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Recent heatwaves as a prelude to climate
extremes in the western Mediterranean

region
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The 2022 and 2023 western Mediterranean summer temperatures exceeded millennial natural
variability, reaching unprecedented anomalies of +3.6 °C and +2.9 °C respectively. We show that
anthropogenic climate change may turn extreme heatwaves from a rarity of 1 in 10,000 years into
events occurring every 4-75 years, depending on future scenarios. This shift underscores the urgency
of implementing adaptive strategies as extreme climate events manifest sooner and more intensely

than expected.

The Mediterranean basin, home to over 510 million people, has emerged as
a focal point for climate change impacts'”. The summers of 2022 and 2023
exemplified this vulnerability, with the western Mediterranean (WM
hereafter) experiencing heatwaves of historic dimensions’”. The warmth of
these event were unprecedented, with temperatures reaching record levels
both in the instrumental period and in a millennial-long context (Fig. 1).
Despite extensive studies on climate extremes’, integrated analyses com-
bining historical reconstructions, instrumental records, and future projec-
tions are still lacking for the WM. Here, we aim at enhancing our ability to
estimate the frequency of such extremes under different climate scenarios.
Our findings underscore an alarming trend: extreme climate phenomena,
initially projected to occur towards the end of the 21" century', are indeed
already occurring, earlier and more fiercely than expected.

While the summer of 2023 was recognized as the warmest in the
Northern Hemisphere over the last two millennia’, our regional study
emphasized 2022, due to its well-documented impacts and greater extremity
(Fig. 1). During the May to September warm season of 2022, the WM,
including Spain, France, Italy, Morocco and Algeria, experienced tem-
perature anomalies three to four standard deviations above the 1940-2000
climatological mean. Concurrently, sea surface temperatures (SSTs)
exceeded instrumental ranges by more than four standard deviations,
forming record-breaking marine heatwaves’. These extremes were driven by
a persistent Azores high, most intense in June and July, which, coupled with
minimal cloudiness and intense ground heating, facilitated prolonged
heatwaves. This situation propelled Saharan hot air over the WM and much
of central Europe’, exacerbating warm synoptic conditions. Record-high
sunshine durations, maximum glacier retreats in the European Alps’ and

Pyrenees’”, and severe droughts from low winter and spring precipitation
culminated in record low river discharge rates’. This, in turn, increased
wildfire risks and resulted in the second largest burnt area on record across
WM. Such conditions disrupted agricultural water supplies and fueled
widespread forest degradation, reducing the summer net terrestrial carbon
uptake in the WM region by 56-62 TgC’. The human toll was staggering,
with over 60,000 heat-related deaths in Europe in the summer of 2022,
most notably in Italy and Spain. A closer look at Spain’s 2022 data reveals
record-breaking heat anomalies, making it the warmest summer since 1890
by instrumental records’ and since 1119 CE based on reconstructed data’.
Likewise, summer 2023 recorded unprecedented high SSTs, especially in the
North Atlantic (Fig. lc, d), causing marine heatwaves across Europe.
Southern Europe faced up to 2 weeks of “very strong” heat stress, with “feels-
like” temperatures between 38 and 46 °C, and southern Spain experienced
up to 60 days of these conditions'".

How rare were the western Mediterranean summer heatwaves of
2022 and 2023?

The 2022 and 2023 warm seasons in the WM were contextualized against
instrumental, historical, and projected data. Comparison of probability
density functions (PDFs) from past reconstructions and observations reveal
a consistent trend, with instrumental data indicating an average increase of
0.2 °C and a significant skew towards more frequent warm extremes at the
95th percentile (Fig. 2a). In order to have the most complete representation
of long-term variability and trends in the area we used both EURO-
CORDEX" (Representative Concentration Pathways, RCPs"”) and
CMIP6" (Shared Socioeconomic Pathways, SSPs") simulations (Fig. 2a, b).
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Fig. 1| Global and regional maximum temperature anomalies for 2023 and 2023:
Historical Context and Climate Projections. a Global Perspective: Temperature
anomalies for May through September (MJJAS) 2022, compared against the
1940-2000 baseline, using ERA5 reanalysis data. This global overview highlights the
exceptional nature of the 2022 season. b Regional Focus: Temperature anomalies in
2022 in Southern Europe expressed in standard deviations relative to the 1940-2000
period. ¢ As in (a) but for 2023. d As in (b) but for 2023. e Historical Context:
Reconstruction of MJJAS temperature anomalies'. Solid orange line represents the
tree-ring based reconstruction. Solid gray line represents the uncertainty of the
reconstruction. Solid brown line represents the 11-year running mean. Solid green
line represents data from the E-OBS. Solid golden line represents data from Berkeley
Earth Observatory. Solid blue line represents the multi-model-mean from EURO-
CORDEX. The collected trees from the Pyrenees show a strong correlation (r = 0.76;
P <0.001; 1940-2020 CE) with instrumental MJJAS maximum temperatures.
Despite being localized in the Pyrenees, the white box delineates areas where the
reconstruction exhibits significant Pearson correlations (p < 0.01) with correlations

