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The northernmost Limpopo Province is located in one of the warmest regions of South Africa, where 
the agricultural sector is prone to heat stress. The aim of this study was to explore air temperature 
and relative humidity trends for the region, which have implications for agricultural adaptation and 
management (amongst other sectors). In particular, we investigated seasonal, annual and decadal scale 
air temperature and relative humidity changes for the period 1950–2016. Positive temperature trends 
were recorded for this period, averaging +0.02 °C/year, with the strongest changes observed in mean 
maximum summer temperatures (+0.03 °C/year). Interannual temperature variability also increased over 
time, especially for the period 2010–2016, which presents probability densities of <50% for minimum 
temperatures. Positive relative humidity trends (+0.06%/year) were also recorded for the period 1980–
2016, but proved to be the least predictable weather parameter, with probability densities of <0.5% 
across seasons for the study period. Considering the substantial interannual variability in temperature 
and relative humidity, there is clear increased risk for the agricultural sector, particularly for small-scale 
farmers who generally have limited capacity to adapt. Climate science focusing on the southern African 
region should continue to establish the impact of climate change and variability on specific small-scale 
farming systems and enterprises, with recommendations for strategic adaptation based on up-to-date 
evidence. 

Significance:
•	 Heat indices have increased, and variability in temperature and relative humidity has substantially 

increased over recent decades. 

•	 Changes in air temperature and relative humidity have direct and/or indirect negative effects on sectors 
such as agriculture, leading to reduced productivity.

•	 The small-scale farming sector, which contributes significantly to national food security in developing 
countries, is the production system most exposed and vulnerable to observed changes/extremes in 
temperature and relative humidity.

•	 There is an urgent need to build capacity of small-scale farmers for appropriate adaptation to observed 
changes in climate based on up-to-date evidence. 

Introduction
Globally, mean air temperatures have increased by at least 0.65 °C over the past century, while extreme rainfall 
events have also increased in frequency.1-3 It is widely projected that as the earth becomes warmer, climate 
and weather variability will increase.4-7 Projected temperatures for southern Africa indicate expected near-future 
increases at twice the global average.8 Such changes in climate present a significant threat to food security, 
water resources, health and infrastructure.2 Low-income countries are likely to be the most vulnerable to extreme 
climatic events due to their poor adaptive capacity in terms of finances, resources, infrastructure and expertise.9 
In particular, the small-scale farming sector, which contributes significantly to national food security in developing 
countries, is an exposed and vulnerable production system.10 The situation is compounded in cases where there 
are limited reliable historical climate data available to establish climatic trends – a concern that holds true for most 
African countries.

In order to develop a sustainable adaptive capacity for target regions, and address current and future challenges 
presented by climate variability and/or change, it is critical to evaluate historical climate trends.10 Process-based 
regional and global climate models generally have the ability to replicate large-scale climate features. However, 
their coarseness in spatial resolution poses challenges in providing usable information at local scales.11,12 Region-
specific historically observed climatic records, where possible, have the potential to assist ongoing climate 
modelling and projections, and to establish the likely impact of climate change on agricultural productivity and 
ultimately food security.

Several studies on historical weather and climate change have been focused at the countrywide level in South 
Africa12-14, while others have been more region specific, with finer spatial detail14-18. For example, the study by 
Gbetibouo15 on the Limpopo Basin area in northernmost South Africa provides some information on climate 
trends in the region. It should be noted that the study mainly focused on farmers’ perceptions and adaptation 
to climate change and variability, rather than a detailed analysis on climate trends. A further study focused on 
30 Limpopo Province catchments, analysing temperature trends for the period 1950–199916, and established 
increases in annual and seasonal temperature. However, this study did not include relative humidity, and hence 
was unable to establish heat indices. In the context of agricultural and human/animal thermal comfort levels, a 
combination of these two weather parameters (i.e. temperature and relative humidity) is important for establishing 
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heat indices – effectively a measure of how hot it feels. Understanding 
of heat indices is particularly important for most resource-limited rural 
communities in Limpopo Province and other rural sectors of southern 
Africa involved in smallholder farming enterprises, many of which may 
already be adversely affected by extreme weather events. Evidence 
shows that increases in heat index trends will have far-reaching 
impacts on agricultural production and productivity, especially in poor 
communities with constrained adaptive capacity.19,20 We thus aimed to 
provide an improved understanding of recent temperature and relative 
humidity trends in the northernmost region of the Limpopo Province, 
which has implications for determining heat stress. The particular focus 
here was on analysing seasonal and annual temperature and relative 
humidity trends for the period 1950–2016, and hence the computation 
of heat indices.

