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ABSTRACT: Heat stress is projected to intensify with global warming, causing significant socioeconomic impacts and
threatening human health. Wet-bulb temperature (WBT), which combines temperature and humidity effects, is a useful in-
dicator for assessing regional and global heat stress variability and trends. However, the variations of European WBT and
their underlying mechanisms remain unclear. Using observations and reanalysis datasets, we demonstrate a remarkable
warming of summer WBT during the period 1958–2021 over Europe. Specifically, the European summer WBT has in-
creased by over 1.08C in the past 64 years. We find that the increase in European summer WBT is driven by both near-
surface warming temperatures and increasing atmospheric moisture content. We identify four dominant modes of European
summer WBT variability and investigate their linkage with the large-scale atmospheric circulation and sea surface tempera-
ture anomalies. The first two leading modes of the European WBT variability exhibit prominent interdecadal to long-term
variations, mainly driven by a circumglobal wave train and concurrent sea surface temperature variations. The last two leading
modes of European WBT variability mainly show interannual variations, indicating a direct and rapid response to large-scale
atmospheric dynamics and nearby sea surface temperature variations. Further analysis shows the role of global warming and
changes in midlatitude circulations in the variations of summerWBT. Our findings can enhance the understanding of plausible
drivers of heat stress in Europe and provide valuable insights for regional decision-makers and climate adaptation planning.

SIGNIFICANCE STATEMENT: Wet-bulb temperature, which takes into account the combined effect of temperature
and humidity, is a good indicator for assessing heat stress. In the context of global warming, heat stress is anticipated to es-
calate, posing significant risks to human health and causing socioeconomic losses. However, variations in wet-bulb tempera-
ture and the associated physical mechanisms have received limited attention. This study aims to improve our understanding
of the temporal and spatial variations and the potential driving mechanisms of summer wet-bulb temperature across Europe
in recent decades. We have observed a noteworthy increase in summer wet-bulb temperature, indicating a regional intensifi-
cation of heat stress, particularly within the last 10 years. We further investigate the connections between variations in sum-
mer wet-bulb temperature, large-scale atmospheric circulation, and sea surface temperature. Additionally, we explore their
associations with global warming and changes in midlatitude atmospheric circulation. The outcomes of this study not only
contribute to establishing a scientific basis for evaluating heat-related risks in Europe but also facilitate preparedness for fu-
ture climate adaptation and mitigation at both regional and local scales.

KEYWORDS: Atmosphere; Europe; Atmospheric circulation; Climate change; Interannual variability;
Interdecadal variability

1. Introduction

In recent decades, there has been a significant increase in
the frequency, duration, and intensity of extreme heatwaves,
particularly in the midlatitude regions (Russo et al. 2014;
Horton et al. 2016; Ma and Franzke 2021). Moreover, climate
models project a further intensification of these extreme heat
events due to the ongoing anthropogenic global warming
(Russo et al. 2014; Fischer and Knutti 2013; Coffel et al. 2018).
Given their frequently disastrous social and economic conse-
quences, these events have attracted growing scientific and

societal attention (Horton et al. 2016; Barriopedro et al. 2023).
Multiple lines of evidence indicate that deadly heat events are
not solely attributed to high temperatures but are also exacer-
bated by the effects of high humidity (Russo et al. 2017; Yu et al.
2021; Davis et al. 2016; Bekris et al. 2023). In hot environments,
humidity levels play a crucial role in human thermoregulation
(Raymond et al. 2020; Russo et al. 2017), as high humidity tends
to impede the efficiency of human sweat-based latent cooling
(Lin and Yuan 2022). Consequently, various heat stress indices,
which consider the combined effects of temperature and humid-
ity, have been proposed to quantify the impact of hot and humid
conditions on human health (Stull 2011; Sherwood and Huber
2010; Matthews et al. 2022).

Wet-bulb temperature (WBT), as one of the heat stress indi-
ces, is a common and effective measure for assessing the im-
pact of extreme heat waves on human health (Wang et al.
2019; Rogers et al. 2021). Previous research has considered the
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theoretical human physiological tolerance limit for WBT to be
358C (Sherwood and Huber 2010; Buzan and Huber 2020).
As a consequence, prolonged exposure to WBT above 358C
can lead to heat-related mortality and illnesses (Rogers et al.
2021). Under global warming, Raymond et al. (2020) reported
that this theoretical threshold will be exceeded in some coastal
subtropical locations. The observed increased in WBT and in-
tensified heat stress are projected to persist across the globe
(Li et al. 2017; Raymond et al. 2020; Wang et al. 2021; Coffel
et al. 2018; Buzan and Huber 2020; Bekris et al. 2023). There-
fore, investigating the mechanisms behind WBT variations is
of great importance for regional climate prediction, risk assess-
ments in heat stress, and for policymakers aiming to enhance
adaptation to climate change.

Europe is experiencing accelerated warming compared to
other land regions in the northern midlatitudes, primarily due
to the significant influence of anthropogenic activities (Li et al.
2017). During the summer season, numerous extreme heat
events have occurred over Europe in recent years, including the
infamous 2003 European heatwave (Cassou et al. 2005), the
2010 Russian heat waves (Russo et al. 2014), and the record-
breaking 2022 European heatwave (Rousi et al. 2022). These
extreme heat events have had severe impacts on European eco-
systems, agricultural yields, and have resulted in significant hu-
man and economic losses (Diffenbaugh et al. 2007; Ionita et al.
2022; Yu et al. 2021). However, when evaluated using WBT,
lowerWBT values around 288C have been observed during these
extreme heat events (Coffel et al. 2018). Stated by previous stud-
ies (Raymond et al. 2020; Rogers et al. 2021; Bekris et al. 2023),
dangerous heat-induced mortality and morbidity impacts can oc-
cur at much lower WBT values, for example, around 278C. This
discrepancy in WBT values suggests variations in temperature
measurements and heat stress calculations, as the latter considers
the influence of humidity. Concerning the rates of increase in
temperature and heat stress, earlier research suggests that the in-
crease in temperature exhibits a larger magnitude of change com-
pared to heat stress, which takes into account both temperature
and moisture effects (Matthews et al. 2022; Rogers et al. 2021).
The remaining unknown question is the relative contribution of
surface temperature and humidity to the increase in European
summer heat stress. Hence, gaining a better understanding of
summer WBT and its underlying dynamics is paramount to pre-
dict and assess the risk of heat stress in Europe.

Considering temperature alone, significant progress has been
made in the physical understanding of European summer heat
waves (Ionita et al. 2013, 2020; Rousi et al. 2022; Barriopedro
et al. 2023). A consensus is that the large-scale atmospheric cir-
culation plays the most direct role compared to ocean circula-
tion and overall global warming. This is primarily attributed to
its association with persistent subtropical ridges and/or blocking
anticyclones, which are essential factors in the development of
heat waves (Ma and Franzke 2021; Barriopedro et al. 2023).
Heat waves in midlatitude regions can be considered as regional
manifestations of quasi-stationary Rossby waves (Barriopedro
et al. 2023), which constitute a predominant part of the midlati-
tude circulation in the Northern Hemisphere (NH) (Coumou
et al. 2015; Kornhuber et al. 2019). The changes in extratropical
Rossby waves are largely forced by local and remote sea surface

temperature (SST) anomalies (Ma and Franzke 2021; Teng et al.
2022), while also being influenced by atmospheric internal vari-
ability (Coumou et al. 2018; Li et al. 2020). Moreover, soil mois-
ture deficit and related land–atmosphere feedbacks (Fischer et al.
2007; Tuel and Eltahir 2021) play an important role in intensify-
ing land surface hot temperatures. Furthermore, anthropogenic-
ally induced warming has also contributed to the occurrence of
extreme hot summers in Europe, primarily due to the increase in
greenhouse gas concentrations (Li et al. 2017; Raymond et al.
2020) and the reduction in emissions of anthropogenic aerosol
precursors (Dong et al. 2017). Other influential factors have also
been reported, such as changes in summer atmospheric circula-
tions (Horton et al. 2015) and Arctic warming (Coumou et al.
2015).

