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Growing prevalence of heat over cold extremes
with overall milder extremes and multiple
successive events
Yuan Zhang1, Qiangzi Li 1✉, Yong Ge 2,3✉, Xin Du1 & Hongyan Wang1

Temperature extremes with altered characteristics are one of the most threatening impacts

of global warming. How their characteristics have changed is uncertain, and varies by region.

Here we analyse ERA5 reanalysis data for the period 1980 to 2018 to illuminate the spatio-

temporal characteristics of single and multiple successive temperature extreme events at the

global scale. We show that in the global average, the magnitude of heat extremes sig-

nificantly increased while that of cold extremes decreased at a faster rate. As a result, the

prevailing climate shifted from a prevalence of cold extremes to one of heat extremes, and

the overall magnitude of extremes decreased. Globally, the magnitude of multiple successive

temperature extreme events constituted about a quarter of all identified events. These trends

were not globally uniform. The most noteworthy trends were observed in the Tropical and

Polar zones; the Middle East and North Africa, including the Mediterranean region, were

identified as hotspots of climate shifts.
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G lobally the air temperature had increased by about 1.09 °C
on average in 2011–2020 compared to 1850–1900, and is
projected to continue to increase during the 21st century,

as confirmed by global Earth system models (ESMs) participating
in the Coupled Model Intercomparison Project Phase 6
(CMIP6)1. Consequently, characteristics of many extreme climate
events have been considerably altered1–10, which is generally
acknowledged as the most threatening effects of global
warming2,11. Among them, temperature extreme events (TEEs),
including heat waves, warm spells, cold waves and cold spells, are
directly influenced by global warming5. TEEs are associated with
notable mortality and morbidity, and also have catastrophic
economic and environmental impacts in terms of crop produc-
tion, workplace productivity, biodiversity, wildfires, air and water
quality, cooling/heating costs and public infrastructure5,10,12–19.

Due to the devastating impacts of TEEs, there have been a rising
global interest over various sectors in measuring, characterizing,
analysing and understanding them. The frequency and severity of
heat extremes increased over most land areas14,16,18,20–22, while
those of cold extremes exhibited decreasing trends7,10,22,23. These
trends were identified as “virtually certain” in the Intergovern-
mental Panel on Climate Change (IPCC) Sixth Assessment Report
(IPCC AR6)1. However, because the global warming pattern and its
impacts have not been globally uniform6,24,25, great spatio-temporal
variations can be observed in the patterns and trends of TEE
characteristics over different regions19,26. Moreover, the increase in
heat extremes was found to greatly exceed the decrease in cold
extremes in some parts of the world10,27,28, while the opposite can
be observed in other parts29. A comprehensive analysis on TEE
characteristics at the global scale is therefore necessary to reveal the
spatio-temporal variation and uncertainty of TEE dynamics as
influenced by climate change, and to support more efficient and
effective response and adaptation to climate change.

TEEs have been measured and analysed extensively26,30–37.
While heat extremes are the most studied events, much less
studies focus on cold extremes23,38,39, and even fewer on both.
These studies also mainly deal with summertime heat waves and
wintertime cold waves, and adequate analysis still lacks
regarding cooler season warm spells and warmer season cold
spells36. Dearth of multi-perspective insights limits compre-
hensive and systematic investigation of TEEs. Moreover, most
studies treated TEEs as single independent events, neglecting the
compounding of multiple TEEs occurring close in time (com-
pound TEEs, see Methods for detailed definition), which is
generally associated with increased vulnerability and
impacts40–44. Dependent on the study areas, sectors, target
groups, and application purposes of the studies, TEEs have been
investigated using various definitions and metrics26,36,45,46. Such
discrepancy further hampers the comparison of TEE dynamics
over time and across regions.

Therefore, it is still largely unknown at the global scale
regarding the spatio-temporal characteristics of TEEs when both
heat and cold extremes are considered together, of heat extremes
as opposed to cold extremes, and of compound TEEs. Specifically,
a few questions remain to be addressed: (1) How did the fre-
quency and severity of heat extremes, cold extremes, and TEEs as
a whole change? (2) How did heat and cold extremes change as
opposed to each other, and what extremes prevail regionally and
globally? (3) What fraction did compound TEEs constitute, and
did that change with global warming? And (4) are these trends
globally uniform and do they vary by climate zone? In order to
find answers to these questions, we designed a comprehensive
analytical framework to define and measure single and compound
TEEs, and to analyse the spatio-temporal patterns and trends of
their annual mean frequency (F), mean event duration (D), mean
event intensity (I), and annual cumulative magnitude (M) at grid
cell, regional and global scales over the period 1980–2018 (see
Methods). We find that globally on average M significantly
increased for heat extremes and significantly decreased for cold
extremes at a faster rate. As a result, TEEs’ M exhibited a sig-
nificant downward trend, and the world had shifted from a cold-
extreme- to a heat-extreme-prevailing climate. Globally com-
pound TEEs constituted about a quarter of all identified TEEs in
terms of M, and this proportion exhibited a significant decreasing
trend. These trends were associated with great spatial hetero-
geneity, and noteworthy patterns and trends can be observed in
the Tropical and Polar zones identified by the Koppen-Geiger
(KG) climate classification system (Supplementary Fig. S1). The
findings presented here can improve our understanding of the
global and regional patterns and trends of TEEs, and are expected
to offer new perspectives on the formulation of more targeted,
effective and region-specific strategies of climate change adapta-
tion and greenhouse gas emissions mitigation.

