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ABSTRACT

Mediterranean climate-type regions (MCRs) are characterised by warm-to-hot dry summers and mild-wet winters. These re-
gions are typically found on the western or southern edges of continents, for example, in the Mediterranean Basin, the west
coast of North and South America, southern Africa and southwest Australia. The MCRs are vulnerable to climate variability
and change related to their unique characteristics, such as pronounced rainfall seasonality and prolonged hot and dry summers.
Based on historical observations and CMIP6 climate projections, we apply an empirical bio-climatic assessment of how the geo-
graphic distribution of MCRs has changed during the last century and how these zones will be further impacted under continued
warming. Results indicate a poleward and eastward expansion of MCRs in the Mediterranean Basin, North America-California
and South America-Central Chile regions. For parts of Southern Africa and Southern Australia, a retreat of the MCR margins
and an expansion of more arid climate zones are projected. These shifts are particularly profound according to high emission and
radiative forcing pathways and future scenarios. The warming in MCRs is projected to accelerate (e.g., mean regional warming
of up to 5.5°C under a 4°C global warming scenario), and precipitation will decrease by about 5%-10% for every additional degree
of global warming. One exception is the California MCR, where rainfall will likely increase. Such changes can challenge water
resources, food security and other aspects of human livelihood and ecosystems in these unique geographical zones.

1 | Introduction et al. 2019). MCRs are typically found on the western sides

of the world's continents, wedged between temperate (mostly
Mediterranean climate-type regions (MCRs) are mid-latitude poleward), cold-winter (eastward and poleward) and arid
transitional climate zones broadly characterised by wet (equatorward) climates (Beck et al. 2018; Kottek et al. 2006).
winters and dry summers (Alessandri et al. 2014; Seager  These regions are primarily affected by storm tracks in
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winter and subtropical anticyclones in summer (Alessandri
et al. 2014; Cherchi et al. 2018; Deitch, Sapundjieff, and
Feirer 2017; Rodwell and Hoskins 2001; Seager et al. 2003).
Water resources in MCRs are volatile from year-to-year or
season-to-season due to the high spatiotemporal variability
of rainfall. For example, one large storm can make an inor-
dinate difference to the total annual precipitation budget
(Campins et al. 2011; Flocas et al. 2010; Zittis, Bruggeman,
and Lelieveld 2021). Summers are typically dry, apart from
localised convection over elevated land, while the subtropical
location and clear skies under descending air lead to high tem-
peratures (Seager et al. 2019).

There are five main locations in the world with such character-
istics. These are parts of the Mediterranean Basin (MED), the
west coast of North America-California, from Northern Mexico
to Washington State (NAC), South America-Central Chile
(SAC), Southern Africa (SAF) and Southern Australia (SAU)
(Figure 1). These regions currently correspond to approximately
2% of the Earth's land surface but are home to more than 700
million people, or nearly 10% of the global population (Urdiales-
Flores et al. 2023). Due to their temperate environmental char-
acteristics, they are biodiversity hotspots as well as one of the
most desired climatic zones for human inhabitation and tour-
ism (Myers et al. 2000; Vogiatzakis, Mannion, and Sarris 2016).
Owing to the high levels of endemism, numerous high conser-
vation priority hotspots are located in the temperate zones of the
Mediterranean Basin, the California Floristic Province, Central
Chile, the Cape Floristic Province and Southwest Australia
(Myers et al. 2000). For example, cultivars of significant eco-
nomic and cultural value, such as viticulture, are concentrated
in Mediterranean climate-type regions due to their distinctive
climate characteristics, while they are susceptible to changes in
environmental conditions (Hannah et al. 2013).

During the past century, MCRs have warmed similarly to the
global mean, except for the Mediterranean Basin, which has
experienced accelerated warming (nearly two times faster than
the global mean rates), mainly during the last four decades
(Urdiales-Flores et al. 2023; Zittis et al. 2022). The observed pre-
cipitation trends point to overall drying in many MCRs, but these
changes are associated with many uncertainties (Morin 2011),
and their drivers are not fully understood. The lack of systematic

and spatiotemporally consistent observations in some MCRs
(e.g., parts of North Africa, central Chile, Southern Africa)
and inconsistencies in the techniques used for data blending
and gridding can partially over parts of Southern Australia
and North America-California account for these uncertain-
ties (Sylla et al. 2013; Behnke et al. 2016; Lazenby et al. 2018;
Urdiales et al. 2018; Zittis 2018; Chua et al. 2022; Dey et al. 2019;
Araya-Osses et al. 2020). Some studies identified an important
role for anthropogenic forcing, including increasing green-
house gas emissions (Cheng et al. 2022), stratospheric ozone
depletion (Kang et al. 2011; Min and Son 2013), and changes
in anthropogenic aerosols (Allen and Ajoku 2016; Kovilakam
and Mahajan 2015). While, other studies concluded that the ob-
served precipitation changes are within the range of natural cli-
mate variability (Amaya et al. 2018; Mantsis et al. 2017). In any
case, future changes in the hydrological cycle, can be robust and
significant, at least for certain regions, scenarios, or future peri-
ods, and are expected to occur under a warmer climate (Lionello
and Scarascia 2018; Zittis et al. 2019; Cherif et al. 2020; Douville
et al. 2021).