exceeding 0.6, indicating robust validation for WM countries’. The white circle
marks the specific site of the temperature reconstruction. Extending this to 2022 (red
circle) and 2023 (black circle) reaffirmed both as the peaks of 902 years of recon-
structed data, marking the period since 2003 as the warmest since the Medieval era.
The reconstruction’s ability to capture a wide range of climate variability is further
highlighted by the yellow shading, which marks periods of solar minima (sunspots)
associated with cooling anomalies. Additionally, the figure identifies 20 significant
tropical volcanic eruptions, larger than the 1991 Pinatubo event, that coincide with
these noted cooling periods. Thus, this reconstruction effectively documents diverse
climate fluctuations, from the high-frequency cooling effects triggered by volcanic
activity to the more gradual changes caused by variations in solar activity or the
anthropogenic warming since the end of the 19th century. The historical multi-
model mean is based on EURO-CORDEX evaluation runs, while future projections
from EURO-CORDEX are presented for various RCPs scenarios based on different
models (see supplementary Table S2).
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Fig. 2 | Maximum temperature anomaly distribution and return periods in the
Western Mediterranean: Insights from reconstructions, observations, and future
scenarios. a Comparative Climate Anomaly Analysis: Probability density functions
illustrating Western Mediterranean climate anomalies, as inferred from tree-ring
reconstructions, observational records (Berkeley Earth), and the average projections
across three future climate scenarios for 1951-2005. Additionally, anomaly dis-
tributions against varying emission pathways are shown, showcasing the potential
divergence in climate trajectories contingent on current policy decisions. Dashed
lines represent the distributions’ means, while solid circles highlight the occurrence
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of warm extremes, identified at the 95th percentile. Note that while the E-OBS
dataset records a 2022 temperature anomaly of 3.9 °C, we have chosen to use the
most conservative estimate in our analysis. b As in (a) but for CMIP6. ¢ Frequency
Projections for the 2022 and 2023 Extreme Warm Anomalies: This panel quantifies
the recurrence interval (in years) of the exceptional warmth observed in 2022 (red
vertical line) and 2023 (black vertical line), comparing estimates from a historical
reconstruction, present-day observations, and projections within future climate
scenarios. d as in (c) but for CMIP6.

For instance, future projections up to 2099 vary: under the mild
RCP2.6 scenario, temperatures could rise by 1.67 °C; the RCP4.5 scenario
projects a 2.26 °C increase; and the RCP8.5 scenario estimates a stark rise to
an average of 4.35°C, with extremes potentially surpassing 6 °C. Tem-
perature projections under CMIP6 scenarios indicate higher values com-
pared to EURO-CORDEX, with the extreme temperatures of 2023 aligning
with the mean of SSP2-4.5 projections, and those of 2022 approaching but
not reaching the mean of SSP5-8.5 projections. These estimates indicate that
without significant mitigation efforts, future extremes are likely to surpass
the record temperatures experienced in both 2022 and 2023.