Materials and methods
Study area
This study focused on the northern border region of the Limpopo 
Province, South Africa (Figure 1). The region is located in the Vhembe 
District Municipality, where a large portion of its rural population resides. 
This semi-arid region is located in one of the warmest parts of South 
Africa where temperatures regularly exceed 40  °C during the warm 
season.21 Mean daily maximum temperatures during summer also 
exceed 30 °C, and precipitation averages only ~250 mm p.a., most of 
which falls during summer.21 Such climatic conditions (particularly high 
temperatures) regularly cause heat stress, especially in the livestock 
sector, thereby reducing potential productivity.22 The Limpopo Province 
is one of the economically and financially poorest provinces in the 
country, with livelihoods in most rural villages depending on subsistence 
farming and casual employment. Government grants and remittances 
from off-site relatives contribute significantly to household incomes. 
Smallholder farmers produce crops and rear some livestock. 

Data collection
Daily temperature (1950–2016) and relative humidity (1980–2016) data 
for two weather stations (Macuville: data period = 1950–2014; Venetia 
Mine: data period = 2015–2016) in northernmost Limpopo Province 
were provided by the South African Weather Service. Temperature 
and humidity values are variable across any given landscape due to 
topography, land cover and external climatic inputs (e.g. airflow from 
surrounding regions). The values we present here are thus in absolute 
terms, only relevant to the station localities, and for the broader region 
serve as a more general (relative) indication of conditions, rather than 
absolute conditions for any given site in the province. Information was 
collated monthly and seasonally. Traditional seasons in South Africa are 
divided into summer (December – February), autumn (March – May), 
winter (June – August), and spring (September – November).4 For ease 
of analysis, temperature data were further divided into two periods: 
1950–1986 and 1980–2016.

Data were assessed to identify missing and incorrectly reported or 
recorded values (e.g. daily minimum temperature greater than the 
daily maximum temperature). Missing and/or incorrect values were 
then replaced using temporal interpolation techniques (hierarchical 
polynomial regression techniques, in particular) as described by 
Boissonnade et al.23 Missing values were replaced through interpolations 
between observations over time (temporal interpolation). In addition, 
change points were identified24 and homogenised using the quantile-
matching adjustment method25. Using the quantile-matching method, up 
to 10 years’ of data, before or after a change point, were used to produce 
reliable adjustments.24,25 For relative humidity, zero drift in sensors was 
assumed.

Data analyses
Temperature and relative humidity trends were determined using R 
software packages (lubridate and forecast)26,27 with seasonal and 
trend decomposition using the locally weighted smoothing (LOESS) 
(STL) function. LOESS was used in regression analysis for creating 
a smooth line through a timeplot, thus demonstrating the relationship 

between variables and forecast trends. Graphs plotted from STL show 
four components: (1) the original data (i.e. a set of actual values); (2) a 
seasonal component calculated using LOESS smoothing; (3) the trend 
(i.e. increasing or decreasing direction in the data); and (4) the remainder 
representing the residual. 

The total number, amplitude and intensity of heatwave days were 
calculated for each year. Threshold values for a heatwave were based on 
the average maximum temperature of the hottest month of a given year 
plus 5  °C, as described by Mbokodo et al.28 The totals per year were 
only for heatwave days, where the maximum temperatures exceeded 
the threshold for three or more successive days, thus guaranteeing 
that heatwave events with a shorter duration were also detected. It is 
worth noting, however, that this heatwave computation ignores extremes 
associated with cooler months and changes in adaptation-related 
impacts. 