Given the similarity of the MCRs' main climate and environ-
mental characteristics, their comparable geographic locations
and planetary-scale atmospheric circulation influences, the
causes and nature of climate variability and change are expected
to be similar in all Mediterranean climate-type regions. Due to
their subtropical to midlatitude setting, variability is expected
to be mainly influenced by the tropics and via annular variabil-
ity modes. Nevertheless, tropically forced variability primarily
arises from the Pacific, and hence, it is not surprising that the
North American West Coast and Chile are primarily affected
(Cai et al. 2015). Although the El Nifio-Southern Oscillation
(ENSO) induced variability is global, the other MCRs are in loca-
tions remote from the tropical Pacific and/or near nodal lines in
ENSO-teleconnections (Taschetto et al. 2020). Therefore, other
natural variability modes, like the North Atlantic Oscillation
(NAO), have a greater influence (Mariotti and Dell'’Aquila 2012;
Barcikowska et al. 2020).

Extensive literature on climate variability and change in MED,
NAC, and, to some extent, SAC has become available recently.
The number of regional studies is somewhat less for SAF and
SAU. For example, Urdiales-Flores et al. (2023) identified the
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FIGURE1 | The Mediterranean climate-type regions (dry summer climate zones with hot summers—Csa in red, and warm summer conditions—
Csb in orange) for 1991-2020 (based on CRU-TS v4.05 dataset). The IPCC Working Group I regions with Mediterranean climate types are grey-shaded
for reference. Blue dashed boxes represent the regional domains used in this study (MED: Mediterranean Basin; NAC: North America-California;
SAC: South America-Central Chile; SAF: Southern Africa; SAU: Southern Australia) and are zoomed to better distinguish Csa and Csb colours.
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dominant drivers of temperature variability in global MCRs
during the last four decades (i.e., greenhouse gas forcing, trends
in aerosols, and land-atmosphere interactions) and quantified
their contribution to the observed warming. Seager et al. (2019)
and Deitch, Sapundjieff, and Feirer (2017) addressed the mech-
anistic climate dynamics framework of temperature and pre-
cipitation, while Polade et al. (2017) and Alessandri et al. (2014)
assessed their potential expansion or retreat under future con-
ditions. Compared to other MCRs, the MED has been more
intensely studied, and large initiatives have provided compre-
hensive climate change assessments for the past and the fu-
ture (Lionello 2012; Cherif et al. 2020; Fatichi et al. 2021; Ali
et al. 2022).

Considering the importance and sensitivity of these marginal
climate regimes, the present study aims to explore the historical
and possible future evolution of Mediterranean climate-type re-
gions on a global scale. Using the widely-used K&ppen-Geiger cli-
mate classification and an ensemble of statistically-downscaled
and bias-corrected climate projections, appropriate for such
analyses, our main objective is to understand changes and po-
tential shifts to different temperature and precipitation regimes.
To be compliant with discussions on climate change mitigation,
we focus on critical future global warming levels from 1.5°C to
4°C relative to the pre-industrial era.

This approach is novel compared to previous studies (Polade
et al. 2017; Alessandri et al. 2014), and together with the use of
updated observations, refined climate projections and scenarios,
using bias-adjusted data, it provides a revised and more com-
prehensive analysis, thus contributing to a better understanding
of how climate change can impact mid-latitude regions such as
Mediterranean-type environments.

2 | Data and Methods
2.1 | Koppen-Geiger Climate Classification

We applied the Koppen-Geiger climate classification, conceived
by Kdppen (1900) and updated more recently (Beck et al. 2018;
Kottek et al. 2006). It is an empirical bio-climatic classification
aimed at defining climatic attributes in correspondence with
those of specific vegetation zones. In Table S1, we summarise
the main characteristics of the Arid (B), warm Temperate (C),
and Snow (D) climate types that are most common in mid-
latitude regions. The Mediterranean climate type is defined here
as the warm temperate, dry summer zones with hot (Csa) and
warm summer conditions (Csb). For example, in these zones,
the mean temperature of the coldest month ranges from —3°C to
18°C. Precipitation is substantially higher during winter, while
it is below 40mm in the driest month of the year.

In both hemispheres, the progression to wetter and drier con-
ditions marks the transition to other warm-temperate cli-
mates poleward and arid climates equatorward, respectively.
Conversely, the much colder conditions, mainly during the
winter months, characterise the transition to the snow climate
zones that are found in higher latitudes or higher-elevation areas
and mountains (Table S1). MCRs were determined by including
all land grid cells meeting the criteria of Table S1, within the

following five domains (Figure 1): (i) the Mediterranean Basin
(15°W to 50°E, 25°N to 55°N); (ii) North America-California
(125°W to 110°W, 25°N to 55°N); (iii) South America-Central
Chile (75°W to 69°E, 50°S to 25°S); (iv) Southern Africa (26°E
to 17°E, 36°S to 25°S); and (v) Southern Australia (145°E to
110°E, 40°N to 28°N).