Results and discussion
Patterns and trends of TEEs. Globally, an average number of
2.79 TEEs occurred each year, each TEE lasted for 4.93 days with
an intensity of 2.54 °C day−1 on average, and all TEEs added up
to a cumulative magnitude of 35.72 °C year−1 during the period
1980–2018 (Table 1). Both F and M of TEEs exhibited a latitu-
dinal gradient decreasing towards lower latitudes (Fig. 1a and d),
where the temperature variability is markedly smaller47. A hot-
spot pattern was exhibited for D, with high values (>5.5 days
event−1) concentrated in the Antarctica, Alaska, northeastern and
west coast of South America, eastern Africa around Sudan,
Tibetan Plateau, and small areas of Southeast Asia (Fig. 1b).
Regions with higher I values (3–4 °C day−1 event−1)) were evi-
dent mainly in North America and Russia, and were pre-
dominantly located in the Cold zone (Fig. 1c), resulting in the
highest regional I value of 3.17 °C day−1 event−1 (Table 1).

Table 1 TEE metrics and their temporal trends for all identified temperature extreme events (TEEs) in the world and in KG
climate zones.

Region Metrics Trends

F D I M F D I M

World 2.79 4.93 2.54 35.72 −0.06 −0.04 −0.04* −1.63*
Polar 4.96 5.40 2.79 74.93 −0.28* −0.11* −0.01 −5.90*
Cold 3.50 4.94 3.17 55.89 −0.10* −0.12* −0.05* −4.41*
Arid 2.60 4.66 2.17 26.69 −0.02 −0.01 0.02 0.03
Temperate 1.92 4.37 2.08 17.67 0.04 0.06 −0.03 0.42
Tropical 1.11 4.79 1.26 6.70 0.06 0.14* −0.05* 0.27

Units of F, D, I andM are time year−1, day event−1, °C day−1 event−1, and °C year−1. Units of trends for F, D, I, andM are time decade−1, day event−1 decade−1, °C day−1 event−1 decade−1, and °C decade−1.
Trends were estimated for 1980–2018 using Mann–Kendall test and Theil–Sen method, and significant trends at the 5% level were marked with * and in bold.
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As the combined effect of opposite heat and cold extreme
trends, overall decreasing trends can be observed for the world in
all four metrics of TEEs (Fig. 1e–h), with trends in I and M being
statistically significant at the 5% level (Table 1). Significant
decreasing trends can be observed for most metrics in the Polar
and Cold zones, with the exception of I in the Polar zone. There
were no significant trends in the Arid and Temperate zones.
Trends in the Tropical zone is noteworthy, with significantly

increasing D and decreasing I (Table 1). Spatially, there were no
globally consistent trends (Supplementary Fig. S2). The increas-
ing and decreasing trends each constituted about half of the land
surface for all four metrics, with decreasing trends’ proportion
being slightly higher. As for climate zones, increasing trends
prevailed in the Tropical and Temperate zones, while decreasing
ones prevailed in the Arid, Cold and Polar zones. Much less land
area was covered by significant trends (10–15%) (Supplementary

Fig. 1 Global distribution and trends of annual mean frequency (F), mean event duration (D), mean event intensity (I), and annual cumulative
magnitude (M) for all identified temperature extreme events (TEEs). a–d Global distribution of F, D, I and M. e–h Global trends of F, D, I and M. Trends
were estimated for 1980–2018 using Mann–Kendall test and Theil–Sen method.
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Figs. S2e–h). With heat and cold extremes considered as a whole,
patterns and trends of TEE metrics were analysed, which may
provide a new perspective for understanding how extreme climate
events have been and will be affected by climate change.

Shift towards a heat-extreme-prevailing climate. The patterns
and trends of heat extremes as opposed to those of cold extremes
remain unclear across the globe. In order to fill the research gap,
we focus on the analyses of heat and cold extremes in a com-
parative manner—TEEs involving only heat and only cold
extreme days (ALL-H and ALL-C, see Fig. 2). On average, cold
extremes occurred slightly more frequently than heat extremes
globally (1.39 vs. 1.36 times year−1), with a higher D (4.81 vs.
4.76 days event−1) and I value (2.60 vs. 2.50 °C day−1 event −1),
resulting in a greater value of M (18.03 vs. 16.40 °C year−1)
(Supplementary Table S1).