However, little advance has been made in understanding the
behavior and dynamics of WBT variability (Raymond et al.
2017; Rogers et al. 2021; Ning et al. 2022). In particular, there
seems to be a lack of knowledge and research on WBT in
Europe. Given the accelerated pace of warming over this region,
there is an urgent need to quantify the variations and elucidate
the driving mechanisms of European summer WBT in order to
address the more serious heat-induced impacts. Several studies
have focused on detecting the spatiotemporal patterns and inves-
tigating the anthropogenic influence of summer WBT variations
at a global scale (Coffel et al. 2018), hemispheric scale (Li et al.
2017), and regional scale (Yu et al. 2021), as well as exploring the
relative contributions of moisture and temperature to extreme
WBT events (Raymond et al. 2017; Wang et al. 2019). As for ex-
ploring the driving mechanisms, Ning et al. (2022) analyzed the
dominant modes and their dynamic mechanisms of summer
WBT anomalies in China from 1960 to 2017, while the role of
SST anomalies has not been clearly examined. Lin and Yuan
(2022) investigated the relationships between different zonal
wavenumbers embedded in amplified quasi-stationary waves and
summerWBT extremes in the midlatitudes NH.

Here, we study the robustness of the spatial and temporal var-
iations of summer WBT over Europe from 1958 to 2021 using
both observation-based and reanalysis datasets. We investigate
the dominant modes of summer WBT anomalies and explore
the underlying large-scale driving mechanisms at multiple time
scales, relying on both internal modes of variability and SST
anomalies. Furthermore, we examine the potential linkages be-
tween variations in WBT anomalies and global warming as well
as atmospheric circulation changes. Our overarching goal is to
enhance our understanding of the warming of summer WBT
over Europe, enabling better preparedness for and adaptation to
global warming.

2. Data and methods

a. Data

Our analysis focuses on the European region, spanning from 368
to 708N and 108W to 458E. We utilize both observations and rean-
alysis products to compute the WBT using 2-m air temperature,
specific humidity, and relative humidity data. The primary dataset
used is the Japanese 55-year Reanalysis (JRA-55; Kobayashi et al.
2015), which has a spatial resolution of 1.258 3 1.258 and a
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temporal resolution of 6 h per day. To ensure the robustness of our
findings, we incorporate high-resolution observations from the
European Climate Assessment and Dataset (E-OBS, version
v25.0e) provided by the European Climate Assessment and
Dataset (Cornes et al. 2018). E-OBS collects daily averaged ob-
servations from meteorological stations across Europe and
provides a daily gridded dataset with a regular horizontal res-
olution of 0.18 3 0.18. We compute the observational WBT
by averaging 100 ensemble members of daily temperature
and relative humidity from E-OBS (Ionita et al. 2021). To
enable comparison with JRA-55, the computed WBT using
E-OBS data is interpolated to the same spatial resolution as
JRA-55. The analyzed datasets cover the period from 1958
to 2021.

To diagnose large-scale atmospheric and SST conditions
influencing the variability of WBT, other variables from the
JRA-55 dataset are also employed, including monthly geopo-
tential height, meridional wind, zonal wind, and specific hu-
midity. We also utilize the monthly Extended Reconstructed
Sea Surface Temperature (ERSSTv5; Huang et al. 2017) data-
set, which has a global spatial resolution of 2.083 2.08.

Furthermore, we explore the relationships between the domi-
nant modes of WBT and various large-scale internal modes of
variability at multiple time scales, ranging from interannual to
multidecadal scales. The climate indices used in this study in-
clude the monthly Atlantic multidecadal variability (AMV), the
Arctic Oscillation (AO), the North Atlantic Oscillation (NAO),
the El Niño–Southern Oscillation index (Niño-3.4), and the
Indian Ocean Dipole Mode Index (DMI). All these indices are
directly sourced from the KNMI (the Royal Netherlands Me-
teorological Institute) Climate Explorer. In this study, we spe-
cifically examine the contemporaneous associations between
major climate modes and European WBT variations during
the boreal summer. Future investigations should consider the
influence of large-scale climate modes from the prior winter
or spring on summer WBT variations (e.g., Martija-Dı́ez et al.
2021).

b. Calculation of wet-bulb temperature

Various methods have been developed to quantify heat stress
[see Table 1 in Buzan et al. (2015) and references therein].
Among these methods, WBT has emerged as a commonly used
index for assessing human-perceived heat stress in recent research
(Raymond et al. 2020; Wang et al. 2019). However, it is important
to note that the calculation of WBT can vary across studies (Ning
et al. 2022; Rogers et al. 2021; Knutson and Ploshay 2016), de-
pending on data availability and computational resources. In this
study, we employ two different methods to estimate WBT, thus
facilitating the evaluation and strengthening the reliability of our
results.

Our calculation of WBT primarily relies on the Davies-Jones
method (WBT_DJ), as proposed by Davies-Jones (2008) and
implemented by Buzan et al. (2015). Previous studies have
found that this method is particularly accurate at high tempera-
tures, making it widely applicable in research on WBT extremes
(Coffel et al. 2018; Raymond et al. 2020), even though it is more
complex and computationally intensive compared to empirical

formulas (Rogers et al. 2021). A detailed description of the com-
putation process can be found in Buzan et al. (2015).

For a more direct comparison between E-OBS and JRA-55,
we also compute WBT_S using a simplified algorithm devel-
oped by Stull (2011). This algorithm estimates WBT (8C) at
standard sea level pressure as follows:

WBT_S 5 T 3 arctan[0:151 977 3 (RH 1 8:313 659)0:5]
1 arctan(T 1 RH) 2 arctan(RH 2 1:676 331)
1 0:003 918 38 3 (RH)1:5
3 arctan(0:023 101 3 RH) 2 4:686 035 (1)

where T represent the 2-m air temperature (8C) and RH is the
relative humidity (%). This formula is easy to implement and
provides an indication of the evaporative cooling efficiency of the
human body (Zhao et al. 2021). It has been found to be accurate
within specific ranges of relative humidity (5%–99%) and air
temperature (208–508C), which are relevant for our summertime
analysis. The WBT_S has also been widely used in various re-
gions and climate conditions, including studies by Raymond et al.
(2017) for the contiguous United States and Ning et al. (2022) for
mainland China.

We first calculate both WBT_DJ and WBT_S at 6-h intervals
per day using the JRA-55 dataset. Subsequently, we average
these values to obtain daily averaged WBT. Seasonal means are
then computed from the daily averaged data. To calculate anom-
alies for WBT and other variables, we subtract the climatological
mean over the period of 1981–2010 in this study.

To justify the appropriate utilization of the JRA-55 dataset,
we first conduct a comparative assessment of the results ob-
tained using the two methods for calculating WBT. Our focus
is on their variations and long-term trends during the summer
season. Subsequently, due to data availability, we compute
WBT_S using the E-OBS dataset and compare these values
with the WBT_S derived from the JRA-55 dataset. It is worth
noting that some missing values exist over eastern and south-
eastern Europe in the E-OBS dataset, so our comparisons are
limited to the grid points where values are available in both
datasets.

c. Estimate of trend and significance test

Two methods are used to quantify the summer WBT trend.
First, we estimate the long-term linear trend using least squares
linear regression over the entire European region. Second, we
detect the spatially nonlinear monotonic trend at each grid point
using the Mann–Kendall (MK) method, a nonparametric statis-
tical test widely used for detecting long-term trends in hydrocli-
matic time series (Ionita et al. 2021; Ma et al. 2021). To account
for the presence of serial correlation within the time series and
mitigate spurious trends, we employ the trend-free prewhitening
technique proposed by Yue and Wang (2002). The magnitude
of the trend is then evaluated using the nonparametric Sen’s
slope estimator.

For assessing the statistical significance of the identified trends,
we consider a trend to be significant only if it is significant at the
5% level. To address the challenge of multiple hypothesis testing,
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we apply a false discovery rate (FDR) correction following the
approach suggested by Wilks (2016). This correction provides a
rigorous assessment of trend significance by adjusting the p values
obtained from the MK test. We control the FDR by setting the
FDR-adjusted significance level (aFDR) to 0.1. This implies that
we expect 10% of the identified significant grid points to fulfill
the null hypothesis, although this test may be conservative for
spatially correlated data (Wilks 2016; Lin and Yuan 2022).

d. Identification of dominant modes and its large-
scale drivers

To identify dominant modes of variability in summer WBT
anomalies, we employ empirical orthogonal function (EOF)
analysis. This analysis effectively separates modes with distinct
spatial patterns and their corresponding temporal principal
components (PCs). Prior to the analysis, we remove the global
warming trend by linearly detrending the WBT anomalies using
a least squares regression fit. We also apply a weighting scheme
based on the square root of the cosine of the latitude. The sig-
nificance of the detected modes is evaluated using North’s rule
of thumb (North et al. 1982), which determines the sampling er-
ror of each mode to ensure nondegenerate EOFs.