Probability density plots, calculated using R software package ggplot229, 
were tested for significance at the 95% confidence level, and used to 
establish variability of temperature and relative humidity across the 
seasons and decades under study. Density plots provide a relative 
likelihood of these random variables falling within a particular range 
of values. The heat index (incorporating air temperature and relative 
humidity) was calculated using weathermetrics30. Maximum daily air 
temperatures and minimum relative humidity were used to determine the 
heat index. Weathermetrics’ heat.index creates a numeric vector of heat 
index values from numeric vectors of air temperature and either relative 
humidity or dew point temperature. In calculating the heat index in R 
using the weathermetrics package, the following code was used: 

heat.index (t = NA, dp = c(), rh = c(), temperature.metric = ‘celsius’, 
output.metric = celsius),

where t is numeric vector of air temperatures; rh is numeric vector 
of relative humidity (in %); temperature.metric is the character string 
indicating the temperature metric of air temperature and dew point 
temperature (possible values are ‘celsius’); and output.metric is the 
character string indicating the metric into which heat index should be 
calculated (possible values are ‘celsius’).

Weathermetrics calculations for heat index are based on the National 
Weather Service Hydrometeorological Prediction Center Web Team Heat 
Index Calculator.31 Results from weathermetrics were validated by the 
RClimdex version 1.932 software calculations on warm days (TX90p) 
and warm spell duration indicator (WSDI). TX90p shows the percentage 
of days when maximum temperature (TX) is greater than the 90th 
percentile centred on a 5-day window, while WSDI highlights the annual 
count of days with at least 6 consecutive days when TX is greater than 
the 90th percentile. 

Results
Temperature trends
Time series graphs show positive trends in temperature, with averages 
marked for each month over the 1950–2016 period (see Figures 
2–4). Rates of minimum, mean and maximum temperature increases 
were similar (+0.02  °C/year) for the study period. However, summer 
maximum temperatures recorded the highest rate of increase (+0.03 °C/
year) compared to other seasons and other temperature parameters 
(i.e. average and minimum). Seasonal and trend decomposition of 
temperatures show that mean maximum temperatures ranged between 
28  °C and 33  °C (see Supplementary figure 1), average temperatures 
ranged from 21  °C to 25  °C (see Supplementary figure 2), and mean 
minimum temperatures from 14  °C to 18  °C (see Supplementary 
figure 3). The absolute highest and lowest recorded temperatures were 
during the summer of 1992 (45.2  °C) and winter of 1972 (-3.8  °C), 
respectively (see Table 1).

Strongest positive warming trends are observed for the past three 
and a half decades (i.e. from 1980–2016). For instance, mean annual 
maximum temperatures increased at a rate of +0.02 °C/year between 
1950 and 1986, but substantially increased to +0.03  °C/year for the 
period 1980–2016. 
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The rate at which mean annual temperatures have increased, has 
remained similar over time: 0.02  °C/year over the period 1980–2016, 
compared to 0.02  °C/year for the period 1950–1986. None of the 
warming trends (i.e. for the periods 1950–2016, 1950–1986 or 1980–
2016) were statistically significant at the 95% confidence level. 

Heatwave trends
The value for determining the threshold for a heatwave in northernmost 
Limpopo Province was 38.9 ºC (i.e. 33.9 ºC+5 ºC). All heatwaves 
occurred during the summer season. The rate of increase in the number 
of heatwave occurrences per annum is +0.07 days/year for the study 
period (see Figure 5). The frequency of heatwaves for the period 1950–
1986 was ~1.5/year, which then increased substantially to ~3.1/year 
for the period 1980–2016. Further, the mean duration of heatwaves 

increased during the last three decades (mean = 5.9 days) over that of 
the previous decades (mean = 4.6 days).

The annual heatwave amplitude (1950–2016) during periods associated 
with a heatwave in northernmost Limpopo Province is presented in 
Figure  6. The lowest (40.1  ºC) heatwave amplitude was recorded in 
December of 1988, while the highest (45.2  ºC) was in December of 
1992. Generally, heatwave amplitude increased significantly (p=0.04) 
over the study period. The intensity of heatwaves (i.e. average 
temperature with which the heatwave threshold was exceeded per 
year, taking all heatwaves for that year into account [see Figure 7]) also 
increased significantly (p=0.04) over the period 1950–2016. Table 2 
shows heatwave trends in terms of change in heatwave amplitude and 
intensity of heatwaves. 

