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Abstract Summer heat extremes increasingly co‐occur worldwide, posing disastrous impacts on our
society and the environment. However, the spatial pattern and underlying mechanisms of concurrent heat
extremes remain unclear. We used a statistical framework to estimate the spatial concurrence strength of heat
extremes in the Northern Hemisphere and identified their relationships to global warming, atmospheric
circulation, and land‐atmosphere feedbacks. Concurrent heat extremes over different regions have significantly
increased in the Northern Hemisphere from 1950 to 2023. Moreover, heat extremes show strong spatial
concurrence strength, and the driving factors vary geographically. Global warming is responsible for long‐term
increases in the frequency and strength of concurrent heat extremes, with most pronounced impact in tropical
regions. In the absence of warming trends, the temporal and spatial variations in concurrent heat extremes are
mainly caused by simultaneous high atmospheric pressure controlled by large‐scale circulations, particularly in
mid‐latitude regions. While low soil moisture enhances regional heat extremes through land‐atmosphere
feedbacks, it plays a minor role in driving concurrent heat extremes alone but can contribute in combination with
high‐pressure anomalies. Given the ever‐increasing risks of heat extremes, our study underscores the
importance of identifying the mechanisms of spatially concurrent heat extremes to improve prediction and
mitigation of widespread heatwaves and their adverse impacts on socio‐economic sustainability and human
well‐being.

Plain Language Summary Increases in concurrent heat extremes across different regions of the
world pose significant threats to communities and ecosystems. Understanding the spatial pattern of heat
extremes and their underlying mechanisms is crucial for mitigating the adverse effects and adapting to future
occurrences of heat extremes. While previous studies have focused on local drivers of heat extremes, the
influences of various drivers on the concurrence of heat extremes across different regions remain unclear. Our
study shows that global warming has strengthened the spatial concurrence of heat extremes, particularly over the
tropics. Concurrent high atmospheric pressure, propelled by large‐scale circulation anomalies, are largely
responsible for the spatial concurrence of heat extremes in mid‐latitudes. Additionally, land‐atmosphere
feedbacks amplify local heat extremes and influence spatially concurrent heat extremes in conjunction with
high‐pressure anomalies over different regions. Our enhanced mechanistic understanding of the spatial
concurrence of heat extremes will inform effective strategies and practices to mitigate and adapt to future risks
of heat extremes.

1. Introduction
Global warming has increased occurrence of heat extremes in many parts of the world, which pose serious threat
to socio‐economic development, human health, and ecosystem sustainability (Bastos et al., 2020; García‐León
et al., 2021; Lüthi et al., 2023; Song et al., 2024). A record‐breaking extreme heatwave exceeding five standard
deviations caused hundreds of deaths, horrific wildfires, and the death of various wild animals and plants in
western North America in 2021 (Thompson et al., 2022; White et al., 2023). The unprecedented heatwave of 2022
in China and India had inflicted widespread impacts, including a surge of heat‐related illnesses and deaths,
substantial agricultural losses, environmental degradation, infrastructure damage, and significant economic
disruptions (Sidhu, 2023; Xu et al., 2024). In recent years, the frequency, intensity, persistence, and spatial extent
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of heat extremes have increased significantly (Domeisen et al., 2023; Perkins‐Kirkpatrick & Lewis, 2020). In
addition, concurrent heat extremes have increased across large areas worldwide (Rogers et al., 2022), which can
further exacerbate the societal and environmental impacts.

Extreme events which occur simultaneously in remote regions can result in more complex and severe conse-
quences than those isolated or not connected hazards (Raymond et al., 2020). The amplified impacts of heat
extremes occurring simultaneously in different places globally can have particular cumulative and widespread
effects: concurrent heat extremes in multiple breadbasket regions could greatly reduce global crop production,
increase prices and even disrupt and endanger global food supply (Gaupp et al., 2020; Kornhuber et al., 2020;
Tigchelaar et al., 2018). Widespread heat extremes increase the demand for electricity, which may strain power
grids and energy systems, leading to power outages or brownouts (Jiang et al., 2024; Van Vliet et al., 2016). The
strain on infrastructure also impacts transportation, water supply, and other critical services, amplifying the
overall societal and economic impacts. Concurrent heat extremes, especially when accompanied by dry condi-
tions, could cause multiple severe wildfires to occur at the same time, considerably limiting the capacity to
coordinate mutual support for disaster mitigation efforts (Bloem et al., 2022; Ruffault et al., 2020; Shi &
Touge, 2022). Given the widespread societal and environmental impacts of concurrent heat extremes and a need
to better understand risks under future climate conditions, it is important to investigate the mechanisms under-
lying the spatial concurrence of heat extremes, especially in the Northern Hemisphere where billions of people are
exposed to extreme heatwaves in recent decades (Chambers, 2020; Coffel et al., 2018).

