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ARTICLE INFO ABSTRACT

Keywords: 2019 was one of the hottest years in recent decades, with widespread heatwaves over many parts of the world,

Africa including Africa. However, as a developing and vulnerable region, the understanding of recent heatwave events in

Temperature Africa is limited. Here, the authors incorporated different climate datasets, satellite observations, and population
Heat wave estimates to investigate patterns and hotspots of major heatwave events over Africa in 2019. Overall, 2019 was
Urban hotspots . . . . . . . .

Population one of the years that experlenced. the s.tr.ongest heatwaves in terms of intensity and duration since 1981‘1n Afr}ca.
il Heatwave hotspots were clearly identified across western-coastal, northeastern, southern, and equatorial Africa,
HEM where major cities and human populations are located. The proportion of urban agglomerations (population)
L exposed to extreme (99th percentile) heatwaves in the Northern Hemisphere and Southern Hemisphere rose
AN from 4% (5 million people) and 15% (17 million people), respectively, in the baseline period of 1981-2010 to
IR 36% (43 million people) and 57% (53 million people), respectively, in 2019. Heatwave patterns and hotspots
AR in 2019 were related to anomalous seasonal change in atmospheric circulation and above-normal sea surface

temperature. Without adaptation to minimize susceptibility to the effects of heatwave events, the risks they pose
in populated areas may increase rapidly in Africa.
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1. Introduction

Heatwave events are marked by periods of extremely high above-
normal temperatures that have far-reaching societal, economic, and en-
vironmental impacts on global, regional, and local scales (Russo et al.,
2014). Because of increasing exposure to higher temperatures due
to heatwave events, heat stress is becoming more severe globally,
with greater impacts on ecosystems and human society (Brooke and
Bell, 2011). In order to design appropriate adaptive measures, it is crit-
ical to assess spatial patterns of recent heat events and identify hotspot
areas (Wilhelmi and Hayden, 2010).
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Africa has been identified as one of the continents with increasing
exposure to heatwave events due to climate change (Nangombe et al.,
2019). Over the second half of the 20th century, a rise in heatwaves and
a decrease in cold spells were reported in the Sahel and West African
regions (Moron et al., 2016). In the past few decades, significant in-
creases in the frequency and duration of heatwave events have been
noted over Africa (Engelbrecht et al., 2015). Climate projections for the
21st century also expect further increases in hot extremes over some
parts of Africa (Driouech et al., 2020). Generally, the focus of most of
these studies has been on certain parts of Africa, or future projections of
heatwave events. It is, however, valuable to examine recent heatwave
events over the entire continent, particularly their spatial link with ur-
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ban areas at higher risk due to the significant economic activities carried
out there and the populations residing in them.

According to the temperature records from the World Meteorolog-
ical Organization (WMO), 2019 was among one of the warmest years
globally since 1850. However, the magnitude of these recent heatwave
events in 2019 has not been investigated in Africa, and particularly in
its urban areas, which are currently undergoing a rapid rise in popu-
lation and with poor adaptive capacity (Rohat et al., 2019). Here, we
focused on understanding the spatial patterns, hotspots, and associated
mechanisms of recent heatwave events in 2019. Overall, the objectives
of this study were to (1) quantify how strong the 2019 heatwave events
were compared to the 1981-2010 baseline period, (2) identify hotspots
of heatwave events and their connections with urban agglomeration,
and (3) assess possible associated mechanisms.

2. Data and methods
2.1. Data

Datasets of near-surface daily maximum temperature, monthly 850-
hPa geopotential height (HGT), monthly 850-hPa wind, monthly volu-
metric soil water (0-10 m) (soil moisture), and monthly total precipi-
tation from the ERAS reanalysis were used to assess heatwave events.
We obtained these datasets from 1981 to 2019 at a spatial resolution
of 0.25° x 0.25°. The ERA reanalysis dataset, archived by the European
Centre for Medium-Range Weather Forecasts, provides hydrometeoro-
logical variables at different spatial and temporal scales and has been
progressively used to tackle a number of issues relating to climate risk
assessment to date (Weedon et al., 2014).

