the TFPWMK-statistics and field significance. The 
TFPWMK was used, and the results are shown in Figs. 6 
and 7. Table  4 presents the summaries of the indices and 
their statistical significance for the different stations and the 
related field significance.

In the case of threshold indices of R10 mm, most sta-
tions show a non-significant decreasing trend for the 15 

Fig. 6  Trends in precipitation indices over the Enkangala escarpment during the period 1961–2021 for R10mm (I), R20mm (II), R30mm (III), 
Rx1day (IV), Rx3day (V) and Rx5day (VI)
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annual total wet day precipitation. For the Rx5day index 
there is only one station with a significantly decreasing 
trend. There are eight stations with NSI trends. Precipita-
tion increased significantly at four stations. (Elandslaagte, 
Newcastle, Verkykerskop and Warden-SK). The Rx3day 
and Rx5day field significance tests show a significantly 
increasing trend in annual total wet day precipitation.

stations (Bergville, Chelmsford, Glencoe, Martin and 
Tygerfontein) with NSD trends (Fig. 6). For the Rx5day 
index, nine stations, which represent 40.9% of the sta-
tions have NSD trends. For Rx3day, only three stations 
(Elandslaagte, Newcastle and Warden-SK) were reported 
to have significantly increased trends. Overall, the field 
significance shows a significantly increasing trend in 

Table 4  Summarized station trends in precipitation indices over the Enkangala escarpment
Indices Trend Analysis SI SD NSI NSD Field Significance test
SDII TFPWMK 13 4 4 1 Significantly Increasing
Rx5day TFPWMK 4 1 8 9 Significantly Increasing
Rx3day TFPWMK 3 0 14 5 Significantly Increasing
Rx1day TFPWMK 8 0 9 5 Significantly Increasing
CDD TFPWMK 9 0 8 5 Significantly Increasing
CWD TFPWMK 2 10 4 6 Significantly Decreasing
R10mm TFPWMK 0 3 4 15 Significantly Decreasing
R20mm TFPWMK 4 1 11 6 Significantly Increasing
R30mm TFPWMK 6 2 8 6 Significantly Increasing
R95p TFPWMK 7 1 10 4 Significantly Increasing
R99p TFPWMK 7 0 10 5 Significantly Increasing
PRCPTOT TFPWMK 0 0 4 17 Significantly Decreasing

Fig. 7  Trends in precipitation indices over the Enkangala escarpment during the period 1961–2021 for PRCPTOT (VII), SDII (VIII), CDD (IX), 
CWD (X), R95p (XI) and R99p (XII)
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As shown in Fig. 8, the 9 mm threshold index shows a 
slight decline by approximately − 1.8 on the Escarpment’s 
north-western flank. In comparison, the most significant 
positive change of 3  mm is prominent along the Escarp-
ment’s eastern flank. The 20 mm and 30 mm indices have 
decreased across the Escarpment except in the north-eastern 
area. The maximum negative change is found around New-
castle (-4 and − 2.6 mm).

In contrast, the maximum increase for the 20 and 30 mm 
indices over the Enkangala escarpment is found in Marthi-
nusdrift (3.3 mm) and Chelmsford (1.2 mm), respectively. 
The spatial distribution of heavy and severe rainfall is simi-
lar. The Rx1day and Rx3day changes are similar in their 
spatial distribution but differ spatially from the Rx5day 
distribution. The Rx1day, Rx3day and Rx5day have a 
maximum negative change of (-27.1, -27.5 and − 29.1 mm), 
while their maximum positive change at Glencoe (12.6 mm) 
and Marthinusdrift (123.4 mm), respectively (Fig. 8).