Heat extremes are induced by a series of physical processes. Human‐induced global warming has significantly
shifted temperatures toward an increased probability of heat extremes (Calvin et al., 2023; Seo et al., 2020; Vogel
et al., 2020; Wehrli et al., 2020). The frequency and intensity of heat extremes are projected to increase under
continued greenhouse gas emissions (AghaKouchak et al., 2014; Raymond et al., 2022). The occurrence of heat
extremes is often linked to stationary high‐pressure systems, also known as anticyclones. High‐pressure systems,
which are usually associated with jet streams and planetary circulations, can result in sinking air that compresses
and warms, inhibits cloud formation, and limits heat dissipation, causing increased temperatures and heat
accumulation at the surface, ultimately leading to extreme high temperature over different regions at the same
time (Barriopedro et al., 2023; Pezza et al., 2012; Pfahl & Wernli, 2012). Additionally, the persistence and slow
movement of high‐pressure systems allow for prolonged heat build‐up, exacerbating the intensity and duration of
heat extremes. While a high‐pressure system is a prerequisite for the initiation of heat events, land‐atmosphere
interactions further amplify the intensity and persistence of heat extremes (Seneviratne et al., 2006, 2013).
Increased temperature enhances terrestrial evapotranspiration and accelerate the depletion of soil moisture (SM).
In turn, low SM reduces evaporative cooling and shifts the net radiation toward sensible heating, resulting in
higher temperatures and occurrence of extreme heat events (Dirmeyer et al., 2021; Miralles et al., 2019; Zhou
et al., 2019). Persistent SM deficit may also aggravate anticyclonic anomalies and maintain anticyclonic circu-
lation (Yoon et al., 2023). These physical processes, that is, global warming, anomalous anticyclone, and SM‐
atmosphere feedbacks, play important roles in the initiation and amplification of many extreme heat events.

While local drivers of heat extremes have been studied in detail, the mechanisms that are associated with con-
current heat extremes in different parts of the world have attracted attention only recently. Several recent studies
have investigated the spatial concurrence of temperature extremes and identified the impacts of natural climate
variability and anthropogenic climate change (Barriopedro et al., 2023; Sarhadi et al., 2018). Vogel et al. (2019)
compared the exceptional nature of the 2018 Northern Hemispheric heatwave using observed and simulated data
and identified the dominant effect of anthropogenic climate change on hemispheric‐scale heatwaves. Circum-
global teleconnections, such as anomalous circulation regimes, could also lead to concurrent heatwaves across the
Northern Hemisphere (Cohen et al., 2014; Coumou et al., 2014). Stationary Rossby waves in the tropospheric jet
stream have been suggested as an important mechanism driving concurrent heat extremes in the mid‐latitudes
(Kornhuber et al., 2020). Rogers et al. (2022) proposed a new perspective to attribute the concurrent heat-
waves at remote regions to different horizontal atmospheric patterns and explored the trends in thermodynamic
and atmosphere dynamical drivers of heatwaves across mid‐ to high‐latitudes in the Northern Hemisphere. Zhou
et al. (2023) showed widespread concurrence of temperature extremes globally in observations and model
simulations and identified the effects of natural climate variability and anthropogenic forcing on concurrent
temperature extremes.While these studies have identified possible mechanisms that are responsible for the spatial
concurrence of heat extremes, the influence of various physical drivers on the concurrence of heat extremes has
yet been diagnosed.
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Our study aims to investigate the spatial concurrence of extreme heat events and evaluate the contributions of key
driving mechanisms to concurrent heat extremes in the Northern Hemisphere. We used a statistical framework to
test the significance and quantify the strength of spatial concurrence of heat extremes across land grid cells in the
Northern Hemisphere during the period of 1950–2023. To identify the mechanisms, we assessed the influences of
global warming, high atmospheric pressure represented by abnormally high geopotential height, and SM‐at-
mosphere feedbacks on spatially concurrent heat extremes. These analyses enable a comprehensive under-
standing of the spatial pattern and physical drivers of concurrent heat extremes in the Northern Hemisphere.

