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Abstract
This study seeks to explore two new km-scale regional climate simulations prepared through the European Climate Prediction 
project over the Madeira and Canary islands, which are Portuguese and Spanish archipelagos located in the North Atlantic, 
off the African coast. The simulations are based on two models using different modelling approaches: COSMO-CLM with 
a three-step nesting at 50, 25 and 3 km grid spacing using a time-slice approach driven by a global climate model, and 
COSMO-crCLIM with a two-step nesting at 12 and 1 km grid spacing using the pseudo-global warming approach, where 
the current-day simulations are driven by ERA-Interim reanalysis. Although the modelling approaches are different, several 
findings are highlighted: (1) the use of km-scale simulation is essential to properly represent temperature and precipitation 
mean and extremes over small islands that are characterized by complex topography; (2) the projected changes in temperature 
and precipitation mean and extremes are qualitatively similar in all seasons except autumn; (3) the differences in the autumn 
projections are shown to be due to the large-scale driving conditions. Small islands, such as the Canary and Madeira ones, 
are often neglected by large modelling initiatives, so the presented simulations contribute to filling this gap for local policy 
makers, stakeholders and climate services. The encouraging results highlight the need for further coordinated km-scale 
projections.

Keywords  Convection-permitting models · Climate projections over small islands · Elevation-dependent behaviour · 
Temperature and precipitation extremes

1  Introduction

As Earth warms, the intensity of extreme events is increasing 
worldwide (Pichelli et  al. 2021; Weather and climate 
extreme events in a changing climate 2021). In July 2021, 
for example, various central European countries experienced 
some of the most devastating precipitation events in the past 
few decades, causing an estimated infrastructural damage of 
several bn (Gallin 2021; Mohr et al. 2023). On the other 
hand, the months June–July 2023 have caused that summer 
to be one of the hottest ones due to persisting and recurring 
anticyclonic situations with record maximum temperatures 
in the Mediterranean region as well as in the Macaronesian 
islands (Copernicus 2023). Over the latter, the increasing 
fire risk associated to the warming climate and large amounts 
of rainfall pose serious threats. These islands are character-
ized by a complex topography with large differences in 
elevation, from sea level to almost 2000 m above sea level 
(a.s.l.) in Madeira (Fragoso et al. 2012) and almost 4000 m 
a.s.l. in the Canary islands (Pérez et al. 2014). Madeira, 
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officially a Portuguese territory, and the Canary islands, gov-
erned by Spain, are part of the Macaronesian archipelago, 
along with the Azores and Cape Verde islands. The Macaro-
nesia region consists of small islands scattered across the 
North Atlantic, most of volcanic origin, hosting more than 
2.1 million people (Cropper and Hanna 2014; Karnauskas 
et al. 2016). These islands provide crucial ecosystem ser-
vices due to their unique landscapes and offer strategic and 
economic benefits to their respective countries. They have a 
subtropical to semi-desert climate dominated by the north-
easterly trade winds (Pérez et al. 2014), the Atlantic ocean 
currents and the Azores high-pressure system (Cropper and 
Hanna 2014), and by the North Atlantic Oscillation (NAO). 
Cropper and Hanna (2014) and Herrera et al. (2001) suggest 
that the total precipitation in the Canary islands and Madeira 
is related to the NAO index, which increases the strength of 
the trade winds, enhancing orographically-induced rainfall 
on the windward slopes (Espinosa and Portela 2020). More-
over, the highly variable topography creates a variety of 
microclimates on each island, each forming a highly varied 
distribution of temperature and precipitation patterns 
(Fragoso et al. 2012). In recent years, these islands have 
been increasingly subject to precipitation-related natural 
catastrophes, especially flash floods and landslides, and the 
increasing occurrence of fire due to a combination of high 
temperatures, low humidity, low rainfall and often high 
winds (Carrillo et al. 2022). In Madeira, flash floods usually 
turn into uncontrollable flows (Fragoso et al. 2012): remark-
able events hit Madeira on 20 February 2010 and 5–6 March 
2023. Since the Canary and Madeira islands host many natu-
ral and cultural tourist attractions, a robust assessment of the 
behavior of heavy precipitation and extreme temperature 
events is of crucial interest not only to scientists and policy 
makers, but also to stakeholders in the local authorities, cli-
mate services and tourism industry. In this perspective, to 
better understand the role of climate change in natural haz-
ards and the impact on ecosystems and infrastructures, simu-
lations of climate models have emerged as fundamental tools 
of analysis (Benevolenza and DeRigne 2019; Adinolfi et al. 
2021; Beaugrand 2009). The spatial resolution of General 
Circulation Models (GCMs) has proven to describe the pro-
cesses occurring on continental and intercontinental scales. 
Nonetheless, many studies in the last decade (Ban et al. 
2014, Leutwyler et al. 2017, Ban et al. 2021, Adinolfi et al. 
2023 and Fosser et al. 2024) have shown the benefits of 
dynamically downscaling fine-scale processes at km-scale 
(4 km or less). Models with such a resolution are able to 
explicitly resolve deep convection, which allows to switch 
off the respective parameterization. These km-scale models 
better represent complex topography and associated bound-
ary layer processes, which tend to improve the simulation of 
precipitation (Ban et al. 2021; Fosser et al. 2024), as well as 
the 2-meter air temperature and wind components (Prein 

