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Abstract: Several studies have indicated that the social, economic and other impacts of global
warming can be linked with changes in the frequency and intensity of extreme weather/climate
events. Developing countries, particularly in the African region, are highly affected by extreme
events such as high temperature, usually followed/accompanied by drought. Therefore, studying
the probability of occurrence and return period of extreme temperatures, and possible change in
these parameters, is of high importance for climate-related policy making and preparedness works
in the region. This study aims to address these issues by assessing probability of exceedance and
return period of extremes in annual maximum and annual mean temperatures. The analyses of
historical data in this study showed that extremes in both annual maximum and mean temperature
are highly likely to be exceeded more often in the future compared to the past. For the extreme event
marker (threshold) defined in this study, probability of 3 exceedances in the following 19 years (for
instance), at any gridpoint, is estimated to be at least 10% for extremes in annual maxima and at
least 15% for those in annual means. Most places in the region, however, have much higher (up
to 20%) probability of exceedance. The estimated probability of exceedance has shown increasing
tendency with time. Return period, based on the most recent data, of extremes in annual maximum
temperature is found to be less than 6.5 years at about 48% of the gridpoints in the region. Similarly,
return period of extremes in annual mean temperature is estimated to be less than 5.5 years at about
82% of places in the region. These estimates have also shown a strong tendency of getting shorter
as time goes on. On average, extremes in annual mean temperature were found to have shorter
return periods (4–7 years) compared to those in annual maximum temperature (6–10 years), at 95%
confidence. The empirical results presented in this study are generally in agreement with IPCC’s
projections of increased warming trend. This data-driven, robust method is used in the present study
and the results can also be considered as an alternative approach for detecting changes in climate via
estimating and assessing possible changes in frequency of extreme events with time.

Keywords: extreme; temperature; exceedance probability; return period; Africa; time series

1. Introduction

Climate extreme is the occurrence of a value of a weather or climate variable above (or
below) a threshold value near the upper (or lower) ends of the range of observed values of
the variable [1] (p. 5). Commonly, an event is considered “rare” if it falls in the 10th or 90th
percentile of the observed probability density function [2,3] and [4] (p. 275).

Several studies (e.g., [5–10]) have indicated that the social and economic costs associ-
ated with global warming could be measured in terms of changes in the frequency and
intensity of extreme events. Relatively, the burden of such cost is heavier on the developing
countries, as they do not have strong capacity for climate change adaptation. Therefore,
developing countries are more vulnerable to extremes of normal climatic variability, since
climate change is likely to increase the frequency and magnitude of some extreme weather
events and disasters [11–13] and [14] (chap. 22).
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IPCC [15] (pp. 7–73) projected, with medium to high confidence, that climate-related
extreme events have multidimensional impacts globally, and on the African region in
particular. These include: increases in droughts, floods, stress on water resources, food
security, human health, and infrastructure; and sea level rise that would in turn affect
coastal settlements and the like. Evidence-based planning and preparedness can minimize
damages caused by such events. Among such evidences are identifying quantified esti-
mates of probability of occurrence and quantifying the average length of time takes for such
events to happen again. Therefore, it would be of high importance to assess likelihoods of
the occurrence of extreme climate events and their return periods using data-driven robust
methods that we used in this study. This, in turn, can support preparedness for and to
improve the management strategies of risks associated with such extreme events.

Extreme temperature is one of the most common climate-related challenges in the
African region. Most of the studies on extreme temperatures are based on daily maxima and
minimums (e.g., [2,16–20]). However, extremes can occur/exist at any timescale depending
on its use. Studying monthly, seasonal and annual extremes in temperature would be
helpful, particularly for agrarian regions like the African region. In addition to extremes in
annual maximum temperature, we also consider extremes in annual mean temperatures
in this study, since they have longer duration covering the periods of seed preparation
and crop growing seasons. Quantitative study of reoccurrence of such events can support
informed planning. Therefore, the aim in this study is to assess exceedance chances and
return periods of extremes in annual maxima of monthly maximum temperatures (hereafter
annual maxima) and annual mean temperatures, and also to examine if there is change in
frequency of such extremes with time over this region. That is, the main objective of this
paper is to study exceedance probability and return period (and changes therein with time)
of extremes using robust data-driven methods which do not heavily depend on geophysical
assumptions. Thus, detailed physical/climatological interpretation of the results is not the
intention of this study.