2. Materials and Methods
2.1. ERA5 Reanalysis

We used near surface air temperature, mid‐troposphere Geopotential height fields (GPH, 500 hPa), and root‐zone
soil moisture (SM, 0–100 cm) from the ERA5 reanalysis produced by the European Center for Medium‐Range
Weather Forecasts (ECMWF) during the period of 1950–2023. The ERA5 reanalysis, which represents the fifth
generation of ECMWF atmospheric reanalysis, offers hourly data encompassing various atmospheric, terrestrial,
and oceanic climate variables (Hersbach et al., 2020). This comprehensive data set covers the globe on a regular
0.25‐degree latitude‐longitude grid. To identify widespread and persistent heat extremes, we resampled the
original data to a 2‐degree grid scale and aggregated the hourly data to 5‐day means. With a low temporal and
spatial resolution, we could evaluate spatially concurrent heat extremes over different regions more effectively.

2.2. Definition of Heat Extremes

Summer heat extremes were identified based on near surface temperature fields on a pentad (5‐day) scale during
the warm season (May–September, Days 122–270 in a leap year or days 121–271 in a non‐leap year). We
removed the mean seasonal cycle calculated as the 74‐year mean temperature for each pentad to obtain tem-
perature anomalies. Following previous studies (White et al., 2023; Zhou et al., 2023), the 95th percentile of
temperature anomalies was used to calculate the threshold for heat extremes for each grid cell. This percentile‐
based threshold allows us to evaluate the spatial concurrence of heat extremes over different regions (see Sec-
tion 2.3). To identify the impact of global warming, we identified the heat extreme events based on the 95th
percentile of temperature anomalies with and without the long‐term temperature trend, which was estimated
based on the 10‐year moving mean temperature.

2.3. Concurrent Heat Extremes

Concurrent heat extremes are defined by their simultaneous occurrence across different grid cells/regions. While
earlier studies used the multivariate extreme value theory to identify the spatial clustering of climate extremes
(Bador et al., 2015; Bernard et al., 2013), this approach cannot directly measure the strength of spatial concur-
rence over different regions. Therefore, we used a statistical framework to estimate the probability of concurrent
heat extremes at the grid cell and regional scales and hence evaluate the spatial concurrence of heat extremes for
each grid cell/region pair (Zhou et al., 2023). The time series of temperature anomalies at two grid cells, Ti and Tj,
are transformed into normalized ranks as ti and tj, respectively. The probability of concurrent heat extremes at the
two grid cells, that is, P(Ti, Tj) , can be expressed as

P(Ti, Tj) = P(ti > 0.95∧tj > 0.95), isj (1)

To test the significance of the spatial concurrence of heat extremes, that is, P(Ti, Tj) , we used the hypothesis
testing as follows:

1. The null hypothesis: temperature anomalies Ti and Tj are independent; thus, the probability of concurrent heat
extremes at the two grid cells for each pentad (p) equals 0.0025 (0.05 × 0.05).

p = P(ti > 0.95∧tj > 0.95), isj (2)
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2. The alternative hypothesis: the heat extremes at the two grid cells are positively dependent and
hence p > 0.0025.

3. To test the null hypothesis, we count the number of pentads (m) of all assessed samples (n) that heat extremes
co‐occur at the two grid cells.

4. If we assume that the occurrence of heat extremes is independent for different periods, the number of con-
current extremes would follow the binomial distribution. The probability of concurrent heat extremes that
occur m times in n samples:

Pm =
n!

m!(n − m)!
pmqn− m, p = 0.0025, q = 0.9975 (3)

5. Based on the probability density function of binomial distribution, if the concurrent heat extremes occur at least
11 times during the whole study period (n = 2220), the p‐value would be less than 0.05, and we can reject the
null hypothesis. Correspondingly, the co‐occurrence of heat extremes at the two grid cells is significant with a
confidence level of 95%. On the contrary, if we cannot reject the null hypothesis, the heat extremes do not
significantly co‐occur at the two grid cells.

For each pair of grid cells where heat extremes are tested to significantly co‐occur, we standardized the
concurrence probability of heat extremes (P(Ti, Tj) ) relative to the probability when heat extremes occur inde-
pendently (p0 = 0.0025). The ratio of the two is called probability multiplication factor (PMF):

PMFi, j =
P(Ti, Tj)

p0
(4)

As P(Ti, Tj) is larger than 11/2220 (0.005) when heat extremes co‐occur significantly, the PMF of concurrent
heat extremes is greater than 2.0 (0.005/0.0025).

We assessed the spatial concurrence strength of heat extremes for IPCC AR6 land regions (Iturbide et al., 2020).
For each pair of land regions, PMF was first computed for each pair of grid cells in the two regions, and the mean
PMF was then computed to represent the spatial concurrence strength of heat extremes at the regional scale.

PMFRm ,Rn =
P(Ti, Tj)

p0
, iϵRm, jϵRn (5)

where PMFRm,Rn represents the mean PMF for the region pair of Rm and Rn, and P(Ti, Tj) is the mean of P(Ti, Tj)

of grid cell pairs where heat extremes co‐occur significantly, with the grid cell i from the land region Rm and the
grid cell j from the land region Rn, respectively.