We acquired collection-6 daily land surface temperature (LST) prod-
ucts (MYD11A1) at a spatial resolution of 1 km, derived from the Mod-
erate Resolution Imaging Spectroradiometer (MODIS) onboard the Aqua
satellite. We used this dataset to assess the background conditions. This
dataset comprises clear-sky observations of daytime temperatures from
2002 to 2019, with an overpass time of 1330 local time (representing
the daily maximum temperature). This LST product has been improved
to avoid biases through the correction of noise as a result of cloud cover,
changes in zenith angle, and topography differences, and its data quality
reaches a root-mean-square error of +1 K in most cases (Wan, 2008).

We also obtained global sea surface temperature (SST) data
(1981-2019) from HadISST4 at a spatial resolution of 1° x 1°
(Huang et al, 2015). In addition, urban agglomeration and
population datasets were acquired from the United Nations De-
partment of Economic and Social Affairs population division
(https://population.un.org/wpp/Download/Standard/Population/;
accessed in January 2021). This study adopted the definition of urban-
ized areas from the United Nations (population > 0.05 million persons)
to identify urban areas.

2.2. Evaluation of heatwave events

We identified a heatwave as having occurred when there were three
or more consecutive days with a daily maximum temperature above
a percentile-based threshold. The threshold used in this study was the
95th percentile of daily maxima, based on a 15-day moving window.
Using a moving window accounts for temporal dependence while pro-
ducing a reasonable sample size to calculate a realistic percentile value
(Perkins and Alexander, 2013).

We assessed two heatwave metrics: (i) heatwave intensity (HWI) and
(ii) heatwave duration (HWD). The HWI is the exceedance of maximum
daily temperature for each heatwave event, while the HWD is the cumu-
lative days of each heatwave event. These heatwave metrics were esti-
mated for four seasons, including austral summer (December—January—
February, DJF), boreal summer (June-July-August, JJA), austral fall
(March-April-May, MAM), and austral spring (September—October—
November, SON). Annual heatwave events were estimated from the
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combination of all four seasons. In accounting for changes in the spa-
tial distribution of temperature and heatwave events in 2019, anomalies
were computed relative to the baseline period (1981-2010). The chosen
baseline period follows the WMO definition (Arguez and Vose, 2011).
To enhance our understanding of the contrasting heatwave patterns, we
considered the seasonality of the northern and southern parts, and hence
the continents were divided into two main areas: the Northern Hemi-
sphere (NH) (0°-38°N, 18°W-55°E) and Southern Hemisphere (SH) (0°-
35°S, 10°-55°E) (Fig. 1(a)).

2.3. Identification of hotspots associated with urban clusters

The comparison between maximum temperature anomalies of ERA5
and MODIS LST revealed good consistency between both datasets from
2002 to 2019, with a correlation coefficient of 0.83 and 0.89 in the
NH and SH, respectively (Fig. 1(b, c)). Hence, MODIS LST was also
used to evaluate heatwave hotspots because it shows better informa-
tion about the heterogeneity of background conditions. We identified
heatwave hotspots as regions where the tail of the temperature distri-
bution warmed faster (above the 95th, 97th, and 99th percentiles) than
the rest of the temperature distribution (Lewis et al., 2019). We catego-
rized hotspot areas as strong (95th percentile), severe (97th percentile),
and extreme (99th percentile) (Hobday et al., 2018). These are critical
levels of impacts and risk assessment for human health and ecosystems.
We overlaid urban agglomerations on hotspot areas in order to estimate
the fraction of urban agglomeration areas affected by heatwave events
in 2019.

