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• I n the Northern Hemisphere, heat
stress during the month of August is
growing in area and is larger during
a heatwave
• Heat stress area increase is greater
over the populated land surface than
the total land surface during August
• Impacts of Heatwaves are not
sufficiency captured by international
meteorological organization reports
and emergency events impacts
database
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Abstract Heatwaves are increasing in frequency, duration, and intensity due to climate change.
They are associated with high mortality rates and cross-sectional impacts including a reduction in crop
yield and power outages. Here we demonstrate that there are large deficiencies in reporting of heatwave
impacts in international disasters databases, international organization reports, and climate bulletins.
We characterize the distribution of heat stress across the world focusing on August in the Northern
Hemisphere, when notably heatwaves have taken place (i.e., 2003, 2010, and 2020) for the last 20 years
using the ERA5-HEAT reanalysis of the Universal Thermal Comfort Index and establish heat stress has
grown larger in extent, more so during a heatwave. Comparison of heat stress against the emergency
events impacts database and climate reports reveals underreporting of heatwave-related impacts.
This work suggests an internationally agreed protocol should be put in place for impact reporting by
organizations and national government, facilitating implementation of preparedness measures, and early
warning systems.
Plain Language Summary

Heat extremes are increasing in frequency, duration, and
intensity due to climate change. Their impacts include a rise in death rates, a decrease in how much
of a crop is produced and power outages. Here we show that there is a lack of reporting of impacts in
international organization reports, international disaster databases. Further, heat stress, an impact of heat
extremes is characterized using an index that is human-centric. With a focus on August and the Northern
Hemisphere, we show that heat stress has grown in extent and is presenting a growing risk to more of the
population over this millennium. This work suggests that organizations and national governments should
come together to agree a protocol for how to best report heat impacts, so that we can be better prepared for
them.

1. Introduction
Heatwaves are increasing in frequency, duration, and intensity due to climate change (Perkins-Kirkpatrick
& Gibson, 2017; Russo et al., 2017; Vogel et al., 2019), and they occur over large areas often coinciding with
other natural hazards such as wildfires and droughts (Sutanto et al., 2020; Vogel et al., 2019). Heatwaves
are as impactful as other hazards, such as floods, but reporting their characteristics and impacts, as well
as understand their risk is challenging because they are an invisible physical phenomenon (Brimicombe
et al., 2021). They are also considered to be widely underreported in official databases, reports, and in news
media (Harrington & Otto, 2020; Khare et al., 2015). However, robust reporting is essential not only for communicating the risk of heatwaves, but also to develop effective policy and action (Harrington & Otto, 2020;
Howarth et al., 2019; Kitzinger, 1999).
Heatwaves can be considered the most deadly meteorological hazard (World Meteorological Organization, 2019), responsible for the death of more than 70,000 and 55,000 people globally in 2003 and 2010,
respectively (Robine et al., 2008; Schubert et al., 2011). Heatwaves have other health risks such as increased
morbidity (Watts et al., 2019). In addition, they also cause cross-sectional risks including decreasing crop
yields (Abass et al., 2018; Vercillo et al., 2020), putting a strain on power grids (Larcom et al., 2019), reducing productivity of laborers (Oppermann et al., 2017), and impacting economic activity (Kotz et al., 2021).
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Heatwave morbidity and mortality arise due to heat stress on the human body (Campbell et al., 2018),
which can be defined as “the build-up of body heat generated either internally by muscle use or externally by
the environment” (McGregor & Vanos, 2018). There is currently a lack of understanding of the exact nature
of heat stress from a human thermal comfort perspective during heatwaves, how this has changed through
time and how exposure to heat stress conditions might be changing. Existing heatwave research at a international level focuses only on temperature (Perkins-Kirkpatrick & Gibson, 2017; Vogel et al., 2019) and does
not provide the necessary analysis on heat stress thus failing to answer recent calls for inclusion of physiological responses when assessing heat exposure and vulnerability (Nazarian & Lee, 2020; Vanos et al., 2020).
In this study, we provide quantitative evidence of the areas of the world that are exposed to heat stress
with a focus on the Northern Hemisphere. We use the ERA5-HEAT reanalysis (Di Napoli et al., 2020) of
the Universal Thermal Climate Index (UTCI) (Di Napoli et al., 2018, 2019). We analyze the change in heat
stress extent for the month of August, a notable month for heatwaves since 2000 for both total land area
and populated land area as well as consider to what extent exposure to heat stress conditions is growing. We
compare these measures of heat stress to reported heatwave impacts to assess deficiencies in the reporting
of these natural hazards. Using the heatwaves of August 2003, 2010, and 2020 notable for their intensity and
impacts (Robine et al., 2008; Schubert et al., 2011), we compare ERA5-HEAT UTCI to heatwave impacts
reported in the emergency events database (EM-DAT) international disasters database, international organization reports, and climate bulletins (Achberger et al., 2011; Copernicus Climate Change Service, 2021;
CRED, 2020a; World Meteorological Organization, 2021).
We consider heatwaves to be borderless, unconstrained by the geography of the physical and human landscape. However, disaster reporting is severely constrained by national and institutional geographic boundaries. This work aims to demonstrate the extent of heat stress from heatwaves, to what extent heat stress is
becoming an increasing hazard and demonstrate whether impacts are captured in reporting. Such evidence
can be used to establish an internationally agreed protocol in order to provide robust global heat impact
reporting by organizations and national governments. This in turn will provide the evidence to facilitate the
implementation of preparedness measures and early warning systems for heat on a global scale.