Regression and correlation analyses are conducted to ex-
plore the relationships between large-scale internal modes of
variability, atmospheric variables, and the identified PCs for
each mode at various time scales. To capture the interdecadal
to multidecadal component, locally weighted scatterplot smooth-
ing (LOWESS; Cleveland 1979) is utilized for different PCs and
internal modes of variability. LOWESS is advantageous in con-
sidering nonlinearities in the data, as opposed to a simple linear
regression (Rousi et al. 2022). A LOWESS with a 17% span, ap-
proximately 11 years, is applied here for this purpose.

Composite analysis is used to investigate the atmospheric
circulations and SST anomalies associated with each domi-
nant EOF mode. Geopotential height and wind anomalies at
500 hPa are computed to represent the corresponding atmo-
spheric circulations, and similar analysis is performed for SST
anomalies. To gain insight into the physical mechanisms asso-
ciated with each EOF mode, composite maps are constructed
based on the PC time series for years when PC values exceed
(high composite) or fall below (low composite) one standard
deviation (Ionita et al. 2013, 2020). The differences between
the high and low composite maps are calculated. For compos-
ite maps, the statistical significance is assessed using a Stu-
dent’s t test at a 5% significance level.

Additionally, we examine the connection between summer
WBT variations and changes in midlatitude circulations from
the perspective of atmospheric eddy kinetic energy (EKE).
Following Coumou et al. (2015), we focus on the changes of
synoptic transients over the midlatitudes, which are associated
with synoptic-scale high and low pressure systems. EKE serves
as a measure of the interplay between the intensity and fre-
quency of these involved high and low pressure systems
(Coumou et al. 2015; Lehmann et al. 2014). Previous studies
have documented a weakening of summertime EKE in the
NH, which is associated with an increased occurrence of ex-
treme heat events during boreal summer (Coumou et al. 2015).

To calculate EKE, we apply a 2.5–6-day bandpass filter to daily
wind fields, focusing on synoptic-scale (eddy) activity (Lehmann
and Coumou 2015). The calculation is as follows:

EKE 5 0:5 3 (u′2 1 y ′2), (2)

where u′ and y ′ represent the zonal and meridional wind
speeds after bandpass filtering, respectively. We compute the
EKE at 500 and 850 hPa to ensure the robustness of our anal-
ysis. The summertime EKE is obtained by averaging the daily
EKE values. EKE is calculated for the period from 1979 to
2021 using JRA-55 data, taking into account the potential ef-
fects of changes in the observing system starting from the mod-
ern satellite era (1979 onward) for calculating atmospheric
energy (Ma et al. 2021) and the reported period of weakening
summer circulation in the NH (Coumou et al. 2015).

Quantile regression (Koenker and Bassett 1978) is then em-
ployed to examine the relationship between EKE and WBT
variations. Unlike linear regression, quantile regression esti-
mates the effects of changes not only in the mean, but also in
all parts of the EKE distribution, ranging from the 10th to
90th percentiles (Hirschi et al. 2011). This method does not rely
on assumptions about the parametric form of the underlying
probability distribution (Rhines et al. 2017), making it suitable
for analyzing trends and changes in percentile values of climate
variables (Gao and Franzke 2017). Recently, this method has
been utilized to establish a link between summer heat extremes
and reduced storm track activity across large midlatitude conti-
nental regions (Lehmann and Coumou 2015).

3. Climatology, validation, and trend analysis of
summer WBT

The climatological pattern of summer mean WBT exhibits
a south high–north low feature (Figs. 1a,b). The coastal region
around the Mediterranean and the north of the Black Sea show
higher WBT values around 208C, while lower values (around
108C) are generally observed over the Fennoscandian Peninsula
and high-elevation regions like the Alps. This geographical pat-
tern of summer WBT could be closely attributed to the warmer
and drier Mediterranean climate in southern Europe and the
colder and more humid subarctic climate in northern Europe
(Peel et al. 2007). Notably, this climatological pattern remains
consistent regardless of the method used for WBT calculation
(Figs. 1a,b). Previous studies suggest the importance of method
choice when considering humid extreme events (Rogers et al.
2021), we therefore compare the spatial distribution of differ-
ences obtained using two WBT calculation methods (Fig. 1c).
We analyze their differences by subtracting the results from the
WBT_DJ from the results obtained using the empirical Eq. (1).
The differences do not exceed 0.98C. In comparison, WBT_S tends
to slightly underestimate (overestimate) WBT values in the north-
ern (southeastern) parts of Europe compared to WBT_DJ. For
central Europe, both methods yield nearly identical results. More-
over, statistically significant positive correlations were found be-
tween the seasonal variations in WBT estimated from WBT_DJ
and WBT_S, with correlation values exceeding 0.95 for almost all
the grid cells (not shown). The results suggest that both methods
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are reasonable and consistent for estimating European summer
WBT variations using the JRA-55 dataset.

We then estimate WBT_S using high-resolution observa-
tional E-OBS data to validate the results from JRA-55 data.
The E-OBS data displays many grid points with missing val-
ues in eastern Europe, primarily due to the quality control
check process, especially for relative humidity observations

(Cornes et al. 2018). Therefore, we compare the two datasets
by considering the common grid cells, meaning that both
datasets have WBT_S values estimated. As shown in Fig. 1d,
compared with E-OBS, JRA-55 appears to exhibit general
warm biases in the estimated WBT_S over eastern Europe
and the Fennoscandian Peninsula, while displaying cold biases
over southern and western Europe. These warm and cold

FIG. 1. Climatological patterns (8C) and trends (8C decade21) of European summer mean WBT from 1958 to 2021. Climatological pat-
terns obtained from JRA-55: (a) WBT_DJ, (b) WBT_S, and (c) their difference. The difference between (d) WBT_S and (e) surface tem-
perature between JRA-55 and E-OBS over their common grid cells. (f) The correlation of the estimated WBT_S between the two data-
sets. (g) Comparison of the two datasets in the time series and linear trends for the European averaged summer WBT_S over the
common grid cells. (h) As in (g), but showing the European averaged summer WBT_DJ and WBT_S using JRA-55. Shading in (g) and
(h) indicates 90% confidence intervals for the estimated slope. (i) Trend of European summer WBT_DJ using JRA-55. Stippling indicates
where the trends are not statistically significant according to the FDR test.
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biases in WBT_S are primarily caused by the surface tempera-
ture bias of JRA-55 (Fig. 1e). Relative humidity is expected
to play a minor role in the estimated bias of WBT_S for the
two datasets, as it contributes less to the variations in summer
WBT_S compared to surface temperature (shown in Fig. 2a, the
black dotted line), aligning with global-scale findings reported by
Knutson and Ploshay (2016). While biases are evident in the esti-
mated WBT_S in JRA-55 over Europe, significant positive corre-
lations are observed between the two datasets, particularly in
central and northern Europe (Fig. 1f). The correlations over south-
ern Europe are smaller, although still significant. We note that
these lower correlations are mainly due to the relatively larger sur-
face temperature bias in estimating WBT_S in JRA-55 (Fig. 1e),
resulting in a different magnitude of the increasing rate in WBT_S
compared to E-OBS, as observed over Italy (not shown). We fur-
ther analyze the temporal evolution and linear trend of European
summer WBT_S, averaging it over the common grid cells for both
datasets presented in Fig. 1g. We observe a general cold bias in
JRA-55, with an increasing trend of 0.228C decade21, slightly
smaller than that in E-OBS (0.248C decade21). The significant pos-
itive correlation is evident, with a value of 0.997 (p, 0.01). These
findings support the rational use of JRA-55 for studying variations
in European summerWBT.

Regarding both temporal variations and the linear trend,
the disparities between WBT_DJ and WBT_S, as calculated
from the JRA-55 dataset, are minimal (Fig. 1h), corroborating
the outcomes presented in Figs. 1a–c. The time series of Euro-
pean regional average WBT_DJ and WBT_S demonstrate a
significantly strong positive correlation (r 5 0.996, p , 0.01)
and display nearly identical increasing trends from 1958 to
2021. The linear warming trend for WBT_DJ (0.218C decade21)
is marginally less than the corresponding trend estimated for
WBT_S (0.238C decade21). The regional average summer
WBT_DJ values are slightly higher than those of WBT_S in
most years. This observation corroborates the findings of previ-
ous research by Buzan et al. (2015), which showed that WBT_DJ
is more effective in capturing high WBT values. Therefore,
WBT_DJ will be employed to represent European summer
WBT variations throughout the remainder of this study. In
subsequent analyses, unless otherwise specified, WBT will de-
note WBT_DJ for brevity.