The return periods of the 2022 and 2023 extremes, detailed in Fig. 2¢, d,
and Table S1, demonstrate that pre-2022 millennial reconstruction assigns a
likelihood of less than once in 10,000 years (blue line, Fig. 2¢) for such events,
suggesting a minimal natural occurrence without anthropogenic influence.
Instrumental data from 1901 to 2021, however, indicates and increased
frequency, albeit still rare, with a maximum return period of once in
1000 years, and 2023 events slightly more frequent. Under future climate
projections, the frequency of these extremes escalates: about once in 950
years for 2022 and in 40 years for 2023 under RCP2.6; once in 75 years for

2022 and 16 years for 2023 under the middle-of-the-road RCP4.5; and as
often as once in 7 years for 2022 and once in 4 years for 2023 under RCP8.5,
aligning such extremes with higher forcing scenarios (Fig. 2¢c). Comparative
analysis of EURO-CORDEX and CMIP6 suggests more frequent occur-
rences under comparable scenarios, projecting the 2022-type extreme as a
once every 7 years even under SSP2-4.5 (Fig. 2d). Although CMIP6 models
show similar performance to CMIP5 models in projecting climate
extremes'®, CMIP6 ensemble projects amplified warming in the
Mediterranean'”'®. This discrepancy highlights considerable uncertainties
in future risk assessments, particularly given the premature manifestation of
2022 s conditions, initially projected to occur decades later. This situation
warrants further research and necessitates modeling experiments that
include regional climate models with CMIP6 to improve projection accu-
racy and thus inform to develop more robust adaptation strategies.

What are the potential causes of such extremes?

In 2023, the globe experienced the warmest temperatures on record since
1850", driven not only by climate change but also by the Atlantic Multi-
decadal Oscillation and a strong El Nifio that began in June 2023*. Warm
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season temperatures over WM were exceptionally high, although lower than
the record extremes of 2022. These years had contrasting Pacific conditions:
El Nifo-like in 2023 and La Nifa-like in 2022 (Fig. la, c), yet neither
significantly influence temperatures in the WM, highlighting a poor cor-
relation with ENSO (r = 0.14, improving to 0.20, for warm anomalies above
1 °C). Additionally, the hypothesis that a circumglobal teleconnection pat-
tern, influenced by subtropical heating and a positive phase of the Indian
Ocean Dipole (IOD)*, contributed to these extremes is contradicted by the
negative phase of the IOD during the same period of 2022, and the neutral
phase present in 2023. This underscores the potential greater influence of
Mediterranean and Atlantic SSTs on regional climate, with correlations
since 1981 exceeding 0.8 (1 =41, p <0.01) between land WM and adjacent
Mediterranean SSTs. This link accounts for over 60% of the variance in
regional land temperatures during the warm season, highlighting the
importance of these factors in forecasting and developing adaptation stra-
tegies. Recent extremes, deviating significantly from observational data,
align more with scenario simulations, underscoring climate change’s role.
Historical events such as the 2018 European heatwaves™ and the severe 2003
and 2018 droughts further corroborate this impact.

Overall, the extreme conditions in 2022 and 2023 were likely due to a
combination of factors: precipitation deficits resulting in exceptionally dry
soils, the prevalence of persistent high-pressure systems, and unusually
warm SSTs in the Atlantic and Mediterranean. These thermal anomalies in
the Mediterranean are particularly significant™, as they not only contribute
to the increased frequency and intensity of regional heatwaves™, but acts as a
catalyst for altering the hydrological dynamics, potentially enhancing
summer precipitation extremes in adjacent areas’””. The influence of WM
SSTs on regional extremes emphasizes the need for improved, high-
resolution ocean modeling to better understand their impact on climate
resilience amidst global changes.

Are Mediterranean countries prepared for the intensifying cli-
mate extremes?

Our analysis of the 2022 and 2023 summer heatwaves reveals a troubling
truth: extreme climate events are not only becoming more common and
intense”, but are also occurring earlier than models have previously pre-
dicted. This trend is likely influenced by rising Mediterranean Sea surface
temperatures, that have increased twice as faster than global averages™. The
exceptional intensity of the heat experienced during 2022 and continuing
into 2023, likely unprecedented over the last millennium, is a clear indicator
of the profound impact of current climate change. In fact, our integrated
approach, combining instrumental records, proxy data, and climate model
projections, suggests that such extremes would have been highly improbable
in a pre-industrial climate. Criticism of how conceivable “business-as-usual”
scenarios are, which often ignore mitigation efforts®, is increasing. Instead,
“middle-of-the-road” scenarios, which account for some level of interven-
tion, are now considered more realistic’’. However, these scenarios, once
thought to reflect conditions originally projected for 30-50 years in the
future, correspond closely with the extremes observed in 2022 and 2023,
emphasizing the immediate and pressing nature of what were once con-
sidered distant climate extremes.