We also identified the latitudinal distribution of PMF by computing the mean PMF for grid cell pairs where heat
extremes have significantly co‐occurred within each 10‐degree moving zonal band at a 2‐degree increment.
Similarly, the hemispheric mean PMF was computed across all grid cell pairs where heat extremes have
significantly co‐occurred in the Northern Hemisphere.

2.4. Driving Factors of Concurrent Heat Extremes

To explore the mechanisms of concurrent heat extremes, we assessed the impacts of global warming, abnormally
high pressure, and SM‐atmosphere feedbacks, which have been shown to be the main drivers of regional heat
extremes in previous studies (Barriopedro et al., 2023; Pezza et al., 2012; Röthlisberger & Papritz, 2023; Sen-
eviratne et al., 2013; Zhou et al., 2023). We first identified the influence of global warming on concurrent heat
extremes. To do so, we used temperature anomalies with and without long‐term trends to identify heat extremes
for each grid cell. By comparing results from these two sets of heat extremes, we could isolate the impact of
warming trends on the proportion of land grid cells experiencing heat extremes simultaneously and the spatial
concurrence strength of heat extremes at different grid cells/regions during the study period.
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We further explored the impacts of concurrent high pressure and SM‐atmosphere feedbacks on the spatial
concurrence probability of heat extremes without the warming trends. The 500 hPa GPH anomalies were used to
identify high‐pressure events. To calculate GPH anomalies, we first removed the seasonal cycle of GPH for each
grid cell by subtracting the 74‐year mean GPH. Additionally, we accounted for the influence of thermal expansion
on the troposphere (C. He et al., 2024), by subtracting the 10‐degree latitude moving average for each pentad from
1950 to 2023. This allows us to identify concurrent high‐pressure extremes and their impacts on the spatial
concurrence of heat extremes. The SM anomalies were computed by removing the 74‐year mean seasonal cycle
for each pentad and each grid cell. Given that heat extremes may be driven by the amplified impact of multiple
factors which are not that extreme individually, we defined the high‐pressure extremes and low SM extremes as
pentad periods as higher than its 90th percentile (GPH) and lower than its 10th percentile (SM), respectively, at
each grid cell. To assess the collective effect of high‐pressure anomalies and SM‐atmosphere feedbacks, we also
considered high GPH or low SM together as an extreme event called GS:

P(GSi) = P(gi > 0.9∨si < 0.1) (6)

where gi and si represent the normalized ranks of GPH anomalies (Gi) and SM anomalies (Si), respectively, and
P(GSi) is the probability of extreme GS events at the grid cell i.

Given the complex mechanisms of extreme heat events over different regions, it is difficult to disentangle the
effects of various mechanisms on current heat extremes. Therefore, we empirically assessed the impacts of high
GPH or low SM (i.e., extreme GS) on heat extremes by analyzing whether extreme GS coincides with extreme
high temperature. We calculated the conditional probabilities of extreme high GPH (P(Gi|Ti) ), extreme low SM
(P(Si|Ti) ), and extreme GS (P(GSi|Ti) ) when high temperature occurs at the grid cell i to determine the pro-
portion of heat extremes associated with these driving factors and evaluate their impacts. Similarly, we identified
the extent to which the concurrence of these driving factors can explain the concurrence probability of heat
extremes at two grid cells i and j. The conditional probability of concurrent extreme GS for the two grid cells i and
j where heat extremes occur simultaneously (P(GSi, GSj

⃒
⃒Ti, Tj) ) can be expressed as

P(GSi, GSj
⃒
⃒Ti, Tj) =

P(GSi, GSj, Ti, Tj)

P(Ti, Tj)

=
P( (gi > 0.9∨ si < 0.1)∧ (gj > 0.9∨ sj < 0.1)∧ ti > 0.95∧ tj > 0.95)

P(ti > 0.95∧tj > 0.95)

(7)

where P(GSi, GSj, Ti, Tj) represents the probability of concurrent heat extremes and GS extremes, and P(Ti, Tj)

the probability of concurrent heat extremes at the grid cells i and j. The conditional probabilities of concurrent
extreme high GPH (P(Gi, Gj

⃒
⃒Ti, Tj) ) and concurrent extreme low SM (P(Si, Sj

⃒
⃒Ti, Tj) ) can also be calculated to

determine how much concurrent heat extremes at the two grid cells can be explained by concurrent high GPH or
low SM events, respectively. The three conditional probabilities, that is, P(Gi, Gj

⃒
⃒Ti, Tj) , P(Si, Sj

⃒
⃒Ti, Tj) , and

P(GSi, GSj
⃒
⃒Ti, Tj) , enable us to evaluate and compare the contributions of concurrent high GPH, low SM, and

their combined effects on concurrent heat extremes.

