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Abstract

This study highlights the benefits of using high-resolution reanalysis and climate models
to assess climate change over time at the subcontinental scale for both present and future
periods. The emergence of climate change over the internal variability for each AR6 region
is studied by evaluating the decadal frequency distributions of the monthly normalized 2
m temperature anomalies for the 1951-2020 historical and 2015-2100 future periods. To
achieve this, monthly averaged daily temperature data from ERAS and an ensemble of 22
CMIP6 GCMs, following a range of future climate scenarios (SSP1-2.6, SSP2-4.5, SSP3-
7.0, and SSP5-8.5), are used. The ERAS results show a decadal shift in the mean tempera-
ture anomalies between 0.6-2.60 in DJF and 1.1-2.60 in JJA during the 1951-1980 period.
The CMIP6 GCM ensemble can reproduce this historical warming on a climatological
timescale, with a large agreement for all regions. Moreover, climate projections strongly
suggest that this warming will continue under all climate change scenarios and will be
more pronounced by the end of the century. The two most likely scenarios (SSP2-4.5 and
SSP3-7.0) show significant evidence that extremely hot temperatures (anomalies of more
than three standard deviations (30) warmer than the climatology of the 1951-1980 base
period) will become the normal climate in Africa and South America for the 2071-2100
period. It is seen that the regional mean temperature anomalies will increase in weak,
moderate, and strong forcing scenarios, reaching climatic extremes with expected major
implications for the water cycle, agriculture, ecosystems, society, and human health.
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1 Introduction

According to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), global surface temperatures have risen faster since 1970 than in any other
50-year period in the past 2000 years (Zhongming et al. 2022). One of the main conse-
quences of a warmer climate is the occurrence of more (less) frequent and intense extreme
heat (cold) events in recent decades (Rummukainen 2012; on Climate Change (IPCC)
2023). Due to anthropogenic global warming (Almazroui et al. 2021a; Molina et al. 2020;
Zhongming et al. 2022; Fischer and Knutti 2015), these events are projected to become
more frequent and/or intense in the near future (Carvalho et al. 2021), increasing the sever-
ity of impacts on natural and human systems (Seneviratne et al. 2012; Diaz et al. 2019;
Rohat et al. 2018). Since surface warming is not uniform across regions and seasons and
affects different sectors (Bokhorst et al. 2009; Kreyling 2010), addressing the impacts of cli-
mate change requires examining the current and future climate evolution on a regional scale.

Historical temperature trends are commonly studied using observational datasets or
reanalysis (Donat et al. 2016; Simmons et al. 2017). Previous works have shown the abil-
ity of the latest European Center for Medium-Range Weather Forecasts (ECMWF, https:/
/www.ecmwf.int/) reanalysis product, ERAS (Hersbach et al. 2019, 2020), to adequately
reproduce the spatio-temporal characteristics of daily mean temperatures, more accurately
in recent decades (Gleixner et al. 2020; Zhu et al. 2021; Collazo et al. 2022; Velikou et al.
2022; Roffe and van der Walt 2023; Yilmaz 2023; Liu et al. 2024; Soci et al. 2024). Most
of the shortcomings are due either to the lack of weather station records in the past, which
affects the model estimates over time (Yilmaz 2023), or to altitude differences when com-
paring ERAS grid points with observations in areas with sharp orography or complex terrain
(Wang et al. 2019; Molina et al. 2021; Velikou et al. 2022; Gutiérrez et al. 2024). From a
seasonal perspective, ERAS tends to underestimate summer temperatures and overestimate
winter temperatures (Ortega et al. 2021; Choudhury et al. 2023; Yilmaz 2023), resulting
in a smaller number of identified heatwaves and a larger number of coldwaves (Roffe and
van der Walt 2023).

To investigate plausible future climates, one must rely on climate models. The Cou-
pled Model Intercomparison Project (CMIP, https://www.wcrp-climate.org/wgecm-cmip) is
devoted to providing standardized global climate models (GCMs) (Meehl et al. 2000), that
are used to produce simulations under different constraints and climate change conditions.
In this sense, the Shared Socioeconomic Pathway (SSP) scenarios are driven by differ-
ent socioeconomic assumptions, ranging from ambitious mitigation to continued emissions
growth (Zhongming et al. 2022). The latest CMIP Phase 6 (CMIP6) simulations feature
higher spatial resolution and improved parameterization schemes compared to previous ver-
sions, resulting in a better representation of the physical and biogeochemical processes of
the climate system (Eyring et al. 2016). Previous studies state that the CMIP6 ensemble pro-
vides a good or satisfactory representation of spatial variability and the annual temperature
cycle (Fan et al. 2020; Lovino et al. 2021; Bazzanela et al. 2023).

Compared to its predecessor CMIPS, CMIP6 shows greater agreement with observations
in representing climate variability (Chen et al. 2020; Nie et al. 2020; Voldoire et al. 2019).
Although there is a close similarity between the two ensembles in the regional climate
sensitivity to climate extremes (Seneviratne and Hauser 2020), the CMIP6 models are sig-
nificantly warmer than the CMIP5 models at the same level of forcing, and show reduced
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internal temperature variability (Almazroui et al. 2020a, b; Sobie et al. 2021). This dis-
crepancy is attributed to the higher climate sensitivity and stronger positive cloud feedback
(Zelinka et al. 2020; Tebaldi et al. 2021). Thus, CMIP6 models, which are more sensitive
to greenhouse gas emissions, may also have higher variability in temperature on timescales
of several decades (Nijsse et al. 2019). Such biases can undermine the accurate assessment
of the climate change signal (Maraun 2016). Therefore, it is necessary to assess how well
models represent climate variability to interpret their results.