2.2 | Climate Data

We use historical simulations (1850-2014) and future climate
projections (2015-2100) from five Global Earth System Models
(ESMs), available from the World Climate Research Program
Coupled Model Intercomparison Project Phase 6 (CMIP6) (Petrie
et al. 2021; Tebaldi et al. 2021). These five models' results are
publicly available as bias-corrected and statistically-downscaled
to a standard spatial grid of 0.5°%0.5° resolution (Lange and
Biichner 2021). In particular, these ESMs' outputs are corrected
based on a statistical bias correction algorithm used in the Water
Model Intercomparison Project (WaterMIP) and Water and
Global Change (WATCH) initiatives to correct temperature val-
ues (Hagemann et al. 2011; Piani et al. 2010). Monthly correction
factors are derived over a construction period of 40years, where
the ESM output is compared to the observation-based WATCH
forcing data. The ESM data are also interpolated to the spatial
resolution of the WATCH data set (0.5°x 0.5°). For each month,
aregression is performed on the ranked data sets. Subsequently,
the derived monthly correction factors are interpolated towards
daily ones. The same correction factors are then applied to pro-
jected ESM data. This method is skillful in conserving robust-
ness properties and eliminating unrealistic jumps at seasonal
or monthly transitions (Piani et al. 2010). Since monthly val-
ues are used for the Kdppen-Geiger climate classification, the
treatment of extremes is not expected to influence our analy-
sis significantly and was therefore not assessed. More details in
this processing are available in the Intersectoral Impact Model
Intercomparison Project (ISI-MIP) protocol.!

The historical simulations are based on observed concentra-
tions of atmospheric constituents and other forcings, including
greenhouse gases (GHGs), anthropogenic aerosols, ozone, solar
irradiance, and land-use change (IPCC 2021). The projections
are forced with a future scenario of the same drivers, defined
by Shared Socio-economic Pathways—SSPs (Petrie et al. 2021).
As we intend to focus the analysis in terms of GWLs, among
the various pathway families, we selected the most extreme one
(SSP5-8.5), which implies higher radiative forcing and that can
provides a broader range of potential warming levels. The radi-
ative forcing under SSP5-8.5 is projected to increase throughout
the 21st century, reaching 8.5W m~2 by 2100. The ESMs used in
this study are GFDL-ESM4, IPSL-CM6A-LR, MPI-ESM1-2-HR,
MRI-ESM2-0 and UKESM1-0-LL (see Table S2). The dataset is
limited to one model realisation, or ensemble member, for each
ESM. This selection is based on the availability of bias-adjusted
and statistically-downscaled fields, which are required for such
applications. Since the climate classification is based on critical
thresholds of temperature and precipitation, systematic biases
could substantially impact the representation of climate zones.
Noteworthy, this ensemble provides a representative range of
model-effective climate sensitivities and, thus, possible future
projections (Zelinka et al. 2020).
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To compare the selected CMIP6 historical simulations we
use two gridded observational datasets: the CRU-TS Version
4.05 (Harris et al. 2020) and ISI-MIP3a Version 1.0 (Lange
and Biichner 2020). Both datasets are monthly mean near-
surface (2m) temperature (tmp), maximum temperature
(tmx), minimum temperature (tmn), and precipitation (pre).
This comparison is performed in the form of global maps for
the last 30years of the historical simulations (1985-2014) and
a comparison of the area (in km?) described as MCR for every
30years from 1901 to 2020. All data were remapped and ana-
lysed in a standard resolution (0.5° X 0.5°), matching the spa-
tial grid structure of the downscaled CMIP6 models selected.

2.3 | Definition of Global Warming Levels

For future projections, instead of the standard approach of
presenting results as time-slice averages (e.g., mid-century,
end-century, etc.), we performed the analysis on several global
warming levels (GWLs). This provides a comprehensible view
of future climate evolutions in the context of policymaking and
climate mitigation targets. It also allows intercomparison with
previous studies based on different sets of scenarios of model en-
sembles. Based on the CMIP6 projections, we define the points
in time for which the 1.5°C, 2°C, 3°C and 4°C transient GWLs
are exceeded relative to the 1850-1900 approximation of the pre-
industrial era. These points in time were calculated as the cen-
tral year of the 20-year moving window where any of the selected
GWLs is first reached. The 20-year moving window method is
here chosen to be consistent with the methodologies applied in
the IPCC Working Group I Atlas of Regional Information? and is
similar to what is described in other studies (e.g., Liu et al. 2021;
Nikulin et al. 2018). The centre years for reaching the selected
GWLs are presented in Table S2. For the future projections, we
estimated the extent of MCRs by applying the Koppen-Geiger
climate classification based on the ensemble mean values of
monthly temperature and precipitation after being averaged for
the 20-year periods used in the definition of GWLs.

2.4 | Regional Temperature and Precipitation
Projections

In addition to the GWLs analysis, we explore temperature and
precipitation projections relative to the reference pre-industrial
(1850-1900) and recent past (1985-2014) periods, respectively.
The latter includes the last 30years of historical CMIP6 simu-
lations. The regional domains defined in Sub-section 2.1 and
presented in Figure 1 were used for calculating the regional
changes. Land-only, area-weighted averages were used to pro-
vide a summary of the results for each MCR and for every GWL.