2. Methods
2.1. ERA5-HEAT Universal Thermal Climate Index (UTCI) Reanalysis
Heat stress is assessed using the ERA5-HEAT reanalysis (https://doi.org/10.24381/cds.553b7518) which
is freely accessible on the Copernicus Climate Data Store (Di Napoli et al., 2020). We use the 0.25° × 0.25°
gridded Universal Thermal Climate Index (UTCI) from ERA5-HEAT at an hourly time step. The UTCI
is shown to be a useful indicator of heatwaves and heat stress by studies in many countries (Di Napoli
et al., 2018; Guigma et al., 2020; Pappenberger et al., 2015; Urban et al., 2021) and models the response of
the human body to the outside thermal environment in terms of 2 m air temperature, mean radiant temperature, relative humidity, and 10 m wind speed (Bröde et al., 2012; Di Napoli et al., 2020). It is worth noting
that although the UTCI has the units °C, it is not the same as temperature and provides an indication of the
average human body response to different thermal environments (Jendritzky et al., 2012).
We calculate the monthly mean of the daily maximum UTCI for August 2003, 2010, and 2020 as well as the
climatological of this for the UTCI for the 1981–2010 period. The latter is then used to calculate anomalies
of the UTCI (°C) for the aforementioned months. Further, number of exposure hours to heat stress above
26°C is additionally calculated for the months (Nazarian & Lee, 2021). We focus on the Northern Hemisphere, the region with the largest area of land mass and the largest proportion of the global population
(Chambers, 2020) and August was chosen because it historically has experienced notable heatwaves in both
the Northern Hemisphere during the summer and the tropics where heat extremes do occur throughout the
year (Perkins-Kirkpatrick & Gibson, 2017; Russo et al., 2016).
2.2. Reporting Global Heatwaves
We undertake a two-part review of reported heatwave information. First, we analyze the international natural disaster database EM-DAT for the August 2003, 2010, and 2020 heatwaves. Emergency Events Database
BRIMICOMBE ET AL.