3. Results
3.1. Increases in Concurrent Heat Extremes in Recent Decades

Figure 1 shows increasing concurrent heat extremes in the Northern Hemisphere from 1950 to 2023. The pro-
portion of land grid cells experiencing concurrent heat extremes ranged from 0.65% to 28% in the warm season
(May–September, pentad scale) during 1950–2023 (Figure 1a). The annual proportion, averaged across all
pentads for each year, varies from 2% to 8% during 1950–1999, and increased sharply from 5% in 2000 to 17% in
2023 (Figure 1b). In particular, the maximum proportion (corresponding to the max pentad) of land grid cells
increased at a rate of 0.3% per year in the 21st century and reached 28% for a 5‐day period in September 2023
(Figure 1b), which indicates increasing risks of concurrent heat extremes in the Northern Hemisphere. Such
increases in the maximum proportion also support previous findings that the spatial extent of extreme heat events
have greatly increased since 1980 (Rogers et al., 2022).
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Aheat extreme threshold based on the 95th percentile results in a ratio of 5%of land grid cells,which are expected to
experience concurrent heat extremes, assuming that heat extremes occur independently at different grid cells. Thus,
any number higher or lower than a land coverage of 5% is due to the spatial concurrence of heat extremes. Further,
the greater the departure from 5%, the stronger the concurrence strength of heat extremes. The increase in themean
proportion, and particularly the maximum proportion of heat extremes, suggest stronger concurrence strength of
heat extremes that lead to the increase of concurrent heat extremes in the 21st century (Figures 1a and 1b).

The increase in the spatial concurrence of heat extremes is largely caused by global warming, which has led to
more frequent and more intense heat extremes in the Northern Hemisphere, particularly in the 21st century
(Robinson et al., 2021). Figure 1c shows that the proportion of heat extremes is much larger than the 32% (i.e.,
24 years in the 21st century/74 years in total) over 96% of land grid cells and 29 of the 30 AR6 land regions in the
Northern Hemisphere. With the long‐term warming trends removed, we find both the mean and maximum
proportions of land grid cells having concurrent heat extremes are greatly reduced from ∼8% and ∼17% with the
warming trends to only ∼5% and ∼11% without in the 21st century (Figure 1b). Moreover, the trends in the mean
and maximum proportions of concurrent heat extremes are insignificant (p‐value > 0.05) without long‐term
warming trends. This demonstrates that the increasing frequency and strength of concurrent heat extremes are
predominantly driven by the anthropogenic warming trends in the Northern Hemisphere.

3.2. Influence of Global Warming on Concurrent Heat Extremes

The concurrence of heat extremes is found to be significant across 24% of the grid cell pairs in the Northern
Hemisphere, and their mean PMF is 3.09, 56% larger than the threshold of 2.0, that is, the minimum value for

