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ABSTRACT

The temporal and spatial distribution of the frequency of breaking highest and lowest
daily maximum and minimum temperature records over the period of 1951 to 2019 has
been investigated for South Africa. Temperature records are station specific and defined
as either larger or smaller than any previous values in a time series of specific year-days.
Daily maximum and minimum temperatures from homogenised time series of 25
weather stations in South Africa were analysed. Aspects considered to influence the
frequency of record-breaking events were the warming trend and variance. The study
found that the record-breaking frequencies of the highest daily maximum (high Tmax)
and some high daily minimum temperature (high Tmin) records were higher than the
theoretically expected number in a stationary climate. This was particularly apparent
near the end of the analysis period. The ratio of highest maximum to lowest minimum
temperature records was almost an equal 1:1 ratio near the start of the analysis period
and increased to a about 4:1 in the last decade of the period. Focusing on the last
decade, i.e. 2010— 2019 the study found that there is a different spatial pattern between
the occurrence of high Tmax and high Tmin records. For high Tmax records the highest
number were mostly recorded by stations over the central parts of the country (e.g.
Kimberley, Glen College and Bloemfontein). In contrast, the highest number of high
Tmin records were less confined spatially. Even when considering the general warming
due to climate change, many more high temperature records are broken than expected
in certain regions and on average. We deduce that the higher than expected numbers
of high Tmax and high Tmin records in the latter part of the analysis period were mainly

due to the variability in the warming trend with acceleration in the last decade.
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1 INTRODUCTION

There is general consensus among climatologists that there is sufficient evidence of
climate change, especially increases in surface temperature (Donat et al., 2013),
confirmed in the Fifth Assessment Report (AR5) of the United Nations
Intergovernmental Panel on Climate Change (IPCC) (Stocker et al., 2014). This change,
which shows a positive warming trend over most regions of the world since at least the
1950s, cannot be explained by natural variability alone (Brown et al., 2008; Collins, 2011)
and the altering of the atmospheric composition by humans is changing this variability

(Karl, 2003).

One of the consequences of the human-induced changes in the general climate is that
specific extreme weather and climate events are likely to increase (Stott, 2016). These
extreme values would fall into the tails of the variable’s distribution (Zwiers et al., 2013).
Any change in the distribution’s mean or variance or both will affect the occurrence of
extreme events (Meehl et al., 2000). Thus in a warming climate the mean temperature
and variability are likely to change and thus so the occurrence of hot extreme events
(Tamarin-Brodsky et al., 2020). These changes in mean temperature and in extreme
events are however not linear and small changes in the mean state can result in large
changes in the occurrence of extreme events (Mearns et al., 1984; Meehl et al., 2000).
Record breaking temperatures fall into the realm of these types of events (Rowe and
Derry, 2012) and by their very nature are rare events (Stephenson et al., 2008; Field et
al.,, 2012; Otto, 2019). This makes their analysis difficult as one considers changes in

trend of a diminishing number of events (Rowe and Derry, 2012).

According to the IPPC (2019), global surface temperatures are currently increasing at
around 0.2°C per decade. This increase in warming trend has also been documented in
a number of studies for South Africa (Kruger and Shongwe, 2004; Kruger and Nxumalo,
2017; Van Der Walt and Fitchett, 2021). This warming trend show variability across the
country with stations located in the central parts showing less of a positive trend than

those located in the western and eastern parts of the country (Kruger and Nxumalo,



2017). With this warming comes the concern that in the future highest daily maximum
temperature records will be broken more often than lowest daily minimum temperature
records (Benestad, 2004; Finkel and Katz, 2018). This increase in temperature trend
along with other climate change related threats pose challenges for how South Africa is
able to respond in terms of water, food security, human and ecosystem health and

development (Ziervogel et al., 2014).

Policymakers are showing an interest in the risks associated with extreme weather and
climate events, especially if these are likely to increase (Brulle et al., 2012; Omondi et
al.,, 2014). In addition to policymakers, the general public who, experience climate
change mostly through the occurrence of extreme events, want information on these
events and how their frequencies are expected to change (Parey et al., 2007; Easterling
etal., 2016). Thus the occurrence of climate change related extreme weather events has
become an increasingly important climate research topic (Poudel et al., 2020), with
researchers beginning to pay more attention to climate record-breaking statistics to
shed light on whether and how the occurrence of daily temperature records is affected
by a changing climate (Wergen et al., 2014). Understanding record-breaking events will
prove to be important as any change in the frequency of extreme weather events may
influence how especially developing countries are able to adapt (Mirza, 2003). With
Africa being especially vulnerable to climate change (Lennard et al., 2018) there is a need
for more research into such events (Stephenson et al., 2008) particularly in light of
vulnerable communities having to respond to these events (Van Wesenbeeck et al.,

2016).

There is a general lack of research focused on the breaking of specific station’s individual
highest or lowest observed daily or monthly temperature records. Zwiers et al. (2013)
point out that the use of in-situ data is extremely important in our understanding of
changes in extremes. Studies around short-lived high-temperature extremes also

provides a different look at how changes are occurring compared to studies that focus



on annual or seasonal time frames (Papalexiou et al., 2018). Research on breaking
temperature records have largely been concentrated in the Northern Hemisphere: USA
(Rowe and Derry, 2012; Meehl et al., 2016); Europe (Elguindi et al., 2013; Abatzoglou
and Barbero, 2014; Beniston, 2015); China (Deng, 2018; Zhong-Hua et al., 2012); Korea
(Cho et.al., 2011); Lebanon (Hayek, et. al., 2020) with Australia (Trewin and Vermont,
2010) the exception. Only one global study could be found (Anderson and Kostinski,
2010) and this contained very few stations in the Southern Hemisphere. The presented
research endeavours to contributes by investigating breaking temperature records at
several continental and maritime locations in South Africa. We investigate whether the
changing climate, i.e. general warming, can be linked to the occurrences of extreme
record surface temperatures in in-situ measurements over South Africa. Several authors
(Seneviratne et al., 2014; Fischer and Knutti, 2015; Li et al., 2021) indicate that there has
been an increase in temperature extremes in recent decades. The warmest years in
South Africa’s temperature record have occurred in the last decade (Blunden et al.,

2020) and this period will therefore be a particular focus of the analysis and discussion.