This study aims to update previous research on the signal of climate change on a regional
scale, combining an update of the climatology of Hansen et al. (2012) and Hansen and Sato
(2016) and extending it into the future, to highlight the increasing importance of extreme
events in the evolution of climate change. Earlier work revealed the emergence of a new
category of ’extremely hot’ summers (Hansen et al. 2012), characterized by temperatures
exceeding the reference period mean by three standard deviations. Subsequent research con-
firmed that recent summer warming in arid and semi-arid subtropical regions has reached
at least two standard deviations, far exceeding natural variability (Hansen and Sato 2016).

As the climate is changing and CMIP6 data have become available, the purpose of this
study is to extend these findings and take advantage of the benefits or *added value’ of using
higher-resolution datasets, such as ERAS. Our first objective is to update the analysis of the
decadal warming signal to provide a more detailed and accurate picture of past climate evo-
Iution. This is achieved by using the latest high-resolution reanalysis data from ECMWF’s
ERAS (Hersbach et al. 2019, 2020), one used by Hansen et al. (2012), from 1951 to 2020.
The base period of 1951-1980 was chosen because it represents a period of relatively stable
global temperatures before the recent rapid warming, a Holocene climate to which nature
and human civilization are well adapted (Hansen et al. 2012), and because it is best to use the
longest possible time frame for a decadal assessment of climate change and variability. The
second objective is to contextualize these findings within the broader framework of state-of-
the-art climate models by examining future climate projections using CMIP6-GCMs under
four different SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). The focus is
set on the shift in seasonal (December-January-February and June-July-August) mean tem-
perature anomalies and the projected increase in extremely hot events at the regional scale.

The paper is structured as follows: the data and methodology employed are presented in
Section 2. Section 3 describes the results, focusing on decadal changes in monthly tempera-
ture anomalies and extremely hot events in each region. Firstly, the decadal temperature
anomaly distribution for the DJF and JJA seasons is analysed using ERAS reanalysis data
for 1951-2020. Secondly, the historical simulations from CMIP6 (1951-2014) are evaluated,
focusing on the ability of the model to represent the present climate anomaly temperature.
Finally, the future evolution of the temperature anomaly is examined for the different SSP
scenarios and periods. Section 4 discusses the results and the added value of using higher-
resolution global climate models and reanalyses to represent regional-scale temperature
variability. The main conclusions of the results are summarized in Section 5.
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2 Data and methods
2.1 Reanalysis data: ERA5

ERAS (Hersbach et al. 2018), is the fifth-generation reanalysis developed at the ECMWEF. It
represents a significant advance in global climate reanalysis, providing hourly estimates for
a wide range of atmospheric, oceanic, and land surface variables. The atmospheric compo-
nent is interpolated to 37 pressure levels from the surface up to 1 Pa, allowing detailed verti-
cal analysis. In addition, ERAS features a high horizontal grid resolution of 0.25 degrees,
which improves its spatial representation and facilitates regional studies. Currently, ERAS
is freely available through the EU-funded Copernicus Climate Change Service (C3S, https
://climate.copernicus.eu/) from 1950 to the present. For the analysis of current climate var
iability, ERAS monthly means derived from daily surface air temperature data are used for
the period 1951-2020, with the years 1951-1980 as a reference. More information on ERAS
characteristics can be found in Hersbach et al. (2019).

2.2 CMIP6 global climate models

Monthly averaged daily temperature data from the Coupled Model Intercomparison Project
Phase 6 (CMIP6) GCMs ensemble (available) were obtained from the Earth System Grid
Federation (ESGF, https://esgf-node.lInl.gov/search/cmip6). One model representative of
each participating institution with available data for the historical (1951-2014), and four
future SSP scenarios experiments, such as a low forcing scenario SSP1-2.6 (Sustainability),
amedium forcing scenario SSP2-4.5 (Middle of the Road - medium challenges to mitigation
and adaptation), an unmitigated forcing scenario SSP3-7.0 (Regional rivalry - high chal-
lenges to mitigation and adaptation) and a strong forcing scenario SSP5-8.5 (Fossil-fuelled
development - high challenges to mitigation and low challenges to adaptation) (O’Neill
et al. 2016), spanning the period 2015-2100 (see Table 1). One member per model is used
to reduce the amount of data to be managed while evaluating all models. Each GCM can
have a different horizontal resolution, from 0.92x 0.92 to 2.8° x 2.8. Thus, to produce spa-
tial analyses, all ERAS and CMIP6 data were regridded to a common 1.25 x 1.25° lat/lon
regular grid using conservative remapping before analysis (Schulzweida et al. 2019). An
adiabatic temperature correction was applied as in Soares et al. (2012) and Careto et al.
(2022) to ensure that all comparisons were calculated at the same height, that is, before the
model interpolation, the temperatures were adjusted to sea level with a constant lapse rate
of 6.5 °© C / km and then corrected again to the orography of the target grid assuming the
same lapse rate (Taylor 2024).