To address these objectives, data analyses were carried-out using training data at
different time segments, long enough to minimize estimation errors caused by small
sample size. In the following sections, we present methods and data used in this study
(Section 2), results and discussion (Section 3), and summary of the study (Section 4).

2. Data and Methods
2.1. The Data

Two variables, namely the monthly maximum temperature and monthly mean tem-
perature, from dataset produced by Climate Research Unit (CRU) at the University of
East Anglia [21], version 4.04, were used in this study. This dataset has 0.5 degree spatial
resolution, covering the period of 1901–2019. The data for African region are extracted from
this global dataset. With the aim of exhaustively including all places within the African
continent, data used in this study covers the land areas across 17.75° W–52.25° E and
40.25° S–40.25° N. This may include few parts of southern Europe and Middle East, as
shown in the map of the study area (see Figure 1). That is why the title of, and results in,
this article refer to the “African region” instead of the African continent.

Annual maximum and annual mean temperature time series are then obtained/
calculated from the original monthly data. This is done by (i) selecting a month with
highest monthly maxima for each year to obtain the time series of annual maxima (TS1),
and (ii) computing mean of monthly means over 12 months to obtain the time series of
annual means (TS2).
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Figure 1. Map of the study area.

In this study, extreme event marker/threshold is the 90th percentile of the respective
training data distribution. The 90th percentile of distribution is selected because a percentile
smaller than 10 (and/or larger than 90) is commonly recommended for defining an extreme
event [2,3]. The thresholds in each time series are determined separately for each gridpont.
With the objective of assessing changes in exceedance probability with time, we consider
two thresholds, namely the 90th percentile of data for 1901–2000 and the 90th percentile
of data for 1901–2019 for both time series considered in this study (annual maxima and
annual means). These thresholds are shown in Figure 2a–d for each gridpoint.

The maxima of the two series (the 100th percentiles) over the sample period of
1901–2019 are shown in Figure 3. The maxima in annual maximum temperatures var-
ied from 22 °C to 50 °C across the region; and those in the annual mean temperatures
varied from 12 °C to 32 °C. More importantly, the maxima in both series were observed in
the recent 25 years (1995–2019) at most places in the region (see Figure 3b,d). This observed
distribution of maxima is consistent with IPCC’s conclusions [14] of increased warming
trend across the continent over the past 50 years, and the findings in [13]. The effect of this
can also be seen in the time series of annual averages (averaged over this region) of the
two series shown in Figure 4.
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(a) Annual maxima over the period of 1901 to 2000 (b) Annual means over the period of 1901 to 2000

(c) Annual maxima over the period of 1901 to 2019 (d) Annual means over the period of 1901 to 2019

Figure 2. Cont.
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(e) Difference (c−a) (f) Difference (d−b)

Figure 2. The two thresholds that define extreme event in this study (90th percentiles of distributions over 1901 to 2000 and
1901 to 2019) for annual maxima and annual means; and difference between these: (a) the 90th percentile of annual maxima
over 1901 to 2000, (b) the 90th percentile of annual means over 1901 to 2000, (c) the 90th percentile of annual maxima over
1901 to 2019, (d) the 90th percentile of annual means over 1901 to 2019, (e) difference between the 90th percentiles of annual
maxima [c−a] and (f) difference between the 90th percentiles of annual means [d−b].

Climate 2021, 1, 0 6 of 19

(a) Maximum of annual maxima (b) Year of observation, for max of maxima

(c) Maximum of annual means (d) Year of observation, for max of means

Figure 4. Maps of maxima in annual maximum and annual mean temperatures ((a) in annual maxima and (c) in annual
means), and the corresponding years in which these maxima did occur between 1901 and 2019 ((b) for annual maxima and
(d) for annual means).

Figure 3. Cont.
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(a) Maximum of annual maxima (b) Year of observation, for max of maxima

(c) Maximum of annual means (d) Year of observation, for max of means

Figure 4. Maps of maxima in annual maximum and annual mean temperatures ((a) in annual maxima and (c) in annual
means), and the corresponding years in which these maxima did occur between 1901 and 2019 ((b) for annual maxima and
(d) for annual means).