et al. 2015, Sangelantoni et al. 2024 and Molina et al. 2024). 
The promising results obtained by Ban et al. (2021) and 
Pichelli et al. (2021) for the Alpine region reinforced the 
need to expand the analysis of km-scale model performances 
by bridging the gap between inland European (EU) territo-
ries and outermost region, as is the case for the Canary and 
Madeira islands. Moreover, such small islands are a chal-
lenging environment for climate models due to their limited 
extension, sharp gradients of climatological characteristics 
(i.e. the presence of microclimates), fine-scale processes (i.e. 
orographically-induced rainfall), gravity wave propagation, 
land-sea breezes, deep moist convection and complex sur-
face heterogeneities (Lucas-Picher et al. 2021). Km-scale 
models could provide new insights in island climates that 
are not solely explained by increased resolution but also by 
a better representation of such fine-scale processes. Nonethe-
less, modeling studies at km scales spanning climate-rele-
vant periods (over 10 years) are rare due to the computa-
tional burden, especially over the Macaronesian islands. 
Previous studies on the Canary Islands have focused on 
present-day analyses (Pérez et al. 2014; Prein et al. 2015). 
Future projection studies were conducted by Expósito et al. 
(2015) and Pérez et al. (2022). Expósito et al. (2015), using 
the pseudo-global warming technique, showed that, at 5 km 
horizontal resolution, there is a clear dependence of tem-
perature increase with height and a positive change in diur-
nal temperature range, mainly due to a reduction in soil 
moisture as a consequence of a decrease in precipitation. 
Pérez et al. (2022) used dynamical downscaling with the 
WRF model over Canary islands at a 3 km resolution until 
the end of the century, under RCP 4.5 and 8.5 scenarios, 
finding that, despite some biases, the models showed good 
skill in simulating extreme temperature indices, and that 
temperature extremes will increase significantly, driven by 
decreased soil moisture and altered synoptic patterns. Over 
Madeira, Gao et al. (2023) studied vortex shedding over the 
present-day 10-year period of the COSMO-crCLIM simula-
tions (also used in this paper and described in Sect. 2). They 
investigated the representation of the inversion height, and 
properties of vortex streets regarding shedding period and 
the structure of the vortices. Vortex shedding was found to 
have a pronounced annual cycle with an increasing vortex-
shedding rate from April to August and a sudden decrease 
in September. The flow splitting and vortex shedding are 
found to be essential elements of the climate of mountainous 
islands in the subtropics, but not resolved in low-resolution 
global climate models. Moreover, they noticed an improve-
ment in the simulation of hourly precipitation over the 
Madeira islands compared to convection-parameterized 
regional climate models. Other studies based on km-scale 
climate projections run by single models (Bony et al. 2006; 
Carrillo et al. 2023) investigated the processes related to the 
ocean-land interface or the orientation of slopes, upwind or 
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downwind of the prevailing trade winds, also having a sig-
nificant influence on drought events. The state-of-the-art 
climate knowledge in this region is mainly based on single 
regional climate model simulations, as, due to their geo-
graphical position, the Canary islands and Madeira, although 
governed by EU countries, are not included in coordinated 
initiatives of the World Climate Research Programme 
(WCRP) (Jacob et al. 2020), such as the ensemble climate 
simulations over the EURO-CORDEX domain (Giorgi et al. 
2019). So, on the one hand, the Canary and Madeira islands 
pose a challenge regarding climate simulations due to their 
complex topography and need more reliable, higher-confi-
dence projections of changes in all relevant climate hazards 
to understand and adapt to the risks they pose to human 
societies and ecosystems (Evans et al. 2024). On the other 
hand, although representing assets for the EU countries due 
to their strategic and economic benefits, they are excluded 
from regional climate ensemble simulations initiatives. 
These are the reasons behind the motivation of the Hori-
zon-2020 European Climate Prediction system project 
(EUCP, Hewitt and Lowe 2018) to provide climate projec-
tions at km-scale not only over the main continent, but also 
over the EU outermost regions. Indeed, providing km-scale 
climate projections covering a period of (at least) 10 years 
at a grid spacing of 2–3 km was among the main goals of the 
project. A coordinated multi-model ensemble was built over 
a common domain of the Alpine region, also in the frame-
work of the CORDEX Flagship Pilot Studies (Coppola et al. 
2020) on Convective phenomena (CORDEX FPS-CONV). 
However, over the EU outermost regions, there was no 
proper coordination due to time and resource constraints. 
With such consideration, the ETH Zürich (ETH) in Switzer-
land, and the Euro-Mediterranean Center on Climate Change 
(CMCC) in Italy have successfully performed km-scale 
simulations over the Madeira and Canary islands domain, 
even if they used different modelling approaches (Sect. 2). 
Although it is not possible to provide reliable ensemble-like 
climate projections due to the lack of harmonized experi-
ments, this study explores challenges posed by uncoordi-
nated simulation efforts in view to improve future planned 
downscaling initiatives. Moreover, the simulations used in 
this study aim to enhance state-of-the-art knowledge of the 
microclimate of the Macaronesian islands and the analyses 
explicitly investigate the climate projections at km-scale 
resolutions, providing support for urgent adaptation and 
mitigation decisions. The novelties of the study rely on: (1) 
the inter-comparison analyses of two kilometer-scale models 
with available observations as well as on the provision of 
km-scale simulations under present and future climate con-
ditions, (2) promote the availability of such high-resolution 
climate information, particularly useful to local climate ser-
vices, policy makers and stakeholders for adaptation pur-
poses trying to bridge the gap between climate projection 