A detailed examination of the temporal variations in sum-
mer WBT reveals a significant period of rapid warming over
Europe that began in the late 1980s (Fig. 1h). This warming
trend aligns with the signal of anthropogenic climate change
(Li et al. 2017). Since the 1980s, Europe has experienced a
noteworthy reduction in anthropogenic aerosols, primarily at-
tributable to stringent air quality regulations (Smith et al.
2011). This decline in aerosols has been linked to the rapid
warming observed over Europe, as it results in increased
downward solar radiation and positive local land–atmosphere
feedbacks (Dong et al. 2017). In the meantime, other drivers
have also become more evident, such as the phase shifting of
the low-frequency variations of SST in the Atlantic Ocean
(Sutton and Hodson 2005), changes in midlatitude circula-
tions (Horton et al. 2016), and the rapid and substantial de-
cline in Arctic sea ice (Vihma 2014).

In terms of spatial distribution, the majority of the European
region has experienced a significant increase in summer WBT,
while there are limited areas showing insignificant increasing
trends (Fig. 1i). These less affected regions include the southern
Iberian Peninsula, the northern British Isles, and the northeast-
ern Scandinavian Peninsula. In contrast, the more pronounced
increases in WBT are primarily concentrated in central and
southern Europe, characterized by trends ranging from 0.28 to
0.48C decade21, which indicates a regional amplification of heat
stress. In conclusion, central Europe, characterized by the high-
est population density (Buzan and Huber 2020), warrants
heightened vigilance due to the steadily increasing risk of sum-
mer heat stress in these regions.

4. Contributors and distribution of the increasing
summer WBT

a. Contributions of temperature and humidity

To understand the increasing trends in European summer
WBT, we investigate the relative impacts of temperature and
humidity changes, as these are critical components in WBT
estimation (Raymond et al. 2017; Bekris et al. 2023). In doing
so, we carry out a sensitivity analysis to reevaluate summer
WBT, considering constant specific humidity or constant surface
temperature. The constant values are calculated using their long-
term mean values spanning from 1958 to 2021. When assuming
constant specific humidity, the regional increase in WBT is pri-
marily driven by surface temperature alone, and vice versa. As
shown in Fig. 2a, increases in surface temperature contribute sub-
stantially to the warming of summer WBT, accounting for an av-
erage of 57% of the increase in WBT (Fig. 1h), while specific
humidity accounts for the remaining 43%. This suggests that
both temperature and humidity changes contribute to the in-
creasing summer heat stress in Europe, with temperature effects
slightly more dominant than changes in the specific humidity.
This conclusion is further supported when examining the linear
trends of temperature and specific humidity individually, where
the increasing trend of temperature (0.318C decade21) is slightly
larger than that of other variables. Our findings align with the
global-scale results reported by Knutson and Ploshay (2016).
Additionally, it is interesting to note that the trend of WBT with
constant temperature differs between WBT_S (slightly decreas-
ing) and WBT_DJ (increasing). This result further supports the
preference for using WBT_DJ, emphasizing the potential misin-
terpretations that could arise from using WBT_S to assess re-
gional WBT variations.

The re-evaluated spatial trends of European summer WBT are
depicted in Figs. 2b and 2c. When assuming constant specific hu-
midity, the spatial pattern closely resembles that obtained using
concurrent specific humidity in Fig. 1i, with generally lower trends
in central and southern Europe. Notable differences emerge over
the Fennoscandian Peninsula, revealing an increasing trend that is
not statistically significant, and over the Iberian Peninsula, transi-
tioning from a nonsignificant decreasing trend to a significant
increasing trend. This identified spatial pattern aligns similarly
with the trends in surface temperature alone (Fig. 2d), although
the magnitudes are slightly smaller. In contrast, assuming constant
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surface temperature also yields a comparable pattern to Fig. 1i,
with significant increasing trends mainly scattered in the southern
and northeastern regions. However, a significant decreasing trend
in summerWBT is observed over most parts of the Iberian Penin-
sula. This decline is attributed to a significant decrease in specific
humidity, leading to a reduction in air moisture content in this re-
gion (Fig. 2e), as a result of the inherently dry climate and declin-
ing summer precipitation in recent decades (Liu et al. 2022). It is
noteworthy that the significant rise in regional surface tempera-
ture (Fig. 2d) suggests that dry heatwaves may become more se-
vere and more frequent, owing to an intensified land–atmosphere
interaction over the Iberian Peninsula (Tuel and Eltahir 2021;
Fischer et al. 2007). In summary, our findings suggest that the in-
crease in European summerWBT is attributed to both rising sum-
mer temperatures and a simultaneous increase in air moisture
content, as indicated by the rise in specific humidity (Byrne and
O’Gorman 2018; Brogli et al. 2019).

b. Changes in summer WBT variability

We analyze changes in the probability density distributions
(PDFs) of summer WBT from a statistical perspective. We con-
sider three time periods: 1958–89, 1990–2021, and 2012–21.
Here, the summer WBT values for the three periods are

calculated by removing the mean value from the reference pe-
riod (1981–2010). The spatial distribution of summer meanWBT
values is then presented in Figs. 3a–c, respectively. The warm val-
ues of summer WBT are becoming more pronounced across
nearly all regions from 1990 to 2021, aligning with the trend pat-
tern in Fig. 1i. Notably, significant warming has occurred in the
last decade (2012–21), with central Europe experiencing an in-
crease of over 18C and the high-latitude region around the
Fennoscandian Peninsula witnessing an approximate 0.58C rise.
These warming patterns are generally consistent with the findings
of Yu et al. (2021) and Li et al. (2017). This motivates us to
further assess the changing distributions of summer WBT over
Europe.

Figure 3d presents the estimated PDFs and related statistics
for the three periods, along with the PDF for the reference
period used for comparison. To evaluate significant differ-
ences compared to the reference period, we employ two sta-
tistical tests: the two-sample Kolmogorov-Smirnov test and
the Student’s t test, using a significance level of 0.05. All three
PDFs pass both of these statistical tests, indicating statistically
significant changes. When comparing the periods of 1958–89
and 1990–2021, we observe a significant increase in the mean
WBT of 0.738C. This shift in the entire PDF toward the

FIG. 2. Contributions of temperature and humidity to European summer WBT variations. (a) Time series and linear trends of European
summer mean surface temperature (T; 8C), specific humidity (q; g kg21), WBT_S assuming constant surface temperature, WBT_DJ
assuming constant specific humidity, and surface temperature, respectively. Unless otherwise stated, hereafter WBT is used to represent
WBT_DJ in short. (b)–(e) Spatial distribution of linear trends of the variables shown in (a); units are 8C decade21, except for (e), which is
in g kg21 decade21. Stippling indicates where the trends are not statistically significant according to the FDR test.
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warmer part of the distribution results in a more negatively
skewed distribution, while the variance remains largely un-
changed. However, in the comparison of the periods 1958–89
and 2012–21, we not only observe a shifted mean but also dis-
cern alterations in symmetry, as indicated by changes in both
the mean and skewness (Kodra and Ganguly 2014). Our find-
ings reveal that summer mean WBT has warmed by 1.08C
over the past decade. Given the significant impacts of anthro-
pogenic global warming (Li et al. 2017), the risk of heat stress
is expected to increase, posing a substantial threat to human
health in the coming decades.

5. Dominant modes of summer WBT anomalies

To understand the influences of large-scale climate variability,
we conduct the EOF analysis to unveil the dominant modes of
variability in summer WBT anomalies over the period 1958–2021.
We employ data from a total of 64 summer seasons for this
EOF analysis. The first four leading EOF modes and their cor-
responding PC time series are selected and depicted in Figs. 4
and 5. These modes have all passed the statistical significance

test (North et al. 1982), indicating their distinctiveness from
one another and their clear separation from any remaining
higher modes. It is worth noting that we performed the same
procedure using summer monthly anomalies of WBT and
E-OBS data separately, which resulted in consistent spatial
patterns for the first four leading EOF modes (not shown).
This consistency reinforces our confidence in the robustness
and reproducibility of these four EOF modes for characteriz-
ing European summer WBT variations.