In comparison, PRCPTOT show a non-uniform change, 
which decreased significantly from the north-western to 
the south-eastern area, except for the north-eastern portion 
of the Enkangala Escarpment. The SDII has significantly 
increased from the central to the northern area of the study 
area. The maximum change is approximately 4.5 mm/day, 
while the negative change is -4.7 mm/day (Fig. 9). The CDD 
has decreased across the Escarpment except for the area 
around the southwest. CDD showed the most significant 
increased change of about 86 days. Whereas for CWD, the 
change was reversed, i.e., a significant and negative change 
was noticed in the Escarpment’s southwestern and central 
areas. The broadest range of positive changes in R95p and 
R99p was observed along the north-eastern to southwest 
gradient. The maximum positive change was found around 
Glencoe (70.6), indicating an increase in wet days. The find-
ings in this research are consistent with reports by Engel-
brecht et al. (2015).

3.6  Relationship between extreme precipitation 
and MAP

Previous research has demonstrated a strong correlation 
between mean annual and extreme precipitation. The corre-
lation coefficients between the 12 precipitation indices and 
the Mean Annual Precipitation (MAP) from 1961 to 2021 
are presented in Table 5 The MAP positively correlates with 
all the extreme precipitation indices except for CDD (-31.4) 
and is not significant from 1961 to 2021 in the Enkangala 
Escarpment. The indices not significantly associated with 
MAP are CDD, CWD and SDII. R95 and R99 are the only 
indices that correlate with MAP at a 0.05 significance level, 
while the rest of the significantly correlated indices were at a 
0.01 significance level. Rx3days has the highest correlation 

The total annual precipitation PRCPTOT trends, for 
the period between 1961 and 2021, for the Enkangala 
Escarpment exhibits NSD trends for 17 stations, which 
represents 77% of the total stations (Table 4). Four sta-
tions (Cavern Farm, Dannhauser, Moorside and Warden_
SK) show a non-significantly increasing trends of total 
annual precipitation. The PRCTOT field significance test 
shows a significantly decreasing trend (Fig. 7). The sim-
ple daily intensity index shows, that using 13 stations, 
represents 63.6% of the total stations, with the most var-
ied significantly increasing trends. In addition, there are 
four stations (Chelmsford, Glencoe, Marthinusdrift and 
Tygerfontein) where the SDII shows SD trends, with four 
other stations showing NSI trends. Finally, only one sta-
tion (Mooreside), with an NSD trend was detected (Fig. 7 
VIII). The field significance test shows a significantly 
increasing trend for the SDII (Table 4).

For CDD, eight stations which represents 36.4% of the 
total stations, show significantly increasing trends. None of 
the stations show an SD trend for the CDD index, but five 
stations (Glencoe, Marthinusdrift, Mooreside, Tygerfontein 
and Warden-Heritage) have NSD trends. The field signifi-
cance test for CDD showed a significant increasing trend.

Two stations (Glencoe and Tygerfontein) show signifi-
cantly increasing trends in CWD, whilst, ten stations show 
significantly decreasing trends, four stations show NSI, 
and six stations show non-significantly decreasing trends 
(Cavern Farm, Elandslaagte, Martin, Rocco, Van Reenen, 
Warden-Heritage.

For R95p and R99p there are seven station that show sig-
nificantly increasing trends. Glencoe is the only station with 
a significantly decreasing trend for R95p while none exists 
for the R99p index. Each of the indices R95p and R99p 
have 10 stations each with NSI trends, R95p has four sta-
tions with NSD, while R99p has five stations (Cavern Farm, 
Chelmsford, Danhauser, Glencoe and Tygerfontein) with 
NSD trends. The field significance test over the Enkangala 
Escarpment for R95p and R99p shows a significant positive 
trend (Fig. 7 XII).