2.3 Methodology

The spatiotemporal variability of the seasonal climate at the regional scale is studied by
analysing the decadal frequency distributions of monthly surface air temperature for histori-
cal (1951-2020) and future (2015-2100) periods. We used the IPCC WGI reference land
regions (Iturbide et al. 2020), which is the relevant spatial scale for impact and adaptation
studies. To separate between ocean/land regions, cells on the land/sea boundary are assigned
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Table 1 CMIP6 Global Climate Models used in the present study

Model name Institute Resolution Reference
ACCESS-CM2 CSIRO-ARCCSS 1.9°x 1.3° Bietal. (2013)
ACCESS-ESM1-5 CSIRO 1.9°x 1.3° Ziehn et al. (2020)
AWI-CM-1-1-MR AWI 0.9°x 0.9° Semmler et al. (2020)
BCC-CSM2-MR BCC 1.1°x 1.1° Wu et al. (2021)
CanESM2 CCCma 2.8°x 2.8° Swart et al. (2019)
CAMS-CSM1-0 CAMS l.1°x 1.1° Rong (2023)

CESM2 NCAR 1.3°x 0.9° Danabasoglu et al. (2020)
CMCC-CM2-SR5 CMCC 0.9°x 1.25° Cherchi et al. (2019)
CNRM-ESM2-1 CNRM-CERFACS 1.4°x 1.4° Voldoire et al. (2019)
EC-Earth3 EC-Earth-Consortium 0.7°x 0.7° Consortium et al. (2019)
EC-Earth3-Veg EC-Earth-Consortium 0.7°x 0.7° Consortium et al. (2019)
FGOALS-g3 CAS 2°x 2.3° Li et al. (2020)
GFDL-ESM4 NOAA-GFDL 1.3°x 1° Dunne et al. (2020)
INM-CM5-0 INM 2°x% 1.5° Volodin et al. (2018)
IPSL-CM6A-LR IPSL 2.5°%x 1.3° Boucher et al. (2020)
KACE-1-0-G NIMS-KMA 1.92x 1.32 Lee et al. (2020)
MIROC6 MIROC 1.4°x 1.4° Tatebe et al. (2019)
MPI-ESM1-2-HR3 MPI-M 0.9°x 0.9° Gutjahr et al. (2019)
MRI-ESM2-0 MRI 1.1°x 1.1° Yukimoto et al. (2019)
NorESM2-MM NCC 2.5°% 1.9° Seland et al. (2020)
TaiESM1 AS-RCEC 0.92x 0.92 Wang et al. (2021)
UKESM1-0-LL MOHC 1.9°x 1.3° Sellar et al. (2019)

to a specific region according to their reference point. This means that if the centre of a cell
falls on the sea, it is classified as maritime, even if part of the cell is on land (or vice versa).

Following the approach suggested by Hansen et al. (2012), the shift of seasonal mean
temperature in standard deviation units is presented, highlighting the anomalous signal-to-
noise ratio of seasonal extremes. For each decade or period analysed, the seasonal anoma-
lies in SD units are calculated for each grid point. Density curves are then constructed for
each region using these values. This methodology is useful for identifying locations where
the warming signal arises outside the internal variability of the region.

The distribution of temperature anomalies follows a normal distribution (Gaussian or bell
curve), where the standard deviation (o) defines how far the normal distribution is spread
around the mean. In a normal distribution, 95% of all values fall within the range of mean-
20, mean+20, and 99.7% fall between the range of mean-30, meant30, so if a single value
falls outside 30, it is considered an extreme anomaly. Decadal anomalies are computed over
the 1951-1980 climatology, as in Hansen et al. (2012) and Hansen and Sato (2016).

First, the distribution of temperature anomalies (in standard deviation units) is presented
for each grid point of the ERAS reanalysis data for the boreal winter (December-January-
February, DJF) and the boreal summer (June-July-August, JJA) for the contemporary period
1951-2020, updating and extending the studies by Hansen et al. (2012) and Hansen and
Sato (2016), thus providing a more recent perspective on seasonal climate variability. Sec-
ond, seasonal anomalies are computed for two 30-year contemporary periods (1951-1980
and 1985-2014) to compare the performance of CMIP6 GCMs in a historical context with
ERAS for each region (Zhongming et al. 2022). The reason for selecting 30-year anomalies
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instead of decadal anomalies is to reduce the internal variability among GCMs (Jain et al.
2023), since GCMs are effective in simulating large-scale global circulation patterns. At the
same time, they exhibit challenges in accurately capturing decadal and local variability. The
future climate change signal is then analysed for the near (2015-2040), middle (2041-2070)
and long-term (2071-2100) periods, considering four different SSP scenarios (SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5), with the CMIP6 GCMs. These periods are widely used
in climate projections, including in IPCC assessments, to represent near-, mid-, and long-
term futures (Zhongming et al. 2022).

Changes in the decadal distribution of temperature anomalies can be assessed visually,
but also through the ;4 parameter, which represents the scale parameter of the correspond-
ing normal distribution. The ‘shift’ of the bell curve for each decade analysed relative to
the base period, is calculated by finding the p yielding the best least-mean-square fit of the
data to the common representation of the probability density function of the corresponding
normal distribution:

T— 2
xp (_( o ) (1)

fz) = o

Thus, the ’shift’ metric represents the difference between the seasonal mean temperature
during a decade and the climatological (1951-1980) in standard deviation units. This reflects
the extent to which regional climate variability has changed and the impact of climate
change mitigation measures.