providers and users, (3) provide insight into some scientific 
questions that are still unexplored due to lack of high-reso-
lution gridded observations and high-resolution climate 
simulations over these territories, as the distribution of tem-
perature and precipitation (mean and extremes) in the km-
scale versus coarser resolution models against available 
observations and reanalyses, as well as the changes in tem-
perature and precipitation as projected by different km-scale 
modelling approaches. Moreover, the role of large-scale 
driving conditions in shaping the km-scale projections is 
also considered. The paper is structured as follows: the mod-
els, data and methods are presented in Sect. 2, the results are 
presented in Sect. 3, and the conclusions are enumerated in 
Sect. 4.

2 � Materials and methods

2.1 � Models description

The regional climate simulations presented here are based on 
the COSMO-CLM model used by CMCC, and the COSMO-
crCLIM model run by ETH. COSMO-CLM and COSMO-
crCLIM belong to the same regional climate model fam-
ily, the COnsortium for Small-scale MOdeling (COSMO, 
http://​www.​cosmo-​model.​org/, https://​www.​clm-​commu​nity.​
eu/), with several differences highlighted below. COSMO 
is a non-hydrostatic limited-area model that is specifically 
designed for simulations on meso-� to meso-� scales (Step-
peler et al. 2003), i.e. on a spatial extent between 2 and 
200 km, and describes fully compressible flow in a moist 
atmosphere using finite difference methods on a structured 
grid (Rockel et al. 2008). Horizontal advection is simulated 
using a fifth-order upwind scheme and vertical advection 
by the means of an implicit Crank-Nicholson scheme (Bal-
dauf et al. 2011). Additionally, the one-dimensional Bott 
scheme is used for the multidimensional advection of scalar 
fields (Bott 1989). The numerical computation of the ther-
modynamical equations is performed on a three-dimensional 
Arakawa-C grid (Arakawa and Lamb 1977), using rotated 
geographical and terrain-following height coordinates 
(Doms and Baldauf 2021). Furthermore, the model uses a 
split-explicit third-order Runge–Kutta time-stepping scheme 
(Wicker and Skamarock 2002). For the representation of 
unresolved processes, the following physical parameteri-
zation schemes are used (Baldauf et al. 2011): a radiative 
transfer scheme based on the �-two-stream approach (Ritter 
and Geleyn 1992), a single-moment bulk cloud-microphys-
ics scheme with five species (cloud water, cloud ice, rain, 
snow and graupel) (Reinhardt and Seifert 2006), a turbu-
lence scheme using a turbulent kinetic energy closure for 
the surface and the planetary boundary layer (Raschendorfer 
2021), and a multi-layer soil model (TERRA-ML) with a 

http://www.cosmo-model.org/
https://www.clm-community.eu/
https://www.clm-community.eu/
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total soil depth of 15.24 m (Heise et al. 2006). Depending on 
horizontal resolution, sub-grid convection is parameterized 
using an adapted version of the Tiedtke mass-flux scheme 
with a moisture convergence closure (Tiedtke 1989). Aero-
sols are imposed using the AeroCom climatology (Kinne 
et al. 2006).