Figure 3. Maps of maxima in annual maximum and annual mean temperatures ((a) in annual maxima and (c) in annual
means), and the corresponding years in which these maxima did occur between 1901 and 2019 ((b) for annual maxima and
(d) for annual means).
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(e) Difference (c−a) (f) Difference (d−b)

Figure 2. The two thresholds that define extreme event in this study (90th percentiles of distributions over 1901 to 2000 and
1901 to 2019) for annual maxima and annual means; and difference between these: (a) the 90th percentile of annual maxima
over 1901 to 2000, (b) the 90th percentile of annual means over 1901 to 2000, (c) the 90th percentile of annual maxima over
1901 to 2019, (d) the 90th percentile of annual means over 1901 to 2019, (e) difference between the 90th percentiles of annual
maxima [c−a] and (f) difference between the 90th percentiles of annual means [d−b].

(a) Regional average of annual maxima (b) Regional average of annual means

Figure 3. Time series of the regional averages of annual maximum and annual mean temperatures for the African region
over the period of 1901 to 2019: (a) Annual maxima, (b) Annual means.

Figure 4. Time series of the regional averages of annual maximum and annual mean temperatures for the African region
over the period of 1901 to 2019: (a) Annual maxima, (b) Annual means.

2.2. Exceedance Probability

According to [22], exceedances are values, in particular of a time series or spatial
process, exceeding a specified threshold. To explain this in mathematical terms, consider
we have N numerical observations, y1, y2, · · · , yN , which are with no ties and are thought
to come from the same probability process. Let y(1) < y(2) < · · · < y(N) be the sequence



Climate 2021, 9, 53 7 of 19

of order statistics of the sample. A new observation y∗ is said to be an exceedance of the
mth order statistic y(m) from the original record if y∗ > y(m). Probability of this happening
in a predefined future time period is commonly known as exceedance probability. The
exceedance probability plays an important role in risk management and predicting extreme
events such as heatwave, floods, hurricanes and the like [23,24]. The variable of interest
here, Y, being the annual maximum/mean temperature for different locations (gridpoints)
in the African region, in this section, we discuss a robust data-driven method used to
estimate exceedance probability in this study.

The standard density estimation techniques are usually criticized for being biased
in estimating tail probabilities. Although the generalized Pareto family of probability
distributions is commonly used to model threshold exceedances [25–28], they are true
only asymptotically—they are limiting distributions. Moreover, very little to nothing is
known about properly fitting probability distributions for climate variables such as annual
maximum temperature. Therefore, a distribution-free (non-parametric) statistical method
discussed in [4,5] was used to compute the estimated exceedance probability in this study.
This method is called distribution-free because it does not depend on any theoretical
probability distribution.

Let {yi : i = 1, 2, 3, · · · , N} be a random sample of N independent identically
distributed random variables satisfying yi 6= yj with probability 1 whenever i 6= j, i.e.,
no tie. Let y(1) < y(2) < · · · < y(N) be the order statistics from the N observations in the
sample. For any k ∈ {0, 1, 2, · · · , n}, the probability that there are exactly k exceedances
of y(m)(m ∈ {1, 2, · · · , N}) in the next n new observations of the process is:

P(k; N, m, n) =
(N−m+k

N−m )(m−1+n−k
m−1 )

(N+n
N )

(1)

More details on this can be found in [4,5].
Although climate change is commonly considered as a change in mean temperature,

changes in extreme temperatures also have a significant impact on environment and society.
Therefore, frequency and return period of extremes, both in the annual maximum and the
annual mean temperatures, were the main objective of this study.

2.3. Return Period

Suppose, in line with discussion in Section 2.2, an extreme event is a situation where
the observed value yi of a random variable Y exceeds some fixed threshold y(m). One of the
important questions then may be how long would it take for that extreme event to occur
again (i.e., the return period)? A return period is an average time (or an estimated average
time) between events such as extreme temperatures [29,30].