3 | Results

3.1 | Comparison With Observations

The global maps of the Kppen-Geiger climate classification based
on the CRU gridded observations and the historical CMIP6 sim-

ulations (using the multi-model ensemble mean) are presented
in Figure 2. Overall, the spatial extent of the model-derived

classification fits well with the observations for the 1985-2014
reference period. The one-to-one grid cell absolute agreement
in the spatial distribution of climate zones, including all sub-
classifications, is about 95%. This apparent agreement between the
simulated and observed conditions is expected since the CMIP6
data used in the present study are bias-adjusted and statistically
downscaled to a spatial resolution close to the gridded observa-
tions. Although there is a general consensus, there are some dis-
parities between the classification results obtained through the
CRU observations and those generated by the CMIP6 models (his-
torical runs). These differences are highlighted in red in Figure 2;
none of them are overlapping with the Mediterranean climate-
type regions. For example, CRU classifies Antarctica as ET (Polar
Tundra climate), whereas in the CMIP6 models, it is represented
as EF (Polar Ice Cap climate). Less profound differences can be
found in other areas, such as parts of Central USA, tropical South
America or limited regions in the Tibetan Plateau. The represen-
tation of Mediterranean climate-type zones (Csa and Csb) agrees
between the two datasets (see Table S3).

Table S3 provides a detailed comparison of the simulated (CMIP6-
based) and observed (CRU-based) percentages of global land area
for all climate classes during the period 1985-2014. Globally, the
dominant climate class by land area is Arid—B (CRU: 31.9%,
CMIP6: 31.8%), followed by Cold—D (CRU: 22.5%, CMIP6: 23%),
Tropical—A (CRU: 18.5%, CMIP6: 19%), Temperate—C (CRU:
15%, CMIP6: 13.5%), and Polar—E (CRU: 12%, CMIP6: 12.7%). The
most common individual climate type by land area is hot desert—
BWh (CRU: 14%, CMIP6: 14.2%), followed by tropical dry-winter
Savanna—Aw (CRU: 11.4%, CMIP6: 11.5%).

The Mediterranean climate types, considered as the Csa and Csb
subcategories, cover nearly 2.4% of the global land area and are
primarily located at the mid-latitude zones of each hemisphere
(mostly between 25° and 50° north and south), at the western
edges of continents over the coasts (Figures 1 and 2). The CMIP6
models slightly underestimate their total area by 0.4% (Table S3).
For a more detailed visual comparison of the Koppen-Geiger
classification between the observed and simulated conditions,
the maps of Figure 2 are also presented at a higher resolution,
with zooms on each MCR (Figures S1-S5).

An additional comparison of the extent estimation of Csa and Csb
in terms of land area is presented every 30years during the last
120years (i.e., 1901-1930, 1931-1960, 1961-1990, 1991-2020). Both
CRU and ISI-MIP are displayed here as a reference to account for
the uncertainty in the observations. The comparison with CMIP6
is provided in the left part of Figure 3 (orange-shaded), bottom pan-
els of Figures 4 and 5 and Figures S6-S8. The mean and maximum
bias of Csa and Csb zones between observed (CRU and ISI-MIP)
and historical simulated (CMIP6) during the period 1901-2020
range between 4 x 10*km? and 25.4x 10*km? or —1.3% and —8.1%
of their total area, respectively. The area underestimation by the
CMIP6 models is more evident in the early 20th century (1901-
1930) and for the Csb class (warm summer temperate zone).

3.2 | Spatiotemporal Evolution of Global MCRs

Considering the historical evolution during the last 120years,
the extent of global MCRs (Csa+ Csb) has not changed much

4nf14

RIGHTSE LI MN iy

International Journal of Climatology, 2024

85UBD17 SUOWLILLIOD SAIERID 3|qedldde au) Ag pausenob ke sl YO 18N JO S3|nJ 10) AIg1TaUIIUQ A3]IA UO (SUOTIPLOD-PUE-SWBIALID™AS | 1M ARe1q)1pU1IUO//SdNY) SUORIPUOD PUe SLLB L 81385 *[Z02/0T /2] Uo Akeiqiauliuo Ao|im * suuesne nog - Boed AepeN Aq §598°90(/200T 0T/10p/w0d A3 1M Afe.q 1 Bul U0 STBWLY/ S WO.y papeoiuMod ‘0 ‘8800260T


https://rmets.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjoc.8655&mode=

World Map of Képpen-Geiger Climate Classification
(a) CRU TS Version 4.05 from 1985 to 2014

s .

At Aw As Am BWh BWk BSh BSk Cfa Cfo Cfc Cwa Cwb Cwc Csa Csb Csc Dfa Dfo Dfc Dfd Dwa Dwb Dwc Dwd Dsa Dsb Dsc Dsd EF ET

FIGURE2 | Global maps of the Koppen-Geiger climate classification (1985-2014), based on (a) the CRU gridded observations (v4.05) and (b) the
historical CMIP6 simulations (ensemble mean). Blue dashed boxes represent the domains used to calculate Mediterranean climate-type regions.

Regions with profound differences are enclosed in the red circles.

regarding their total area. For example, during the period
1901-2020, the average total area is around 292 x10*km? and
288 x 10*km? considering observed (CRU and ISI-MIP) and sim-
ulated historical conditions (CMIP6), respectively (Figure 3).
The breakdown into subcategories reveals that Csb regions have
decreased by 8.1%. In comparison, Csa areas increased by 9.5%,
probably driven by the intense warming observed in these re-
gions (e.g., Urdiales-Flores et al. 2023) rather than changes in
the hydrological cycle.