Figure 1. Increasing concurrent heat extremes in the Northern Hemisphere. (a) Proportion of land grid cells experiencing heat
extremes in the warm season (May–September, pentad scale) during 1950–2023. The red and blue solid lines represent the
proportions identified using temperature data with and without long‐term trends. The gray solid line indicates the mean
proportion (%) during the whole period while the gray dashed line shows the beginning of the 21st century. (b) The same as
(a), but for the mean proportion of land grid cells experiencing heat extremes in each year. The upper and lower bounds of the
shading shows the maximum and minimum proportions on the pentad scale for each year. (c) Departure in the proportion of
heat extremes in the 21st century (2000–2023) from the expected proportion of 32% (i.e., 24 years in the 21st century/
74 years in total) for the IPCC AR6 climate reference land regions. Blue and red colors show proportions of heat extremes
lower and higher than the expected proportion of 32%, respectively.
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Figure 2. Global pattern of spatially concurrent heat extremes in the warm season based on the ERA5 reanalysis. (a) The mean probability multiplication factor (PMF) of
concurrent heat extremes between AR6 land regions in the Northern Hemisphere. The dotted area shows the proportion of grid cell pairs where heat extremes are tested
to be significantly concurrent for each AR6 region pair. (b) The same as a, but using near surface air temperature (TAS) data without long‐term trends. (c) The effect of
temperature trends on concurrent heat extremes evaluated as the difference between (a and b). (d) Changes in the regional PMF in a with the distance between the centers
of each region pair. (e, f) Paired boxplots of the mean PMF and the proportion of land arid cells for each AR6 region pair shown in (a) (with TAS trend, red) and (b)
(without TAS trend, blue). (g, h) Latitudinal distributions of the mean PMF and proportion of land grid cells for heat extremes within each 10‐degree moving zonal band
at a 2‐degree increment.
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statistical significance. This again indicates the spatial concurrence of heat extremes in the Northern Hemisphere.
Figure 2a shows the concurrence strength of heat extremes across the 30 IPCC AR6 regions. The mean PMF
across all regions (2.58, Figure 2e) is lower than the hemispheric mean PMF (3.09), as the former excludes grid
cell pairs within each AR6 region, where PMF values are generally higher due to similar climatic conditions. The
regional PMF is higher over neighboring regions, with the highest mean PMF of 6.05 across 66% of grid cell pairs
between Central Africa (17CAF) and north Eastern Africa (18NEAF). High PMF is also detected across many
distant regions (Figure 2d). For example, the mean PMF is 3.56 across 92% of grid cell pairs between north‐
western South America (9NWS) and Arabian Peninsula (28ARP). The latitudinal patterns of the spatial
concurrence of heat extremes are clearly evident (Figures 2g and 2h). As the grid cell pairs outside each 10‐degree
zonal band are excluded, the PMF values in Figure 2g are typically higher than the hemispheric mean PMF. The
PMF and the proportion of grid cell pairs are largest in high‐latitude regions that exhibit consistent Arctic climate
features. We also find high PMF and proportion in the tropical regions (0–15°N). Indeed, the mean PMF and
proportion are 3.80 ± 0.83 and 70% ± 23%, respectively, across the three tropical continents (Regions 8–10,
16–19, and 30) (Figure 2a). This result is consistent with previous findings that tropical land temperature shows
strong spatial coherence, particularly when the Pacific Decadal Oscillation shifts to a warm phase, in recent
decades (Yang et al., 2019; Zhou et al., 2023).

The identified strong concurrence strength of heat extremes in the Northern Hemisphere are largely driven by
anthropogenic climate change. When the temperature trends are removed, the hemispheric mean PMF and
proportion of concurrent heat extremes across statistically significant grid cell pairs are reduced from 3.09 to 2.41
and from 24% to 12%, respectively. We also find a lower PMF and smaller proportion over 84% and 97% of region
pairs, respectively (Figures 2c, 2 e, and 2f). The reductions in PMF and proportion without the temperature trends
are particularly strong across tropical regions (Regions 8–10, 16–19, and 30), indicating that the spatial
concurrence of tropical heat extremes are strongly enhanced by the warming trends (Figures 2c, 2 g, and 2h). In
mid‐ and high‐latitude regions, the latitudinal patterns shift toward a higher proportion of grid cell pairs that are
detected to experience significantly concurrent heat extremes, whose PMF value is close to the threshold 2.0,
resulting in a lower mean PMF, when the warming trends are considered (Figures 2g and 2h). These results are
consistent with the results of increased frequency and spatial extent of heat extremes in a warmer world (Figure 1)
and confirmed that concurrent heat extremes have been greatly strengthened by global warming, particularly in
the tropical regions.

3.3. Influences of Atmospheric Circulation and Land‐Atmosphere Feedbacks on Concurrent Heat
Extremes

While global warming has contributed to the strong spatial concurrence of heat extremes in the Northern
Hemisphere, we also note widespread heat extremes and their spatial concurrence when the temperature trends
have been removed (Figure 2). These concurrent heat extremes may be caused by natural climate variability and
teleconnections, for example, the Rossby wave patterns which lead to concurrent high pressure in the mid‐latitude
regions (Kornhuber et al., 2020). To test this, we first identify the impact of abnormally high pressure on heat
extremes for each grid cell. We find positive correlation between detrended temperature and GPH (Spearman's
correlation coefficient = 0.54), indicating that high/low temperature are often associated with high/low GPH in
the warm season (Figure 3d). The high probability (0.024) in the top‐right bin of Figure 3d suggests that 48% (i.e.,
0.024/0.05) of heat extremes, with a combined probability of 0.05, coincide with extreme high GPH on average.
This proportion is relatively low (<30%) over most tropical regions, but much higher (56% on average) over 30–
70°N (Figure 3a), indicating the importance of high pressure in mid‐latitude heat extremes. While many studies
also highlighted the importance of SM‐atmosphere feedbacks in the intensification of extreme heat events
(Miralles et al., 2014; Seneviratne et al., 2013), the negative correlation between temperature and SM is relatively
weak (Spearman's correlation coefficient= − 0.17) and only 21% of heat extremes co‐occur with extreme low SM
on average (Figures 3b and 3e). This suggests a secondary role of the SM‐atmosphere feedbacks compared to the
primary effect of high pressure in the occurrence of heat extremes in mid‐latitude regions.