2 of 9

Earth’s Future

10.1029/2021EF002064

(EM-DAT) is a leading international disaster database run by the Center on the Epidemiology of Disasters
(CRED) since 1988 (CRED, 2020a) and data are used in reports by the UN (Cullmann et al., 2020; World
Meteorological Organization, 2019). A disaster is included in EM-DAT if it meets this definition “as a situation or event which overwhelms local capacity, necessitating a request to the national or international level
for external assistance, or is recognized as such by a multilateral agency or by at least two sources, such as national, regional or international assistance groups and the media” (CRED, 2020b). Furthermore, a disaster is
included if it is reported to kill more than 10 people or/and 100 or more people are affected or/and call for
international assistance/declaration of a state of emergency (CRED, 2020b).
Second, we investigate how the August 2003, 2010, and 2020 heatwaves were reported in three major international climate reports by meteorological organizations, these reports inform on trends and extremes of
the global or European climate on an annual basis. These are the American Meteorological Society State of
the Climate reports (Achberger et al., 2011; American Meteorological Society, 2004), World Meteorological
Organization reports (World Meteorological Organization 2004, 2011) and the Copernicus State of the Climate for Europe (Copernicus Climate Change Service, 2021). Other international reports are not included
as they are written for a different year, for example, The State of the Climate in Africa is only for 2019 (World
Meteorological Organization, 2020). In addition, they are not included if they do not specifically mention
heatwaves (i.e., National Centers for Environmental Information, 2020).
2.3. Heat Stress Area
We assess heat stress area in two ways. The first makes use of the 26°C UTCI threshold, which, once exceeded, indicates thermal levels at which an individual would experience heat stress, ranging from moderate
(26°C–32°C UTCI) to extreme (above 46°C UTCI). The second uses values above a 5°C UTCI anomaly
compared to the heat stress climatology for August from 1981 to 2010. In both cases, we use gridded spatial
data to create binary maps approach is used (Vitolo et al., 2019) with grid cells over the threshold set equal
to 1, 0 otherwise.
As exposure to heatwaves is known to be greater in more populated areas (Chambers, 2020; Watts
et al., 2017), the gridded data is first masked to land area, excluding Antarctica, and then also masked
to populated land area using grid cells with a population count of over 0 from the Land Scan data set for
2000–2019 provided by the Oak Ridge National Laboratory (Dobson et al., 2000; Vijayaraj et al., 2007), with
2020 being masked to 2019 population count. All grid cells are then summed, allowing for proportions to be
calculated. All calculations are carried out using Rstudio.

3. Results
3.1. International Heat Stress Characteristics From ERA5-HEAT
In each of the heatwave events considered in this study heat stress occurs between the latitudes of 50° north
and 40° south (Figure 1, left panels). The maximum value for heat stress occurs in the Sahara and Arabian
Peninsula, where the UTCI reaches a maximum value of 54°C which exceeds the extreme heat stress threshold of 46°C UTCI. Countries impacted include Algeria, Tunisia and Mauritania in North Africa and Oman,
United Arab Emirates, and Saudi Arabia on the Arabian Peninsula. Further, there are high levels of heat
stress in the average maximum values for August extending over much of the globe. This is across Europe
including Spain, Croatia, and Germany; parts of Asia including Bangladesh, Vietnam, parts of India, and
China; the Americas including parts of North America, Brazil, and Ecuador; and Northern Australia.
The anomaly of the UTCI with respect to the 1981–2010 climatology locates the centers of heat stress for
August 2020, 2010, and 2003 (Figure 1, central panels). For August 2003 and 2020, above-average heat is
centered on Russia and Siberia. During August 2010, the main heat stress hotspot is situated over Russia.
In all three heatwaves, hotspots are also evident in the USA and Europe, but the anomalies are spatially different for these regions in each event. For example, in 2010 in the USA the hotspot is the east coast, during
2003 it is central and during 2020 it is the west coast.
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Figure 1. Universal Thermal Comfort Index (UTCI) monthly mean of the daily maxima (left), corresponding anomalies with respect to climatology (center),
percentage time that hourly UTCI is over heat stress threshold (26°C) (right) from August 2020, 2010, and 2003 heatwaves.