Figure 1:	 The study area: Northernmost Limpopo Province, South Africa.
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Figure 2:	 Mean monthly maximum temperatures for northernmost Limpopo Province, 1950–2016. Horizontal lines represent monthly mean values and red 
dotted lines represent trend lines. 

Figure 3:	 Mean monthly temperatures for northernmost Limpopo Province, 1950–2016. Horizontal lines represent monthly mean values and red dotted 
lines represent trend lines. 
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Relative humidity trends
Results show a positive relative humidity trend (+0.06%/year), albeit not 
statistically significant (p=0.3) for the period 1980–2016, with mean 
seasonal relative humidity ranging between 10% during winter (July) of 
1980, and 83.2% during autumn (April) of 2012. Generally, summers 
had the highest relative humidity (mean = 46.8%) and winters the lowest 
(mean = 36.3%) (Table 3). Seasonal relative humidity increased during 
summer (+0.12%/year) and autumn (+0.10%/year), and decreased 
during winter (-0.17%/year) and autumn (-0.15%/year) (Figure 8). 

Variability in temperature and relative humidity
Weather parameters across all seasons had low probability densities 
(below 50%), implying high variability (Figure 9). Highest probability 
densities of maximum temperature were observed for summer over the 
periods 1980–1989 and 1990–1999, and in autumn over the periods 
2000-2009 and 2010-2016. Winter probability densities were lowest 
over the entire study period, except for the period 2000–2010, when 
spring recorded the lowest (~12%). The highest (~37%) summer 
probability densities were recorded for the period 1990–1999, and 
lowest (15%) over the period 2000–2009. For winter, however, maximum 
temperature probability densities were consistently at ~15% throughout 
the study period, indicating high variability. 

For average temperatures, the highest and lowest probability densities 
were recorded for summer and winter respectively, throughout the study 
period. Highest summer (~52%) probability densities were recorded 
during the period 1990–1999 and lowest (~30%) during 2000–2009. 
As with maximum temperatures, winter probability densities were 
consistently at ~10% for the period 1980–2016. Consistent with 
probability densities for average temperatures, minimum temperatures 
were always highest for summer and lowest for winter. Summer 
probability densities were highest (~41%) over the period 2010-
2016, and lowest (~30%) during the period 2000–2019. Again, winter 
probability densities were consistently lowest at ~15% for the entire 
study period. 

Probability densities of relative humidity across all seasons were 
always very low (i.e. less than 10%), with considerable inter-annual 
and decadal variability. The period 2010–2016 presented the highest 
variations, with probability densities of <0.5% for relative humidity. The 
highest probability densities (from highest to lowest) were recorded 
for the period 1980–1989 (autumn), 2000–2009 (spring), 1990–1999 
(autumn) and 2010–2016 (spring). Conversely, the lowest probability 
densities (from lowest to highest) were recorded in winter (2010–2016), 
summer (2000–2009), summer (1980–1989) and spring (1990–1999), 
respectively. 

Figure 4:	 Mean monthly minimum temperatures for northernmost Limpopo Province, 1950–2016. Horizontal lines represent monthly mean values and red 
dotted lines represent trend lines.

Table 1:	 Monthly temperatures for northernmost Limpopo Province, 1950-2016

Trends in temperature Mean temperature range Maximum Minimum 

Maximum temperature +0.02 °C/year 28–33 °C
+45.2 °C 

Summer (1992)

+15.5 °C 

Winter (2010) 

Mean temperature +0.02 °C/year 21–25 °C

Maximum temperature +0.02 °C/year 14–18 °C
+29.7 °C

Summer (2007)

-3.8 °C

Winter (1972)
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Figure 5:	 Number of heatwave days per annum for northernmost Limpopo Province, based on mean maximum temperature for the hottest month (January). 
The value for determining the threshold for a heatwave in northernmost Limpopo Province is 38.9 °C (i.e. 33.9 °C + 5 °C).