3 Results
3.1 Changes in present climate with ERA5

The distribution of decadal temperature anomalies (in standard deviation units) between
1951 and 2020 for DJF (first column) and JJA (second column) is shown in Fig. 1 for differ-
ent reference regions. The supplementary material contains results for all regions. Here, a
representative subset of regions is presented, considering those that exhibit greater dispari-
ties in regional warming or distinct characteristics in the shape of their anomaly distribution
curves. For each region, the shift of the approximate bell curve for each decade relative to
the base period (1951-1980) and the percentage of events above 3¢ are analysed.

Overall, the results show a clear shift in the distribution of temperature anomalies towards
positive values, larger over time in all regions, more pronounced in the last two decades,
and larger in their respective summers than in winter. In the Northern Hemisphere regions
(N. Central America, Mediterranean, Arabian Peninsula and Western Africa), the shift of the
bell curve in 2011-2020 relative to the 1951-1980 baseline is of 0.6-1.1 standard deviations
(o) during the boreal winter (DJF) and 1.1-2.5¢ during the boreal summer (JJA), indicating
a more pronounced warming in summer compared to winter. In the last decade (2011-2020),
the South American Monsoon and S.E. Asia regions show a shift of 1.5-2.6¢0 in DJF and
0.6-2.60 in JJA, respectively. In E. Antarctica during the summer months (DJF), the decadal
distributions deviate from a typical bell curve and exhibit a bimodal pattern. It displays a
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Fig. 1 Frequency of occurrence of DJF (left column) and JJA (right column) local temperature anomalies
(relative to 1951-1980 mean) divided by local standard deviation, obtained by counting grid boxes with
anomalies in each 0.05 interval. The area under each curve is unitary. The decadal shift is shown in the
left column and the percentage of events above 3¢ in the right column
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minimum in the centre of the distribution, with one peak occurring around -1.5¢ on the left
and a higher peak around +1¢ on the right. This means that temperatures behave differently
in two dominant situations. Looking at the mean Antarctic DJF temperature shift, no trend
is detected until 2000, after which a warming trend emerges and continues to the present.
This late warming is consistent with a shift in the Southern Annular Mode (SAM) towards
its positive phase, which influences the Antarctic temperature mainly in summer, warming
the Antarctic Peninsula and cooling East Antarctica (Goosse et al. 2012; Turner et al. 2020,
2021; Saurral and Raggio 2023). The magnitude of warming is more pronounced during the
boreal summer (JJA), with an increase of 0.6, compared to 0.2¢ in DJF.

As previously shown by Hansen et al. (2012) for the 1981-2010 period on a global scale,
the distributions normalized anomalies for the last decades become less peaked than the nor-
mal distribution, more visible in the regions of Asia, South America, Arabian Peninsula and
Africa, due to greater temperature variability during the last two decades. In recent decades,
a flattening of the curves has been observed for regions in Africa, Asia and South America
during summer (Fig. 1) due to a decrease in mean temperatures accompanied by an increase
in the frequency of extreme monthly heat events. Interestingly, in the Mediterranean and
Western Africa, instead of a flattened curve, two maxima have been observed in JJA, due to
a greater increase in the events around 2.

Hansen et al. (2012) found that the frequency of extreme temperature anomalies (>3¢
) in the period 2006-2011 covered 4% to 13% of the global land surface, while there were
no such events during the 1951-1980 period. Here, it is seen that the frequency of those
events in DJF (first column of Fig. 1) in the last decade corresponds to 2.4% in N. Central
America, 0.4% in the Mediterranean, 3% in Western Africa, and 9.7% in South-American-
Monsoon. In S.E. Asia, the anomalies above 3¢ in DJF (boreal winter) quadrupled in the
last two decades, from 11.81% in the nineties to 40.42%. In JJA (second column of Fig. 1),
the increase of extreme events that occurred in the 2011-2020 period is particularly strik-
ing for some regions, reaching 38% in S.E. Asia and 35% in the Arabian Peninsula, these
values being much higher than those observed in the previous decade (19.6% and 23.8%,
respectively). In the remaining regions, the increase in extreme heat anomalies is also more
pronounced from the 2010s onwards.

Figure 2 illustrates the spatial distribution of seasonal climate change signals during
recent decades. As expected, there is an increase in the proportion of land area experiencing
temperature anomalies above a certain threshold. In boreal winter, anomalies greater than
20 are obtained for the 2011-2020 decade in Africa, South America and South East Asia.
On a global scale, the percentage of the area above 3¢ increased from 0.4% in the decade
2001-2010 to 1.1% in DJF and from 0.4 to 1.2% in JJA during 2011-2020 over the polar
region of Canada, similar to Hansen and Sato (2016). In the last decade, extremely hot
summer events have occurred for the first time in Greenland, and events above 40 and 50
increased, covering 0.3% and 0.1% of the global land area, respectively. Global warming
is more intense in the intertropical zone for both seasons. As expected in Europe (Vautard
et al. 2023), larger anomalies are observed over the Mediterranean region, reaching 1.5¢ in
the boreal summer. This value is exceeded in Central America, parts of the Mediterranean
Africa, the Arabian Peninsula, and South East Asia. Lower values are observed for the DJF
months, when the warming is about 0.25-0.5¢ over most of North America, Europe, Asia,
North Africa, and Oceania.
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Fig.2 Frequency of DJF (left) and JJA (right) temperature mean anomalies at each ERAS grid point (rela-
tive to 1951-1980 mean) divided by the local standard deviation in the (a) 1981-1990, (b) 1991-2000, (¢)
2001-2010 and (d) 2011-2020 decades. The numbers on each map refer to the cumulative percentage of
the area covered by anomalies greater than 1,2, 3, 4 and 5 standard deviations