2.4. Associated heatwave wave mechanisms

Possible mechanisms associated with heatwave events in 2019 were
examined by computing seasonal anomalies relative to the baseline pe-
riod (1981-2010) for 850-hPa HGT, 850-hPa wind, soil moisture, pre-
cipitation, and SST. We first estimated global SST anomalies before cor-
relating the SSTs in the proximity of Africa (42°N-40°S, 25°W-65°E)
with the heatwave events in 2019. To avoid bias in the results, datasets
were detrended before computing anomalies. Generally, positive and
negative values of HGT anomalies indicate an increase and decrease
in surface warming, respectively (Jézéquel et al., 2018). The pattern
correlation between the anomalies of HGT and HWI in 2019 was also
computed.

3. Results
3.1. Patterns and magnitudes of heatwaves in 2019

We examined the change in maximum temperature (Fig. S1(a—c))
and heatwave events (Fig. 1(d-g)) in 2019 relative to the baseline period
(1981-2010). Maximum temperatures of over 1°C were observed across
99% of land areas, with major intensification in the SH (up to 8°C) (Fig.
S1(a, ¢)). The NH and SH experienced extended HWI (HWD) by 1.7°C
(83 days) and 3.3°C (67 days), respectively (Fig. 1(d-g)). Overall, 2019
was one of the years with the strongest heatwaves in terms of intensity
and duration over Africa since 1981 (Fig. S2(a-d)).

In relation to the baseline period, the heatwave magnitude increased
across all seasons in 2019 over Africa with varying spatial distribution.
However, the strongest heatwave events were observed in austral sum-
mer (DJF), with 60% of the total land area in Africa affected (Fig. 2(a)).
Relative to the baseline period, the heatwave events in DJF increased
in HWI (HWD) by 1.8°C (8 days) and 3°C (24 days) in the NH and SH,
respectively. Heatwave events in boreal summer (JJA) impacted 42%
of the total land area over Africa and had an HWI (HWD) of 1.7°C (29
days) and 0.8°C (8 days) in the NH and SH, respectively (Fig. 2(b, f)).
Heatwaves observed in austral fall and austral spring impacted 57%
(Fig. 2(c)) and 41% (Fig. 2(d)) of the total land area, respectively.
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Fig. 1. Subdivision of Africa, annual mean of maximum daily temperature, and heatwave events in 2019. (a) 0° to 38°N is the NH, while 0° to 35°S is the SH. Time
series of annual mean maximum daily temperature anomalies of MODIS LST (red) (2002-2019) and ERA5 (blue) (1981-2019) in the NH (b) and SH (c). The pink
and blue shading denotes confidence intervals for the lower 5th and upper 95th percentiles. (d) The 2019 anomalous HWI relative to the 1981-2010 baseline. (e)
The 2019 anomalous HWD relative to the 1981-2010 baseline. Box-and-whisker plots indicate the 10th, 25th, 50th, 75th, and 90th quantiles of (f) HWI and (g)
HWD in 2019.
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Fig. 2. Seasonal characteristics of 2019 heatwave events in the NH and SH: (a-d) 2019 anomalous HWI (units: °C) relative to the 1981-2010 baseline period for DJF,
JJA, MAM and SON, respectively; (e-h) 2019 anomalous HWD (days) relative to the 1981-2010 baseline for DJF, JJA, MAM, and SON, respectively. Box-and-whisker
plots indicate the 10th, 25th, 50th, 75th, and 90th quantiles of 2019 (i) seasonal HWI and (j) seasonal HWD.

3.2. Heatwave hotspots and urban area exposure in 2019

There was a major shift in the spatial distribution of heatwave
hotspot areas in 2019 compared to the baseline period (Fig. 3(a, b)).
Hotspots of heatwave events were located around the equatorial region
in the baseline period, while in 2019 they extended to large areas in the
NH and SH up to the temperate climate zones (above 30°N and 30°S).
The observed heatwave hotspot areas in 2019 demonstrated by ERA5
and MODIS LST were somewhat consistent in western-coastal, south-
ern, northwestern, and equatorial parts of Africa (Fig. S3(a, b)). How-
ever, they were inconsistent over the equator and some parts of the NH.
In relation to the baseline period, the SH experienced more expansion
(18%) of land areas of extreme heatwaves (99th percentile) than the NH
(5%) in 2019 (Fig. 3(c)).