The analysis of the temperature data in this paper attempts to determine whether the
breaking of temperature records in South Africa conforms to the probabilities of records
in a stationary climate and if not, whether the general warming trend sufficiently
explains the observed temperature records in South Africa, especially over the last

decade.

2 Data

Near-surface daily observational temperature data for the period 1951 to 2019 from 25
stations across South Africa were selected for analysis. The start year of 1951 was
chosen as this was the earliest year for which all of the stations in the study had sufficient
data, i.e. more than 90% of data for every year in the time series. Missing data was not
replaced as any attempt to do this would be unlikely to result in a record value (Rowe

and Derry, 2012). Data sets did not include data for the 29th of February as these



temperatures would need to be compared every 4 years making any identified records
difficult to add to a yearly time series. Consolidating the start of the period between all
stations ensures that the number of records broken in a set year is not affected by
different number of previous years in the time series (Meehl et al., 2009). The 25
stations included 16 interior and 9 coastal stations. The locations of the stations are

presented in Figure 1.
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Figure 1. Locations of the 25 stations used to study the occurrences of temperature records over the
period 1951 —2019.

The station data was quality controlled and any suspicious records were checked either
with the original climate hard copy return or using a graphical interface to check for non-
meteorological spikes or sensor problems. The data was homogenised using the
RHtestsV4 software package (http://etccdi.pacificclimate.org/software.shtml). Details
of the homogenisation methods and procedures are found in the RHtestsV4 user manual

(Zzhang and Yang, 2004).



2.1 Methodologies

The range of analyses attempt to provide insight as to whether and how the warming in
South Africa had an effect on the observed frequency of temperature records. This
includes comparisons of the observed number of records against the expected in a
stationary climate, and whether the observed warming can sufficiently explain the
deviation from the frequencies of the expected in a stationary climate. In addition
possible regional difference in the frequencies in the record-breaking occurrences were
investigated. Established approaches (Franke et al., 2010; Wergen and Krug, 2010; Pan
etal., 2013) to accommodate a warming trend in the estimation of the expected number
of records were considered. Because it has been established that global warming is
accelerating (Li et al., 2021) deviation from expected frequencies of records during the
last decade will be of particular focus. The Mann-Kendall test was used to test for trend
significance at the 5% level. Possible temporal changes in long term warming trends
were established with the t-test, and the results applied to explain the increased
frequencies of daily highest Tmax and Tmin records. Following are the methodologies

discussed in detail:

2.2 Expected frequencies of records in a stationary climate

To determine whether a temperature record was broken, a specific year-day was
compared to all previous days in the same position within the year sequence (e.g. 9 July
with all previous 9 Julys) (Pan et al., 2013). The compared values can be considered to
be independently and identically distributed (i.i.d) (Krug, 2007). This means that days
around a record does not influences the next value in the series as each value is

separated by 365 days (Wergen and Krug, 2010).

Following the above methodology and comparison of values, the first year all stations
broke the particular record being checked every day (365 records per station), the

following year fewer record-breaking events are probable and so on for each



subsequent year. The expected frequency of breaking records should occur at a

predictable probability of

b= (1)

1
n
where n is the length of the time series in years (Wergen and Krug, 2010). Therefore, in
a stationary climate the annual ratio of Tmax and Tmin records would remain near-
constant (Meehl et al., 2009). With every year added to the data series the more unlikely
it becomes to break a record if the climate is stationary, following the probability of 1/n
(Meehl et al., 2016; Arnold et al., 1998). The observed deviations from the expected rate
of new records and the changes in the ratios were therefore examined, to determine

whether the climate records followed a non-stationary rate of probability.

Bootstrapping simulations (1000), which is a form of Monte-Carlo simulations with
replacement, were used to estimate the 95% confidence intervals of the expected

number of records per year.

2.3 Interior and coastal stations

Stations were divided into interior and coastal, to possibly reveal additional insights into
the occurrence of record-breaking statistics. Previous studies on monthly maximum and
minimum temperature trends in South Africa found that coastal stations mostly showed
larger temperature increases when compared to interior stations (Muhlenbruch-Tegen,

1992; Kruger and Shongwe, 2004; MacKellar et al., 2014,).

2.4 Records in a warming climate

To accommodate for a warming trend in the climate, Krug (2007), Wergen and Krug
(2010), Pan et al. (2013) and Wergen et al. (2014) developed and applied a trend term

in the probability estimation of record breaking events:
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where n is the number of years, v= mean temperature trend and o = standard deviation,
1t = pi and e = Euler—Mascheroni constant. The first term 1/n is the theoretical expected
number of records in a stationary climate Equation (1) and the next expression after the
addition sign is defined as the trend term (Wergen and Krug, 2010). When there is no
trend (stationary climate) v = 0. Following the approach of Wergen and Krug (2010), the
expected number of high Tmax and high Tmin records was estimated taking into account
the mean warming trend at each individual station. By way of example Bloemfontein
after 68 years (last year of the record) should record approximately 5 highest Tmax
records in a stationary climate but when taking the warming trend of 0.29°C/decade into

account the expected number of records is 9.

2.5 Temporal change in trend

The Mann-Kendall test was used to test trend significance at the 5% level. To test where
the warming trend is changing over time, the Student’s t-test was used to evaluate the
statistical significance of the differences, at the 5% confidence level, between the linear
trend of the time series for the years prior to and the years after every year. The change
in trend was then used in Equation (2) to compare the probable number of records

between when the trend is considered to be constant or changing over time.

3 Results
3.1 Ratios

The breaking of Tmax and Tmin records in South Africa has not always occurred at the
same frequency throughout the period under investigation. The ratios of high Tmax to
low Tmin records per year (Figure 2), at the start of the study period was approximately
1:1. This ratio however steadily increased in favour of Tmax over the years and since the

1980s show a marked increase in interannual variability. Even though a general



increasing trend is discernible, the ratio is anomalously high in specific years. These are
1999 (5:1), 2005 (5:1), 2016 (8:1) with a maximum of 9:1 in 2019. The trend in ratio of

Tmax to Tmin is statistically significant at the 5% confidence level.
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Figure 2: Annual average ratio of high Tmax to low Tmin records for all stations for the period 1951 to
2019 for the 25 stations analysed.