Combining the effects of high GPH and low SM as GS extremes (see Methods), 60% of heat extremes are
accompanied by GS extremes on average, and the proportion is higher than this over more than half of the land
grid cells in 12 of the 30 AR6 regions in mid‐latitude regions (Figure 3c). Given the strong impact of GS extremes
on regional heat extremes, we further examine whether concurrent GS extremes can explain concurrent heat
extremes cross the 12 AR6 regions. For each region pair, 19%–61% (39% on average) of concurrent heat extremes
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are found to coincide with concurrent high GPH (Figure 4a). This suggests that abnormally high pressure are
largely responsible for not only regional heat extremes but also concurrent heat extremes over different regions. In
contrast, SM‐atmosphere feedbacks only impact heat extremes at the regional scale and concurrent low SM plays
a minor role in concurrent heat extremes, with the mean proportion of only 4% (Figure 4b). Combining the effects
of high GPH and low SM in different regions, we find the concurrent GS extremes can explain 31%–69% (50% on
average) of concurrent heat extremes. We note that this proportion is slight larger than the sum of concurrent high
GPH and concurrent low SM (43%), as several concurrent heat extreme events are caused by high GPH at one grid
cell and by low SM at the other grid cell.

Figure 3. Heat extremes in relation to extreme high pressure and low soil moisture. (a–c) Proportion of heat extremes
coinciding with extreme high geopotential height (GPH, a), extreme low soil moisture (SM, b), extreme high GPH or low SM
(GS, c, see Equation 6) for each grid cell. (d, e) Mean probability of each percentile bin of near‐surface air temperature (TAS)
and GPH (d), SM (e), respectively, across all grid cells in the Northern Hemisphere. The long‐term temperature trends have
been removed to identify heat extremes, that is, above the 95th percentile of detrended TAS anomalies (the right column in d,
e). The extreme high GPH and extreme low SM are defined as pentads in which the GPH anomalies are above their 90th
percentile (the top row in d) and the SM anomalies below their 10th percentile (the bottom row in e), respectively. The black
dots in (c) show grid cells where the proportion is larger than the average proportion of 60%. The red boundary lines show 12
AR6 regions in the mid‐latitude regions where the proportion is higher than 60% over more than half of the land grid cells in
each region.
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The analyses above demonstrate the importance of concurrent GS extremes in concurrent heat extremes in mid‐
latitude regions (Figure 4c). It remains unknown whether the high PMF of concurrent heat extremes is caused by
the spatial concurrence of GS extremes, particularly extreme high GPH, across different region pairs. To test this,
we calculated the mean probability of concurrent GS extremes for each region pair and find higher probability for
the region pairs where the PMF of concurrent heat extremes is also higher (Figures 4d, 4 f, and 4g). The Pearson's

Figure 4. Impacts of concurrent high pressure and low SM on concurrent heat extremes in the warm season. (a–c) Proportion of concurrent high temperature (TAS,
without trends) that coinciding with concurrent extreme high GPH (a), concurrent extreme low SM (b), and concurrent extreme GS (c, see Equation 7) at the 12 selected
AR6 regions (grid cells with the proportion in Figure 3c larger than 60%). (d–f) The mean probability of concurrent high GPH (d), concurrent low SM (e), and
concurrent extreme GS (f) for the grid cell pairs where heat extremes are tested to be significantly dependent (p‐value< 0.05) between the 12 AR6 regions. (g) The mean
PMF of concurrent heat extremes (without long‐term temperature trends), but for the 12 AR6 regions. (h, i) The relationship between the PMF of concurrent heat
extremes in g and the probability of concurrent GPH extremes in (d) (h) and concurrent GS extremes in (f) (i) across the 121 (12 × 11) region pairs. The standard
deviation (regression line) and the Pearson's correlation coefficient are shown in each plot.
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correlation coefficient between the PMF of concurrent heat extremes and the probability of concurrent GS ex-
tremes is 0.94 (Figure 4i), and this correlation coefficient is even higher (0.96) if we only considered concurrent
high GPH (Figure 4h). This is because concurrent high GPH over different regions are interconnected through
teleconnections, such as the Rossby wave patterns, but low SM generally depends on regional precipitation deficit
and water loss through evapotranspiration and the probability of concurrent low SM are relatively low for all
region pairs (Figure 4e). These results suggest that the spatial concurrence strength of heat extremes are pre-
dominantly driven by concurrent high‐pressure anomalies. SM‐atmosphere feedbacks mainly enhance regional
heat extremes and could influence concurrent heat extremes in combination with high pressure over different
regions.