For the future, the total projected area is similar for all inves-
tigated GWLs (~305x 10*km?). Global MCRs extent will likely
expand by about 5.8% or 18 x 10*km?. This is mostly due to the

substantial areal expansion of global Csa zones (hot-summer
class). With increasing temperatures, these are projected to ex-
pand by up to 52%, with respect to the recent past (1991-2020),
exceeding 270X 10*km? at the 4°C GWL (Figure 3). This ex-
pansion will be at the expense of the warm-summer class (Csb),
which in a warmer world is projected to decrease significantly.
This retreat will likely reach 70% of its recent-past extent or
32.3x10*km? at the highest global warming levels. In a world-
wide context, MCRs' total area is projected to decrease slightly
(0.33% decrease in global land area). This is mainly associated
with the retreat of warm-summer temperate zones (Csb), which
are projected to drastically decrease in extent by up to 0.36%
(Table S4).
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OBSERVED AND HISTORICAL SSP5-8.5 (ENSEMBLE MEAN)
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FIGURE 3 | Land area (in km?) as a function of time (historical:
Orange-shaded) and future global warming levels (cyan-shaded) for
Csa (red), Csb (blue) categories of the Koppen-Geiger classification and
their total extend (black). The solid lines represent the CMIP6 multi-
model ensemble, dashed lines the CRU and dashed-dotted the ISI-MIP
observations. The historical CMIP6 simulations are based on the period
1901-2014, plus 6years from the scenario runs 2015-2020.

To investigate the expansion and retreat of zones under historical
and future conditions in more detail, we calculated the area (per-
centage of total land area) for three main categories (Arid—B,
Temperate—C, excl. Csa and Csb, Snow—D) and two subcate-
gories (hot-summer—Csa and warm summer—Csb), for the
historical period (1901-2020) and future GWLs (Table 1). These
calculations were applied to the regional domains defined in
Sub-section 2.1. For the historical 120-year period, the Arid (B)
zone expansion is evident in all regions except NAC. In MED,
SAC, SAF and SAU, this is estimated to be +1.4%, +9.7%, +0.2%
and +2.2%, respectively, in terms of the total area of regional do-
mains specified in Figure 1 (see also Table 1). This expansion is
mainly at the expense of Temperate (C) or Cold (D) zones. The
latter is particularly evident in the MED and NAC regions, where
the retreat of snow regimes is almost 5% in terms of land area.
The overall retreat of MCRs zones is more robust in SAF and
SAU regions (2.1% and 2.4%, respectively).

A comparison between the most recent historical period (1991-
2020) and future projections (GWLs) reveals an expansion of
arid regimes (class B) in most MCRs (see Table 1). In MED, NAC,
SAC, SAF and SAU, a retreat of the Csb subcategory is projected
to be up to —2%, —12.4%, —25.2%, 2.6% and 3.2%, of their recent
past extent, respectively. The most robust retreat is expected for
the highest GWLs. The hot-summer temperate zones (Csa) will
likely expand by 0.8% in MED, 15.5% in NAC, 6.4% in SAC, 1.8%
in SAF and 0.9% in SAU. The snow zones (class D) that were more
widespread in the MED and NAC regional domains are projected
to retreat, particularly at high warming levels and in the MED
region. Under such scenarios, these zones will likely cover less
than 5% of the area, as defined in Sub-section 2.1.

3.3 | Geographical Shifts of MCRs

The expansion or retreat of MCR zones in some regions oc-
curs at the expense of adjacent climatic zones and vice versa.
Here, we highlight three types of changes (i.e., colour shading

in Figure 4a,b and Figure 5a,b) indicating ‘total’, ‘partial’ and
‘minor’ in each land grid. These classifications are determined
for each grid point based on the transition observed across four
(total), three (partial) and two (minor) temporal cutoffs, con-
sidering 4 tranches of historical simulations (i.e., 1901-1930,
1931-1960, 1961-1990, 1991-2020; Figures 4a and 5a) or GWL
thresholds in future projections (i.e., 1.5°C, 2°C, 3°C and 4°C
transient GWLs; Figures 4b and 5b).

In terms of historical changes, the MED region has undergone
a ‘total’ change in limited parts of southern Europe (mainly
in the Iberian Peninsula) and, to a lesser extent, in northern
Africa (see Figure 4a). The future estimates for MED, consid-
ering potential changes of all GWLs, suggest robust changes
with a poleward and eastward expansion of MCRs being ev-
ident (Figure 4b,c). The corresponding MED area expansion
in the latitude band between 37°N and 55°N experiences the
most profound area increase at around 47°N, with emerging
MCRs in parts of France, and southern and eastern Europe
(Figure 4c¢). In addition, there is a reduction of the temperate
zone area coverage on the equatorward flank, as shown by
the area in the band at latitudes lower than 36°N, which are
more prominent in the historical simulations compared to the
future projections.