COSMO-crCLIM is able to run on Graphics Process-
ing Units (GPU) (Fuhrer et al. 2014, 2018), which enables 
simulations at higher horizontal resolution within acceptable 
wall-clock timescales (Schär et al. 2020). Besides reducing 
the simulation runtime, the GPU implementation does not 
significantly affect the model behavior, as has been shown 
by Zeman and Schär (2022). COSMO-crCLIM is based on 
COSMO model version 5.0.9. Simulations on GPUs are 
executed up to 3.6 times faster than simulations running on 
the same number of multicore CPUs (Leutwyler et al. 2017). 
Moreover, COSMO-crCLIM uses the groundwater scheme 
developed by Schlemmer et al. (2018). Other adjustments 
include changing the upper-level damping to only relax 
the vertical velocity instead of all dynamical fields (Klemp 
et al. 2008). The COSMO-CLM kilometer-scale simulation 
is based on the model version 5.0.9 associated with the inter-
polator version int2lm_2.00_clm4 while the coarse-resolu-
tion simulations is based on version 4.21.2. The COSMO-
CLM simulations were performed on the supercomputer 
facility available at CMCC.

2.2 � Simulations setups

As the development of these simulations was not originally 
planned and coordinated within the EUCP project, the two 
models use different simulation setups, summarized in 
Table 1.

2.2.1 � COSMO‑CLM setup

COSMO-CLM uses a three-step one-way nesting approach 
using a resolution of 0.44◦ (~50 km horizontal grid spacing) 

and 0.22◦ (~25 km) for the first and second nests, respec-
tively, over the Middle-East-North-Africa (MENA) COR-
DEX domain (Bucchignani et al. 2018, 2016; Zittis et al. 
2021), and 0.0275◦ (~3 km) for the third nest over the anal-
ysis domain. This simulation strategy allows to capitalize 
existing coarse simulations available at CMCC, developed 
in the context of the CORDEX-MENA initiative. Then, 
the 0.22◦ simulations were dynamically downscaled with 
COSMO-CLM over the Macaronesian domain in the con-
text of the EUCP project, using the same strategy as for the 
Alpine domain (Ban et al. 2021; Pichelli et al. 2021).

In the two coarse-resolution (50 and 25 km) simulations, 
convection is fully parameterized as detailed in Sect. 2.1. In 
the high-resolution (3 km) simulations, only shallow convec-
tion is parameterized, while parameterization is switched 
off for deep convection to allow the model to simulate deep 
convective processes explicitly (Ban et al. 2021). A one-year 
period is considered as spinup for the 3 km-scale simula-
tions. COSMO-CLIM uses the so-called time-slice approach 
(Lucas-Picher et al. 2021) running continuous simulations 
for, at least, 10-year long periods, due to the high computa-
tional costs (Giorgi et al. 2009), aligning with the approach 
used over the Alpine domain (Ban et  al. 2021; Pichelli 
et al. 2021; Fosser et al. 2024). To assess future changes, 
the CMCC km-scale climate simulation performed over the 
historical period is compared to the simulation of the same 
length, but in the future, where greenhouse gas concentra-
tions and boundary conditions are modified according to the 
RCP8.5 scenario (Riahi et al. 2011).

2.2.2 � COSMO‑crCLIM setup

COSMO-crCLIM uses a two-step one-way nesting approach 
with a resolution of 0.11◦ (~12 km horizontal grid spac-
ing), and 0.01◦ (~1 km) for the second nest over the analysis 
domain. In the coarse-resolution (12 km) simulations, both 
deep and shallow convection are parameterized as detailed 
in Sect. 2.1. In the high-resolution (1 km) simulations, 

Table 1   Key numerical features of the two kilometer-scale simulations: COSMO-CLM performed by CMCC and COSMO-crCLIM performed 
by ETH

Model Nesting Approach Forcing Experiments

CMCC - COSMO-CLM 
v5.09

Three-step one-way nest-
ing:

0.44◦ (~50 km)
0.22◦ (~25 km)
0.0275◦ (~3 km)

Time-slice experiment 
GCM-driven

EC-EARTH r12i1p1 (his-
torical and RCP8.5)

Present-day: 1996–2005
Future: 2090–2099

ETH - COSMO-crCLIM Two-step one-way nesting:
0.11◦ (~12 km)
0.01◦ (~1.1 km)

PGW approach: reanalysis-
driven (ERA-Interim)

MPI-ESM-LR r1i1p1 
RCP8.5

Present-day: 2006–2015
Future: Present-day plus 

PGW signal from GCM 
(monthly mean of the 
difference 2070–2099 
versus 1970–1999)
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convection parameterization is switched off for both shal-
low and deep convection, allowing fully explicit simulations 
of convective processes.

The driving data used for the coarse-resolution present-
day simulation is based on the 6-hourly ERA-Interim reanal-
ysis from the European Center for Medium-Range Weather 
Forecast [60] for the period 01/2000–12/2015. This period 
includes a period of five years to allow for soil moisture 
spin-up. The high-resolution simulations are then computed 
for the period 11/2005–12/2015, which includes a soil mois-
ture spinup period of two months.