3.2 Evaluation of CMIP6 model performance

Temperature anomaly [0] Temperature anomaly [0] Temperature anomaly [0]

Temperature anomaly [0]

To assess the ability of current state-of-the-art GCMs to reproduce historical temperature
distributions, the changes in temperature anomalies were computed for the climatic periods
1951-1980 and 1985-2014, taking the former as a reference. This analysis was performed

using the CMIP6 GCM ensemble and compared against the ERAS reanalysis dataset,

as

shown in Fig. 3. In general, CMIP6 models are able to reproduce temperature anomalies
on a climatological scale and the larger warming in boreal summer than in winter described
by ERAS. Comparing the climate change signal between ERAS and the CMIP6 ensemble
mean in Fig. 3, it is seen that the bell curve shift is overall well represented in all regions.
Results show a maximum underestimation of the bell curve shift of 0.80 in S.E. Asia, 0.40
in Western Africa during DJF, and 0.8¢ in the Arabian Peninsula during JJA. This underes-
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Fig. 3 Frequency of occurrence of DJF (left column) and JJA (right column) local temperature anomalies
for the climate periods 1951-1980 (green) and 1985-2014 (purple) (relative to the 1951-1980 mean) di-
vided by local standard deviation, obtained by counting grid boxes with anomalies in each 0.05 interval.
The CMIP6 GCMs are represented by the solid line and the ERAS data by the dashed line. The shaded
area represents the mean plus/minus the standard deviation (CMIP6 model variability) for each period.
The 30-year period shift and the percentage of events above 30 are shown on the upper left of the panels
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Fig.4 Frequency of occurrence of DJF local temperature anomalies in the SSP2-4.5 (relative to the 1951-
1980 mean) divided by local standard deviation, obtained by counting grid boxes with anomalies in each
0.05 interval. The area under each curve is unitary. The shift is shown in colours on the left of the curve
and the percentage of events above 30 on the right. The map represents the 2071-2100 seasonal mean
anomaly of each grid point in reference to the 1951-1980 period
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timation of the signal-to-noise ratio of temperature anomalies could affect the representation
of future global warming by models.

The models demonstrate limitations in accurately representing extremes, with some
underestimation in the frequency of hot events while overestimating cold events. During
DIJF (as shown in the first column of Fig. 3), extreme values are substantially underesti-
mated, by 11.4% over Southeast Asia and 13% over the Arabian Peninsula, with comparable
discrepancies observed across regions of other continents. In JJA (second column of Fig.
3), GCMs tend to underestimate extremes over Asia, the Mediterranean, and the Arabian
Peninsula, and overestimate them in Western Africa and South American Monsoon (boreal
winter), with similar values to ERAS in the other regions.

3.3 CMIP6 climate projections

The climatic evolution of temperature variability is analysed for four SSP scenarios (SSP1-
2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) for three different periods: near (2015-2040),
middle (2041-2070) and long-term (2071-2100). Overall, the temperature anomaly curves
exhibit a shift and flattening to the right, indicating both an increase in mean temperatures
and an increase in the frequency of monthly extreme heat events over the 21 century. The
magnitude of these changes is expected to intensify with increasing radiative forcing (SSP
scenario) and with time (Lehner et al. 2020), as shown in Figs. 5, 7 and Supplementary
Figures S3-S11. Within this framework, by the 2071-2100 period, the bell curve shift dur-
ing DJF (JJA) is projected to exceed 1.2 (1.6)c across all regions except Antarctica, where
the warming is smaller (0.7 (1.2)c Figure S5). The larger climate change signal is seen in
the equatorial regions of S.E. Asia, the Arabian Peninsula, Western Africa and the South
American Monsoon, reaching a shift of 4.8 (5.5), 2.1 (4.1), 2.1 (4.1) and 4.9 (2.5)c in DJF
(JJA), respectively.

In a moderate scenario (SSP2-4.5), the percentage of anomalies above 3¢ is likely to
remain below 20 (36)% in boreal winter (boreal summer) for N. Central America and the
Mediterranean by the end of the century. Instead, extremes for the Arabian Peninsula, South
American Monsoon and S.E. Asia regions could reach 70-80% in their respective summers
by the end of the century. In E. Antarctica, the warming would be 0.50 greater in JJA than
in DJF, with a shift that could reach 1.2¢ by the end of the century.

Looking at the spatial distribution of anomalies larger than 3¢ in the SSP2-4.5 scenario
(pink colour in Fig. 5), they are mainly located mainly in S.E. Asia in 2015-2040, covering
0.3% of the global land area, and would extend over the Arabian Peninsula, Western Africa
and Central America in 2041-2070, covering 1.8% of the area. In 2071-2100, the so-called
“hot-summers’ would reach 4 (5.4)% in DJF (JJA), and the events above 50 would appear
in South East Asia, covering 0.3% of the area.