Across Africa in 2019, most heatwave hotspot areas were linked to
the location of urban areas (Fig. 3(a, b)). The proportion of urban ag-
glomerations (population) exposed to extreme (99th percentile) heat-
waves in the NH rose from 4% (5 million people) in the baseline period
to 36% (43 million people) in 2019 (Fig. 3(d)). In the SH, the expo-
sure of urban agglomerations (population) to extreme heatwave events
grew from 15% (17 million people) in the baseline period to 57% (53

million people) in 2019 (Fig. 3(e)). None of the urban agglomerations
in the temperate climate zone was in an extreme heatwave area in the
baseline period; however, in 2019, most of them were (up to 70%). In
addition, the proportion of urban agglomerations in non-heatwave ar-
eas in the NH (SH) decreased significantly from 63% (61%) in the base-
line period to 8% (3%) in 2019 (Fig. 3(d, e)). This shows that a large
number of urban agglomerations were found in heatwave hotspot areas
in 2019.

3.3. Mechanisms related to heatwave events in 2019

Seasonal changes in patterns of heatwave events in 2019 were re-
lated to atmospheric circulation (850-hPa HGT) and SST (Fig. 4(a-h)).
In austral summer (DJF), positive HGT anomalies were observed in the
south of the NH, extending also to large parts of the SH; whereas, in con-
trast, negative anomalies were found northward in the NH (Fig. 4(a)).
In boreal summer, positive HGT anomalies were found in the north of
the NH, while negative anomalies extended through most parts of the
SH (Fig. 4(b)). In austral fall and austral spring, positive HGT anoma-
lies were found southward in the SH and NH, respectively (Fig. 4(c, d)).
Generally, most regions of positive/negative patterns of seasonal heat-
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Fig. 3. Hotspots of heatwave events and urban agglomerations: (a) baseline period (1981-2010); (b) 2019; (c) land areas of heatwave hotspots; (d, e) percentage of
urban agglomerations and total population in heatwave hotspot areas in the (d) NH and (e) SH.

waves and HGT agreed, with pattern correlation coefficients of 0.92,
0.81, 0.91, and 0.84 in the NH and 0.97, 0.89, 0.96, and 0.87 in the
SH for DJF, MAM, JJA, and SON, respectively. Also, seasonal changes
in Africa’s regional SST were highly above-normal in 2019 (Fig. 4(e-
h)), with peak values (up to 3°C) in boreal summer. Across all sea-
sons, the circulation patterns (850-hPa wind) showed warm advection
from positive SST regions (Fig. 4(e-h)) to land areas where heatwave
events were recorded (Fig. 2(a-h)). The boreal summer was notable be-
cause easterly and westerly winds blew in from the equatorial Indian
and Atlantic oceans, bringing warm air to the central and southern re-
gions (Fig. 4(e)). Most regions of positive/negative HGT anomalies cor-
responded to regions of negative/positive soil moisture and precipita-
tion anomalies across all seasons (Fig. S4(a-h)), implying that seasonal
circulation patterns likely influenced dry conditions over land.

4. Discussion

The year 2019 was reported as a remarkably hot year in various
regions (Xu et al., 2020; Vautard et al., 2020), and our study provides
compelling evidence that Africa was no exception given the widespread
heatwave events that occurred there across all seasons. Compared to the
baseline period, the magnitude of heatwave events was stronger in 2019.
Also, there was a major shift in the spatial distribution of heatwave
hotspots from the equatorial region in the baseline period (1981-2010)
to large areas up to the temperate climate zones (above 30°N and 30°S)
in 2019, affecting more urban agglomerations.