COSMO-crCLIM uses the so-called pseudo-global 
warming (PGW) approach (Brogli et  al. 2023). PGW 
offers the possibility to address simulation uncertainties 
related to GCM biases (Lucas-Picher et al. 2021). In the 
PGW approach, the boundary conditions for future cli-
mate simulations come from a reanalysis that is perturbed 
by future changes of the 3D atmospheric conditions taken 
from a GCM or an ensemble of GCMs (Schär et al. 1996; 
Expósito et al. 2015; Brogli et al. 2019). The sequence of 
synoptic-scale weather events and the large-scale atmos-
pheric circulation are therefore preserved in future climate 
simulations (Lucas-Picher et al. 2021), but individual events 
are modulated by thermodynamics and dynamics changes 
as simulated by the high-resolution models. With such a 
method, uncertainties related to internal variability can 
be reduced, even when using a relatively short period of 
10 years (Kawase et al. 2008). It also reduces the number 
of simulations required to conduct climate change analy-
sis because no historical climate simulation is needed. A 

detailed discussion of advantages and disadvantages of the 
PGW methodology can be found in (Brogli et al. 2023). 
They also provide a quantitative comparison between con-
ventional and PGW downscaling at a resolution of 50 km. 
To build the future climate simulation, ETH uses the climate 
change signal of the Max-Planck Institute MPI-ESM-LR 
CMIP5 Earth System Model r1i1p1 (Giorgetta et al. 2013), 
under the RCP8.5 scenario (Riahi et al. 2011). The above 
explanation of the PGW approach suggests an increased 
robustness provided by this method when several GCMs are 
involved. However, it needs to be stated that the COSMO-
crCLIM simulation is based on an older version of the PGW 
approach that focuses on the signal of one GCM instead of 
a GCM ensemble mean, as was done by Brogli et al. (2023) 
with the same model for their analysis of precipitation indi-
ces. The PGW signal was computed using the monthly mean 
of the difference between 2070–2099 and 1970–1999. This 
signal was applied to the 2006–2015 present-day simula-
tion. The spinup periods are individually chosen by ETH and 
CMCC based on their own expertise and experiences over 
different domains. Recent studies as Jerez et al. (2020) and 
Lavin-Gullon et al. (2023) suggest a minimal spin-up period 
of 1-year, although longer spin-up times could be considered 
in order to be on the safe side of soil spin-up, depending on 
the region and deep convective events.

2.3 � Computational domains

Figure  1 shows (right panels) the islands of Madeira, 
Tenerife and Fuerteventura as represented by each model 

Fig. 1   Topography (in meter) 
of the investigated simulation 
domain and individual islands. 
(Left) Common km-scale simu-
lation domain over the Maca-
ronesian islands (here shown 
at 3 km grid spacing). (Right) 
The three islands analyzed in 
this study: Madeira, Tenerife 
and Fuerteventura (from left to 
right) and the different model 
resolutions: CMCC at 50 and 
25 km, ETH at 12 km, CMCC 
at 3 km and ETH at 1 km grid 
spacing (from top to bottom). 
Orography is shown for grid 
cells with a land fraction above 
50%, while grid cells with a 
land fraction below 50% are 
coloured in blue
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simulation used in this study, so at 50, 25, 12, 3 and 1 km 
grid spacing (from top to bottom). It emerges a detailed 
orography depicted at higher resolutions over the islands 
compared to lower resolutions. Madeira and Fuerteventura 
are not even represented in a 50 km model, while Tenerife 
is covered by only one grid point with a flat orography. All 
islands are represented at 25 km grid spacing, although with 
a flat orography. It is only from 12 km grid spacing onward 
that differences in orography start to emerge, particularly in 
Tenerife, where the two kilometer-scale resolution simula-
tions (3 and 1 km grid spacings) adequately capture the peak 
elevation of more than 3500 m a.s.l. (Fig. 1, two bottom 
right panels). Fuerteventura is much flatter than Madeira 
and Tenerife, and the island’s orography is already well cap-
tured at 12 km grid spacing, yet the km-scale representa-
tions show detailed orographic variations not seen at coarser 
resolutions.

The left panel of Fig. 1 represents the topography of the 
whole km-scale simulation domain, common for both sim-
ulations. The computational domain simulated by CMCC 
with COSMO-CLM (hereafter referred to as CMCC) at 3 km 
grid spacing (Lon = 20◦W–11◦ W; Lat = 25.5◦N–34.4◦ N) 
consists of 327 × 323 grid points, 65 vertical levels and 7 soil 
layers. The analysis domain is obtained by discarding the 
relaxation zone from the computational domain (23 points 
for each border). The computational domain simulated by 
ETH with COSMO-crCLIM (hereafter referred to as ETH) 
at 1 km grid spacing (Lon = 20.1◦W–13.5◦ W; Lat = 23.1◦
N–38.8◦ N) consists of 1000 × 1000 grid points, 60 vertical 
levels and 9 soil layers. The analysis domain is obtained 
by discarding the relaxation zone from the computational 
domain (30 points for each border).