Although regional warming under the SSP3-7.0 scenario is projected to be similar to the
moderate SSP2-4.5 scenario in the near future, it is expected to diverge as we move to the
2071-2100 period (Fig. 6). The summer shows the highest probability of values above 30,
especially in S.E. Asia (90%) and the Arabian Peninsula (83%) during JJA, and S. American
Monsoon (90%) during DJF.

Figure 7 displays the spatial distribution of seasonal normalized temperature anomalies
for the SSP3-7.0 scenario. The distribution of the highest anomalies is quite similar to the
SSP2-4.5 scenario (Fig. 5), particularly for the near future period 2015-2040. The differ-
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Fig. 5 Frequency of DJF (left) and JJA (right) temperature mean anomalies of each CMIP6 ensemble
mean grid point (relative to 1951-1980 mean) divided by the local standard deviation in the (a) 2015-
2040, (b) 2041-2070, and (¢) 2071-2100 decades, for the SSP2-4.5 scenario. The numbers on each map
are the cumulative percentage of the area covered by anomalies greater than 1,2, 3, 4 and 5 standard
deviations

ences become more pronounced at the end of the century, especially in high-latitude regions
for DJF and over Africa and Antarctica for JJA, reaching 10.2% of the global land area.

Looking at the most optimistic scenario (SSP1-2.6, Figures S3 and S4), it is seen that
the warming will continue in the near and middle term, and it will stabilize by the end of
the century. In 2071-2100, the shift will reach 3.2¢ (3.6) in South Asia, 20 (2.7) in Western
Africa, 3.30 (1.7) in the South American Monsoon, 1.4¢ (2.7) in the Arabian Peninsula and
about 1.20 (1.5) in DJF (JJA) in the other regions. Greater warming leads to a higher fre-
quency of extremes. This means that even in a low forcing scenario (SSP1-2.6), the anoma-
lies above 30 in JJA will reach 8-10% for the Northern Hemisphere regions and 40-50%
for South America and Africa, and almost 60% in S.E. Asia. In Antarctica, there will be no
major change in the boreal summer (JJA) temperature anomalies. However, summer hot
extremes above 3o could increase by 2% by 2100.

In the high-end forcing scenario (SSP5-8.5, Figures S10 and S11), extreme temperature
events that are rare today are projected to become normal in the future in JJA in North Amer-
ica, Northern Europe, South Asia and the Mediterranean, where the shift would be above
30 (50% of the events above 30). In Western Africa and S. American Monsoon regions,
the shift would be even larger, with 3.4 (4.7) and 8.30 (4.3) in DJF (JJA), and more than
70% of the events above 3. In the Arabian Peninsula, the change would be 3.5¢ in DJF,
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Fig.6 As Fig. 4, for the SSP3-7.0 scenario
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Fig.7 As Fig. 5, for the SSP3-7.0 scenario

but in JJA this value could double and reach the 88%. Except for Antarctica, all regions
will experience a temperature shift upwards of 1.4¢ in the middle term and more than 1.9¢
at the end of the century, regardless of the season, with S.E. Asia being the most affected
region with a change of 9.1¢ in JJA. In DJF (Figure S8), the small anomaly values for
Europe and the large values for South America stand out. In the Mediterranean region, only
5% of the events will exceed 30 in the middle-term and 19% in the long-term, while in
South America it will surpass 77% of the events if this scenario occurs. In JJA (Figure S9),
anomalies above 30 are projected to exceed 50% across regions in the Northern Hemisphere
and Oceania, with values reaching up to 77% in Africa during the period 2071-2100. The
spatial pattern of normalized temperature anomalies (Figure S10) shows that the areas with
larger shifts will be Central America and the northern part of South America and Africa,
especially the Congo and Sahara regions, where the shift could be 5.8¢ (4.1) and 4.40 (4.4)
in summer (winter), respectively. These values are smaller than the annual shift observed
in Harrington (2021) and larger than the daily mean temperature anomalies obtained from
a CMIPS5 ensemble for the similar high-end scenario (RCP8.5), probably due to the differ-
ent drivers of temperature variability at annual, seasonal and daily timescales (Fischer and
Schér 2009; Molina et al. 2021).
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4 Discussion

The latest IPCC AR6 report (Zhongming et al. 2022) evaluates temperature anomalies on
a subcontinental scale, considered the relevant scale for impact assessment and adaptation
studies. To achieve this, higher-resolution models and reanalysis data provide information
at increasingly finer scales that are more suitable for regional analysis. In addition, employ-
ing a multimodel approach is crucial to increase the robustness of the results. A more accu-
rate representation of orography and surface heterogeneities, such as land-sea contrasts,
through high-resolution reanalysis, improves and adds value to the representation of the
spatiotemporal characteristics of daily mean temperatures (Zhu et al. 2021; Velikou et al.
2022; Yilmaz 2023).