In total, the four primary seasonal EOFmodes identified collec-
tively explain approximately 81% of the total variance, highlight-
ing their capability to capture the spatiotemporal characteristics of
European summer WBT anomalies. It is important to note that
the spatial patterns of the EOFs are represented as the regression
of the detrended summerWBT anomalies onto the corresponding
PCs. To better illustrate the overall warming pattern over Europe,
the PCs are inverted by multiplying them by 21. As shown in
Fig. 4, the first two EOF modes reflect generally the natural
low-frequency variations in summer WBT anomalies. EOF1
represents a homogeneous monopolar warming pattern over
central to eastern Europe (Fig. 4a). The corresponding PC1

FIG. 3. Spatial distribution of summer WBT values (8C) for the periods (a) 1958–89, (b) 1990–2021, and (c) 2012–21. Summer WBT val-
ues are determined by removing the mean value from the reference period (1981–2010). (d) Changes in probability density functions
(PDFs) of European regionally averaged summer WBT values during the three periods, along with statistics for shape, scale, and location
parameters. The dashed vertical lines represent the mean values of each distribution. The grayed line represents the PDF for the reference
period. All the other PDFs pass the significance test when compared with the referenced PDF.
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exhibits pronounced interdecadal (Fig. 4b) to multidecadal
(Fig. 4c) variations, indicating regional transitions from warm to
cold and then back to warm climate periods. This mode may be
linked to the AMV, which plays a significant role in the multide-
cadal variations of European summer temperature (Sutton and
Hodson 2005; Ghosh et al. 2017). Regarding EOF2, it displays a
zonal-like dipole pattern (Fig. 4c), with warm anomalies in the
western-to-southwest part of Europe and cooling in the eastern
part of Europe. This spatial pattern could be associated with SST
anomalies over the Indian Ocean and western Pacific (Behera
et al. 2013). The PC2 primarily exhibits intradecadal to interdeca-
dal variations (Fig. 4e), with a shift toward a warmer regime in
summer WBT anomalies since the mid-1990s, particularly over
western Europe. This aligns with the recent warming trends
shown in Fig. 3c and with observations reported by Dong et al.
(2017).

In contrast, the high-frequency variations of summer WBT
anomalies are mainly captured by EOF3 and EOF4. EOF3
shows a meridional-like dipole pattern (Fig. 5a), characterized by
negative anomalies over the northwestern part of Europe and

positive anomalies over much of the southern region. The PC3
tends to capture interannual to intradecadal variability (Fig. 5b).
The spatial pattern of EOF3 resembles the temperature pat-
tern influenced by the summer NAO in Europe (Folland et al.
2009; Li et al. 2020), suggesting potential impacts of the varia-
tions in the NAO. Concerning EOF4, it displays a tripole-like
pattern (Fig. 5c), with negative anomalies over southwestern
and northeastern Europe, and positive anomalies stretching
across central Europe from the Scandinavian Peninsula to re-
gions around the Black Sea and the Caspian Sea. As shown in
Fig. 5d, the PC4 reflects mainly the interannual variability of
summer WBT anomalies.

6. Possible drivers of the dominant modes

a. Contributing factors

Before delving into the role of atmospheric circulation in WBT
variability, we first briefly examine the influence of temperature,
humidity, and moisture fluxes on the four dominant modes. To
achieve this, we perform a regression analysis using detrended

FIG. 4. The spatial patterns for the (a) first (EOF1) and (d) second (EOF2) EOF modes. The percent of the total
variance explained by each EOF is shown in the top left. Also shown are the corresponding standardized principal
components (PCs) for (b),(c) EOF1 and (e) EOF2, along with their statistically significant correlated climate indices.
The PCs are normalized based on their standard deviations. The dashed lines show the smoothed LOWESS curve fit
with a span of 0.17. The spatial patterns of EOFs (8C) are expressed as the regression of the detrended summer WBT
anomalies against PCs.
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anomalies of temperature, specific humidity, and moisture varia-
bles in relation to the leading mode PCs. We note that the tem-
perature and specific humidity data used in the regression analysis
have been detrended from the original data, without assuming a
constant variable as in the previous section. Additionally, we ex-
plore the low-level moisture transport and moisture convergence
at 850 hPa associated with these modes.

For all four modes, the significant anomaly patterns of tem-
perature (Figs. 6a,d,g,j) and specific humidity (Figs. 6b,e,h,k)
exhibit a coherent phase with the corresponding spatial pat-
terns of each EOF mode. These findings confirm the concurrent
influence of temperature and humidity on European summer
WBT variations, with temperature playing a more substantial
role, particularly in the first two EOF modes. The interannual
variations are primarily linked to temperature changes over
southern Europe (cf. Figs. 6g,j with Figs. 6h,k). Regarding the
contributions of moisture flux and its associated divergence
(Figs. 6c,f,i,l), the centers of moisture divergence generally coin-
cide with the regions of anomalous warm temperatures, indicat-
ing that water vapor tends to diverge from those locations. In
contrast, cooling anomalies are typically associated with the
convergence of moisture fluxes, such as over the Fennoscan-
dian Peninsula in Fig. 6i. In summary, temperature and specific
humidity make positive contributions to the spatial patterns of
the dominant EOF modes, while moisture fluxes tend to play a
contrasting role that is positively correlated with water vapor
convergence. This complex interplay of temperature, humidity,

and moisture fluxes contributes to the variability of summer
EuropeanWBT.

b. Composites of large-scale atmospheric
circulation anomalies

To elucidate the potential mechanisms behind the domi-
nant modes, we examine the corresponding atmospheric cir-
culation anomalies using summertime geopotential height and
wind anomalies at 500 hPa. We present the composite maps
for both the high and low composites, as well as their differ-
ences. For PC1, the high composite map exhibits widespread
positive geopotential height anomalies across eastern Europe
and small areas of negative anomalies centered around the
British Isles (Fig. 7a). Conversely, the low composite shows pro-
nounced negative anomalies spreading over Europe (Fig. 7b).
The centers of the anomalies align well for the two composites.
The differences between the high and low composites (Fig. 7c)
reveal deepened positive (negative) circulation anomalies cen-
tered over eastern Europe (the British Isles). The high compos-
ite of PC1, as shown in Fig. 4a, has been influential in Europe
since the mid-1990s (Fig. 4b), indicating the dominance of circu-
lation anomalies similar to those in Fig. 7a in the current cli-
mate. Previous studies suggest that high pressure anomalies
over the North Atlantic can be associated with the advection of
warm air from the tropical ocean (Cassou et al. 2005), while an-
other positive center over eastern Europe can directly warm
that region by enhancing incoming solar radiation and reducing

FIG. 5. As in Fig. 4, but for the third and fourth EOF modes.
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cloud cover (Ma and Franzke 2021). Furthermore, as suggested
by Fig. 6c, heat and moisture from other remote regions, such as
the eastern Mediterranean, may also contribute to sustaining
the circulation anomalies, as discussed in Zschenderlein et al.
(2019).

An omega-like blocking structure is identified, centered
over central Europe, in both the high and low composite
maps of PC2 (Figs. 7d,e). The blocking system is particularly
prominent in the differences between the high and low composite

maps (Fig. 7f), which reveal two distinct anomalous low anoma-
lies located over the subpolar gyre region in the North Atlantic
and over northeast Europe extending toward the Arctic. The
presence of this blocking circulation anomalies over Europe plays
a crucial role in disrupting the westerly flow, allowing for the ad-
vection of warm air from the subtropical region, thereby further
intensifying the high pressure anomalies (Teng et al. 2022;
Zschenderlein et al. 2019). This, in turn, leads to a regional
weather pattern characterized by warm and dry conditions. The

FIG. 6. Regression maps of air temperature, specific humidity, and moisture flux convergence [shading; g (m2 s)21] and moisture trans-
port at 850 hPa (vectors; g kg21 m s21) onto the standardized series of (a)–(c) PC1, (d)–(f) PC2, (g)–(i) PC3, and (j)–(l) PC4. The black
(red) stippling indicates where areas are not (are) statistically significant at the 95% level by the Student’s t test. The moisture fluxes are
shown after using a nine-point smoothing method for improved visualization.
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consistent anomaly centers between the high and low composites,
particularly over land areas, suggest a well-characterized contri-
bution of the North Atlantic variability to this mode. Addition-
ally, as suggested by previous studies (Behera et al. 2013; Ma and
Franzke 2021), SST anomalies from remote regions, such as the
tropical Indian Ocean and Pacific Ocean, may play a crucial role
in maintaining these blocking circulation anomalies over Europe.
A more in-depth discussion of the role of SST anomalies will be
presented in the next section.