The socioeconomic structure of Mediterranean countries, heavily
dependent on tourism® and agriculture, are becoming increasingly vul-
nerable due to more unpredictable and severe climate conditions. The
consecutive 2022-23 heatwaves featured major challenges in WM nations
like Italy and Spain, where summer tourism is crucial to the economy
(~12-13% of GDP)™. Thus, rising temperatures raise concerns about the
sustainability of these areas as tourist destinations and their economic
future’’. Nonetheless, such extreme weather events also produce environ-
mental stresses with long-lasting effects on biodiversity”, ecosystem
services™, and water resources”, potentially leading to long-term ecological
and societal degradation™.

Given these challenges, it is imperative for policymakers to recog-
nize and address both the increasing risk of extreme temperatures, and
the more frequent and intense drought conditions driven by higher

evapotranspiration rates”. Proactive planning and the implementation
of adaptive measures are crucial to mitigate the potential disruptions to
both the ecological systems and the economic structures dependent on
them in these vulnerable regions. Such comprehensive approach will
help sustain the natural environment and the economies that are intri-
cately linked to it in the WM.

Methods

Instrumental land and marine temperature data

To evaluate the rarity of the warm seasons (May to September) in 2022 and
2023, we utilized instrumental datasets from the Berkeley Earth
Observatory’’ (spatial resolution of 1°) and the European Observatory
Dataset™ (spatial resolution of 0.5°), which also contributed to the devel-
opment of the Pyrenees tree-ring reconstruction’. We computed the mean
for the geographic area from latitude 41 to 43°N and longitude —1 to 1.5°E.
Our analysis focused on the temperature signal during the warm season,
which demonstrated a strong spatial correlation across the WM countries’.
Several tests were conducted (not shown) using an expanded geographic
box over land; however, the findings on variability and trends were con-
sistent with our initial results, thus we kept the original box. This metho-
dological choice ensures consistency across the datasets used and provides a
reliable basis for our conclusions regarding the extreme character of 2022
and 2023 warm seasons. Finally, to display a better representation of the
events, and at the same time present a different product (reanalysis, instead
of instrumental only) we used the ERA5 dataset™ (Fig. 1a-d).

Sea surface temperatures

We analyzed satellite-derived sea surface temperature (SST) data® from
1981 to 2023 for the WM. To refine the data, we converted daily temperature
readings into monthly averages. To mitigate potential biases from auto-
correlation and underlying trends, we employed residuals from a linear
regression model applied to the SST series, alongside comparable instru-
mental data (Berkeley Earth and E-OBS) and dendrochronological recon-
structions. Our analysis reveals a robust correlation between land
temperatures in the WM and adjacent sea surface temperatures since 1981.
Satellite observations show strong associations with both instrumental
records and tree-ring data (r=0.80, n=41, p<0.01l; r=0.77, n=41,
P <0.01, respectively). This correlation intensifies for extreme temperature
events, where land temperature anomalies surpass the 80th percentile
(r=0.85,1=9,p<0.01;7=0.78,n =9, p < 0.01, respectively), underscoring
a significant link between regional terrestrial and marine thermodynamics.

Tree-ring reconstruction

The high-resolution, absolute dated reconstruction is composed of max-
imum latewood density (MXD) samples from 534 living and relic Pinus
uncinata trees at the upper treeline ecotones in the Spanish central Pyrenees
(Parque Nacional de Aigiestortes y Estany de Sant Maurici), covering the
period from 1119 to 2020 CE". This new MXD composite chronology shows
a strong correlation with the May-September mean temperatures over the
WM region (r=0.76; p <0.001; 1950-2020 CE). The reconstruction is an
updated product from previous efforts****, including improved replication
of earlier periods and the use of a new detrending approach to better retain
high-to-low frequency variability domains. The ensemble-based recon-
struction indicates an unprecedented increase in summer temperatures
since 2003 CE. Based on the strong and consistent correlation we estimated
the warms seasons of 2021, 2022, and 2023 in the reconstruction through
linear regression.