4. Discussion and Conclusion
In this study, we developed a statistical framework to identify the contributions of global warming, atmospheric
circulation and land‐atmosphere feedbacks to spatial concurrence of heat extremes in the Northern Hemisphere.
The statistical framework enables an evaluation of spatial concurrence strength of heat extremes between any grid
cells or region pairs and at varying spatial scales. This approach overcomes the limitation of commonly used
spatial clustering methods, which are unable to assess the strength of concurrent heat extremes over different
regions (Bador et al., 2015; Bernard et al., 2013).

We find the direct effects of anthropogenic warming to be the dominant driver of long‐term increases in the
frequency and spatial extent of concurrent heat extremes in agreement with Rogers et al. (2022). The global
warming trend also enhances the concurrence strength of heat extremes, particularly over tropical continents,
where surface temperature has became more spatially coherent under climate warming (Yang et al., 2019; Zhou
et al., 2023). In contrast, atmospheric circulation and land‐atmosphere feedbacks primarily influence temporal
(pentad‐to‐pentad, Figure 1) and spatial (across different region pairs, Figure 4) variations in concurrent heat
extremes. Even when removing the warming trend, we find significant spatial concurrence of heat extremes
across many regions, which is due to global climate teleconnections (Rouges et al., 2023; Ryu & Kang, 2023) and
the size of heat extremes which might affect neighboring regions, such as the strong concurrence strength in high‐
latitude regions (Figures 2g and 2h). We find more than half of heat extremes in mid‐latitude regions are asso-
ciated with high‐pressure extremes and 39% of concurrent heat extremes coincide with concurrent high‐pressure
extremes across 12 mid‐latitude regions. Moreover, the spatial concurrence strength of heat extremes across mid‐
latitude region pairs strongly depends on the probability of concurrent high‐pressure extremes (r = 0.96).
Concurrent high‐pressure extremes driven by large‐scale circulation anomalies are therefore largely responsible
for the spatial concurrence of heat extremes in mid‐latitude regions. This finding is consistent with previous
findings that mid‐latitude heatwaves are connected by recurrent circulation patterns (Rogers et al., 2022), such as
Rossby wave patterns with wavenumbers 5 and 7 (Ding &Wang, 2005; Kornhuber et al., 2019, 2020). While low
soil moisture also enhances regional heat extremes through land‐atmosphere feedbacks (Miralles et al., 2014,
2019; Zhou et al., 2019), it exerts its impact on co‐occurring heat extremes over different regions primarily in
combination with the high atmospheric pressure.

It is important to note that heat extremes can be triggered and modulated by various physical processes
(Röthlisberger & Papritz, 2023). Concurrent heat extremes therefore may be caused by the same mechanism
acting in different places or different processes occurring at the same time. Our statistical analyses assess how the
three key mechanisms responsible for regional heat extremes, namely global warming, extreme high pressure, and
SM‐atmosphere feedbacks, contribute to concurrent heat extremes in different regions. However, the relative
contributions of these mechanisms are not quantified due to their strong interconnection and the possibility that
they are driven by the same or different physical processes. While we have isolated the global warming effect on
temperature trends, global warming may also lead to amplified Rossby waves and hence more concurrent
high‐pressure anomalies and greater strength of concurrent heat extremes (Y. He et al., 2023; Kornhuber
et al., 2020). In addition, other possible mechanisms of concurrent heat extremes, such as the El Niño–Southern
Oscillation and related teleconnections (Jong et al., 2020; Mokhov & Timazhev, 2022), are not explicitly
accounted for in this study, though they may have affected high‐pressure anomalies and land‐atmosphere
feedbacks. A deeper understanding of the physical processes driving concurrent heat extremes, along with
enhanced attribution analyses, is crucial for identifying the relative importance of different mechanisms and their
interactions in the spatial concurrence of heat extremes, particularly in a warming future.
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The identified strong influence of global warming on the spatial concurrence of heat extremes indicates ever‐
increasing risks of heat extremes in terms of not only its frequency and intensity but also its spatial extent.
This would substantially increase heat exposure and heat‐related mortality, and cause widespread damage to
property and infrastructure and large‐scale wildfire disasters (Arsad et al., 2022; Rey et al., 2009; Ruffault
et al., 2020; Williams et al., 2019). While the increasing heat extremes pose adaptation challenges for the society
and ecosystems, our improved understanding of the spatial pattern of concurrent heat extremes and their re-
sponses to different driving factors will inform effective strategies and practices to mitigate and adapt to future
risks of heat extremes.

Data Availability Statement
The ERA5 reanalysis product is publicly available from https://cds.climate.copernicus.eu/datasets/reanalysis‐
era5‐single‐levels?tab=overview.
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