The concept of return period is proposed to characterize the frequency of occurrence of
a phenomenon [31]. To discuss this concept mathematically, let us consider the cumulative
distribution function of Y at y(m),

FY(y(m)) = P(Y ≤ y(m)) =
∫ y(m)

−∞
f (y)dy (2)

where f (y) is density function of Y. The probability, p, of the random variate Y having
a value greater than y(m) is then p = 1− FY(y(m)). To get the return period of extreme
event, let us define a new random variable Z to be the number of trials/years until y(m)

is exceeded. Here Z is a discrete random variable having geometric distribution with
probability of success (exceedance) p. The probability that y(m) is first exceeded at trial z is
then given by

P(Z = z) = p(1− p)z−1 = [1− FY(y(m))][FY(y(m))]
z−1, for z = 1, 2, 3, · · · (3)

since the event of exceedance has not occurred in the first z− 1 Bernoulli trials.
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Therefore, the expected (mean) number of trials until the return of the extreme tem-
perature is

E(Z) =
1
p
=

1
1− FY(y(m))

(4)

(e.g., see [32] (p. 97), and [33])—the number of trials being number of years in this study.
Hence, the expected return period of extreme temperature is calculated using an empirical
cumulative distribution function (ECDF) of the observed temperatures in (4). Because an
ECDF is estimator of the underlying theoretical cumulative distribution function, F(y)Y, of
Y. Then, using the ECDF, the return period (RP) is estimated as

R̂P =
1

1− ECDF
(5)

for extremes in both annual mean and annual maximum temperatures.
If the climate is changing in the way many agree (warming), frequency of the once

extreme event is expected to increase in recent times compared to the past. If so, this
leads to a shorter return period of extremes in the recent/future times. To make such a
comparative analysis, return periods of the 20th century threshold, are estimated based
on two ECDFs, namely ECDF1 based on distribution of temperatures over 1901–2007 and
ECDF2 based on distribution over 1901–2019.

For random variable Z defined earlier, it can be shown that its variance is given by

Var(Z) =
1− p

p2 =
FY(y(m))

[1− FY(y(m))]
2 (6)

(e.g., see [34] (p. 83)) and, therefore, the standard deviation of Z at each gridpoint is esti-
mated by σ̂ =

√
ECDF

[1−ECDF]2 . Using these results and the central limit theorem, which holds

here since the sample size is large enough, the approximate large sample 95% confidence
interval for mean return period is given by (Z̄± 1.96 σ̂√

n′
), where n′ is sample size.

3. Results and Discussions
3.1. Exceedance Probability of Threshold Based on 1901–2000 Temperature Distribution

In this section, we use the threshold based on 1901–2000 temperature data to ret-
rospectively estimate probability of its exceedance over the immediate “next” 19 years
(2001–2019)—retrospective estimation. The parameters in Equation (1) depend on the
length of training data, length of time period for which the exceedance probability is
estimated for and the chosen number of exceedances. In this study, the values of N and m
may vary from one gridpoint to another. Generally, N is the number of unique (without
tie) ‘historical’ observations at a particular gridpoint, over 1901–2000 for analysis in this
section and over 1901–2019 for analysis in Section 3.3. Therefore, the maximum value of N
at a point should be 100 for analysis in this section and 119 for that in Section 3.3. On the
other hand, m (m < N) refers to the position of the 90th percentile of historical observations
without tie in each case (1901–2000 and 1901–2019) at each gidpoint. However, the values
of k and n remain the same for analyses in this section and Section 3.3. In both cases, n
refers to the respective “next” 19 years, 2001–2019 and 2020–2038, respectively. Hereafter,
we call them the first 19 years and the second 19 years, respectively.

The threshold that defines extreme event (the 90th percentile of observed sample
distribution over the 20th century) is calculated, see Figure 2a,b, for both (annual maxima
and annual means) series by ranking the observations and removing ties (if any at all),
using unique function in R, for each grid point. Estimates based on different values of n, k,
and N were seen to have qualitatively similar patterns (leading to similar conclusions in the
context of this study). For illustrations, throughout this paper, probability of 3 exceedances
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(k = 3) of extremes over the immediate next 19 years period (for different segments of
19 years’ time) is presented and discussed.