In addition, the regions that are experiencing the highest intensity heat stress (Figure 1, left panels) are also
experiencing the longest exposure time to above heat stress values (Figure 1, right panels). For example,
North West Africa is experiencing exposure times of at least 80% in all three heatwaves. Europe sees a lower
exposure time of up to 20% during all three heatwaves, but a larger heat stress anomaly (Figure 1, central
panels).
3.2. Changes in Heat Stress During August
Populated areas have greater exposure to maxima in heat stress than the total global land mass (Figure 2).
Over half of the populated land area has been exposed to heat stress levels in the month of August, every
year since 2000. Seventy-four percent of the populated land area of the world was exposed to heat stress
levels above 26°C UTCI in 2020 (Figure 2b). Peaks in data over the heat threshold are consistent with heatwave years. They are also consistent with El Niño years (e.g., 2003, 2006, 2007, 2013, 2018, and 2020). This
suggests that heat stress area is larger during heatwaves.
There is an increasing trend in UTCI maxima anomalies of more than 5°C UTCI when compared to the
1981–2010 climatology (panel a) and maxima UTCI over the heat stress threshold of 26°C UTCI (panel b).
The trend is stronger for the populated land area than for the overall land area, showing that the increase in
heat stress is greater in areas which are populated. Peaks in the UTCI maximum anomalies are also consistent with years where a heatwave is also occurring (e.g., 2003, 2006, 2010, 2013, 2016, 2019, and 2020), but
capture slightly different years to the above threshold method.
3.3. Evaluating Deficiencies in Heatwave Impact Reporting
The meteorological organization reports and EM-DAT do not capture the impacts to the extent we see heat
stress (Figure 1). Notable differences can be seen for parts of North Africa including Tunisia and Mauritania; Asia including Vietnam and the Americas including Brazil and Ecuador.
During August 2020, a heatwave had the largest extent on record, covering 74% of the populated land surface, and extreme heat stress conditions are observed in the African Sahel and Arabian Peninsula with parts
of Europe, Asia, the Americas and Northern Australia experiencing moderate to high heat stress levels (Figure 2b). Evidence of heatwaves for 2020 in EM-DAT is limited with only Belgium, France, the Netherlands,
and the UK included. Our research shows a discrepancy between reports and countries experiencing heat
stress.
BRIMICOMBE ET AL.
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Figure 2. Percentage of land area exposed to heat stress values from 2000 to 2020, Red/Top: Proportion of populated land area as defined by LandScanTM
(2000–2019) (Dobson et al., 2000; Vijayaraj et al., 2007), Blue/Bottom: Proportion of total land mass. Panel (a) uses values over a 5°C anomaly compared to
August 1981–2020, Panel (b) uses maximum values over the 26°C UTCI heat stress threshold.