When examining the entire NH, we observe a resemblance be-
tween the combined influence of the first two EOF modes and a
circumglobal midlatitude wave train as proposed by Saeed et al.
(2014). This wave train plays a critical role in affecting summer
moisture convergence over Europe, distinct from the impacts of
the summer NAO. To elucidate the relationships between this
wave train and the first two PCs of European summer WBT var-
iations, we construct a circumglobal midlatitude wave train index
(CGTI) following the method of Saeed et al. (2014). The CGTI is
defined as the principal component associated with the first EOF
mode of summer 200-hPa meridional wind anomalies over the do-
main spanning from 208 to 808N and from 1008W to 1008E. As
shown in Fig. 8a, the time series of CGTI and the first two PCs
present a strong linear relationship. The joint probability kernel
density, presented in Figs. 8b and 8c, indicates evident linear rela-
tionships between CGTI and the two PCs, respectively. A signifi-
cant correlation is identified between PC1 and CGTI (r 5 0.63,
p , 0.01), and a weaker correlation is also found for PC2

(r 5 0.23, p 5 0.06). To highlight their associations with CGTI, a
linear combination of the first two PCs (2PC1 1 PC2) re-
veals a more substantial relationship with CGTI (r 5 0.69,
p , 0.01). Thus, our results suggest that the proposed cir-
cumglobal wave train exerts a dominant influence on the
first two leading modes of European summer WBT anoma-
lies. Additionally, these two leading modes capture varia-
tions in summer WBT at interdecadal to multidecadal time
scales and could be linked to large-scale SST anomalies,
such as the AMV (Ghosh et al. 2017).

Regarding PC3, the spatial structure of the composite maps
(Figs. 7g–i) resembles the weather regime associated with dif-
ferent phases of summer NAO (Cassou et al. 2005; Ferranti
et al. 2015) or a mixture of European blocking and Scandina-
vian blocking (Hochman et al. 2021). In the high composite,
there are anomalously high (low) pressure conditions over
southeastern (northwestern) Europe (Fig. 7g), which is inverted
in the low composite (Fig. 7h). The difference between the high
and low composite years exhibits a strengthened circulation
anomalies similar to the high composite (Fig. 7i). These results
are consistent with previous studies on the relationships be-
tween summer NAO variations and temperature anomalies
(Bladé et al. 2012; Li et al. 2020). Furthermore, we find a signifi-
cant correlation (r 5 20.24, p , 0.05) between the summer
NAO index and PC3 (Fig. 5b), confirming the influence of
NAO in modulating summer WBT at the interannual time
scale.

FIG. 7. Composite large-scale circulation anomalies for the four dominant modes of summer WBT anomalies. The high (low) composite
includes the summer when the corresponding PC values are greater (lower) than one standard deviation. (a)–(c) High and low composite
and their differences for EOF1. Composite of geopotential height (shading; m) and wind (vectors; m s21) anomalies at 500 hPa. Other
panels are as in (a)–(c), but for (d)–(f) EOF2, (g)–(i) EOF3, and (j)–(l) EOF4. The hatched areas indicate anomalies that are statistically
significant at the 95% significance level.
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The composite circulation anomalies for PC4 reveal a higher
wavenumber pattern over the NH compared to the other modes,
exhibiting a meridional-like tripole structure over Europe
(Figs. 7j–l). In the high composite, two anomalous low pressure
systems are observed over the Iberian Peninsula and around
the Barents Sea (Fig. 7j), while a high pressure system extends
from southwestern Greenland to southwestern Europe. How-
ever, in the low composite, the centers of these anomalies do not
perfectly match (Fig. 7k). This meridional-like pattern could be
related to the variability of summer storm tracks over the North
Atlantic (Dong et al. 2013), which are influenced by the summer
AO and NAO (Coumou et al. 2018; Thompson and Wallace
2001). We examined the significant correlations between PC4
and AO (r 5 20.39, p , 0.05) and NAO (r 5 20.34, p , 0.05),
as shown in Fig. 5d. The presence of correlations with both
modes is not surprising, given the similarities between AO and
NAO, with NAO sometimes considered a regional manifestation
of AO (Thompson and Wallace 1998; Cohen and Barlow 2005).
Notably, the AO and NAO indices exhibit relatively larger varia-
tions after the late 1990s, potentially related to the recent intensi-
fication of Arctic amplification (Coumou et al. 2018), which
warrants further investigation. Furthermore, the high wavenumber
pattern and its connection to the circumglobal teleconnection over
the NH may contribute to the variation of PC4 (Kornhuber et al.
2019), while further investigations are needed to fully understand
its role. In short, our results suggest that NAO and AO are rele-
vant climate modes influencing summer WBT variations at the in-
terannual scale, potentially working together to induce variations
ofWBT over the Iberian Peninsula (Fig. 3).

c. Connection to the SST anomalies

As previously mentioned, variations in SST have significant im-
pacts on European summer climate at multiple time scales. For
instance, multidecadal variations in North Atlantic SST have been
shown to influence European summer climate (Sutton and
Hodson 2005; Sutton and Dong 2012; Ionita et al. 2015, 2017,
2022), as well as interannual SST variations in the tropical Indian
Ocean and Pacific Ocean (Cassou et al. 2005; Behera et al. 2013;
Ma and Franzke 2021). To examine the relationship between SST
anomalies and the dominant modes of summer WBT anomalies,
we conducted a composite analysis of SST anomalies (Fig. 9).

For PC1, the high (low) composite of PC1 exhibits significantly
warm (cold) anomalies over the North Atlantic (Figs. 9a,b). The
differences between the high and low composite maps (Fig. 9c)
show a consistent pattern with the high composite map. Obvious
SST anomalies are also observed in the Pacific and Southern
Ocean. In the high composite, there is anomalous warming (cool-
ing) over the eastern (western) Pacific, suggesting a relationship
with ENSO. We find a significant correlation between PC1 and
Niño-3.4 with a value of 20.26 (p , 0.05, Fig. 4b). Using the
LOWESS method, we further highlight the impact of interdeca-
dal to multidecadal SST variations on summer WBT, with a sig-
nificant correlation of 20.5 (p , 0.05) for the DMI and 0.66
(p , 0.05) for the AMV (Fig. 4c). Our findings support previous
research indicating that decadal to multidecadal variations in
European summer climate are associated with SST variations
over the North Atlantic (Sutton and Dong 2012; Ghosh et al.
2017; Della-Marta et al. 2007; Ionita et al. 2013). We demonstrate

FIG. 8. The relationship between CGTI and the PCs of the first two leading EOFs of summer WBT anomalies.
(a) Time series. (b) The joint probability density distribution of CGTI and PC1, as well as linear combinations of the
first two PCs (2PC11 PC2). (c) As in (b), but for the PC2.
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that remote SST variations in the Indian and Pacific Oceans can
also play a role in summerWBT variations.

For PC2, the SST anomalies exhibit strong anomalous SST
mainly over the Mediterranean Sea and the Indian Ocean
(Figs. 9d–f). The high composite and the differences between
high and low composites show a more significant pattern. During
the high composite phase, positive SST anomalies along theMed-
iterranean Sea could contribute to the warming of WBT through
warm advection (Diffenbaugh et al. 2007). We also find a weak
correlation between PC2 and the DMI (r 5 20.20, p 5 0.11),
partly revealing the connections with SST anomalies over the In-
dian and western Pacific Oceans. This is supported by model ex-
periments conducted by Ma and Franzke (2021), in which they
demonstrate that anomalous heating over the western Indian and
Pacific Ocean can trigger a wave train, influencing summer heat-
waves over Europe. Therefore, we suggest that the accelerated
warming of the tropical Indian Ocean (Hu and Fedorov 2019)
may partly contribute to the current increase in summer WBT,
although the pattern is not statistically significant in the composite
analysis.

We also observe anomalous warming along the southeast-
ern U.S. coast and the Gulf of Mexico in the patterns of PC1
(Fig. 9a), PC2 (Fig. 9e), and also PC3 (Fig. 9g). According to
Saeed et al. (2014), the warming SST anomalies over these

regions can trigger the positive phase of the circumglobal mid-
latitude wave train, which could influence the current European
summer WBT, consistent with the circulation anomalies in the
composite of PC1 (Fig. 7a) and PC2 (Fig. 7d). This provides ad-
ditional evidence supporting the role of the circumglobal wave
train in shaping European summer WBT variability. More in-
depth dynamical analysis is encouraged for further explore this
linkage.