As can be seen from Figure 5, most places in the region had as high as 19% chances of
having 3 exceedances of extremes in both annual maximum and annual mean temperatures
over the first 19 years’ period. Nineteen percent probability of having 3 exceedances over
just 19 years time seems to be considerably high and alarming. Very few number of places
in the region have the minimum estimated probabilities, 10% and 15% respectively, of
3 exceedances in annual maximum and annual mean. That means any place in the African
region has 10% or higher probability of 3 exceedances over the period of 2001–2019. These
estimated probabilities are considerably large and worrying quantities for such an extreme
event. This could mean there is high chance of frequent high-temperature incidences in
the region. The observed climate between 2001 and 2019 is also in agreement with these
estimates (see Figure 6). It was observed that most places in the region have been hit by
extreme temperature at least twice over the period of 19 years. The higher the observed
extremes, the larger the estimated exceedance probability should be over that same period
of observation.

(a) Annual maximum temperatures (b) Annual mean temperatures

Figure 5. Map of probability of 3 (k = 3) exceedances, over the period of 2001 to 2019 (n = 19), of extremes in (a) annual
maximum temperatures and (b) annual mean temperatures.

As studies have shown [35–37], high temperature and drought occur together in many
regions. In this case, more frequent high temperature events may be accompanied by
drought and the combined effect may put more stress on the already fragile food security
in the region [38]. The results of this study indicated that reliable (data-driven) estimates
can help planners and policy makers in the better management of high temperature events
and their consequences.
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(a) Annual maximum temperatures. (b) Annual mean temperatures.

Figure 6. Observed number of exceedances of the 20th century threshold, between 2001 and 2019, in (a) annual maximum
temperatures and (b) annual mean temperatures.

3.2. Return Period of Extremes in Annual Maximum and Annual Mean Temperatures

Return periods of extremes in both variables, the annual maximum and annual mean
temperatures, are estimated using Equation (5). As described in Section 2.3, we use em-
pirical cumulative distribution function based on distributions over 1901–2007 and over
1901–2019 to examine if there is a change in length of return period. The estimations
were based on large samples, 107 years and 119 years of data respectively, to ensure that
estimation errors related to small sample sizes are minimal.

Figures 7 and 8 show the estimated return periods of extremes in annual maximum
and annual mean temperatures, respectively, for places in the region. For extremes in
annual maximum temperatures, the expected return period based on ECDF2 is as short
as only 4.2 years in many locations and that based on ECDF1 is as short as 6.3 years (see
Figure 7a,b respectively). Similarly, return periods of extreme in annual mean temperatures
are as short as 4.1 years based on ECDF2 and as short as 5.9 years based on ECDF1 at a
considerable number of places (see Figure 8a,b). These results generally indicate that the
return periods of extremes in both series are getting shorter with time, which in turn imply
that the once extreme event is becoming common phenomena in recent/future times.

To assess these changes at each gridpoint, the difference between return periods based
on the two ECDFs (R̂PECDF1 − R̂PECDF2 ) is computed for both series and shown in Figure 9.
These differences are positive at majority of the areas (more than 98% of areas for extremes
in annual means and more than 94% of areas for extreme in annual maxima) in the region.
This implies that the return period of extreme temperature is getting shorter in the African
region. For a considerable number of places, return period based on ECDF2 is shorter than
the one based on ECDF1, on average by about 2 years for annual maxima and by 2.5 years
for annual means. The effect of this change can easily translate into regional warming,
supporting the claims about global and regional warming. Continuation of such change
may lead to projections made by [16], which states “by the end of this century, under
the most severe IPCC AR5 scenario, events of the same severity as that in Russia in the
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summer of 2010 will become the norm and are projected to occur as often as every 2 years
for regions such as Africa”.

(a) Based on ECDF.1 (b) Based on ECDF.2

Figure 7. Return period of extremes in annual maximum temperatures: (a) based on ECDF1 and (b) based on ECDF2.
Return period based on ECDF2 is shorter than that based on ECDF1 in most places.

(a) Based on ECDF.1 (b) Based on ECDF.2

Figure 8. Return period of extremes in annual mean temperatures: (a) based on ECDF1 and (b) based on ECDF2. Return
period based on ECDF2 is shorter than that based on ECDF1 at most places.
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(a) For annual maxima (b) For annual means

Figure 9. Difference between return periods of extremes based on the two ECDFs (R̂PECDF1 − R̂PECDF2 ) for: (a) annual
maximum temperature and (b) annual mean temperature, where R̂PECDFi is the estimated return period based of ECDFi for
i = 1, 2.