The World Meteorology Organization State of the Climate report for 2020 discusses heatwaves in a section
with droughts and wildfires. It simply lists temperature records from heatwaves and mentions the regions of
Europe, the US and some of Asia (Japan and Hong Kong) (World Meteorological Organization, 2021). The
European State of the Climate has a specific session for heat stress despite showing evidence of heat stress
they consider the overall summer not “unusually warm,” with no long lived heatwaves and only short ones
which broke a few temperature records (Copernicus Climate Change Service, 2021). In another section they
state how it “was not remarkable” despite stating the “length of the period of with tropical temperatures was
exceptional” stretching over a large area (Copernicus Climate Change Service, 2021). Figure 1 demonstrates
how the exposure time to heat stress is similar in Europe for August 2020 in comparison to August 2003,
while the anomalies in heat stress are slightly lower. In addition, Figure 1 shows many countries from North
Africa (e.g., Morocco) and the African Sahel (e.g., Mauritania and Chad), as well as the West Coast of America, experiencing heat stress but these do not feature in English Language reports. In both the international
meteorological organization reports currently available no impacts are reported.
The comparison between our heat stress data and reports allows us to show what the real-life impacts of
heat stress are. However, it is limited with no English language reports for Algeria, Tunisia in North Africa
and Mauritania in the African Sahel and Oman and Saudi Arabia on the Arabian Peninsula and the Americas including parts of North America, Brazil, and Ecuador, despite these areas experiencing high levels of
heat stress in August 2020 (Figure 1) and is indicative of underreporting.
In August 2010, 67% of the populated land surface was exposed to heat stress levels (Figure 2b). Extreme
heat was experienced again in the African Sahel and Arabian Peninsula. With parts of Europe, Asia, the
Americas, and Northern Australia experiencing moderate to high heat stress levels (Figure 1). The evidence
is stark for 2010 from EM-DAT, with only Brazil, India, Japan, and Russo listed as experiencing heatwaves
(CRED, 2020a). Our results show during 2010 countries exposed to heat stress also included many North
African countries (e.g., Tunisia, Algeria, and Libya), the Central USA and the Middle East (e.g., Jordan and
Israel). The American Meteorological Society The State of the Climate (Achberger et al., 2011) and the World
Meteorological Organization The State of the Global Climate (World Meteorological Organization, 2011)
reports only make reference to heatwaves condition and excess mortality in Europe for 2010.
BRIMICOMBE ET AL.
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There are overall less reported impacts for 2010 in comparison to 2020. We again see a discrepancy from
different reporting sources, there were no English language reports indicating heat stress impacts for North
Africa, the Middle East or Latin America that were found in our systematic search.
A similar picture to that of August 2020 and 2010 is observed for August 2003. In August 2003, 62% of the
populated land surface was exposed to heat stress levels (Figure 2b). Extreme heat was experienced again
in the Sahara and Arabian Peninsula with parts of Europe, Asia, the Americas, and Northern Australia experiencing moderate to high heat stress levels (Figure 1). For EM-DAT anytime in 2003 the only countries
listed are 15 in Europe, four countries of Bangladesh, India, Japan, and Pakistan in Asia and only Algeria in
Africa (CRED, 2020a). Our results show (Figure 1) countries experiencing heat stress during 2003 included
many countries in North Africa (e.g., Morocco, Tunisia, and Libya) during 2003, as well as Canada and the
Eastern US and Asia and the Middle East (e.g., UAE, China, and Japan).
The American Meteorological Society State of the Climate reports (American Meteorological Society, 2004)
and the World Meteorological Organization The State of the Global Climate (World Meteorological Organization, 2004) reports only make reference to heatwaves and excess mortality in only Europe, India, and
Pakistan for 2003.
Overall, reports allow us to observe what the impacts of high, moderate, and extreme heat stress are. But,
there is a huge discrepancy between regions experiencing heat stress and reporting impacts, leading to a
lack of evidence of the impacts of heatwaves and heat stress.

4. Discussion
4.1. Heat Stress Expanding Is Exposing a Larger Proportion of the Population to a Risk
Our results demonstrate that heat stress is borderless, covering a large proportion of the total land mass
during an August heatwave. In addition, during a heatwave the population exposed to the risk of heat stress
is increasing and as such populations are experiencing a rise in baseline levels of mortality and morbidity
more often during August. Moreover, with an increase in nations with an aging population this risk is
greater, as those over 65 are especially vulnerable to heat illnesses and mortality (Arbuthnott & Hajat, 2017;
Chambers, 2020; Kovats & Hajat, 2008; WMO & WHO, 2015). We also show how regions with the highest
heat stress levels also have the highest exposure time which is an important element when considering heat
morbidity and indicates less time to recover from heat exposure(Chambers, 2020; WMO & WHO, 2015).
In addition, this study presents evidence that heat stress area has grown since the millennium in the month
of August (Figure 2), which is consistent with trends seen in temperature and extreme heat by other studies
(Chambers, 2020; Perkins-Kirkpatrick & Gibson, 2017; Vogel et al., 2019; Watts et al., 2018). This provides
evidence for the need of a global heat hazard alert system, as heat is not simply impacting one area at a time
but many regions simultaneously, even when only considering August as we present here. However, we
note that above the 26°C UTCI heat stress threshold is not experienced the same everywhere due to climate
and acclimatization, which should be explored further and is only an indication of when one could start
experiencing heat stress (Di Napoli et al., 2018; Nazarian et al., 2019).