Figure 6:	 Annual heatwave amplitudes (i.e. highest temperature per year during periods associated with a heatwave) for northernmost Limpopo Province 
(1950–2016).
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Table 2:	 Heatwave trends for the period 1950–2016 in northernmost 
Limpopo Province

Trend p-value

Heatwave amplitude +0.38 °C/year 0.04

Intensity of heatwaves +0.01 °C/year 0.04

Table 3:	 Relative humidity seasonal means for northernmost Limpopo 
Province, 1950–2016

Trends Range
Average

Summer Autumn Winter Spring

Relative 
humidity

+0.06%/
year

10–
83.2%

46.8% 42.5% 36.3% 38.1%

Of the two variables (temperature and relative humidity), relative 
humidity was the least predictable weather variable across seasons 
for the study period. Mean summer temperatures across all decades 
were significantly (p=0.03) more predictable (~50%) than other 
temperature parameters during summer and other seasons. The only 
exceptions were predictions for autumn maximum temperatures over the 
years 2000–2009 and 2010–2016, both having probability densities of 
~25%, a value which exceeded the summer percentages.

Heat index
Heat index values (using R Package weathermetrics) were calculated for 
the period 1980–2016, based on available relative humidity and maximum 
temperature data. According to seasonal and trend decomposition time 
series (see Figure 10), the heat index ranged between 24 °C and 35 °C. 

Highest heat index measurements were observed during the summer of 
2007, and the lowest (+24 °C) during the winter of 1996. 

Over the study period, positive trends were observed for all seasons 
(Figure 11) i.e. summer (+0.05  °C/year), autumn (+0.05  °C/year), 
winter (+0.04 °C/year) and spring (+0.05 °C/year). Overall, there has 
been a positive heat index trend (+0.05 °C/year). RClimdex calculations 
validating these results are provided in Supplementary figures 4 (TX90p) 
and 5 (WSDI). 

Discussion
Our analysis shows that there has been a positive mean annual warming 
trend (+0.02  °C/year) for northernmost Limpopo Province over the 
period 1950–2016, which is in line with what other recent studies in the 
southern African region have reported.12,14,33,34 Temperature increases 
have also resulted in increased frequency, amplitude and intensity of 
heatwaves and a positive heat index trend (+0.03  °C/year). Climate 
studies from other southern African regions1,4,28,35-37 have also reported 
increased frequency of heatwaves and hot days, associated with 
accelerated global warming. The primary concern with such climatic 
changes is that they significantly impact sectors such as agriculture 
and water resources, directly and/or indirectly, reducing productivity.37,38 
Thus, the rapid increase in heatwave frequency and intensity over 
northernmost South Africa poses major concerns to agriculture in 
an already water-scarce environment, and even more so, given that 
evaporation rates and water consumption demands have increased.8,28 
High temperatures, especially when combined with high humidity and 
low air movement, can exceed species-specific threshold levels (or 
thermal comfort zones), thereby causing heat stress.39 It is likely that 
farming systems in the northern border region of Limpopo Province are 
already adversely impacted by climate change, particularly so in small-
scale subsistence settings where farmers have limited capacity to adapt. 
This is in line with findings from an earlier study in Limpopo Province, 
which established that, although farmers were able to recognise climate 
change, only a few employed some form of adaptation strategy.15

Figure 7:	 Intensity of heatwaves (i.e. average yearly exceedance temperature of heatwave threshold during heatwave days) for northernmost Limpopo 
Province, plotted against time for the period 1950–2016. 
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Figure 8:	 Mean seasonal relative humidity trends for northernmost Limpopo Province, 1980–2016. 

Figure 9:	 Decadal probability densities of seasonal relative humidity and air temperature (maximum, average and minimum) trends for northernmost 
Limpopo Province, 1980–2016. Probability density plots, which establish variability of relative humidity and air temperature, were calculated using 
R software package ggplot2. 
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Figure 10:	 Seasonal and trend decomposition of the heat index (°C) for northernmost Limpopo Province, 1980–2016. ‘Data’ = set of actual values; ‘seasonal’ 
component = period; ‘trend’ = increasing or decreasing direction in the data; and ‘remainder’ = residual. The grey bar at the right-hand side of 
each graph allows for a relative comparison of the magnitudes of each component.