3.2 Frequencies of records

It is evident that there is a gradual decrease in the number of records per year (Figure
3) due to the fact that it becomes less probable to break previous records as one moves
forward in the time series (following Equation 1). However, in the latter part of the
analysis period, the number of high Tmax (low Tmin) records does not strictly follow the
expected occurrence of records but show an increase (decrease), especially in the last
decade. High Tmax records (dots) exceeded the upper 95% confidence intervals often
since 1983 whereas the low Tmin records (triangles) stays within the 95% confidence
interval, albeit close to the lower end. Interior stations high Tmax records showed a
greater deviation from the expected number of records (Figure 3b) when compared to
those of coastal stations (Figure 3c). The interior stations exceeded the upper
confidence interval for the first time in 1970 but this happened much later (1998) for

coastal stations. Records at interior stations also exceeded the upper 95% confidence
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interval 14 times while coastal stations only three times. The spread of low Tmin records
shows a similar pattern for both interior and coastal stations and these rarely falls
outside the confidence limits. The number of times low minimum records exceeded
those of high maximum records in a given year for interior (coastal stations) was 14 (7).

The last time this happened for interior (coastal) stations was 2000 (1981).
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Figure 3: Yearly total number of high Tmax (dots) and record low Tmin (triangles) records for all stations
(a), interior stations (b) and coastal stations (c). Grey dashed lines are upper and lower 95% confidence
intervals. Solid grey line is the expected number of records in a stationary climate based on the 1/n where
n is the number of years from the start of the time series.

The frequency of the occurrence of high Tmax and high Tmin and low Tmax and low
Tmin records was investigated from 1951 to 2019. The annual sum of records of high
Tmax and high Tmin exceeded the expected number of records from the 1980s to
present for most years (Figure 4). This exceedance of the expected number of records
was similar for high Tmax and high Tmin for most of the period except for the last 4 years
from 2015 (Table 1). For the period 2010-2019 the year with the highest number of

records for high Tmax and high Tmin was 2015, one of the hottest years on record for
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South Africa (Blunden and Arndt, 2016). For the year 2015, the number of high Tmax

records is more than three times what is expected in a stationary climate (Table 1). Low

Tmax and low Tmin records occurred at lower frequency than the expected number of

records in a stationary climate, and toward the end of the period showed a similar

deviation from the expected as with the Tmax but in the opposite direction (Figure 3).

In the last decade, in some years, some stations fail to break even a single low Tmax or

Tmin record.
10000
\
1000 \{\-5 . h .
. R, T
5 B~ et AV
2 e, R, 5 X AS VSV
- e ™ I il
5 100 V.. VY <
W
5=l
T
S 10
T
©
@
¥ 1
£ N TN OMNM OO N0 STNOMO NN N
S N WWmWwwOURNMKNRNO®OROWONONDONOO OO O A oo
= 2322223222223 2222RRRIRRRR
Year
——Number of high TMax records =——Number of low TMin records
Number of low TMax records Number of high TMin records
— Expected number of records ------Upper confidence limits
------ Lower confidence limits

Figure 4. Annual total temperature records for 25 stations over South Africa from 1951 to 2019. Black
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limits.
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Table I. The annual total number of temperature records for all stations in the study over the last decade
(2010 —2019).

Year High Low Tmax | Low High Tmin | Expected
Tmax Tmin
2010 237 106 55 215 152
2011 156 106 98 188 150
2012 254 98 94 248 147
2013 282 105 88 192 145
2014 208 76 78 238 143
2015 494 58 74 331 140
2016 355 52 45 302 138
2017 267 85 96 164 136
2018 285 81 84 260 134
2019 380 51 44 288 132

The last column is the expected number of records in a stationary climate 1/n.

3.3 Records in a warming climate

Focusing on the last 10 years of the study period, the annual average expected number
of records in a stationary climate for a station with data from 1951 is six per year. With
the addition of the warming term presented in Equation (2) the frequency in the number
of expected records is expected to be higher. The normalized warming trend v/o for
both high Tmax and high Tmin, interpolated with the inverse distance weighting
method, show where approximately the greater number of records should occur (Figure
5 a and b). Regions with relatively higher v/o should correspond with those regions
where relatively more record-breaking events occur (Wergen and Krug, 2010). Figure 5
(c and d) shows the expected number of high Tmax and Tmin records by application of
Equation (2). Figure 5 (e and f) presents the observed frequencies of records. The
observed number of high Tmax records (Figure 5e) far exceed the expected estimation
(Figure 5c). Stations over the central parts of the country showed the highest number of
high Tmax records (Figure 5e) with more than double of observed high Tmax records,
compared to what was expected (Figure 5c). Only Musina in the north of the country,
by observing an average of four high Tmax records per year for the period, had less than

the expected number of records.
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Figure 5: The normalized warming trend v/c for high Tmax (a) and high Tmin (b). Spatial distribution of
the annual average number of expected high Tmax (c) and high Tmin (d) records with warming considered
for period 2010 to 2019. The annual average number of observed high Tmax (e) and high Tmin (f) records
for period 2010 to 2019. Inverse distance weighting was used as the interpolation method.

The expected number of high Tmin records (Figure 5d) showed a different spatial
pattern than high Tmax. George and Bloemfontein, on the south coast and central
interior respectively, were expected to record less than an average of six Tmin records
per year for the period 2010 to 2019, due to their negative warming trend for Tmin of -
0.06°C/decade and -0.12°C/decade respectively. All other stations had positive warming
trend for their Tmin and were expected to have more than six records per year. Eight
stations recorded less than six high Tmin records per year for the period (Figure 5f). The

rest of the stations all reported more than the average 6 high Tmin records per year. The
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stations recording the highest Tmin records were not confined to one region but were
reported by stations distributed across the country, e.g. Kimberley, Johannesburg,
Pretoria and Mount Edgecombe (Figure 5f). These stations showed observed high Tmin

records more than double the expected.