Climate model simulations

We employed both EURO-CORDEX" (see supplementary Table S2 for
selected simulations) and CMIP6'" (see supplementary Table S3) climate
projections to assess regional climate variability and extremes. We primarily
showcased results from EURO-CORDEX’s 0.44° resolution models, over
the same coordinates used for the instrumental period, due to its enhanced
spatial resolution, the model offers a finer representation of regional climate

npj Climate and Atmospheric Science| (2024)7:218


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-024-00771-6

Brief communication

phenomena across WM countries. As with the instrumental data, numerous
tests were conducted using an expanded geographic box over land. How-
ever, since the findings on variability and trends aligned with our initial
results, we retained the original box. This finer resolution is crucial for
capturing detailed regional phenomena and aligning with observed climate
trends, making EURO-CORDEX models particularly suited for localized
impact assessments'>. However, it is important to recognize that higher
resolution does not always result in improved accuracy in all aspects of
climate modeling”. Note also that EURO-CORDEX downscaling relies on
regional models with GCM CMIP5 SSTs as boundary conditions without a
regional ocean model.

While CMIP6 models contribute with global insights, their coarser
resolution renders them less effective for detailed regional analysis*™.
Nevertheless, the spatial dimension of the anomalies discussed herein is well
captured by the CMIP6 resolution. Therefore, including the high-resolution
data from EURO-CORDEX alongside the updated external forcings in
CMIP6 reinforces our analysis by utilizing the strengths of both model
ensembles independently. Our methodology included calculating the
multimodel median to mitigate model-specific biases while preserving
internal variability. This strategy effectively captures temperature
extremes®. Finally, we determined uncertainty boundaries using the 10th
and 90th percentiles from each model.

Analysis

To calculate the probability density functions (PDFs), we analyzed data
across several temporal and scenario-based contexts. We utilized
millennium-length tree-ring reconstructions for historical context,
instrumental data from the Berkeley Earth Observatory for current
climate assessments, and the multimodel mean from EURO-CORDEX
for the period 1951-2005. For future projections, PDFs were generated
for three different scenarios: RCP2.6, RCP4.5, and RCP8.5, spanning
from 2006 to 2099. The analysis was also performed using CMIP6
projections.

We employed the ismev package* with R* to fit Generalized Extreme
Value distributions™, which have been used for modeling temperature
extremes in millennial context” and are particularly useful for risk
assessment™’. We opted for L-moments to estimate parameters due to their
robustness against outliers and effectiveness with the small sample sizes
typical of extreme event datasets’’. L-moments are advantageous for their
reduced bias in skewed distributions and simplify the computational process
compared to iterative methods like maximum likelihood estimations. The
cumulative distribution function of the GEV distribution is given by:

ST
G(z) = exp <— {1 + f@] >

where: p determines the center of the distribution, ¢ and & determine the
scale and shape of the distribution respectively, while z is the maximum
temperature mean of MJJAS. For the GEV, the block maxima method is
typically used, where z represents the maximum (or minimum) value
observed in each period/block (e.g., year). Thus, the return level calculation
(zr), associated with a specific return period T (1000 years, because it is
roughly the tree-ring reconstruction length) is formulated as:

G (RO

Additionally, to further assess the uncertainty of our findings and establish
the upper and lower extremes, we performed a bootstrap analysis with 1000
iterations, enhancing the reliability of our results and providing a com-
prehensive evaluation of the variability in climatic extremes essential for
analyzing temperature anomalies historically. To calculate return periods,
we used the more conservative 3.6 °C anomaly reported by Berkeley Earth

over the 3.9 °C from the E-OBS dataset for 2022, and 2.9 °C from the E-OBS
for 2023 (2.86 °C Berkeley).

Data availability

The reconstruction data are available upon request to ub223@cam.ac.uk.
ERA?5 data is publicly available from https://doi.org/10.24381/cds.143582cf,
E-OBS from https://www.ecad.eu/download/ensembles/download.php,
CMIP6 data are accessible through https://wcrp-cmip.org/cmip-data-
access/, and CORDEX simulations through https://cordex.org/data-
access/esgt/.

Code availability
All code for data analysis and figure replication can be requested to:
Ernesto.tejedor@mncn.csic.es.
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