Figure 3a and b displays the spatial distribution of M for heat
and cold extremes, both exhibiting a poleward increasing gradient
as influenced by temperature variability patterns. Similar
latitudinal gradients were also identified in previous studies for
heat and cold extreme frequency48 and intensity18,49. Regions
with high values of M (>40 °C year−1) were mostly located in the
Arctic and Antarctica for heat extremes (Fig. 3a), and were
concentrated in small areas of Antarctica, Alaska, North America
along the Rocky Mountains, central and western Russia, and
central Asia for cold extremes (Fig. 3b).

We designed a Normalized Difference TEE Index (NDTI) to
quantify the difference between M values of heat and cold
extremes (see Methods for details of NDTI calculation). NDTI
ranges from −1 to 1. Positive and negative values imply heat and
cold extremes prevail respectively, and 0 indicates a perfectly
balanced state of heat and cold extremes in terms of M. The
global average NDTI was −0.05, indicating that heat and cold
extremes were roughly balanced, with M of cold extremes being
slightly higher. Among five climate zones, heat and cold extremes
were proportional in the Temperate zone (NDTI: −0.01); heat
extremes prevailed in the Polar and Tropical zones (NDTI: 0.13
and 0.16), while cold extremes prevailed in the Cold and Arid
zones (NDTI: −0.15 and −0.16) (Supplementary Table S1).

Spatially, the NDTI revealed distinct heat-extreme- and cold-
extreme-prevailing regions (Fig. 3c). Heat extremes prevailed in
~47% and cold extremes in ~53% of land area. About 13% and
5% of land area is heat-extreme- (NDTI > 0.5) and cold-extreme-
dominating (NDTI <−0.5). Most (~70%) of the heat-extreme-
dominating region was in the Tropical zone, while the cold-
extreme-dominating region was largely distributed in the Arid
(~42%) and Cold zones (~25%), with hotspots located in western
North America, southern Amazon, central Russia, southern
Middle East and northwestern Australia (Fig. 3c).

Both F and M had been significantly decreasing for cold
extremes (Fig. 4e and h) and significantly increasing for heat
extremes globally (Fig. 4a and d). A few studies with a global
focus18,26 also detected the increasing trends of heat extremes in
frequency and magnitude, on which a general consensus has been
reached1. Cold extremes were reported to get milder in some
regional studies7,10,23,38,39,50, and no global conclusions have
been drawn yet to our best knowledge. Trends of F and M in all
five climate zones were consistent with global ones, except that
the increasing trends of heat extremes in the Polar zone were not
significant (Supplementary Table S1). Noteworthy trends were
exhibited in the event-wise metrics (D and I): Cold extremes had
become more intense and significantly shorter (Fig. 4f and g), and
heat extremes longer and significantly less intense (Fig. 4b and c).

Globally the decreasing rates of F andM for cold extremes were
higher than the corresponding increasing rates for heat extremes
(Supplementary Table S1), leading to the downward trend of TEEs
(Fig. 1e and h). In previous literature, the comparison of change
rates between heat and cold extremes was only limited to a few
regions with inconsistent conclusions10,27–29. Inconsistent rate
difference can also be observed across climate zones in our study.
Heat extremes increased faster in the Temperate and Tropical
zones, whereas cold extremes decreased faster in the Cold and
Polar zones, with comparable change rates in both extremes in the
Arid zone (Supplementary Table S1). The difference between heat
and cold extreme change rates resulted in, whether significant or
not, corresponding expected trends in the F and M of TEEs in
respective climate zones (Table 1).

The trends of M in both heat and cold extremes collectively
resulted in a significant increase of the global NDTI with 0.23 per
decade. The global NDTI had changed from ~−0.4 to ~0.4
during the study period 1980–2018, indicating that the world had
gradually shifted from a cold-extreme- to a heat-extreme-

Fig. 2 Major types of temperature extreme events (TEEs). a Examples and
abbreviations. b A schematic diagram of relationships among major types of
TEEs. Individual TEEs involving only heat and cold extreme days are denoted
as H and C respectively. Single and compound TEEs were expressed as H
and/or C connected by hyphens (e.g., H represents a single TEE, and H–C
represents a compound TEE composed of an H followed by a C).
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prevailing climate (Supplementary Fig. S3a). The transition
occurred around year 2000 with NDTI values close to 0. The
climate regime change was the fastest in the Tropical zone due to
pronounced percentage changes of M in both heat and cold
extremes, and the slowest in the Polar zone with much smaller
percentage changes (Supplementary Table S1). Although not
directly comparable, quite a few studies noted much larger or
earlier increase of heat extremes in the tropics in various metrics
due to lower temperature variability36,40,49,51–55.

Overwhelming proportions of the land surface exhibited an
increasing trend in heat extremes and a decreasing trend in cold
extremes (89% vs. 92%) in terms of M (Fig. 5a and c). The
increasing heat extremes and decreasing cold extremes since the
1950s over most of the land surface was identified as “virtually
certain” by the IPCC AR6 report1, for which human-induced

greenhouse gas is considered the dominant factor. However, it
should be noted that this conclusion in the IPCC AR6 was drawn
mostly from metrics based on daily temperatures, such as the
Expert Team on Climate Change Detection and Indices
(ETCCDI) indices. Our study confirms and reinforces this
conclusion using metrics based on explicitly identified TEEs.