3.4 Acceleration of warming trend

The breaking of more high Tmax and high Tmin records is to be expected in a warming
climate. However in this study, the frequency in occurrence of these records did not
show a steady increase above the expected but rather showed periods where relatively
high numbers were recorded, followed by periods with less than expected records.
Towards the end of the analysis period (2012 to 2019) Tmax records showed an upward
trend in the number of records being recorded, compared to the expected number of
records considering the mean warming trend, as can be observed in Figure 4. The
Student’s t-test for the difference in means before and after every year in the period
from 1951 to 2019 was done to investigate if there were abrupt changes in the mean.
Abrupt changes from a decrease to an increase in the absolute value of the t-test
indicate abrupt changes in the trend before and after the specific year. The highest
absolute value of the test indicates the year at which the mean before and after a
specific year is the most significant. For annual average Tmax this occurred around 1997
and for Tmin around 1982. Kruger and Shongwe (2004) also found an abrupt change in
trend in the early 1980s, since when an acceleration in the mean warming trend in South
Africa was observed. Other years of abrupt changes for Tmax in this study are 1981,
1991, 2001, 2012 and 2014 as shown in Figure 6 (a) (open circles), and for Tmin the years
1956, 1990, 1997, 2008 and 2013 (Figure 6b).
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Figure 6: T-test result of the difference in average mean temperature before and after the specific year in
the time series for Tmax (a) and Tmin (b). Tmax (c) and Tmin (d) show the linear trend over a 30-year
window centred on the specific year. Average number of high Tmax (e) and high Tmin (f) records for all
stations per year for analysis period — black line, the grey dotted line is the expected number of records
in a non-stationary climate (warming considered). The open circles show abrupt changes in the mean
temperature (a and b), changes in mean trend (c and d) and these changes occur a year before peaks in
records (e and f).

The 30-year annual mean Tmax and Tmin temperature trends for all stations was
calculated (Figure 6 (c and d)). The Mann-Kendall test found the trend for mean
temperatures to be significance at the 5% level. The trends are not constant for the
whole period. For Tmax (Tmin) the average trend for the period 1951 — 1980 is
0.09°C/decade (0.10°C/decade) while for the period 1990 — present is 0.33°C/decade
(0.19°C/decade). Abrupt changes in the mean (Fig. 6a and b) corresponds to years where

abrupt changes in the temperature trend occurred. In the following year, after the
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abrupt change, the number of records are higher than the general trend in the frequency
of the occurrence of these records, as presented in Figure 6 (e and f) for Tmax and Tmin
respectively. These abrupt changes, i.e. increases, in the mean and temperature trend
is the cause for the number of records of both high Tmax and high Tmin to occur beyond

the expected frequency taking into account the average warming trend.
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Figure 7: The expected annual average number of records over the previous decade in the case of no
trend (blue line), constant warming trend of 0.20°C/decade (orange line) and the variable warming
trend with the trend over the latest decade 0.34°C/decade (grey line). The dotted lines show the
extrapolated values for each line up to the year 2040.

To investigate whether the acceleration in trend can explain the anomalously large
numbers of Tmax records over the last decade, the trend v in Equation 2 was adjusted
for each decade according to the average trend over the previous 30 years. Figure 7
presents the expected annual average number of records over the previous decade in
the case of no trend, constant warming trend of 0.20°C/decade and the variable

warming trend with the trend over the latest decade 0.34°C/decade. The observed
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annual average number of records over the previous is also shown. It can be seen that
the observed records over the last decade (2010 — 2019) coincide most closely with the
variable warming trend line. Therefore the increased warming rate explains the recent

relatively high number of high Tmax records better than if constant warming is assumed.

4 Summary and discussion of results

The occurance of high Tmax, low Tmin, high Tmin and low Tmax records for a selected
number of stations for the period of 1951-2019 across South Africa were analysed. This
study is the first in South Africa that focus on record-breaking events, rather than trends
in the mean temperature or extreme temperature indices. This analysis was based on
in situ climatic data rather than model data as model data are not always able to

simulate extreme events effectively (Choi et al., 2009).

4.1 Ratios

The ratio of high Tmax versus low Tmin records was the expected 1:1 in 1951 but
increased to a record 9:1 in 2019, the last year of the analysis period. This shows that
recently record high temperatures occurred much more frequently than record lows.
Researchers such as Meehl et al. (2009) and Trewin and Vermont (2010) found in their
studies of record-breaking events in USA and Australia that record highs were declining
less slowly then record lows. The ratios in the USA and Australia were below 1:1 around
the 1960 with this ratio increased to around 2:1 in late 1990 to early 2000. Similar
findings were found in this study as during the first decade (1951-1960) South Africa’s
ratio was 1.2:1 and during the period 1997 to 2009 averaged 2.4:1. The ratio values
found in this study show that high Tmax records were increasing at a higher rate towards
the end of the study period than what USA and Australia studies found, which only
considered the years up to 2006 and 2009 respectively. Studies in Europe for the period
1951 to 2013 showed similar high ratios in favour of high Tmax from the 1990s (Beniston,
2015), comparable to the South African results. In a study over a period of 1880-2010

(Coumou et al., 2013) found a fivefold increase in the number of high records globally
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while studying monthly mean values. This seem to suggest that high ratios in favour of
maximum temperatures are rapidly increasing due to the increase in number of high

Tmax records, rather than just a reduction in low Tmin records.

4.2 Occurrence of records

This study found that there was a different spatial pattern in the occurrence of the
number Tmax and Tmin records. Stations that records the highest occurrence of Tmax
records don’t necessarily record the highest number of Tmin records. For high Tmax
records the largest exceedances of observed vs. expected number of records were
recorded by stations over the central parts of the country (Kimberley, Glen College and
Bloemfontein). For high Tmin records the spatial distribution of stations where the
largest exceedances of observed vs. expected records was not confined to one region
but was more widely distributed (Kimberley, Johannesburg, Pretoria and Mount
Edgecombe). Research by Driver and Reason (2017) show how the stronger than average
Botswana High can be associated with an increased subsidence and reduced cloud cover
leading to dry summers and above average day time temperature over most of southern
Africa. While Mahlobo et al. (2019) has also noted a decreasing cloud cover and
increasing sunshine or solar radiation due to the strengthening of the Hadley cell. These
finding can be associated with the expected number of Tmax records as observed in the

regions.

4.3 Interior and coastal stations

When comparing the interior and coastal stations, coastal stations are not showing as
high ratios in favor of high Tmax records as interior stations and this could be due to the
role the ocean plays in regulation of temperature (Newell, 1979; Lambert and Chiang,
2007). In the last ten years of this study period Cape Town and Cape Agulhas observed
fewer average number of Tmax records per year than expected when considering their

warming trend. For Tmin records the coastal stations recording less than expected
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records were East London, George and Cape Columbine. These differences in the
occurrence of records between interior and coastal stations will require further
investigation if South Africa wants to formulate its climate change response strategy into
local planning regimes as stated in its National Climate Change Response Green Paper

(DEA, 2011).