In North America, Oregon, Idaho, Nevada, Utah, and Arizona
are the states where there have been ‘partial’ or ‘total’ changes
during the historical period (Figure 5a). In contrast, the
CMIP6 models project ‘partial’ and ‘total’ changes in several
areas in southern Arizona and Mexico, where MCRs were not
present during the last 120 years. The expansion in the area is
projected to peak at 43°N (Figure 5c), but expansions to lat-
itudes well above 50°N are also highlighted. Like the MED
region, the NAC southern margins in southern California,
southern Arizona and northern Mexico will likely be replaced
by more arid zones (see also Table 1). The future transition
from Csb to Csa zones is profound. Particularly at GWLs
higher than 1.5°C, Csa zones are becoming dominant in the
region (Figure 5d).

In SAC, most historical changes are found in the Concepcion
and Temuco regions (Figure S6). For the future, a robust east-
ward expansion of the MCR zones is projected, while a transi-
tion from Csb to Csa zones is also evident, mainly for the highest
GWLs. For SAF, the change of categories has affected all the
areas surrounding Cape Town, with the historical and future
retreat of Csb zones being more robust than the increase of the
Csa (Figure S7). Finally, SAU has faced a substantial change of
regimes in Melbourne, Adelaide and Eastern Perth, while fu-
ture projections indicate a westward retreat of the MCR zones
(Figure S8).

3.4 | Regional Temperature and Precipitation
Responses to Global Warming

The regional warming will likely continue to be more pro-
nounced than the global average, particularly in the Northern
Hemisphere MCRs (Figure 6). On average, the regional
temperature will likely increase by more than 1°C in the
Mediterranean Basin and North America-California for every

Anf14

RIGHTSE LI MN iy

International Journal of Climatology, 2024

85UB017 SUOIWOY dAIRa.D a|cedl|dde a3 Aq pausenob ae sajdie YO ‘8sh Jo Sajn 4oy Akeid i auluQ A8 |1\ UO (SUO I IPUOD-pUe-SWLIBI/WOD" A3 | IM AReiq 1 U |Uo//:SAdNY) SUOIPUOD pue Swid L 8U3 88S *[20z/0T/2z] uo ArelqiauliuQ A1 ‘ auuesne nag - Bopd AepeN Ag G598'20/200T 0T/10p/Wod 8| 1M Alelq Ul juo s/ sdny wouy papeoumod ‘0 ‘8800L60T


https://rmets.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjoc.8655&mode=

@) Mediterranean Basin (Historical) © Zonal Area
ENSEMBLE MEAN CMIP6 (1901-2020) Land only
55°N ; ,f*_',',‘—‘ \ v ».‘,:»‘1_‘:‘14 = 7
2 Js _‘a | d_ v 50+
50°NF §F
ssniberian Peninsula .
S G Y =Gy
} ¥ W {
40°N
45
35°N|
30°NF
asNE LT D L § i & s do A 4or
10°W 0° 10°E 20°E 30°E 40°E 50°E ®
(b) Mediterranean Basin (Projected) 3
ENSEMBLE MEAN CMIP6 (SSP5-8.5) =
56°Nf o P 3
35F
50°Nf
45°Nr
40°Nf
30F
35°NR %
/ c‘l‘ ¥ :;'.'7 i
sonfiberian Peninsula
25°Nf " — ; e g A 25
10°W 0° 10°E 20°E 30°E 40°E 50°F ) X . X )
Koppen Geiger (Csa-Csb) 0 5 10 15 20
Area (10* km?)
Total Change  Partial Change ~ Minor Change
(d) Mediterranean Basin (MED)
200~ Csa SSP5-8.5 (ENSEMBLE MEAN)
175 Csb
Historical

-

N

1311
I

Area (10* km?)
T

o
T
|
2

75
N =i
5 ~ P
S
25|
0_ \
1 1 1 1 1 1 |
1901-1930 1931-1960 1961-1990 1991-2020 1.5°C 2°C 3°C 4°C

FIGURE4 | Historical (a) and future (b) spatial distribution of Mediterranean climate-type zones in the Mediterranean Basin. See the text for the
description of ‘total’, ‘partial’ and ‘minor’ changes. Zonal area considering historical simulations and projected changes (c). The colours in panel c are

two (gold for historical and cyan for projections), but when they overlap the nuance changes. Temporal evolution of Csa and Csb climate zones (d). In
panel (d), solid lines represent the CMIP6 multi-model ensemble, and dashed lines are the CRU and dashed-dotted ISI-MIP observations.

degree of GWL. The warming is expected to be up to 5.5°C
(with respect to pre-industrial conditions) at 4°C GWL or even
reach 6°C for the models with the higher climate sensitivity.
Note that both the global and regional temperature changes
refer to land-only areas. On the other hand, in South America-
Central Chile (SAC), Southern Africa (SAF) and Southern
Australia (SAU), the future regional warming will be less pro-
nounced yet still more robust than the global average. For ex-
ample, for a 4°C GWL, the regional anomalies will be between
4.3°Cand 5.3°C.

Figure 7illustrates the regional precipitation changes for different
GWLs since the pre-industrial era. Although for all GWLs (1.5°C
to 4°C) over Northern Hemisphere MCRs, the CMIP6 projections
agree overall regarding the sign and magnitude of changes, this
is not the case for MCRs in the Southern Hemisphere. Such in-
consistencies are more evident in South America-Central Chile
(SAC) and Southern Africa (SAF). For example, the MPI-ESM1-
2-HR model over SAC projected a substantial precipitation de-
crease between 35% and 50%, while the multi-model ensemble
for the highest GWL (4°C) suggests more moderate declines
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FIGURES5 | Same as Figure 4, for Mediterranean climate-type regions in North America-California.