The surface area proportion with an increasing trend in heat
extremes and that with a decreasing trend in cold extremes were
both greater than 90% in most climate zones. An exception was
the Polar zone, only 62% of which was characterized by
increasing heat extremes and 84% by decreasing cold extremes.
About half of land surface had experienced significantly
increasing heat extremes and significantly decreasing cold
extremes respectively (47% vs. 45%) (Fig. 5b and d). Consistent
with a previous study18, there was a vast area in the central and

Fig. 3 Global distribution of annual cumulative magnitude (M) for heat and cold extremes, and of Normalized Difference TEE Index (NDTI). aM of heat
extremes. b M of cold extremes. c NDTI.
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southeast US without significant trends of M for heat extremes
(Fig. 5b), due to the existence of warming hole around this
area56,57. The IPCC AR6 report also identified two AR6 regions
(Central North America and Eastern North America) as having
“low agreement in the type of change” for heat extremes1. The M
of heat extremes increased the fastest in the Arctic region, and the
increasing trend was also very pronounced in regions around the
Caspian Sea and north of the Black Sea (Fig. 5b). The M of cold
extremes decreased the fastest in the Cold zone in northern
Russia, Alaska, and northwestern Canada, with noteworthy
decreasing trends observed in the mid-US, northern Africa and
south of the Caspian and Black Sea (Fig. 5d).

Analysing heat and cold extremes in a comparative manner
enabled us to examine the spatial distribution of different

combinations of their trends, which hasn’t been explored
previously. Different directions of trends in M values of heat
and cold extremes resulted in four types of trend combinations.
As shown in Fig. 5e, an overwhelming majority of land surface
(>80%) exhibited increasing heat extremes and decreasing cold
extremes simultaneously globally and in most climate zones. The
exception was the Polar zone, only 55% of which exhibited such
trend. Another 29% of the Polar zone experienced an observed
decreasing trend of both heat and cold extremes, which can also
be observed in North America. The increasing trend of both heat
and cold extremes was exhibited in central Asia, and small areas
in Australia and South America, with 40% of the regions
concentrated in the Arid zone. The trend combination of
decreasing heat extremes and increasing cold extremes, opposite

Fig. 4 Global trends of heat and cold extremes. a–d Trends of annual mean frequency (F), mean event duration (D), mean event intensity (I) and annual
cumulative magnitude (M) for heat extremes. e–h Trends of F, D, I and M for cold extremes. Trends were estimated for 1980–2018 using Mann–Kendall
test and Theil–Sen method, and significant trends at the 5% level were marked with * and in bold.
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to the dominating trend combination, was the least common,
with only small areas distributed mainly in northwestern
Australia and Antarctica.

Significant trend combinations were predominantly increasing
heat extremes and decreasing cold extremes, covering 26% of the
land surface (Fig. 5f). Regions experiencing such trend were
concentrated in the Arid zone, with noticeable contiguous regions
in the Middle East and North Africa (MENA). Only a negligible
proportion (<0.2%) showed other significant trends (Fig. 5f). Due
to spatio-temporal variation and heterogeneity of TEE dynamics
as influenced by climate change, heat extremes increased faster
than cold extremes decreased in some parts of the world (7%)

while in others (15%) cold extremes decreased faster, producing
an interwoven pattern (Supplementary Fig. S4). Change rates
between heat and cold extremes have only been compared in a
few regions, such as the Northeastern US10,27,28 and Korea29.
Although the TEE definition and metrics may differ, the spatio-
temporal patterns revealed by our grid-cell-based comparison
(Supplementary Fig. S4) are roughly consistent with their regional
conclusions, yet with greater spatial details.

The NDTI trend (Fig. 5g and h) quantitatively reveals the
difference between the trends of M in heat and cold extremes
from a different perspective. Most of the globe had changed
towards a heat-extreme-prevailing climate regime, with 92% of

Fig. 5 Global distribution of temporal trends for heat and cold extremes. a, b Trends of annual cumulative magnitude (M) for heat extremes. c, d Trends
of M for cold extremes. e, f Classes of trend combinations. g, h Trends of Normalized Difference TEE Index (NDTI). Trends were estimated for 1980–2018
using Mann–Kendall test and Theil–Sen method, and b, d, f, and h show only significant trends at the 5% level.
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the land surface exhibiting an increasing trend of NDTI (Fig. 5g),
and 60% covered by significantly increasing NDTI (Fig. 5h).
Regions of rapid significant NDTI increase (>0.2 per decade)
corresponded very well with those of both significant heat
extreme increasing and cold extreme decreasing trends (Fig. 5f
and h). This demonstrates that both the increasing heat extremes
and decreasing cold extremes contributed to the climate regime
shift. The most rapid NDTI increase was concentrated in
the MENA region, and in a few isolated areas of East Asia. The
MENA region, including the Mediterranean region, is regarded as
one of the most prominent climate change hotspots58,59. This is
confirmed in Fig. 5, with MENA featured by high heat extreme
increasing, cold extreme decreasing and NDTI increasing rates.
The dramatic past and projected heat extreme increases in the
MENA have also been highlighted in a number of recent studies,
for which reduced precipitation, depleted soil moisture, and
elevated greenhouse gas concentration were considered
responsible18,36,52,54,60–62.