To illustrate the spacial pattern of average return periods in the region, regional aver-
ages (averaged over longitudes and/or over latitudes) and the corresponding confidence
intervals of return periods based on ECDF2 are given in Figure 10. These averages are
computed over areas with different climates. Therefore, they describe all those places
together—not a single place. The aim of this analysis is to give an overall insight about how
the average return period changes when we move along longitudes/latitudes, in addition
to the gridpoint-specific results presented earlier (Figures 7 and 8). The result showed that
the average return period is relatively shorter in the southern Africa region (south of 20◦

south) and northern Africa region (between 20◦ and 35◦ north), particularly for extremes
in annual mean (Figure 10a,c). The average return period as a function of longitude varied
in the range of about 6 to 8 years for extremes in annual maximum and about 4 to 5 years
for extremes in the annual mean temperature, at 95% confidence.

On the other hand, the average return period is shorter at west-central and east-central
parts of the region for both series (Figure 10b,d). Specifically, the average return period
is relatively shorter for places between 25◦ E and 40◦ E and between 5◦ W and 15◦ W. At
these locations, the average return period is between 6 and 7 years for extreme in annual
maximum and between 4 and 5 years for those in annual mean at 95% confidence.

These averages are, generally, shorter for extreme in annual mean than those in annual
maximum. In other words, extremes in annual mean temperature are occurring, on average,
faster than the extremes in annual maximum temperature. This also supports the projected
warming trends across the region [39]. Because climate change is often described by change
in means over longer time scales such as annual means, implication of the results of this
study on extremes may be alarming to the region. This is because extreme in annual mean
temperature refers to high temperature over extended period in a year, which may in turn
be followed/accompanied by frequent drought [35,36].
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(a) Averaged over longitude, annual maxima (b) Averaged over latitude, annual maxima

(c) Averaged over longitude, annual means (d) Averaged over latitude, annual means

Figure 10. The latitude cross–section (a,c) and the longitude cross-section (b,d) of average return periods (ARP) of extremes
based on ECDF2: (a) ARP of extremes in annual maximum temperatures, averaged over longitudes, (b) ARP of extremes in
annual maximum temperatures, averaged over latitudes, (c) ARP of extremes in annual mean temperatures, averaged over
longitudes and (d) ARP of extremes in annual mean temperatures, averaged over latitudes. The two blue curves represent
the lower and upper confidence limits of the 95% confidence interval and the black curve represents point estimate of ARPs.
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3.3. Exceedance Probability of Threshold Based on 1901–2019 Temperature Distribution

One of the objectives of this study is to assess if there is a change in frequency and
therefore exceedance probability of extremes with time. In Section 3.1, retrospective
estimates of probability of 3 exceedances in the first 19 years period (2001–2019), using
historical observations over 1901–2000 as training data, were presented. Similarly, this
section discusses estimated exceedance probabilities over the second 19 years’ period
(2020–2038) using 1901–2019 as sample period. The two estimation periods are chosen to be
of equal length, 19 years, to make the comparison of exceedance probabilities more sensible.

Using techniques discussed in Section 2.2, Equation (1), probability of exceedance of a
new threshold (the 90th percentile of distribution over 1901–2019) is estimated. We present
probability of 3 exceedances as before. The values of n and k, therefore, remain the same as
in Section 3.1. Here, the maximum value of N at a point would be 119, while m would be
the position of the new threshold, anywhere between 1 and N. Size of the new threshold
is higher than the one used in previous two sections over most parts of the region (see
Figure 2e,f).

Figure 11a,b show the estimated probability of 3 exceedances of the new extreme in
annual maximum and annual mean temperatures, respectively. It can be seen that there is
a 10–19% chance of having 3 exceedances of extreme in annual maximum temperature and
a 16–20% chance for those in annual mean temperature over the period of 2020–2038. A
large proportion of gridpoints have more than 18% probability of having 3 exceedances in
both series.

(a) Annual maximum temperatures (b) Annual mean temperatures

Figure 11. Estimated probability of three exceedances of the new threshold over the next 19 years period (2020 to 2038):
(a) annual maximum temperatures and (b) annual mean temperatures.