2.4 � Validation data

In order to evaluate the reliability of the simulations, 
both CMCC and ETH simulations have been compared 
to available observational and reanalysis products for the 
present-day period covered by the simulations: 1996–2005 
for CMCC and 2006–2015 for ETH. Reanalysis products, 
gridded observations (available over the Spanish islands) 
and station data are considered for evaluating simulated 
precipitation and temperature patterns. Other satellite prod-
ucts, such as GPM IMERG that provides hourly precipita-
tion at 0.1◦ × 0.1◦ (or roughly 10 km × 10 km) grid spacing, 
have been considered but show spurious behaviour over the 
islands that need further investigation and evaluation (not 
shown). They are therefore not included in this study.

2.4.1 � ERA5 reanalysis

ERA5 reanalysis (Hersbach et al. 2020) are produced by the 
Copernicus Climate Change Service (C3S) at the European 

Centre for Medium-Range Weather Forecasts (ECMWF). 
ERA5 is the fifth generation atmospheric reanalysis of the 
global climate covering the period from January 1940 to 
present, at hourly intervals. In this study, we use hourly 850-
hPa wind, sea level pressure, 2-meter temperature, precipita-
tion and sea surface temperature (SST) data for the period 
1996–2015, which corresponds to the continuous 20-year 
period covered by the two kilometer-scale model simula-
tions. The data use a horizontal resolution of 0.25◦ (about 
30 km grid spacing) and 137 vertical levels from the surface 
up to a height of 80 km.

2.4.2 � UERRA reanalysis

UERRA is a reanalysis that provides estimations of the cli-
mate in Europe for the period 1961–2019 (Gustafsson et al. 
2001; Uncertainties in Ensembles of Regional Re-Anal-
yses 2017). It consists of two reanalyses: UERRA-HAR-
MONIE and MESCAN-SURFEX. UERRA-HARMONIE 
is a regional reanalysis over Europe based on a 3-dimen-
sional variational data assimilation system. It is available 
at ~11 km grid spacing. In addition to observations in the 
model domain, it assimilates along the lateral borders data 
from ERA40 (until the end of 1978) and ERA-Interim 
(from 1979). MESCAN-SURFEX is a complementary sur-
face analysis system forced by the UERRA-HARMONIE 
reanalysis. Using the Optimal Interpolation method, it pro-
vides daily accumulated precipitation and six-hourly air 
temperature and relative humidity at two meters above the 
model topography at ~5.5 km grid spacing. For this study, 
we use 6-hourly 850-hPa wind, sea level pressure and SST 
at 11 km grid spacing and daily precipitation and 6-hourly 
2-m air temperature at 5.5 km grid spacing over the period 
1996–2015 (Copernicus Climate Change Service, C.D.S., 
2019).

2.4.3 � NOAA sea surface temperature

Daily SST data were retrieved from the National Oceanic 
and Atmospheric Administration Optimum Interpolation 
Sea Surface Temperature database at a resolution of 0.25◦ 
(NOAA OISST v2; https://​www.​ncdc.​noaa.​gov/​oisst).

2.4.4 � Observations from gridded and weather station data

The weather station hourly precipitation data are operated 
by the Agencia Estatal de Meteorología (AEMET) for Ten-
erife and Fuerteventura and by the Instituto Português do 
Mar e da Atmosfera (IPMA) and the Delegação Regional 
da Madeira do IPMA for Madeira.

The rain gauges over Madeira provide data every 10 min, 
but the measurements have been aggregated to hourly data 
to be consistent with the model output frequency and the 

https://www.ncdc.noaa.gov/oisst
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station data over the Canary Islands. Figure 2 provides an 
overview of the rain gauge locations and the number of years 
with available data. All islands are sufficiently covered by 
rain gauges, although over Fuerteventura the coverage is 
relatively sparse with only six stations and only one sta-
tion has more than 10 years of hourly data over the period 
1996–2020.

The AEMET provides high resolution (2.5 km) grid-
ded observational precipitation and temperature datasets 
for Canary islands at daily and subdaily scale (Peral García 
et al. 2017).