(nearly 25%). In SAF, the inter-model agreement is lower, with
some models suggesting future increases (e.g., MRI-ESM2-0)
and others strong negative signals (e.g., GFDL-ESM4). In all
Mediterranean climate-type regions, except for North America-
California, the multi-model mean underscores a precipitation
decrease with respect to the 1985-2014 reference (Figure 7).
Although the regional response to global warming might not be
linear, on average, for every additional degree of global warm-
ing, the annual precipitation is projected to decrease by about
4%-5% in most of the Mediterranean Basin, Southern Africa, and
Southern Australia, while in South America-Central Chile, this
decrease is more pronounced (nearly 10%). On the other hand,
for every degree of global warming, precipitation will likely in-
crease by about 5% in North America-California.

4 | Discussion

Our analysis assumes that the classes Csa and Csb of the Koppen-
Geiger climate classification optimally represent Mediterranean
climate-type regions in terms of seasonality, mean and extreme
temperatures and precipitation values. Considering the distinct
environmental characteristics of MCRs and the fact that this
classification system categorises climate zones worldwide based
ecosystems on local vegetation, we consider this hypothesis
valid. Furthermore, we assume that concerning the historical
and future evolution of MCRs, the bias-corrected and statisti-
cally downscaled versions of CMIP6 provide a more detailed
and realistic view compared to the original coarse-resolution
model output.
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TABLE1 | Percentage of land area for historical conditions and future global warming levels for each class (Arid—B; Temperate other than Csa
and Csb—C; Snow—D) according to the Kppen-Geiger climate classification. Regions are defined as (i) Mediterranean Basin—MED (15°W-50°E,
25°-55°N); (ii) North America-California—NAC (125°-110°W, 25°-55°N); (iii) South America-Central Chile—SAC (75°-69°W, 25°-50°S); (iv)
Southern Africa—SAF (26°-17°E, 36°-25°S); and (v) Southern Australia—SAU (145°-110°E, 40°-28°S).

Historical Global warming level (°C)
1991-2020
1901- 1931- 1961- 1991- minus
MCRs Category 1930 1960 1990 2020 1901-1930 1.5 2 3 4 4°C minus 1°C
MED B 46.7 46.9 47.7 48.1 1.4 48.3  48.5 48.9 49.5 1.2
C 16.3 15.3 15.0 19.9 3.6 25.1 27.1 32.8 35.9 10.8
Csa 9.6 9.8 9.2 10.2 0.6 11.0 10.8 10.4 9.8 -1.3
Csb 3.1 3.1 3.1 2.1 -1.1 1.0 0.6 0.2 0.0 -1.0
24.2 24.9 25.0 19.7 -4.4 14.5 13.0 7.7 4.7 -9.8
NAC B 43.7 44.5 43.5 42.5 -1.2 42.5 43.7 43.9 44.9 2.3
1.2 1.3 1.6 5.1 4.0 1.8 2.0 5.2 6.9 5.0
Csa 3.7 3.5 3.3 5.3 1.5 10.0 126 17.4 20.8 10.8
Csb 14.4 14.4 15.1 14.7 0.3 129 9.9 6.3 2.3 —10.6
D 37.1 36.3 36.6 32.4 —-4.6 32.7 31.8 27.1 25.2 -7.6
SAC B 10.2 9.6 16.6 19.9 9.7 15.3 16.3 24.0 20.7 5.5
70.1 70.9 45.7 40.2 —29.9 61.8 61.2 49.6 58.2 -3.6
Csa 0.0 0.0 0.0 0.5 0.5 0.3 0.8 4.3 6.9 6.6
Csb 19.7 19.5 37.7 39.3 19.7 22,7 21.6 221 14.1 —8.5
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SAF B 89.0 89.2 89.7 89.7 0.7 92.0 923 94.7 93.5 1.5
5.0 4.9 5.7 6.5 1.5 4.2 3.9 2.8 3.6 -0.6
Csa 2.4 2.4 2.0 1.2 —-1.2 2.0 2.5 2.5 3.0 0.9
Csb 3.5 3.5 2.6 2.6 —-0.9 1.8 1.3 0.0 0.0 -1.8
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SAU B 90.4 90.4 91.2 92.6 2.2 93.1 93.5 93.8 94.5 1.3
1.2 1.5 1.3 1.5 0.2 1.6 1.2 1.3 1.9 0.4
Csa 2.6 3.2 3.0 2.2 —-0.4 2.6 2.4 31 31 0.5
Csb 5.7 4.9 4.6 3.7 -2.0 2.7 2.9 1.8 0.5 2.2
D 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Note: Bold values represented Mediterranean climate typ-regions (hot-summer--Csa and warm summer--Csb).