4.4 Acceleration of warming trend

This study shows that the number of high Tmax records and some high Tmin records
have increased above what is expected even when the mean warming trend per station
is considered. The increase in the number of records in recent years is due to the increase
in the long term climatic warming trend. This increase in trend is nonlinear and concurs

with studies by Trewin and Vermont (2010) in Australia and Pan et al. (2013) for China.

The change in the warming trend was to some extent able to predict the occurrence of
temperature records. This agrees with studies by Wergen and Krug (2010) in their
analysis of temperature records in central Europe. The increase in warming implies that
a stabilization of the expected number of records will occur later in the future than is the
case where near-constant warming (the same as over the analysis period) is assumed.
Figure 7 presents an extrapolation of the increase in warming and an assumed constant
warming trend. It is shown that by 2040 the difference between the expected records
with accelerated warming is on average about four more per year (13 vs. 9) while
currently it is about two per year (12 vs. 10). The expected increase in Tmax records into
the future also agrees with studies that show that temperature trends over South Africa
are likely to increase (Engelbrecht et al., 2015; Kruger et al., 2019). Extended period of
high temperature by way of heat wave have also be projected to increase over South
Africa (Russo et al., 2014; Engelbrecht et al., 2015; Russo et al., 2016; Perkins-Kirkpatrick
and Gibson, 2017; Mbokodo et al., 2020), which will likely increase the occurrence of
record-breaking temperatures. The mechanisms for driving the occurrence of record-
breaking heat extremes and heat waves have been cited in the literature as El Nifo,

blocking high pressure systems and soil-moisture feedbacks (Coumou et al., 2013;
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Perkins, 2015). Particularly, over Southern Africa, the strengthening of the subtropical
high pressure belt is likely to play a role (Engelbrecht et al., 2015), in that the subsiding

branch of the circulation system is associated with clear skies and adiabatic warming.

The occurrence of record-breaking temperature extremes has different ramifications
due to their spatial location. For high Tmax records the exceedances occurred over
regions which are important to South Africa agriculturally (Mbiriri, 2018). This is of
concern as extreme temperature events can have disastrous effects on agriculture
(Mearns et al., 1984). Shew et. al. (2020) showed that wheat yield losses were linked to
heat extremes in South Africa. Maize yields, a stable crop for many South Africans, were
also likely to decrease in yields as a result of the number of days where temperatures
are great than 30 °C (Mangani et al., 2019). There is further concern in terms of the
spread of pests and pathogens in a warming climate which will add to the crop losses
(Mafongoya et. al. 2019). South Africa also has a rich biodiversity and changes in
temperature can change the vegetation structure of biomes where woody vegetation
encroachers grasslands due to increases in temperature and CO? (Ziervogel et al., 2014;
Engelbrecht and Engelbrecht, 2016). The increased above expected number of high
Tmin temperatures occurred over highly populated areas such as Johannesburg and
Pretoria. These high temperatures can cause heat-related illnesses which put certain
sectors of the population such as the elderly, very young and people with certain pre-
existing medical conditions, especially those without access to air conditioning, at risk
(Luber and McGeehin, 2008). This is further exacerbated by the fact that many in South
Africa live in informally constructed homes which result in highly fluctuating
temperatures with indoor temperatures being between 4 to 5 °C warmer than outdoor
temperatures (Maller and Strengers, 2011). This is a concern as research in South African
major cities found that a 1°C increase in daily ambient apparent temperature resulted in
a 0.9% increase in the mortality rate (Wichmann, 2017). These are just some
consequences of an increase in temperature for South Africa but many more related to
a wide range of social, economic and developmental aspects are possible (Ziervogel et

al., 2014).
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With Africa projected annual-average temperature to increase by 1.5 times the global
rate (Engelbrecht et al., 2015) adaptation could prove to be increasingly difficult
especially if the warming trend is nonlinear rather just a monotone altered mean
condition (Rahmstorf and Coumou, 2011). There will be even more stress on the more
vulnable sectors of society who are more susceptible to change, suffer greater costs, and
have less capacity to take mitigating action compared to those with access to resources
(Mirza, 2003). With this in mind policymakers, governmental departments, none profit
oganizaion (NGO), disaster managers, farmers and developers of infrastructure to name
a few will need to understand the consequences and risks of the increased frequency of
record-breaking temperature events in order that their response strategies are more
meaningful. This also means that any international investment and/or donor funding
need to be more focused on creating adaptive capacity rather than just responding to
certain disasters (Mirza, 2003). With the impacts of climate change with respect to
increases in extremes being substantiated by observations, adaptation measures to

expect climate extremes should become more focused.

Reference list

Abatzoglou, J. T. and Barbero, R. (2014) Observed and projected changes in
absolute temperature records across the contiguous United States. Geophysical
Research Letters, 41(18), 6501-6508. doi: 10.1002/2014gl061441.

Anderson, A. and Kostinski, A. (2010) Reversible Record Breaking and Variability:
Temperature Distributions across the Globe. Journal of Applied Meteorology and
Climatology, 49(8), 1681-1691. doi: 10.1175/2010jamc2407.1.

Arnold, B., Balakrishnan, N. and Nagaraja, H. (1998) Records New York, NY, USA.
John Wiley&Sons.

Benestad, R. (2004) Record-values, nonstationarity tests and extreme value
distributions. Global and Planetary Change, 44(1-4), 11-26. doi:
10.1016/j.gloplacha.2004.06.002.

Beniston, M. (2015) Ratios of record high to record low temperatures in Europe
exhibit sharp increases since 2000 despite a slowdown in the rise of mean

22



temperatures. Climatic Change, 129(1-2), 225-237. doi: 10.1007/s10584-015-1325-
2.

Blunden, J. and Arndt, D. S. (2016) State of the Climate in 2015. Bulletin of the
American Meteorological Society, 97(8), 193-194. doi:
10.1175/2016bamsstateoftheclimate.1.

Blunden, J. and Arndt, D. S. (2020) State of the Climate in 2019. Bulletin of the
American Meteorological Society, 101(8), S357. doi: 10.1175/2020BAMS
StateoftheClimate.

Brown, S., Caesar, J. and Ferro, C. A. (2008) Global changes in extreme daily
temperature since 1950. Journal of Geophysical Research: Atmospheres, 113(D5), 1-
11. doi: 10.1029/2006jd008091.