2.5 � Indices and statistics

The characteristics of temperature and precipitation over 
the islands of Madeira, Tenerife and Fuerteventura are 
investigated at seasonal, daily and hourly scales. Specifi-
cally, the indices assumed for the statistical measures of 
precipitation are mean precipitation, wet-hour frequency, 
wet-hour intensity, and heavy precipitation analysis 
in terms of 99.9th percentile of hourly data to estimate 
extreme precipitation events. A wet-hour is defined as an 
hour with precipitation ≥ 0.1 mm/h, while the extreme 
precipitation events are investigated through the amount 

of hourly precipitation above the 99.9th percentile com-
puted from all data (wet and dry events), according to 
(Ban et al. 2021). The daily maximum temperature (Tmax) 
and mean temperature are used as temperature indices. 
All indices are computed per season (DJF = Decem-
ber–January–February; MAM = March–April–May; JJA 
= June–July–August; SON = September–October–Novem-
ber), then averaged over the analysis period. For statistics 
concerning the specific islands, only land grid cells are 
considered in the analyses. For the representation of the 
diurnal cycle of mean precipitation, the hourly precipita-
tion is then averaged over the islands’ land fraction. The 
statistics of hourly precipitation and daily temperature are 
also investigated using box plot representations, looking 
for differences in the statistical spatial distributions. For 
box plots, the indices are first averaged seasonally. Then, 
the seasonal mean index over each island land fraction 
is represented as follows: the halfway mark of the box 
plots indicates the median, and the bottom and top edges 
of the box indicate the 25th and 75th percentiles, respec-
tively. The whiskers are defined as ± 1.5 times the inter-
quartile range (IQR). With such a representation, the box 
plots therefore synthesize the results of the spatial maps 
and allow an immediate comparison between models. 
To assess the climate projection signals, the differences 
( Δ ) between the future and present-day time slices of the 
aforementioned indices are computed. Specifically, for the 
CMCC model, the present-day period is 1996–2005 and 
the future period is 2090–2099, and for the ETH model, 
the present-day period is 2006–2015 and the future period 
is 2106–2115. To determine the statistical significance 
(alpha = 0.05) of the climate projections, a non-parametric 
Mann–Whitney U test (Mann and Whitney 1947) able to 
assess the significance of the changes of two series and 
suitable for non-normally distributed data, is used. A cor-
rection to reduce the amount of false positives (FDR) and 
overcome the overrating of significant changes (Wilks 
2016), derived according to the formulation presented in 
Benjamini and Hochberg (1995), is also applied. The tests 
run over the 10-year period simulations run by CMCC and 
ETH, just considering inland grid nodes over the islands, 
and the statistics as mean, median and variance are cal-
culated for historical and future series. The Mann–Whit-
ney U test yields a p-value: a p-value below the signifi-
cance level alpha indicates significant changes. The inland 
grid nodes where the statistical significance of changes 
(p-value) is greater than 0.05 are stippled in the spatial 
analyses. Spatial analyses are shown over Madeira for pre-
sent-day climate (Sect. 3.2), over Tenerife and Madeira for 
future climate (Sect. 3.3), while maps and analyses for the 
other islands are included in the supplementary material.

Fig. 2   Overview of rain gauge locations and years with hourly pre-
cipitation data that were used for validation
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3 � Results

The section is composed of three subsections presenting 
the evaluation of the large-scale climate conditions over 
the Macaronesian domain against available reanalyses and 
observations, the assessment of current climate km-scale 
simulations of precipitation and temperature over the three 
selected islands, and their climate projection signals.

3.1 � Evaluation of large‑scale climate conditions 
in the Macaronesian domain

Figure 3 shows the large-scale climate conditions in autumn 
(SON) as simulated by the CMCC and ETH models at inter-
mediate resolutions (25 and 12 km grid spacings, respec-
tively) over the whole domain against reanalysis. From left 
to right, Fig. 3 gives a synoptic perspective on the mean 
850-hPa wind along with sea level pressure, 2-meter tem-
perature, precipitation regimes and SST over the extended 
Macaronesian domain. As the regional climate models 
neglect the interactive feedback of the atmosphere and the 
ocean, examining the synoptic scale of the atmosphere is 
supported by SST to provide a comprehensive picture of 
the real climate system, especially over such small islands 

and coastal territories. The first and second rows depict the 
signals of ERA5 and UERRA reanalyses, while the third 
and fourth rows show the variables as simulated by CMCC 
and ETH at intermediate resolutions. The signal of the two 
reanalyses was calculated over the period 1996–2015, which 
covers the continuous 20-year time period of the CMCC 
(1996–2005) and ETH (2006–2015) present-day periods. 
The geographical extent of each dataset was adjusted to 
the domain of the ETH intermediate simulation. The two 
reanalyses, ERA5 and UERRA, show very similar results 
in temperature, SST and precipitation, although there are 
some differences along the coast of Africa probably due to 
the higher resolution of UERRA compared to ERA5. On 
the opposite, ERA5 underestimates the 850 hPa wind with 
respect to UERRA. When compared to the two models, it 
emerges that the ETH simulation is closer to UERRA reanal-
ysis than CMCC. This could be explained by the differences 
in the model setups, indeed ETH is driven by ERA Interim 
reanalysis, while CMCC is driven by the EC-EARTH GCM 
(Sect. 2.2). In the supplementary material, Figure A.1 shows 
the signal of 2-meter temperature over the analysis domain 
as represented by the EC-EARTH and ERA Interim, with a 
uniform colder behaviour of EC-EARTH GCM with respect 
to ERA Interim. The SST over the Macaronesian area, repre-
sented in the last column of Fig. 3, undergoes small spatial 