Percentage and composition of compound TEEs. The compar-
ison of F and M between compound TEEs and all identified TEEs
reveals that although only one out of ten TEEs were compound ones,
they accounted for about a quarter of TEE magnitude globally.
Compound TEEs generally have longer duration and lower intensity
than single TEEs, because break durations were considered (see
Methods for details of TEE metric calculation). Thus, the spatio-
temporal variation in their percentage can potentially influence the
metrics of D and I. In view of compound TEEs’ significance, we first
focus on analysing the percentage of compound TEEs out of all
identified TEEs in terms of M (i.e., compound percentage). Regions
of high compound percentage were predominantly in the Tropical
zone (Fig. 6a). Notable hotspots coincided with regions of longer D
(Fig. 1b), implying that the greater compound percentage is a major
reason of prolongation of D.

Compound TEEs can involve only heat extreme days (COMP-H),
only cold extreme days (COMP-C) or both (COMP-HETERO) (see
Fig. 2 for details of abbreviations). Figure 6b displays the distribution
of the dominating compound TEE type and the compound TEE
composition in different climate zones. Same-type compound TEEs
(COMP-H and COMP-C) dominated over ~86% of the land surface,
while only 5% showed COMP-HETERO dominance, distributed
mainly in southeastern China and northeastern Russia. The
composition of compound TEE in terms of M was similar in the
Polar and Temperate zones, with a roughly balanced proportion of
COMP-H and COMP-C, and a higher COMP-HETERO proportion
(~20%) relative to other climate zones (Fig. 6b). A greater proportion
of COMP-C than COMP-H was found in the Cold and Arid zones,
where the COMP-HETERO proportion was around 10%. The
composition in the Tropical zone is notable, with a very small
proportion of COMP-HETERO (3%), and a much greater propor-
tion of COMP-H (81%) compared to COMP-C (16%).

We also focused on the heat and cold extremes, respectively,
and analysed the percentage of COMP-H (COMP-C) out of ALL-
H (ALL-C) in terms of M (i.e., COMP-H and COMP-C
percentages). Regions with a high COMP-H percentage were
widely distributed in the Tropical zone (Fig. 6c), while those with
a high COMP-C percentage concentrated around the Black and
Caspian Sea, and on the Tibetan Plateau (Fig. 6d).

The compound percentage exhibited a significant decreasing
trend globally at −0.87% per decade, and varied across climate
zones (Table 2). Significant trends can only be observed in the
Cold and Tropical zones, with change rates of −2.03% and 4.26%
per decade, respectively. The considerable compound percentage
increase in the Tropical zone potentially resulted in significantly
increased D and decreased I (Table 1). COMP-H had gradually

become the dominant compound TEE type globally and in all
climate zones, as the collective effect of significantly increasing
proportions of COMP-H and decreasing proportions of COMP-C
in compound TEEs (Table 2).

The COMP-H and COMP-C percentages exhibited increasing
and decreasing trends (Table 2), which are considered a major
cause of the trends in global average D and I of heat and cold
extremes, respectively (Fig. 4b, c and f, g). The decrease in
COMP-C percentage was significant globally and across all
climate zones. The increase in COMP-H percentage was only
significant in the Temperate and Tropical zones, with the greatest
increase rates observed in the Tropical zone. The trends in
COMP-H and COMP-C percentages can be explained by the
upward shift of global mean temperature, which can cause higher
(lower) probability to surpass (fall below) the 90th (10th)
percentile thresholds (see Methods for TEE definition)40. The
stable temperature variability in the Tropical zone makes it easier
to exceed heat extreme thresholds as the climate warms, resulting
in the greatest increase of COMP-H percentage. A previous
study40 noted that the proportion of compound heatwave days
increased under global warming, and the greatest increase was
found to be in the tropics, consistent with our findings.

Compound extreme events are associated with greatly
amplified impacts, the research into which is crucial for improved
risk assessment and management41. The proper analysis and
improved understanding of compound TEEs, an important type
of temporally compounding events, are still lacking with only
very few related research40. To the best of our knowledge, our
analysis exhibited the spatial patterns and temporal trends of
compound TEE percentages and composition for the first time. It
reveals that globally the compound TEE percentage significantly
decreased possibly associated with the faster decrease of COMP-C
percentage than the increase of COMP-H percentage, whereas the
chance of other compound extreme events (e.g., concurrent heat
waves and droughts, and compound flooding) was reported to
have increased either at global or regional scales1.