Brulle, R. J., Carmichael, J. and Jenkins, J. C. (2012) Shifting public opinion on climate
change: an empirical assessment of factors influencing concern over climate change
in the U.S., 2002-2010. Climatic Change, 114(2), 169-188. doi: 10.1007/s10584-012-
0403-y.

Choi, G., Collins, D., Ren, G., Trewin, B., Baldi, M., Fukuda, Y., Afzaal, M., Pianmana,
T., Gomboluudev, P., Huong, P. T. T., Lias, N., Kwon, W.-T., Boo, K.-O., Cha, Y.-M.
and Zhou, Y. (2009) Changes in means and extreme events of temperature and
precipitation in the Asia-Pacific Network region, 1955-2007. International Journal of
Climatology, 29(13), 1906-1925. doi: 10.1002/joc.1979.

Collins, J. M. (2011) Temperature variability over Africa. Journal of Climate, 24(14),
3649-3666. doi: https://doi.org/10.1175/2011JCLI3753.1.

Coumou, D., Robinson, A. and Rahmstorf, S. (2013) Global increase in record-
breaking monthly-mean temperatures. Climatic Change, 118(3-4), 771-782. doi:
10.1007/s10584-012-0668-1.

Department of Environmental Affairs (2011) National Climate Change Response
Green Paper. http://www.climateresponse.co.za/
home/gp/toc. Accessed on:19 January 2021.

Deng, H., Liu, C,, Lu, Y., He, D. and Tian, H. (2018) Changes in record-breaking
temperature events in China and projections for the future. Theoretical and Applied
Climatology, 133, 307-318. doi: https://doi.org/10.1007/s00704-017-2149-y.

Donat, M., Alexander, L., Yang, H., Durre, |, Vose, R., Dunn, R., Willett, K., Aguilar,

E., Brunet, M. and Caesar, J. (2013) Updated analyses of temperature and
precipitation extreme indices since the beginning of the twentieth century: The

23



HadEX2 dataset. Journal of Geophysical Research: Atmospheres, 118(5), 2098-2118.
doi: 10.1002/jgrd.50150.

Driver, P. and Reason, C. J. C. (2017) Variability in the Botswana High and its
relationships with rainfall and temperature characteristics over southern Africa.
International Journal of Climatology, 37, 570-581. doi: 10.1002/joc.5022.

Easterling, D. R., Kunkel, K. E., Wehner, M. F. and Sun, L. (2016) Detection and
attribution of climate extremes in the observed record. Weather and Climate
Extremes, 11, 17-27. doi: 10.1016/j.wace.2016.01.001.

Elguindi, N., Rauscher, S. A. and Giorgi, F. (2013) Historical and future changes in
maximum and minimum temperature records over Europe. Climatic Change, 117,
415-431. doi: https://doi.org/10.1007/s10584-012-0528-z.

Engelbrecht, F., Adegoke, J., Bopape, M.-J., Naidoo, M., Garland, R., Thatcher, M.,
McGregor, J., Katzfey, J., Werner, M., Ichoku, C. and Gatebe, C. (2015) Projections of
rapidly rising surface temperatures over Africa under low mitigation. Environmental
Research Letters, 10. doi: 10.1088/1748-9326/10.

Engelbrecht, C. J. and Engelbrecht, F. A. (2016) Shifts in Kbppen-Geiger climate
zones over southern Africa in relation to key global temperature goals. Theoretical
and Applied Climatology, 123(1-2), 247-261. doi: 10.1007/s00704-014-1354-1.

Field, C. B., Barros, V., Stocker, T. F. and Dahe, Q. (2012) Managing the risks of
extreme events and disasters to advance climate change adaptation: special report
of the intergovernmental panel on climate change. Cambridge University Press.

Finkel, J. and Katz, J. (2018) Changing world extreme temperature statistics.
International Journal of Climatology, 38(5), 2613-2617. doi: 10.1002/joc.5342.

Fischer, E. M. and Knutti, R. (2015) Anthropogenic contribution to global
occurrence of heavy-precipitation and high-temperature extremes. Nature Climate
Change, 5(6), 560-564. doi: 10.1038/nclimate2617.

Franke, J., Wergen, G. and Krug, J. (2010) Records and sequences of records from
random variables with a linear trend. Journal of Statistical Mechanics: Theory and
Experiment, 2010(10), P10013. doi: 10.1088/1742-5468/2010/10/P10013.

Hayek, A., Khraibani, D., Tabaja, N., Andaloussi, S. A., Toufaily, J., Garnier-Zarli, E.
and Hamieh, T. (2020) Analysis of the extreme and records values for temperature
and precipitation in Lebanon. Communications in Statistics: Case Studies, Data
Analysis and Applications 6(4: 5th Statistical Methods and Data Analysis
International Conference), 411-428. doi:
https://doi.org/10.1080/23737484.2020.1765899.

24



IPCC. (2019) Global Warming of 1.5C—SR15. Available at:
https://www.ipcc.ch/sr15/chapter/spm/ [Accessed 2 May 2021].

Karl, T. R. (2003) Modern Global Climate Change. Science, 302(5651), 1719-1723.
doi: 10.1126/science.1090228.

Krug, J. (2007) Records in a changing world. Journal of Statistical Mechanics: Theory
and Experiment, 2007(07), P0O7001. doi: https://doi.org/10.1088/1742-
5468/2007/07/P07001.

Kruger, A. C. and Nxumalo, M. (2017) Surface temperature trends from
homogenized time series in South Africa: 1931-2015. International Journal of
Climatology, 37(5), 2364-2377. doi: https://doi.org/10.1002/joc.4851.

Kruger, A. C., Rautenbach, H., Mbatha, S., Ngwenya, S. and Makgoale, T. E. (2019)
Historical and projected trends in near-surface temperature indices for 22 locations
in South Africa. South African Journal of Science, 115(5-6), 1-9. doi:
http://dx.doi.org/10.17159/sajs.2019/4846.

Kruger, A. C. and Shongwe, S. (2004) Temperature trends in South Africa: 1960—
2003. International Journal of Climatology: A Journal of the Royal Meteorological
Society, 24(15), 1929-1945. doi: https://doi.org/10.1002/joc.1096.

Lambert, F. H. and Chiang, J. C. (2007) Control of land-ocean temperature contrast
by ocean heat uptake. Geophysical Research Letters, 34(13), 1-4. doi:
https://doi.org/10.1029/2007GL029755.