4.2. Europe Receives the Most Attention
Furthermore, the results of this study show that when a heatwave exposes a large proportion of the total
land mass to heat stress conditions, Europe is the focus of attention. For EM-DAT 20 out of the 28 countries featured are in Europe. Europe is also the most mentioned continent for international meteorological
reports, featuring for all the heatwaves considered. Interestingly for Europe in 2020 there is a slight contradiction between sources the European State of the Climate (Copernicus Climate Change Service, 2021) is not
considering this as long lived or remarkable, whereas the World Meteorological Organization State of the
Climate (World Meteorological Organization, 2021) consider it for this region as “significant.” This demonstrates the need even in regions with the most attention the need for an international heatwave reporting
protocol, which would prevent this confusing situation from occurring.
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We provide evidence of the scale of the discrepancies in reporting of heatwaves with no reports considered
mentioning Latin America and at most two mentioning Africa. These regions are in part in the tropics
where heatwaves can occur all year. One reason is because the main language spoken in these areas is often
not English. Other reasons behind areas globally where heatwaves are not reported can be complex, and
includes the country is in a state of conflict, there is not the political will or there is not the funding for this
to take place, for example, the political economy of hazards and disasters (Fankhauser & McDermott, 2014;
Neumayer et al., 2014). This has led to a lack of evidence of what the impact of heatwaves and heat stress
are, further supporting the need for a heatwave reporting protocol.

4.3. Influential Data
In comparison, EM-DAT is an influential database, being used by the UN in not only World Meteorological
Organization reports (World Meteorological Organization, 2004, 2011) but also in Disaster Risk Management reports (Cullmann et al., 2020). In literature, it is often presented that EM-DAT has a bias on what
disasters are recorded (Ceola et al., 2014; Gall et al., 2009; Fankhauser & McDermott, 2014). In reality,
EM-DAT is the most reliable source of information on disasters (Cullmann et al., 2020) but is subject to
the same challenges that are faced by all in recording and assessing heatwave impacts, where there is huge
discrepancies between countries reporting (CRED, 2020c). In addition, because of the lack of attention and
evidence heatwaves often are not perceived as a risk by international agencies and national governments
leading to impacts going unknown and in some regions the situation is such that resources to report do not
exist (Brimicombe et al., 2021; Harrington & Otto, 2020). Through the availability bias we are more likely to
recognize a heatwave as a risk if it has previously been presented as such (Wolf et al., 2010). EM-DAT are
aware of these discrepancies and are making good progress in addressing these (CRED, 2020c).

5. Conclusion
In summary, this study shows for the first time with a focus on notable August heatwaves and the Northern
Hemisphere that heat stress is growing in area and is larger during the month of August. It also demonstrates how heatwaves are borderless not constrained by political boundaries and that impacts are not adequately reported—a deficiency in risk reporting. To start solving the discrepancies presented here between
heat stress exposure and impact reports we offer three suggestions to address these aimed at building the
evidence base that is currently lacking, and putting in place the robust adaptation measures needed.
These are: First, the establishment of an international protocol for reporting heatwave impacts for international organizations and national governments. This will allow us to build an evidence base of ongoing heat
impacts so that the right adaptation measures can be put in place, building resilience to heat in our changing climate. Second, improve recording in EM-DAT and make it clear in all reports that it has discrepancies
being addressed. This will prevent the potential perception amongst those that work in natural hazards that
heatwaves present less of a risk than other hazards such as storms and flooding. It in addition will support
the first suggestion, by building an evidence base. Third, implement a Global Heat Hazard Alert System. This
would follow guidelines set out in the joint report by the World Health Organization and World Meteorological Organization (WMO & WHO, 2015). This should be similar to GloFAS implemented and maintained
by ECMWF for flooding (Alfieri et al., 2013; Emerton et al., 2016) and would inform countries when the
risk to heat stress is highest. As well as, indicating when a country and international organization should
be putting extra preparedness measures in place, but also when to expect an increase in impacts. In addition, we suggest that it should in some way include acclimatization, which was not the focus here and is an
important aspect that needs further research. By investing in such measures, we can improve resilience to
heatwaves, which are increasing in frequency, duration, intensity, and area as a result of climate change.
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Data Availability Statement
ERA5-HEAT, provided by ECMWF is freely accessible here: https://doi.org/10.24381/cds.553b7518 (Di Napoli et al., 2020). The Oak Ridge National Laboratory LandScanTM population count data set from 2000
to 2019 are freely available to those in educational organizations or the US Federal Government (Dobson
et al., 2000; Vijayaraj et al., 2007).
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