Different from the first two PCs, the anomalous SST com-
posites for PC3 (Figs. 9g–i) and PC4 (Figs. 9j–l) are primarily
concentrated over the Mediterranean Sea or show SST varia-
tions over the North Atlantic region. In the composites for
PC3, the anomalous SST patterns exhibit a distinct NAO pat-
tern over the mid- and high-latitude North Atlantic, which is
consistent with the circulation composites (Figs. 7g–i) and in
agreement with previous studies (Folland et al. 2009). Regard-
ing PC4, the SST anomalies are predominantly distributed along
the coast of the Iberian Peninsula, northern Africa, and the
western Mediterranean. These SST anomalies correspond well
with the circulation anomalies over the ocean (Figs. 7j–l). Our
findings suggest that there are rapid and interannual responses
of WBT to SST anomalies at the same time scale, primarily
through their fast influence on atmospheric circulations and/or
warm-air advection.

FIG. 9. As in Fig. 7, but for sea surface temperature anomalies.
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7. Linkage with global warming and midlatitude
circulation changes

a. Global warming

So far, we have investigated the potential driving mecha-
nisms behind the changes in summer WBT by considering the
influence of large-scale climate variability. It is also important
to examine how summer WBT responds to global warming.
For this purpose, we conducted an EOF analysis using the
nondetrended anomalies of summer WBT. The four EOF modes
closely resemble those obtained from the detrended anomalies of
summer WBT in Figs. 4 and 5. We focus on the first leading
mode EOF1 (raw EOF1, Fig. 10a), as it explains a larger variance
(55.6%) than the detrended EOF1 (45.4%; Fig. 4a). The raw
EOF1 indicates a spatially increasing trend of summer WBT as
shown in Fig. 1i. The corresponding PC1 exhibits a significant in-
creasing trend (Fig. 10b) and has a strong correlation (r 5 0.99,
p , 0.01) with the raw, nondetrended time series of summer
WBT anomalies. Additionally, a significant correlation (r 5 0.73,
p , 0.01) is also observed with the detrended PC1. These results

demonstrate that the raw EOF1 captures the trend in summer
WBT associated with global warming and its internal decadal
to multidecadal variations. Thus, the difference in explained
variance is likely primarily due to the impact of anthropogenic-
induced warming (Knutson and Ploshay 2016; Li et al. 2017),
assuming a linear relationship between global warming and
changes in summer WBT. Using observations and climate model
outputs, Li et al. (2017) suggested that the total effect of anthro-
pogenic forcing could contribute to approximately 18C warming
of summer WBT in the NH, with a particularly pronounced im-
pact over Europe.

The influence by AMV is also clear, as evidenced by a sig-
nificant correlation of 0.33 (p, 0.01). Even after applying the
LOWESS filtering, the correlation value is 0.68, which re-
mains almost equal with the detrended PC1 in Fig. 4c. This in-
dicates that the role of the AMV in modulating summer WBT
is not affected by the background warming. Previous studies
have documented that SST over the North Atlantic has shifted
to a phase characterized by anomalous warmth in the late 1990s
(Sutton and Hodson 2005). This phase shift is associated with

FIG. 10. (a) As in Fig. 4a, but for the EOF1 for the raw summer WBT anomalies (8C). (b) Time series of non-
detrended PC1 with its statistically significant correlated climate indices. (c) As in Fig. 8a, but for the nondetrended
first two PCs. (d) As in Fig. 1d, but for trends in summer WBT anomalies (8C decade21) for the period 1979–2021.
(e) Time series of regionally averaged summer WBT anomalies of all land grid points: the midlatitudes (ML, 358–708N),
the defined European region (EU), and the midlatitudes excluding the EU (rmEU).

MA E T A L . 207315 MARCH 2024

Unauthenticated | Downloaded 04/30/25 07:37 PM UTC



northward ocean heat transport, leading to significant warming
of the North Atlantic Ocean, as depicted in Fig. 9a. This warm
anomaly over the North Atlantic contributes to anomalous warm-
ing over Europe through the prevailing westerly weather system.
Additionally, previous studies have argued that the AMV is
closely related to the Atlantic meridional overturning circulation
(AMOC) (Dima and Lohmann 2007; DelSole et al. 2011). Recent
observations and projections suggest that the AMOC is projected
to transition to its negative phase in the future (Caesar et al. 2018;
Latif et al. 2022). This transition is expected to result in a general
cooling trend during European summers (Jackson et al. 2015).
The cooling effect associated with the slowdown of the AMOC
could partially mitigate the significant anthropogenic warming
impact on Europe. However, the weakening of the AMOC re-
mains a subject of debate (Jackson et al. 2015; Caesar et al. 2018;
Latif et al. 2022). We recommend further research involving
modeling and observations to gain a better understanding of the
intricate interactions between the AMOC and global warming
and how these interactions can impact European summerWBT.

The connection between the first two raw PCs and the cir-
cumglobal midlatitude wave train is evident as well, as de-
picted in Fig. 10c. Under the influence of global warming, the
constructed CGTI exhibits significant correlations with both
of these PCs. Specifically, the correlation is 0.42 (p, 0.01) for
raw PC1 and 20.47 (p , 0.01) for PC2. Furthermore, the lin-
ear combination of the first two PCs reveals an even more sig-
nificant correlation with CGTI (r 5 0.62, p , 0.01). These
results suggest that the wave train plays a robust and impor-
tant role in modulating summer WBT at multiple time scales.

In recent decades, the Arctic has undergone significant climate
warming with a rapid reduction in Arctic sea ice (Vihma 2014;
Pedersen et al. 2016) and concurrent a noteworthy increase in
near-surface temperatures (Screen and Simmonds 2010). This
phenomenon, known as Arctic amplification, has been linked to
substantial impacts on summer weather and climate in Europe
(Francis and Vavrus 2012; Coumou et al. 2018; Zhang et al.
2020). To quantify Arctic amplification, we introduce the Arctic
Amplification Index (AAI), defined as the temperature differ-
ence between the Arctic region (708–908N) and midlatitudes
(308–608N) (Ionita et al. 2020) during the summer season. Data
are analyzed from 1979 to 2021 due to observational uncertainties
in earlier periods in high latitudes, primarily stemming from lim-
ited spatial coverage (England et al. 2021). As shown in Fig. 10b,
the AAI demonstrates a significant increasing trend of approxi-
mately 0.168C decade21 (p , 0.01), indicating intensified warm-
ing in the Arctic during the summer season. A weak correlation
of 0.27 (p, 0.1) is observed between AAI and the nondetrended
PC1. This finding is partly consistent with the research conducted
by Zhang et al. (2020), who examined the influence of diminishing
Arctic sea ice on decadal variations in European summer climate.
These findings suggest a potential connection between recent
Arctic amplification and the rising WBT in European summers,
although its impacts on European climate are more pronounced
during the winter season (Vihma 2014; Cohen et al. 2014).

Furthermore, we find that over the same period (1979–2021),
the rate of increase in summer WBT over the European region
is the highest among other land regions in the midlatitudes of
the NH (Figs. 10d,e), which aligns with previous studies (Brogli

et al. 2019, 2021; Li et al. 2018). Specifically, European summer
WBT exhibits an average increase of 0.308C decade21, com-
pared to 0.258C decade21 for the rest of the midlatitudes.
This rate of increase is slightly higher than the overall rate
considering the entire time period (0.218C decade21) shown
in Fig. 1i, indicating an acceleration in the warming trend
over Europe in recent decades within the context of ongoing
global warming.

b. Trends in midlatitude circulation

The increase in summerWBT can also be attributed to changes
in atmospheric circulation. Previous studies have established a
connection between the frequent occurrence of warm extremes
and changes in atmospheric circulation over specific midlatitude
regions (Barriopedro et al. 2023; Rousi et al. 2022). These changes
in midlatitude circulation have been associated with Arctic ampli-
fication, which alters atmospheric dynamics by reducing the tem-
perature gradient between the equator and the poles (Cohen
et al. 2014; Coumou et al. 2018). As a result, summer circulation
in the midlatitudes weakens (Coumou et al. 2015), leading to
more meandering midlatitude jets and amplified stationary waves
(Francis and Vavrus 2012), as well as an increased frequency of
anticyclonic circulation systems during summer, including over
Europe (Horton et al. 2015). Therefore, in our study, we examine
the trends in midlatitude circulation changes by analyzing the var-
iations in EKE.