To strengthen evidence on possible change in frequency of extreme temperatures,
difference between exceedance probabilities discussed in Section 3.1 and those discussed in
this section are computed and shown in Figure 12. Probability of three exceedances over the
period of 2020-2038 is higher, at most of the places in the region, than probability of three
exceedances over the period of 2001–2019. Negative differences (blue colored) can also be
seen in a fewer but still considerable number of places for extremes in annual maxima (see
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Figure 12a). This could, however, be partly attributed to the fact that the threshold used to
estimate exceedance probability for the second 19 years period is relatively higher than
the one used for the first 19 years period (see Figure 2e,f), which in turn may lower the
probability of exceedance. If all other things (including climate) remain the same, exceeding
a higher threshold is normally less likely compared to the one for lower threshold. Overall,
these results are in agreement with those in Section 3.2. Because change in frequency of
extreme temperature can also be described in terms of length of its return period. Therefore,
results in this study do generally indicate that frequency of extreme temperature has a
considerable tendency of increasing through time over the African region.

(a) For annual maxima (b) For annual means

Figure 12. Difference between probability of 3 exceedances over two different 19 years periods (2020 to 2038, and 2001
to 2019). P(3 exceedances over the second 19 years) − P(3 exceedances over the f irst 19 years) for: (a) annual maximum
temperatures and (b) annual mean temperatures.

Probability of three exceedances of extremes over two different 19-year periods and
return periods using ECDFs based on two distributions were used to illustrate results
in this work. Estimates of these quantitative characteristics (exceedance probability and
return period) have been seen to have, more or less, similar qualitative features for different
number of exceedances over future periods of differing lengths. In other words, the
presented changes in probability of exceedance and return periods hold the same for
different values of N, k, n and a given value of threshold.

This study also showed that extremes in annual mean temperature have higher
probability of exceedance and shorter return period as compared to extremes in annual
maximums (see Figures 13 and 14). This could have significant impact on the society
because it implies high temperature over extended period of time (longer duration) with
more frequency.
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(a) Over the period of 2001 to 2019 (b) Over the period of 2020 to 2038

Figure 13. Difference between probability of 3 exceedances of extremes in annual maxima and annual means
(Pmaxima − Pmeans) within each 19 year period: (a) over the period of 2001 to 2019 & (b) over the period of 2020 to 2038.

(a) Based on ECDF.1 (b) Based on ECDF.2

Figure 14. Difference between return periods of extremes in annual maxima and annual means (R̂Pmaxima − R̂Pmeans) based
on the same ECDF: (a) based on ECDF1 and (b) based on ECDF2.
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To evaluate and address the effect (if any) of non-stationarity on the estimates, we
analyzed both differenced and undifferenced series and found no significant difference
between the estimates. This may also be attributed to the estimation method employed
(purely data-driven nonparametric method) and a very large training sample size used in
this study.

4. Summary

The African region is one of the most affected regions by frequent droughts, which
usually follows months of high temperature conditions [40]. The highest temperature,
in most places of the region, was observed in the last 2–3 decades of the sample period
(1901–2019). In this study, analyses based on numerical estimates of exceedance probability
and return period of extreme temperatures over the region were conducted to examine
potential changes in these quantities with time.

The results showed that the probability of 3 exceedances over the ‘next’ 19 years
period are found to be 10–19% for extremes in annual maximum temperatures and 15–20%
for extremes in annual mean temperatures. The return periods of these extremes, according
to the latest distribution of temperatures, were estimated to be as short as 4.1 and 4.2 years,
respectively, for extremes in annual mean temperature and annual maximum temperature
at most of the gridpoints in the region (see Figures 7b and 8b). In addition, the results
indicated that the probability of exceedance of threshold temperature has an increasing
trend with time. This was also supported by the results from the analysis of the return
period. In other words, the analysis of the historical data showed that the return periods
of the extremes are considerably shorter in the more recent years as compared to the
earlier years, for both annual maxima and annual means. These results are also consistent
with the IPCC’s projected rise in temperature and frequency of extremes [12,41]. In terms
of cross-sectional comparison between the two series, the return period of extremes in
annual mean is relatively shorter than the return period of extremes in annual maximum.
This information could help in addressing the ever-increasing temperature extremes and
potential impacts of climate change in the African region.

In addition to temporal change in return period, the results in this study also showed
spacial variations in average return period within the study area. Average return period of
extremes in both annual maximum and mean temperatures were found to be relatively
shorter in southern and northern Africa.
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