We found stronger heatwave events in austral summer, and with
large spatial extent (up to 60% of the total land area), compared to
other seasons. This is in agreement with a previous study in which ma-
jor heatwave events were observed in austral summer 2004/05 (33% of
the total land area) and 2009/10 (55% of the total land area) over Africa
(Russo et al., 2016). This is likely a signal of emerging stronger heatwave
events across more land areas in austral summer than the widely studied
boreal summer months over Africa.

We also observed above-normal atmospheric circulation across all
seasons, which indicated intense warming at the surface in 2019 in re-
lation to the baseline period. Also, the global ocean heat content at-
tained a new record-high (Cheng et al., 2020). Specifically, heat con-
tent increased in the Pacific, Atlantic, and Indian oceans, linked to ex-
treme climate events across the globe in 2019 (Meyssignac et al., 2019).
This agrees with our study, which found above-normal regional SST and
advection of warm air over land areas where major heatwaves were
recorded in 2019. It is reasonable to argue that warmer SST was likely
an integral part of the 2019 heatwaves in Africa. Also, the observed sea-
sonal change in atmospheric circulation likely induced dry conditions
(reduced precipitation and a soil moisture deficit) over land. This pat-
tern is similar to a recent study (Sousa et al., 2020) that demonstrated
atmospheric circulation reduces soil moisture over land during heat-
waves.

We found more urban agglomerations exposed to extreme heatwaves
(99th percentile) in 2019 compared to the baseline period. This high-
lights the increasing risks posed by heat events in highly populated ur-
ban areas, which may become inhabitable by the end of the century
(Hansen and Sato, 2016). The increase in heat during heatwaves in ur-
ban areas can increase the level of heat stress as well as water and energy
demands (Zhao et al., 2018). Considering the rapid population growth
and urbanization in Africa, heatwave events may place further pres-
sure on existing water and energy shortages (Wamsler et al., 2013). By
identifying hotspots, this study shows regions where climate adaptation
strategies are currently needed. It is also relevant to the recent focus
on multi-hazard impact-based forecasting by the WMO, which attempts
to identify possible impacts of recent extreme events on humans and
ecosystems.

It is important to acknowledge that there are limitations to the ERA5
reanalysis dataset, such as inappropriate separation of ocean tempera-
ture from land temperature in coastal regions (Bengtsson et al., 2004).
Also, limited ground observation stations in reanalysis datasets and dif-
ferences in spatial resolution may have led to slight inconsistencies in
the representation of heatwave hotspots (particularly over the equator
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and in some parts of the NH) for ERA5 and MODIS LST. Nonetheless,
since reanalysis data provide comprehensive energy budget feedbacks
that regulate temperature anomalies, they remain useful for analyzing
climate extremes and also to reproduce patterns and trends of heatwave
events over Africa (Oueslati et al., 2017).

5. Conclusion

By integrating multiple datasets to quantify recent heatwave events
over Africa, we found that stronger heatwave events occurred in 2019
compared to the baseline period (1981-2010). There was a major shift
in the spatial distribution of heatwave hotspots from equatorial Africa in
the baseline period (1981-2010) up to temperate climate zones (above
30°N and 30°S) in 2019. Heatwave hotspot areas were clearly linked
to urban agglomerations, particularly in western-coastal, northeastern,
southern, and equatorial Africa, where the vast majority of the human
population is located. The proportion of urban agglomerations (popula-
tion) exposed to extreme (99th percentile) heatwaves in the NH and SH
rose from 4% (5 million people) and 15% (17million people), respec-
tively, in the baseline period to 36% (43 million people) and 57% (53
million people), respectively, in 2019. Heatwave events in 2019 were

associated with seasonal change in anomalous SST and atmospheric cir-
culation, likely as a result of large-scale forcing due to climate change.
Considering the continuous trend of climate change and urbanization in
Africa, risks posed by heatwave events will likely increase in the coming
years, especially in populated areas where adaptation efforts are needed.
We therefore advocate the need for urban planning with innovative so-
lutions to help minimize heatwave exposure in Africa.
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