During the period from 1979 to 2021, a consistent decline in
summertime EKE has been observed in both the middle (500 hPa)
and lower (850 hPa) troposphere (Figs. 11a,b). The most significant
reduction in EKE is observed around southern Greenland and
over central and eastern Europe, and this spatial pattern persists
throughout the middle to lower troposphere. The decrease in EKE
corresponds well with the increase in WBT over Europe (Fig. 10c),
with a clearer relationship observed at the lower troposphere
(Fig. 11b). This is consistent with findings from previous studies
(Coumou et al. 2015; Ma et al. 2021), indicating a spatial weak-
ening of atmospheric circulation. The weakened circulation is
suggested to be associated with the occurrence of double jet
flow regimes, as proposed by Rousi et al. (2022), which could
prolong high-temperature events and consequently contribute
to the warming of the summer mean climate over Europe. At
the European level, the decline in summer EKE is also evident
and robust at both pressure levels, particularly at 850 hPa, with
a decline rate of 20.14 m2 s22 decade21 (Fig. 11c). Significant
negative correlations are identified between regional averaged
summer WBT anomalies and EKE, with a value of 20.38
(p, 0.05) at 500 hPa and20.50 (p, 0.01) at 850 hPa. The de-
clining trend in EKE reflects an increase in positive geopoten-
tial height anomalies (Lehmann and Coumou 2015), which
suggests a higher occurrence of anticyclonic systems and the like-
lihood of high-temperature anomalies over Europe. Meanwhile,
the weakening of atmospheric circulation could also impact the
identified circulation anomalies in section 6b. To some extent, the
circulation anomalies related to warmer summer WBT (Fig. 7)
can persist longer under decreasing EKE. This persistence may
be connected to an increased probability of amplified stationary
waves with the weakening circulation, which can further reinforce
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warmer summer WBT (Francis and Vavrus 2012; Lin and Yuan
2022).

Last, we employed quantile regression to examine the rela-
tionships between summer EKE and WBT anomalies. The anal-
yses are conducted at the 850-hPa level (Fig. 12), with similar
results observed in sensitivity analyses at the 500-hPa level (not
shown). Spatially, significant negative correlations are found over
central and southern Europe, with larger and statistically signifi-
cant regression slopes observed for the 90th percentile (Fig. 12c),
compared to the 10th percentile (Fig. 12a) and the 50th percentile
(Fig. 12b). These results indicate that lower EKE values are more
strongly associated with higherWBT values, while lowerWBT val-
ues are related to relatively higher EKE values. This finding is con-
sistent with the study by Lehmann and Coumou (2015), which
focused solely on summer temperatures. For the whole European
region, we examine EKE values for different quantiles ranging
from the 10th percentile to the 90th percentile and compare the re-
sults with those obtained from ordinary least squares regression
(OLS). As depicted in Figs. 12d and 12e, we highlight the robust
and consistent negative relationships observed in all quantile re-
gressions, which corroborate the findings of the OLS regression.
These results emphasize the strong and consistent inverse relation-
ship between summer EKE andWBT over Europe.

8. Summary and conclusions

In this study, we aimed to contribute to the understanding of
the spatiotemporal variations of summer WBT in Europe and
to unravel their potentially underlying driving mechanisms. Elu-
cidating summer WBT variations is crucial, as WBT serves as
an effective indicator of heat stress, being strongly influenced by
high temperatures and humidity levels, with significant impacts
on human health. By employing a variety of datasets and meth-
odologies, we have unveiled a robust and consistent increasing
trend of ;18C in the summer WBT over central and eastern

Europe from 1958 to 2021. The rate of summer WBT warming
in Europe surpasses that of other midlatitude regions, emphasiz-
ing an intensified risk of heat stress. Both surface temperature
and specific humidity contribute positively to this warming trend,
with temperature exerting a slightly greater influence compared
to humidity.

We identified four leading modes of European summer
WBT after linearly detrending the dataset prior to the analy-
sis. Our investigation highlights the connection between oceanic
and atmospheric drivers and the dominant modes of summer
WBT at various time scales. At the interdecadal to multidecadal
scale, the AMV, DMI, and ENSO, along with corresponding
SST anomalies, are associated with the first and second modes
of summer WBT. This underscores the crucial role of both local
and remote SST anomalies in modulating summer WBT vari-
ability, with a preference for long-term time scales (Raymond
et al. 2017; Ning et al. 2022). At the interannual time scale, at-
mospheric internal variability represented by the NAO and AO
dominate and influence the third and fourth modes of summer
WBT. These results provide valuable insights and support for
region-specific seasonal and subseasonal forecasts of summer
WBT evolution over Europe.

In addition, we contribute to exploring the impact of global
warming and trends in midlatitude circulation on European
summer WBT. Besides factors like climate variability, such as
the AMV, anthropogenic global warming emerges as a clear
signal related to summer WBT variations, consistent with pre-
vious studies (Li et al. 2017; Knutson and Ploshay 2016). We
acknowledge that recent evidence questions the existence of
internal Atlantic multidecadal oscillations in climate systems
(Mann et al. 2021). Nevertheless, the interaction between
global warming and AMV/AMOC variability can still exert
substantial influences on European summer climate (Jackson
et al. 2015; Ionita et al. 2022). While observations and climate
projections suggest a weakening of AMOC due to greenhouse

FIG. 11. Trends of summer EKE (m2 s22 decade21) at (a) 500 and (b) 850 hPa for the period 1979–2021. (c) Time
series and linear trends of summer WBT anomalies, EKE at 500 hPa, and EKE at 850 hPa over the European region
(blue box). The stippling indicates the trend is significant at the 90% significant level.
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gas emissions (Caesar et al. 2018), leading to a general cooling in
the NH through fast climate feedbacks (Jackson et al. 2015;
Drijfhout 2015), this cooling may not completely offset the effects
of global warming on increasing summer WBT over Europe
(Bonnet et al. 2021). Further modeling research is needed, given
the limited observation period of AMOC.Moreover, Arctic ampli-
fication, another prominent manifestation of global warming, may
contribute to midlatitude circulation weakening (Coumou et al.
2015; Screen and Simmonds 2010; Chen and Dai 2022), which, in
turn, is associated with warmer summerWBT over Europe.

We have analyzed the possible driving mechanisms separately;
however, it is important to note that these driving mechanisms
are interconnected across various time scales, involving complex
interactions among atmospheric and oceanic circulations and
their feedbacks. Our results support the mechanism where anom-
alous SST warming over the Gulf Stream region triggers a posi-
tive phase of a circumglobal wave train, significantly impacting
variations in European temperature and precipitation (Saeed
et al. 2014). Observations and climate models indicate a rapid
warming trend in the western boundary current, including the Gulf
Stream (Yang et al. 2016), implying a strengthening of the circum-
global wave train, which could further contribute to increased sum-
mer WBT over central and eastern Europe. Further dedicated
modeling research would be valuable to quantify the pure

contributions of the atmosphere and ocean and their nonlinear re-
sponses to WBT variability. Overall, our findings provide scientific
information for decision-makers and policymakers, helping them
better understand summer WBT and anticipate the increasing risk
of heat stress in Europe in the context of ongoing climate change.
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2021: ENSO influence on western European summer and fall
temperatures. J. Climate, 34, 8013–8031, https://doi.org/10.
1175/JCLI-D-20-0808.1.

Matthews, T., M. Byrne, R. Horton, C. Murphy, R. Pielke Sr.,
C. Raymond, P. Thorne, and R. L. Wilby, 2022: Latent
heat must be visible in climate communications. Wiley In-
terdiscip. Rev.: Climate Change, 13, e779, https://doi.org/
10.1002/wcc.779.

Ning, G., M. Luo, S. Wang, Z. Liu, P. Wang, and Y. Yang, 2022:
Dominant modes of summer wet bulb temperature in China.
Climate Dyn., 59, 1473–1488, https://doi.org/10.1007/s00382-
021-06051-w.

North, G. R., T. L. Bell, R. F. Cahalan, and F. J. Moeng, 1982:
Sampling errors in the estimation of empirical orthogonal
functions. Mon. Wea. Rev., 110, 699–706, https://doi.org/10.
1175/1520-0493(1982)110,0699:SEITEO.2.0.CO;2.

Pedersen, R. A., I. Cvijanovic, P. L. Langen, and B. M. Vinther,
2016: The impact of regional Arctic sea ice loss on atmo-
spheric circulation and the NAO. J. Climate, 29, 889–902,
https://doi.org/10.1175/JCLI-D-15-0315.1.

Peel, M. C., B. L. Finlayson, and T. A. McMahon, 2007: Updated
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