For the common MCRs, our findings corroborate previous
studies based on different approaches. For example, in the
Mediterranean Basin and North America-California, a promi-
nent expansion of temperate regimes by 19% and 23%, respec-
tively, is also evident from the analysis of CMIP5 models and
the RCP4.5 pathway for the end of the 21st century (Alessandri
et al. 2014). This study also reported a future retreat of tem-
perate zones from lower to higher latitudes (e.g., >36°N).
Moreover, the range of regional temperature and precipitation
changes and the comparison with global changes is similar to
other studies that used different scenario families or model

ensembles (Cherif et al. 2020; Lionello and Scarascia 2018;
Peleg, Bartov, and Morin 2015). The results of this study refer
to the high-radiative forcing SSP5-8.5 pathway, quite similar
to the RCP8.5 scenarios, at least for the lower GWLs, which
were widely used in previous work (Polade et al. 2017). To
decrease the uncertainty associated with single-model stud-
ies, the results reported in this work are obtained with a
bias-corrected and statistically-downscaled ensemble set of
projections. These results are slightly different from the spa-
tial expansion of MCRs found by Alessandri et al. (2014) in
MED, NAC. For example, they reported a robust expansion
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FIGURE 6 | Relationship between global and regional warming levels, with respect to pre-industrial values, based on CMIP6 simulations driven
by pathway SSP5-8.5, for five Mediterranean climate-type regions: (a) the Mediterranean Basin (MED), (b) North America-California (NAC), (c)
South America-Central Chile (SAC), (d) Southern Africa (SAF), (e) Southern Australia (SAU). Regions are defined as land-only grid-cells.

over the United Kingdom, northern Balkans and Russia. The
temperature increase expected by the end of the 21st century
for RCP4.5, as analysed by Alessandri et al. (2014), is com-
parable to the projection for SSP2-4.5 for the same period
(Gutiérrez et al. 2021; Iturbide et al. 2021). This similarity also
holds for a global warming of 2°C to 3°C under SSP5-8.5 (see
Table S2). Therefore, any significant differences in the conclu-
sions between our study and Alessandri et al. (2014) are likely
due to variations in the ensemble composition and size, and
the use of bias-adjusted model output in our study.

The coarse-resolution output of global climate models (spatial
resolution of about 100km or more) may not be sufficient to ac-
count for the complex coastlines and steep elevation gradients
often found in MCRs or adjacent climate zones. The coarse res-
olution smoothens relevant temperature and precipitation gra-
dients within the model grid cells, which influences the climate
classification results. Therefore, bias-adjusted and downscaled
data can provide a more accurate representation of the Koppen-
Geiger classification, which relies on absolute thresholds, such
as monthly precipitation sums or extreme temperature values.
This selection comes at the expense of analysing a smaller size

ensemble, which we believe did not influence our main conclu-
sions. Besides the overall warming and changes in precipitation,
future changes in the distribution of global MCRs also rely on
changes in the seasonality and extreme values of these parame-
ters, which are critical when applying the Képpen-Geiger clas-
sification system. However, a deeper analysis of such changes
is beyond the scope of this work and will be better explored in
follow-up studies.

5 | Conclusions

Using up-to-date observations and state-of-the-art climate
projections, we explored the historical and future changes in
the areal extent of Mediterranean climate-type regions glob-
ally. These are defined as Csa and Csb zones in the Koppen-
Geiger classification. The analysis of historical data highlights
that the distribution of MCRs (total Csa and Csb extent) has
not changed considerably during the past 120years. However,
future changes will likely occur over a much shorter period
(around 40-60years, according to Table S2). A comparison
of historical, observed and future MCRs reveals that the land
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FIGURE 7 | Relationship between global warming levels (since pre-industrial) and precipitation, with respect to the 1985-2014 reference period,

based on CMIP6 global simulations driven by pathway SSP5-8.5, for five Mediterranean climate-type regions: (a) the Mediterranean Basin (MED),
(b) North America-California (NAC), (c) South America-Central Chile (SAC), (d) Southern Africa (SAF), (e) Southern Australia (SAU). Regions are

defined as land-only grid-cells.

areas involved will change dramatically, implying MCRs will
expand by around 5.8% or 18 X 104 km?2. In the Mediterranean
Basin, North America-California and South America-Central
Chile, this will occur as a poleward and eastward expansion
of MCRs. In Southern Africa and Southern Australia, MCRs
are expected to diminish, particularly for high global warm-
ing levels. The future decline of precipitation, except for North
America-California, and the more pronounced temperature
increase will imply total and partial changes in climate re-
gimes over most MCRs (about 75% of their area). The most
widespread future changes will be from temperate to hot-arid
zones. At the same time, large regions characterised as warm-
summer Mediterranean-type zones (Csb) will likely transition
to hot-summer climate zones (Csa), a pattern that is already
evident in the historical period.

According to the CMIP6 projections, future regional warm-
ing in the broader MCR zones is robust (strong inter-model
agreement) and stronger than the mean global warming lev-
els. This is primarily the case for the Northern Hemisphere
MCRs in the Mediterranean and California regions.

Regarding precipitation changes, for every additional degree
of global warming, precipitation is projected to decrease by
about 5%-10% in the Mediterranean Basin, Southern Africa,
Southern Australia and South America-Central Chile. On the
other hand, for every degree of global warming, mean rain-
fall will increase by about 5% in the North America-California
region, but this change is mostly not statistically significant
(Gutiérrez et al. 2021).
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