While Hansen et al. (2012) and Hansen and Sato (2016) framed their work in the context
of climate change attribution and inequality and the imbalance between the nations that
emit the most CO2 and those that suffer the most from climate change, this study does not
attempt to address attribution or such inequalities. It is therefore not strictly an update of
those studies using new datasets. Instead, it focuses on reporting changes in future tem-
perature projections. The use of a higher resolution reanalysis grid (interpolated to 100
km) compared to the 250 km grid used by Hansen and Sato (2016) allows for a clearer
description of the regional climate characteristics, demonstrating the added value of using
high-resolution models in regional studies. This is evident in the sharper distribution curves
observed in high-latitude regions of North America, Europe and Russia, where the climate
change is less pronounced, as well as the two distinct maxima in the curves for the Mediter-
ranean and South Asia, reflecting a rapid increase in the frequency of temperature extremes.
A notable case is the bimodal temperature distribution observed in East Antarctica during
DIJF (in West Antarctica the bell follows a normal shape). Although this pattern is not com-
monly seen, previous studies have attributed it to an increase in the positive phase of the
Southern Annular Mode, which warms the Antarctic Peninsula while cooling East Antarc-
tica during summer (Goosse et al. 2012; Turner et al. 2021; Saurral and Raggio 2023).

Previous studies have shown that the acceleration in the frequency and intensity of
extreme events in recent years has been even greater than that of mean temperature (Byrne
2021; Patterson 2023). Our results point to a larger increase in the tail of the temperature
distribution anomalies in regions such as the Mediterranean or South Africa. The standard
deviation of the local seasonal mean surface temperature over a period of years is a measure
of the typical variability of the seasonal mean temperature over that period (Hansen et al.
2012). This method allows us to evaluate the changes in climate variability, i.e., how dif-
ferent it is from historical variability, and to consider whether there is a significant climate
change. While an anomaly by itself does not inform on the associated variability to which
ecosystems are accustomed, a change in normal variability would necessarily impact the
ecosystems living there.

Our results characterize the warming signal over recent periods and project its continu-
ation under different climate change scenarios. This allows us to quantify the reduction in
monthly extreme cold events and the increase in hot extremes. The climate change signal is
more pronounced during JJA on all continents, except South America. The stronger warm-
ing of the Northern Hemisphere regions, where most of the global land surface is located,
could be related to greater warming over land regions than over the oceans (Tebaldi et al.
2021). Compared to the findings of Hansen and Sato (2016) for the 2005-2015 period, our
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analysis reveals smaller temperature shifts in N. Central America in JJA (0.5-0.80 here
versus 1.10 there), as well as in China (E. Asia) and the Sahara region. Conversely, the tem-
perature shift in India and South East Asia (S.E. Asia and S.E. Asia) is considerably larger
in both seasons, while the results for the other regions are comparable.

The decadal increase in monthly hot extremes is generally more substantial than mean
temperatures, likely due to the amplification of temperatures in warmer and drier environ-
ments, and an increase in the local meridional temperature gradient. This enhanced gradient
facilitates the advection of hotter air masses to higher latitudes, leading to more extreme
temperature events (Huntingford et al. 2013; Byrne 2021; Patterson 2023). The increase in
events larger than 30 with global warming may also be associated with regions and periods
of high atmospheric pressure systems (Hansen et al. 2012; Suarez-Gutierrez et al. 2020).

To interpret future climate projections accurately, the CMIP6 models must be evaluated
by comparing historical simulations with observed or ERAS data to assess how well CMIP6
models respond to known historical forcing. Model performance varies by region and sea-
son (Almazroui et al. 2021b; Dias and Reboita 2021; Cardoso and Soares 2022; Molina
et al. 2022; Bazzanela et al. 2023; Molina et al. 2024). While the CMIP6 models demon-
strate incremental improvements in the representation of atmosphere and ocean extreme
heat events in the Australian region (Grose et al. 2020), they tend to underestimate mean
temperatures in central South America in winter (Ortega et al. 2021) and cold extremes at
high latitudes (Kim et al. 2020). Comparing with observations, Almazroui et al. (2021b)
and Dias and Reboita (2021) found that the ensemble performs well over South America,
but overestimates air temperature in the Amazon and north of Argentina. As in Bazzanela
et al. (2023), the results presented here confirm that the CMIP6 models perform well over
South America in JJA, although they underestimate the mean temperature anomalies of DJF
compared to ERAS. If models underestimate the forced response to greenhouse gases in the
historical climate, this discrepancy may persist and even be magnified as global warming
increases (Vautard et al. 2023).

According to the results, the future increase in climate variability will not be uniform
within regions and seasons. Spatial projections for the 2071-2100 period, relative to 1951-
1980, indicate that the emergence of climate change is greatest in equatorial regions. This is
consistent with the warming and increase of hot extremes projected by prior studies (Almaz-
roui et al. 2021a; Harrington 2021). In the SSP2-45 scenario, the monthly temperature shift
would exceed 1.20 during DJF and 1.6 during JJA in most regions by 2071-2100, except
in Antarctica. By the end of the century, JJA regional climate change signal could reach 2o
in the Sahara, 30 in Central America and 3.60 in South East Asia. In regions with smaller
temperature increases, events currently considered extreme (>30) would become normal
events, while this threshold would be significantly exceeded in Southeast Asia, Brazil and
the intertropical regions. This is consistent with Almazroui et al. (2021a), which identifies
the Amazon, Brazil, the Mediterranean, Southern Africa, and parts of Australia as future
hotspots for increasing hot and dry compound events.