Figure 11:	 Seasonal heat index values based on maximum temperatures and relative humidity for the period 1980–2016 in northernmost Limpopo Province. 
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Increases in the frequency, occurrence, intensity and amplitude of 
heatwaves, as well as positive trends in the heat index (i.e. how hot 
it feels) have direct adverse effects on agriculture, especially livestock 
production. High temperatures cause heat stress in livestock.40 For 
instance, in poultry production, ambient temperatures above 30 °C are 
known to cause heat stress in chickens, resulting in reduced feed intake 
and body weight, and, in some cases, high mortality.4,41 This is a cause 
for concern in rural communities of northernmost Limpopo Province, 
which are resource limited, with low adaptive capacities. A recent 
study by Mbokodo et al.28 focusing on expected heatwaves in a future 
warmer South Africa, projects an increased frequency and duration of 
heatwaves. Such a scenario carries the likely consequence of significant 
adverse impacts on human health, economic activities (especially 
climate-sensitive farming) and livelihoods in vulnerable communities 
such as the northern border region of Limpopo Province. 

Both minimum and maximum temperatures increased at a similar rate 
(+0.02  °C/year) over the study period – a finding inconsistent with 
previous studies in the region and elsewhere, which reported more 
rapid increases in maximum temperature compared to minimum 
temperatures.14,33,42,43 The observed rates of increase in minimum 
and maximum temperatures in northernmost Limpopo Province are 
inconsistent with several global warming reports, which have shown 
a decreasing diurnal temperature range due to minimum temperatures 
increasing at a faster rate than maximum temperatures.42-46 Diurnal 
temperature range is an important indicator of climate change, and is 
influenced by various spatial and temporal factors, including land-use / 
land-cover changes, irrigation, station moves, desertification, and a host 
of other indirect climatic effects.47 Thus, although global and regional 
perspectives on changes in the climate system are important, there are 
complex spatial variations, which necessitate local analysis of trends. 

Simulated climate models (e.g. regional climate models and general 
circulation models) are often used for climate change projections. 
However, models may have limitations in determining local weather 
conditions.13,33 It is thus important to test and refine model reports 
using observed variations to ensure the accuracy of climate change 
projections. For instance, Jury13 analysed spatial and temporal historical 
climate observations in southern Africa to validate simulation models for 
projecting climate trends. Kruger et al.48 investigated historical trends in 
near-surface minimum and maximum temperatures, as well as extreme 
temperature indices in South Africa. This was achieved through critically 
comparing quality-controlled station observations with downscaled 
model projections, so as to provide valuable information concerning 
the interpretation of model-generated projections. Kruger et al.’s48 
results demonstrate that model outputs tend to simulate the historical 
trends accurately for annual means of daily maximum and minimum 
temperatures, but have limitations when assessing temperature 
extremes. For correctly estimating the potential impact of climate 
change in a given region, particularly for sectors such as agriculture, it 
is necessary to reconcile climate observations and model projections. 

Climate change research in remote rural areas such as the northern 
region of Limpopo Province should be ongoing, especially given that 
trends of concern seem to be increasing. Thus, climate change has an 
ever-changing impact on farming, especially on small-scale farming 
systems and enterprises in the region. Information on climatic trends, 
especially at local level, is important to help understand the likely impacts 
on farming productivity, and to inform appropriate strategic interventions 
to improve adaptation mechanisms.47 It is likely that temperatures in 
northernmost Limpopo Province are frequently surpassing livestock 
heat stress thresholds each year, ultimately compromising productivity, 
yet farmers continue with agricultural production without such insights. 
It is possible that the reported low productivity of rural poultry in the 
northern region of Limpopo Province may, in part, be a function of heat 
stress.41 Thus, access to climate information is essential to provide 
understanding of likely implications of climate change on agricultural 
production – something that needs to be effectively communicated to 
small-scale subsistence farmers for appropriate adaption.

Conclusion
Temperatures in northernmost Limpopo Province have steadily increased 
over the period 1950–2016. Consequently, heatwave frequency, intensity 
and amplitude have also increased. Further, temperatures and relative 
humidity have become more variable in recent decades. Of particular 
concern is the fact that, according to heat index trends, heat indices 
have increased. Such increases are likely to have adverse effects on 
sectors such as agriculture, especially in small-scale farming systems 
where farmers have limited adaptive capacities. To establish appropriate 
preparedness, an important starting point would be for future research 
to focus on establishing heat-stress tolerance thresholds for specific 
agricultural sectors in the northern border region of Limpopo Province.
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