Conclusions. TEEs have caused catastrophic impacts on human
health, economy and environment10,12,17,18. Understanding TEE
dynamics as influenced by climate change is therefore of utmost
importance for effective response and adaptation. We analysed
the spatio-temporal characteristics of TEEs at the global scale,
considering their compounding and using unified TEE definitions
and metrics. Over the study period 1980–2018, the M of heat
extremes significantly increased at 3.06 °C decade−1, while that of
cold extremes decreased at −4.76 °C decade−1, on global average.
Consequently, the world had transformed rapidly and steadily
from a cold-extreme- to a heat-extreme-prevailing climate, as
indicated by the change of NDTI from ~−0.4 to ~0.4 at a sig-
nificant rate of 0.23 per decade. Contrary to general belief, TEEs
as a whole had become significantly milder globally with a
decreasing rate of −1.63 °C decade−1 in M, due to the faster
decrease in cold extremes compared to the increase of heat
extremes. The compound percentage had marginally, yet sig-
nificantly decreased by 0.87% per decade, resulting in evident
spatio-temporal variation of D and I.

Overall, these trends were not globally uniform. For example,
the decreasing trend of TEEs in M can only be observed over a
little more than half (and significantly decreasing trend only over
9%) of the land surface area, despite the significant global
decreasing trend. The trends of heat extremes (Fig. 5a and b), cold
extremes (Fig. 5c and d) and their trend combinations (Fig. 5e
and f) also exhibited pronounced spatial heterogeneity. The
MENA region stood out as a hotspot of shift towards a heat-
extreme-prevailing climate, with fast and significant heat extreme
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Fig. 6 Global distribution of compound temperature extreme event (TEE) percentages. a Percentage of compound TEEs out of all identified TEEs in
annual cumulative magnitude (M). b Compound TEE composition. c Percentage of COMP-H out of ALL-H in M. d Percentage of COMP-C out of ALL-C in
M. Figure 2 lists abbreviations of major types of TEEs.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00404-x ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |            (2022) 3:73 | https://doi.org/10.1038/s43247-022-00404-x | www.nature.com/commsenv 9

www.nature.com/commsenv
www.nature.com/commsenv


increase, cold extreme decrease and NDTI increase. As a result of
global heterogeneity, different patterns and trends were identified
among climate zones, and the most noteworthy is in the Tropical
and Polar zones.

The shift towards a heat-extreme-prevailing climate regime was
the fastest in the Tropical zone (NDTI increase rate: 0.40 per decade),
due to the fast percentage changes of heat (32% decade−1) and cold
extremes in M (−36% decade−1). The Tropical zone was also
associated with the most rapid increase of compound TEE percentage
(4.26% decade−1), resulting in significantly increased D and
decreased I of TEEs. Unlike global trends, TEEs as a whole had
become slightly more severe (M change rate: 0.27 °C decade−1) in the
Tropical zone, though not significant. Conversely, TEEs had become
significantly milder (M change rate: −5.90 °C decade−1), and
the climate regime shift was the slowest in the Polar zone (NDTI
increase rate: 0.12 per decade) due to the lowest percentage changes
of heat (2% decade−1) and cold extremes in M (−22% decade−1).
The globally dominating trend of increasing heat extremes and
decreasing cold extremes was the most uncommon in the Polar zone,
with only 55% covered by such trends, in contrast to >80% in other
climate zones.

Compared with prior studies with only a regional
focus10,27–29,37,45,49,51,63–65 or on only limited types of TEEs
(mostly heat waves)18,26,40,46,54,66, our analysis provided a panora-
mic view of global patterns and trends of TEEs with both heat and
cold extremes considered, of heat vs. cold extremes, and of
compound TEEs. We also revealed greater spatial details and
heterogeneity by adopting the high spatio-temporal resolution
ERA5 data. The enhanced understanding of global and regional
TEE patterns and trends provided new insights to support more
oriented, effective and localized adaptation to climate change. Our
results were based solely on ERA5 due to the limited availability of
high quality, long term, and fine spatio-temporal resolution climate
data. We used a fixed threshold of break durations to define
compound TEEs, while locally adjusted thresholds are expected to
better account for the spatially variant time span of TEE influence
dependent on local climate conditions and adaptability. However,
our analytical framework (including TEE definition, classification,
extraction, metrics, and analysis) is a pioneer effort towards the
establishment of a unified framework to measure and analyse TEEs,
the need for which has been identified in a few studies36. Upon
availability of other eligible data, similar analysis can be conducted
to validate our findings. The framework can also be applied to ESM
projections to analyse future patterns and trends of TEEs under
different climate change scenarios.