Lennard, C. J., Nikulin, G., Dosio, A. and Moufouma-Okia, W. (2018) On the need for
regional climate information over Africa under varying levels of global warming.
Environmental Research Letters, 13(6), 060401. doi: 10.1088/1748-9326/aab2b4.

Li, Q., Sun, W,, Yun, X., Huang, B., Dong, W., Wang, X. L., Zhai, P. and Jones, P.
(2021) An updated evaluation of the global mean land surface air temperature and
surface temperature trends based on CLSAT and CMST. Climate Dynamics. doi:
10.1007/s00382-020-05502-0.

Luber, G. and McGeehin, M. (2008) Climate Change and Extreme Heat Events.
American Journal of Preventive Medicine, 35(5), 429-435. doi:
10.1016/j.amepre.2008.08.021.

MacKellar, N., New, M. and Jack, C. (2014) Observed and modelled trends in rainfall

and temperature for South Africa: 1960-2010. South African Journal of Science,
110(7-8), 1-13. doi: 10.1590/sajs.2014/20130353.

25



Mafongoya P., Gubba A., Moodley V., Chapoto D., Kisten L., Phophi M. (2019)
Climate Change and Rapidly Evolving Pests and Diseases in Southern Africa. In: Ayuk
E., Unuigbe N. (eds) New Frontiers in Natural Resources Management in Africa.
Natural Resource Management and Policy, vol 53. Springer, Cham.
https://doi.org/10.1007/978-3-030-11857-0_4.

Maller, C. J. and Strengers, Y. (2011) Housing, heat stress and health in a changing
climate: promoting the adaptive capacity of vulnerable households, a suggested
way forward. Health Promotion International, 26(4), 492-498. doi:
10.1093/heapro/dar003.

Mangani, R., Tesfamariam, E. H., Engelbrecht, C. J., Bellocchi, G., Hassen, A. and
Mangani, T. (2019) Potential impacts of extreme weather events in main maize (Zea
mays L.) producing areas of South Africa under rainfed conditions. Regional
Environmental Change, 19(5), 1441-1452. doi: 10.1007/s10113-019-01486-8.

Mbiriri, M. (2018) Impacts of surface air temperature variability on agricultural
droughts of southern Africa: the case of the Free State Province, South Africa. Ph.D
Ph.D Geography, University of the Free State.

Mbokodo, I., Bopape, M.-J., Chikoore, H., Engelbrecht, F. and Nethengwe, N. (2020)
Heatwaves in the Future Warmer Climate of South Africa. Atmosphere, 11(7), 712.
doi: 10.3390/atmos11070712.

Mearns, L. O., Katz, R. W. and Schneider, S. H. (1984) Extreme High-Temperature
Events: Changes in their probabilities with Changes in Mean Temperature. Journal
of Climate and Applied Meteorology, 23(12), 1601-1613. doi: 10.1175/1520-
0450(1984)023<1601:ehteci>2.0.co;2.

Meehl, G. A., Karl, T., Easterling, D. R., Changnon, S., Pielke, R., Changnon, D., Evans,
J., Groisman, P. Y., Knutson, T. R., Kunkel, K. E., Mearns, L. O., Parmesan, C.,
Pulwarty, R., Root, T., Sylves, R. T., Whetton, P. and Zwiers, F. (2000) An
Introduction to Trends in Extreme Weather and Climate Events: Observations,
Socioeconomic Impacts, Terrestrial Ecological Impacts, and Model Projections.
Bulletin of the American Meteorological Society, 81(3), 413-416. doi: 10.1175/1520-
0477(2000)081<0413:aittie>2.3.co;2.

Meehl, G. A., Tebaldi, C. and Adams-Smith, D. (2016) US daily temperature records
past, present, and future. Proceedings of the National Academy of Sciences,
113(49), 13977-13982. doi: https://doi.org/10.1073/pnas.1606117113.

Meehl, G. A., Tebaldi, C., Walton, G., Easterling, D. and McDaniel, L. (2009) Relative
increase of record high maximum temperatures compared to record low minimum
temperatures in the US. Geophysical Research Letters, 36(23), 1-5. doi:
https://doi.org/10.1029/2009GL040736.

26



Mirza, M. M. Q. (2003) Climate change and extreme weather events: can
developing countries adapt? Climate Policy, 3(3), 233-248. doi:
10.3763/cpol.2003.0330.

Mbokodo, I., Bopape, M.-J., Chikoore, H., Engelbrecht, F. and Nethengwe, N. (2020)
Heatwaves in the Future Warmer Climate of South Africa. Atmosphere, 11(7), 712.
doi: 10.3390/atmos11070712.

Muhlenbruch-Tegen, A. (1992) Long-term surface temperature variations in South
Africa. South African Journal of Science, 88, 197-205. doi: CLA-92-100942; EDB-92-
151868.

Newell, R. E. (1979) Climate and the ocean: Measurements of changes in sea-
surface temperature should permit us to forecast certain climatic changes several
months ahead. American Scientist, 67(4), 405-416. doi:
https://www.jstor.org/stable/27849329.

Omondi, P. A. O., Awange, J. L., Forootan, E., Ogallo, L. A., Barakiza, R., Girmaw, G.
B., Fesseha, I., Kululetera, V., Kilembe, C., Mbati, M. M., Kilavi, M., King'Uyu, S. M.,
Omeny, P. A., Njogu, A., Badr, E. M., Musa, T. A., Muchiri, P., Bamanya, D. and
Komutunga, E. (2014) Changes in temperature and precipitation extremes over the
Greater Horn of Africa region from 1961 to 2010. International Journal of
Climatology, 34(4), 1262-1277. doi: 10.1002/joc.3763.

Otto, F. (2019) Attribution of extreme weather events: how does climate change
affect weather? Weather, 74(9), 325-326. doi: 10.1002/wea.3610.

Pan, Z., Wan, B. and Gao, Z. (2013) Asymmetric and heterogeneous frequency of
high and low record-breaking temperatures in China as an indication of warming
climate becoming more extreme. Journal of Geophysical Research: Atmospheres,
118(12), 6152-6164. doi: 10.1002/jgrd.50467.

Papalexiou, S. M., Aghakouchak, A., Trenberth, K. E. and Foufoula-Georgiou, E.
(2018) Global, Regional, and Megacity Trends in the Highest Temperature of the
Year: Diagnostics and Evidence for Accelerating Trends. Earth's Future, 6(1), 71-79.
doi: 10.1002/2017ef000709.