In a scenario where no further mitigation measures are implemented beyond current
policies (SSP3-7.0), the bell curve shift in DJF would exceed 20 over Aftrica, the Medi-
terranean, Asia, the Arabian Peninsula, and most parts of South America. In addition, the
”hot summers” defined by Hansen et al. (2012) as events above 3o could account for more
than 30% of summer days in Northern Hemisphere regions, and more than 60% in South
America and Southern Africa. In the worst-case scenario (SSP5-8.5), extreme events, which
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are rare today, could become the norm in JJA across North America, Europe, Asia and
Oceania (Carvalho et al. 2021). The enhanced warming during JJA can be attributed to the
northward shift of the intertropical convergence zone caused by the expansion of the Hadley
cell (Schneider et al. 2014; Xian et al. 2021). An exception is observed over India, where the
projected variability is greater during winter, as the warming reported by Almazroui et al.
(2020a). In contrast, the larger increase in JJA variability in China, compared to DJF, differs
from the CMIPS5 ensemble projections, which indicate significant warming during autumn/
winter and late spring (Tian et al. 2015).

Our results are in line with those reported by Almazroui et al. (2020b, 2021a, 2021b),
where robust temperature increases are already detected from SSP1-2.6. In the SSP1-2.6
scenario, climate variability intensifies and extends to encompass more temperate regions
in both seasons. Extremes exceeding 2o are obtained over the high latitudes of Asia and
North America. These results are coherent with the greater summer warming projected over
the Sahara and Mediterranean regions, and in contrast with the greater warming in North-
ern Europe in winter than in summer (Almazroui et al. 2020b; Fan et al. 2020; Carvalho
et al. 2021). This is due to the larger standard deviation experienced in the reference period
(1951-1980) in this area and the Arctic regions (not shown), resulting in a lower future
anomaly. Additionally, South East Asia shows the largest anomalies, despite Hamed et al.
(2022) reporting a smaller projected temperature increase in CMIP6 compared to CMIPS
for Southern Asia.

Comparing our findings with CMIP5 projections, the overall results are consistent, par-
ticularly regarding the pronounced warming in equatorial regions (Harrington 2021). How-
ever, the CMIP6 ensemble projects less warming over South East Asia (Hamed et al. 2022)
and more warming over Northern Africa and China than the CMIP5 ensemble (Tian et al.
2015).

5 Conclusions

The purpose of this study is twofold: (1) to update the climate change studies carried out by
Hansen et al. (2012) and Hansen and Sato (2016) globally at the decadal and subcontinental
scales, taking advantage of the latest available reanalysis (ERAS), with a higher spatial
resolution, from 1951 to 2020, and (2) to provide a similar methodological assessment when
looking into the future with the state-of-the-art global simulations from the CMIP6 project,
under four different SSP scenarios. For the climate change analysis, a multimodel ensemble
based on 22 GCMs from CMIP6 is examined for three future time slices (2015-2040, 2041-
2070 and 2071-2100), under four SSP scenarios ranging from low to a high forcing scenario
(SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5). This approach allows for the assessment of
changes in climate variability and the detection of significant deviations from the current
climate to which local ecosystems have adapted. Changes in typical climate variability are
bound to affect these ecosystems. An accurate prediction of future climate conditions is
essential for fostering mitigation and developing effective adaptation strategies to address
climate change, especially in response to extreme events (Diaz et al. 2019; Rohat et al.
2018).

The results indicate a significant rightward shift in monthly surface temperature anoma-
lies distribution across all regions, especially in the past decade (2011-2020). This confirms
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and amplifies the strong warming observed by Hansen et al. (2012) from 2001 to 2010.
Besides, the shape of the temperature frequency distribution curve is broadening, with the
right tail becoming longer. This evolution is due to generalized higher standard deviation
values in most regions coupled with a decrease (increase) of cold (hot) monthly extreme
temperatures. The increase in monthly hot extremes is more pronounced in summer than in
winter in all continents, with regions belonging to Asia, South America and Africa showing
an even greater increment.

Using finer spatial resolution data adds value to the temperature anomalies study at the
subcontinental scale. A novelty of these results is the bimodal curves over East Antarctica in
DJF and the particularities over West Africa and the Mediterranean regions in JJA.

Overall, the CMIP6 ensemble has been shown to reproduce the ERAS temperature fre-
quency distributions, the climatological mean temperature shift, and the greater warming in
summer than in winter.

Future climate projections show that warming will amplify over time with increasing
emissions. In a low forcing scenario (SSP1-2.6), although the warming will continue in
the near and mid-century, it will stabilize by the end of the century with a shift of about
1.20 (1.5) in DJF (JJA) in the Northern Hemisphere regions. This result indicates that tak-
ing measures to reduce emissions is paramount in limiting the temperature increases on a
regional scale.

It is also important to note that future warming will not be uniform within continents
and seasons. The equatorial region would be more affected, extending to higher latitudes in
the boreal summer. The climate change signal is greater during JJA than in DJF, due to the
greater warming of landmasses relative to the oceans, which are predominantly located in
the Northern Hemisphere.

Future studies should prioritize a thorough examination of the regions most vulnerable
to the impacts of climate change. The accelerated climate warming observed in recent years
could have important implications for human health and ecosystems, particularly in terms
of their adaptability in those areas that are already most stressed (Geirinhas et al. 2020).
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