Methods
ERA5 reanalysis dataset. The hourly air temperature at 2 m over the period
1980–2018 was acquired for the globe from the European Centre for
Medium–Range Weather Forecasts (ECMWF) Reanalysis 5 (ERA5) product67.
Daily maximum (Tmax) and minimum air temperature (Tmin) were calculated from
the ERA5 dataset for the derivation of TEEs, and reprojected to the Behrmann
equal area projection with a resolution of 25 km (~0.25° at the equator).

Definition of individual TEEs. No consensus has been achieved regarding the
definitions of TEEs12,21,36. To account for the acclimatization to local climate,
percentile-based thresholds have gradually replaced absolute thresholds37,68, thus
enabling inter-region comparison for global studies69. In this sense, TEEs have
been defined in previous studies26,45,46,54 as prolonged excessive heat or cold
beyond percentile-based thresholds. Such daily thresholds were calculated relative
to the region of interest over a temporal window, in order to be spatially and
seasonally specific. These TEE definitions used varying temperature variables (e.g.,
Tmax, Tmin and apparent temperature (Ta)), percentile values (e.g., 5th, 10th, 90th
and 95th), minimum duration requirements (e.g., 3, 5 and 6 days), and temporal
window lengths (e.g., 15 and 31 days).

In this study, thresholds for both Tmax and Tmin were considered48,70–72, and the
percentile values were set to 90th for heat extremes and 10th for cold extremes. The
90th and 10th percentile thresholds were calculated at each grid cell for each calendar
day over a 15-day window centred on the day of interest for the reference period
1980–2018. Periods of at least 3 consecutive days with both Tmax and Tmin higher than
their respective 90th percentile were identified as heat extreme days. Cold extreme days
were identified in a similar way, but with Tmax and Tmin lower than the 10th percentile.
An individual TEE is defined as a period of consecutive heat or cold extreme days.

Definitions of single and compound TEEs. When extreme events occur con-
secutively, it is indicated that individuals, economic sectors or ecosystems become
more vulnerable to the subsequent event(s) during the recovery time from the
previous one(s), leading to amplified societal or ecological impacts40,43,44. Extreme
events occurred sequentially are therefore considered not dependent or temporally
compounding. Temporally compounding events represent an important type of
compound events, which also include preconditioned, multivariate and spatially
compounding events41.

Sequences of individual TEEs are a typical example of temporally compounding
events. Since the effects of temperature on mortality are largely concentrated within
a week73, here we define a compound TEE (COMP) as a succession of individual
TEEs separated by breaks shorter than 7 days. A compound TEE can involve two
or more individual TEEs of the same type or different types. An individual TEE
that is not part of any compound TEEs is defined as a single TEE (SINGLE).

Nine non-mutually-exclusive types of TEEs can be identified (Fig. 2). TEEs can
be divided into SINGLEs and COMPs dependent on the number of individual
TEEs involved. They can also be divided into TEEs involving only heat extreme
days (ALL-Hs), involving only cold extreme days (ALL-Cs) and involving both
(COMP-HETEROs), from a different perspective of individual TEE types. ALL-Hs
can be further classified into single (SINGLE-Hs) and compound TEEs involving
only heat extreme days (COMP-Hs), and ALL-Cs into SINGLE-Cs and COMP-Cs
likewise. A schematic diagram is provided to visualize relationships among these
TEE types (Fig. 2b).

TEE extraction at the grid cell scale. Following the TEE definitions, individual
TEEs were first extracted based on the daily Tmax and Tmin of the ERA5 dataset,
without considering their compounding. Individual TEEs were extracted at the grid
cell scale over the period of 1980–2018. TEEs occurring during the entire year were
considered rather than only in summer or warm season for heat extreme days and
only in winter or cold season for cold extreme days, so that different types of TEEs
(heat waves, warm spells, cold waves and cold spells) can be included in the analysis.

For each grid cell, sets of individual TEEs in succession with their break
durations <7 days were identified and combined to form separate compound TEEs;
the other individual TEEs left unchanged were identified as single TEEs. Individual
TEEs were thus transformed into single and compound TEEs at the grid cell scale
for further analysis.

Attributes of a TEE. Each identified single or compound TEE is associated with five
attributes: location (grid cell), timing (date of occurrence), type (see Fig. 2), duration,
and intensity. The first three attributes are self-explanatory. A TEE’s duration (d) is the
number of days it lasts, with break durations included for compound TEEs. The

Table 2 Global and regional trends of compound temperature extreme event (TEE) percentage and composition.

Compound percentage Compound TEE composition COMP-H percentage COMP-C percentage

COMP-H COMP-C COMP-HETERO

World −0.87* 12.55* −12.06* −0.54 0.95 −2.28*
Polar −0.82 6.52* −7.63* 0.54 0.25 −2.31*
Cold −2.03* 13.09* −12.08* −1.16 0.74 −2.66*
Arid −0.51 15.84* −16.27* 1.22 1.53 −2.32*
Temperate 0.19 17.38* −19.78* 1.40 2.42* −2.69*
Tropical 4.26* 16.23* −16.14* −0.65 2.57* −1.94*

Trends were estimated for 1980–2018 using Mann–Kendall test and Theil–Sen method, and significant trends at the 5% level were marked with * and in bold. Units are % decade−1.
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intensity (i) of a TEE is the average daily extra heat and/or cold suffered during the TEE:

i ¼ ∑d
k¼14Tk

d
ð1Þ

where i and d are the intensity and duration of the TEE, and 4Tk is the temperature
anomaly on day k of the TEE. 4Tk is calculated as Tmax anomaly relative to the
calendar-day 90th percentile for heat extreme days, as Tmin anomaly relative to the 10th
percentile for cold extreme days, and is 0 for break durations.