Parey, S., Malek, F., Laurent, C. and Dacunha-Castelle, D. (2007) Trends and climate
evolution: Statistical approach for very high temperatures in France. Climatic
Change, 81(3-4), 331-352. doi: 10.1007/s10584-006-9116-4.

Perkins, S. E. (2015) A review on the scientific understanding of heatwaves—Their

measurement, driving mechanisms, and changes at the global scale. Atmospheric
Research, 164-165, 242-267. doi: 10.1016/j.atmosres.2015.05.014.

27



Perkins-Kirkpatrick, S. E. and Gibson, P. B. (2017) Changes in regional heatwave
characteristics as a function of increasing global temperature. Scientific reports,
7(1). doi: 10.1038/s41598-017-12520-2.

Poudel, A., Cuo, L., Ding, J. and Gyawali, A. R. (2020) Spatio-temporal variability of
the annual and monthly extreme temperature indices in Nepal. International
Journal of Climatology, 40(11), 4956-4977. doi: https://doi.org/10.1002/joc.6499.

Rahmstorf, S. and Coumou, D. (2011) Increase of extreme events in a warming
world. Proceedings of the National Academy of Sciences, 108(44), 17905-17909.
doi: 10.1073/pnas.1101766108.

Rowe, C. M. and Derry, L. E. (2012) Trends in record-breaking temperatures for the
conterminous United States. Geophysical Research Letters, 39(16), 1-7. doi:
10.1029/2012gl052775.

Russo, S., Dosio, A., Graversen, R. G., Sillmann, J., Carrao, H., Dunbar, M. B.,
Singleton, A., Montagna, P., Barbola, P. and Vogt, J. V. (2014) Magnitude of extreme
heat waves in present climate and their projection in a warming world. Journal of
Geophysical Research: Atmospheres, 119(22), 12,500-512,512. doi:
10.1002/2014jd022098.

Russo, S., Marchese, A. F., Sillmann, J. and Immé, G. (2016) When will unusual heat
waves become normal in a warming Africa? Environmental Research Letters, 11(5).
doi: 10.1088/1748-9326/11.

Seneviratne, S. |., Donat, M. G., Mueller, B. and Alexander, L. V. (2014) No pause in
the increase of hot temperature extremes. Nature Climate Change, 4(3), 161-163.
doi: https://doi.org/10.1038/nclimate2145.

Shew, A. M., Tack, J. B., Nalley, L. L. and Chaminuka, P. (2020) Yield reduction under
climate warming varies among wheat cultivars in South Africa. Nature
Communications, 11(1). doi: 10.1038/s41467-020-18317-8.

Stephenson, D. B., Diaz, H. and Murnane, R. (2008) Definition, diagnosis, and origin
of extreme weather and climate events. Climate Extremes and Society, 340, 11-23.

Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M. M., Allen, S. K., Boschung, J.,
Nauels, A., Xia, Y., Bex, V. and Midgley, P. M. 2014. Climate change 2013: the
physical science basis. Contribution of working group | to the fifth assessment
report of IPCC the intergovernmental panel on climate change. Cambridge
University Press.

28



Stott, P. (2016) How climate change affects extreme weather events. Science,
352(6293), 1517-1518. doi: 10.1126/science.aaf7271.

Tamarin-Brodsky, T., Hodges, K., Hoskins, B. J. and Shepherd, T. G. (2020) Changes
in Northern Hemisphere temperature variability shaped by regional warming
patterns. Nature Geoscience, 13(6), 414-421. doi: 10.1038/s41561-020-0576-3.

Trewin, B. and Vermont, H. (2010) Changes in the frequency of record temperatures
in Australia, 1957-2009. Aust Meteorol Oceanogr J, 60, 113-119.

Van Der Walt, A. J. and Fitchett, J. M. (2021) Exploring extreme warm temperature
trends in South Africa: 1960-2016. Theoretical and Applied Climatology. doi:
10.1007/s00704-020-03479-8.

Van Wesenbeeck, C. F. A, Sonneveld, B. G. J. S. and Voortman, R. L. (2016)
Localization and characterization of populations vulnerable to climate change: Two
case studies in Sub-Saharan Africa. Applied Geography, 66, 81-91. doi:
10.1016/j.apgeog.2015.11.001.

Wergen, G., Hense, A. and Krug, J. (2014) Record occurrence and record values in
daily and monthly temperatures. Climate Dynamics, 42(5-6), 1275-1289. doi:
10.1007/s00382-013-1693-0.

Wergen, G. and Krug, J. (2010) Record-breaking temperatures reveal a warming
climate. EPL (Europhysics Letters), 92(3), 30008. doi: 10.1209/0295-5075/92/30008.

Wichmann, J. (2017) Heat effects of ambient apparent temperature on all-cause
mortality in Cape Town, Durban and Johannesburg, South Africa: 2006—2010.
Science of The Total Environment, 587-588, 266-272. doi:
10.1016/j.scitotenv.2017.02.135.

Zhang, X. and Yang, F. 2004. RClimDex (1.0) user manual. Climate Research Branch
Environment Canada.

Zhong-Hua, Q., Jing-Guo, H., Guo-Lin, F. and Yong-Zhong, C. (2012) Characteristics of
the spatiotemporal distribution of daily extreme temperature events in China:
Minimum temperature records in different climate states against the background of
the most probable temperature. Chinese Physics B, 21(10).

Ziervogel, G., New, M., Archer Van Garderen, E., Midgley, G., Taylor, A., Hamann, R.,
Stuart-Hill, S., Myers, J. and Warburton, M. (2014) Climate change impacts and
adaptation in South Africa. Wiley Interdisciplinary Reviews: Climate Change, 5(5),
605-620. doi: 10.1002/wcc.295.

29



Zwiers, F. W., Alexander, L. V., Hegerl, G. C., Knutson, T. R., Kossin, J. P., Naveau, P.,
Nicholls, N., Schér, C., Seneviratne, S. I. and Zhang, X. (2013) 'Climate Extremes:
Challenges in Estimating and Understanding Recent Changes in the Frequency and
Intensity of Extreme Climate and Weather Events': In: Asrar G., Hurrell J. (eds)
Climate Science for Serving Society. Springer, Dordrecht, pp. 339-389.
https://doi.org/10.1007/978-94-007-6692-1 13.

30