3.5  Changes in precipitation indices

The entire period was split into two distinct time slices 
namely, 1961–1991 and 1992–2021, while the changes 
between the two periods were evaluated for detecting the 
changes in extreme precipitation events. This allows us to 
have an equal number of years (30 years) which is the rec-
ommended duration for reliable climate projections. The 
change in the precipitation regime is indicated by the aver-
age of each index value across all stations. The variation in 
the precipitation regime is indicated by the mean of each 
index value across all the stations.
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generally consistent with climate model simulations that 
point towards more subsidence and general decreases in 
rainfall over southern Africa in a warmer world (Engel-
brecht et al. 2009, 2015; Engelbrecht et al., 2022; Giorgi, 
2014). A similar conclusion of decreasing trends in rain-
fall trends over the larger region of eastern South Africa 
was reached by MacKellar et al. (2014), and the IPCC 
Sixth Assessment Report similarly assessed that decreas-
ing rainfall totals over eastern South Africa is a trend that 
can already be detected (Ranasinghe et al. 2021).

However, it is not only rainfall totals that are chang-
ing over the Enkangala Escarpment, our results reveal 
that it is also the nature of rainfall that is changing. Field 
significance tests show a statistically significant increase 
for almost all extreme precipitation indices: R20 mm, 
R30 mm, R95p, R99p, Rx1day, Rx2day, Rx3day and 
SDII. The only exceptions are R10 mm and CWD, which 
show a decreasing trend in frequency in field significance 

coefficient (r = 0.89), and the lowest positive correlation is 
R95 (r = 0.56) at a 0.05 significance level. The correlation 
coefficients of MAP with PRCPTOT, R10 mm, R20 mm, 
R30 mm, Rx1day, Rx3day and Rx5day were more signifi-
cant than 0.70 (Table 5).

4  Conclusion

Our analysis has detected an overall statistically signifi-
cant decrease (in terms of field significance) in rainfall 
totals over the Enkangala Escarpment. This trend occurs 
in association with a statistically significant decrease in 
the number of days with rainfall totals higher than 10 mm 
(R10mm index). Moreover, statistically significant 
increases in the number of consecutive dry days (CDD 
index) and decreases in consecutive wet days (CWD 
index) were consistently detected. These findings are 

Fig. 8  The spatial distribution of changes in extreme event indices over the Enkangala Escarpment during 1961–2021, for R10mm (i), R20mm (ii), 
R30mm (iii), Rx1day (iv), Rx3day (v) and Rx5day (vi)
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thresholds), but that fewer such events occur (increase in 
CDD and decrease in CWD). That is, rainfall totals are 
decreasing, and it is raining less frequently, but when it 
does rain it is with increased intensity. Our findings of 
general increases in precipitation extremes are qualita-
tively consistent with those of MacKellar et al. (2014) 
and McBride (2022) for eastern South Africa, and with 
the assessment of the IPCC AR6 for eastern Southern 
Africa (Ranasinghe et al. 2021).

Should these trends persist in a warming climate, chal-
lenges for adaptation will be substantial. The agriculture 
sector will have to adapt towards decreasing rainfall 
trends, which in combination with increasing tempera-
tures will result in reduced soil-moisture availability. At 
the same time, more intense rainfall events will carry 
higher risks of inducing soil erosion. In terms of water 
management, decreasing rainfall overall may be compen-
sated by increased run-off from the increase in extreme 
rainfall events. However, even under such a scenario, 

tests. One may speculate that the convective rainfall 
events that bring rainfall over the Enkangala escarp-
ment have become more intense (rainfall totals shifting 
from the R10 mm threshold to the R20 mm and R30 mm 

Table 5  The correlation coefficient (r) and level of significance 
between MAP and Extreme Precipitation indices (0.05 => * )
Indices R Sig level
SDII 0.44
CDD -0.31
CWD 0.36
PRCPTOT -0.77 **
R10m 0.8 **
R20m 0.79 **
R30m 0.72 **
R95 0.56 *
R99 0.65 *
Rx1day 0.71 **
Rx3day 0.89 **
Rx5day 0.87 **

Fig. 9  The spatial distribution of changes in extreme event indices over Enkangala Escarpment during 1961–2021for PRCPTOT (vii), SDII (viii), 
CDD (ix), CWD (x), R95p (xi) and R99p (xii)
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