TEE metrics at the grid cell, regional and global scales. Four metrics of annual
mean frequency (F), mean event duration (D), mean event intensity (I), and annual
cumulative magnitude (M) were calculated for multiple TEEs involved at the grid
cell, regional and global scales, for the assessment of the spatial patterns and
temporal trends of TEEs.

The four metrics were originally calculated at the grid cell scale. F (unit: time year−1)
is the average number of TEEs occurring per year. D (unit: day event−1) and I (unit:
°C day−1 event−1) are both event-wise metrics and were calculated as the average
duration and intensity of the TEEs involved:

D ¼ ∑F ´ y
e¼1 de
F ´ y

ð2Þ

I ¼ ∑F ´ y
e¼1 ie
F ´ y

ð3Þ

where de and ie are the duration and intensity of the TEE e, y is the number of years in
the period of interest, and F ´ y is the number of TEEs involved. M (unit: °C year−1) is
the average extra heat and/or cold accumulated annually, and was calculated as:

M ¼ ∑F ´ y
e¼1 ∑

de
k¼14Tk

y
ð4Þ

Equation (4) can also be written as:

M ¼ ∑F ´ y
e¼1 ie ´ de

y
ð5Þ

TEE metrics were then calculated for five KG climate zones and for the world. F
and M at the regional and global scales were calculated as the spatial mean of all
grid cells involved. D and I at the regional and global scales were calculated as:

DR ¼
∑
c2C

Dc ´ Fc

∑
c2C

Fc
ð6Þ

IR ¼
∑
c2C

Ic ´ Fc

∑
c2C

Fc
ð7Þ

where DR and IR are regional and global D and I, respectively, C is the set of grid
cells within respective climate zones or the world, Dc, Ic and Fc are the D, I and F
values of grid cell c within the set C.

Pattern and trend analysis. We performed three series of analyses, focusing
respectively on TEEs with both heat and cold extremes considered, the comparison
of heat and cold extremes, and compound TEE percentage and composition. In
each series of analyses, TEE metrics (F, D, I andM) and their trends were examined
and presented at the grid cell, regional and global scales, with greater emphasis
placed on M. M can reflect variations in the other three metrics. According to Eq.
(5), greater F and/or D result in longer exposure time to TEEs, and greater I result
in exposure to increased amount of excess heat and/or cold during the same period
of time. Therefore, M is a comprehensive metric indicative of the overall exposure
to extreme temperatures and overall TEE severity18,55.

The non-parametric Mann–Kendall test74,75 is known to be more robust to data
distribution and outliers. The standard two-tailed Mann–Kendall test was used to
detect if there’s monotonic temporal trends significant at the 5% level in annual
TEE metrics at all scales. The Hamed and Rao Modified Mann–Kendall test76 was
used instead in case of autocorrelation. Slopes of the Mann–Kendall trends, the
TEE metrics change rates, were estimated using Theil–Sen estimator77.

We focused on ALL-H and ALL-C events (see Fig. 2 for information on major
types of TEEs) to analyse heat and cold extremes in a comparative manner. In addition
to four TEE metrics, a Normalized Difference TEE Index (NDTI) was developed to
quantify the difference between the M values of ALL-H and ALL-C events:

NDTI ¼ MALL�H �MALL�C

MALL�H þMALL�C
ð8Þ

where MALL�H and MALL�C are the M values of ALL-H and ALL-C events. NDTI
ranges from−1 to 1, with −1 indicating 100% ALL-C, 1 indicating 100% ALL-H, and
0 indicating balanced ALL-H and ALL-C, all in terms ofM. When calculating regional
and global NDTI, the MALL�H andMALL�C in Eq. (8) should be the sum of respective
metrics over all grid cells within corresponding regions.

In compound TEE analysis, we paid attention to the percentages of compound
TEEs (i.e., the percentage of compound TEEs out of all identified TEEs, COMP-H
out of ALL-H, and COMP-C out of ALL-C), and compound TEE composition (i.e.,
the percentages of COMP-H, COMP-C and COMP-HETERO in compound
TEEs), all in terms of M.

Data availability
ERA5 data that support the findings of this study are publicly available at https://
cds.climate.copernicus.eu/ with the identifier https://doi.org/10.24381/cds.adbb2d47 67.

Code availability
The code used to analyse the ERA5 data is available from the first author upon
reasonable request.
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