Fig. 3   Large-scale conditions 
over the Macaronesian domain 
for the fall season (SON). The 
panels show, from left to right, 
the mean wind speed (shading) 
and wind direction (vectors) at 
850 hPa along with the mean 
sea level pressure (contours), 
the mean 2-meter air tempera-
ture, the mean precipitation, 
and the sea surface temperature 
for (from top to bottom) ERA5 
and UERRA reanalyses, and 
the two intermediate simula-
tions of CMCC at 0.22◦ and 
ETH at 0.11◦ resolutions. The 
time periods considered are 
1996–2015 for ERA-5 and 
UERRA, 1996–2005 for CMCC 
and 2006–2015 for ETH
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variations during the SON period with a mean range of 
approximately 290–300 K for both reanalysis and models. 
The spatial patterns show that the warm water mass located 
in the southwest, gradually reduces towards the northern 
part of the domain. Thus, models are able to reproduce the 
Canary upwelling system (as documented in other stud-
ies as Varela et al. 2022), also accounting for the coastal 
temperatures coming from the Western Sahara desert. In 
Fig. 3, the CMCC model simulates weaker northerly winds, 
colder near-surface temperature and SST over the Atlantic 
and the African coast and more mean precipitation in the 
northern part of the domain. Such differences also occur dur-
ing the other seasons (Figs. A.2 and A.4) but are smaller in 
summer (Fig. A.3), when there is a better agreement between 
CMCC and reanalysis products.

Overall, these results show that the large-scale simula-
tions of the Macaronesian domain, driving the km-scale 
simulations, are realistic despite some biases of CMCC that 
are explained by the forcing GCM.

3.2 � Km‑scale present‑day simulations 
of the Macaronesian islands

3.2.1 � Precipitation

The km-scale current climate simulations of precipitation 
indices are presented for the islands of Madeira, Tenerife 
and Fuerteventura. Figure 4 shows precipitation indices for 
the island of Madeira for the fall season (SON) as simulated 
by CMCC (3 km grid spacing) and ETH (1 km grid spacing) 
models compared to IPMA weather station data (top row) 
and UERRA reanalysis (5 km, second row). Compared to 
IPMA observations, the UERRA reanalysis underestimates 
both intensity and p99.9 but reproduces the higher fre-
quency. The UERRA tendency to overestimate precipitation 
amounts and frequency is well known over other domains 
(Adinolfi et al. 2023). Both km-scale models generally simu-
late higher precipitation intensity and extremes (especially 
ETH model) than the reanalysis product in SON. The CMCC 
model underestimates precipitation indices compared with 
IMPA observations. During all seasons (Figs. A.5, A.6 and 
A.7 in the supplementary material), simulated precipitation 
intensity and extremes by both CMCC and ETH models 
are in quite good agreement with IPMA observations, as 
UERRA reanalysis underestimates the hourly features of 
precipitation and it overestimates frequencies. Simulated 

Fig. 4   Observed and simulated 
precipitation indices for the 
island of Madeira for the fall 
season (SON). (From left to 
right) precipitation frequency, 
precipitation intensity, mean 
precipitation and heavy pre-
cipitation (p99.9) as displayed 
by (from top to bottom) IPMA 
weather station observations, 
UERRA reanalysis (5.5 km), 
CMCC (3 km) and ETH (1 km) 
models. The indices were cal-
culated over the individual time 
periods covered by each point 
station, continuous 20-year 
present-day time period for 
UERRA, and over the respec-
tive present-day periods for 
CMCC and ETH. Note the dif-
ferent color scales for the IPMA 
point observations and UERRA​
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mean precipitation is higher in SON but lower in DJF, MAM 
and JJA in the two models compared to reanalysis, although 
the ETH model tends to be closer than CMCC because of its 
higher orography-induced precipitation. The models simu-
late lower precipitation frequency in all seasons compared 
to reanalysis but in a good agreement with IPMA observa-
tions. Both km-scale simulations reveal high precipitation 
index signals in the interior of the island where mountains 
are located and smaller signals along the coasts, in agree-
ment with observations. The signals are particularly stronger 
in the ETH model and attributed to the steeper and higher 
orography. The spatial relation of precipitation index signals 
with orography occurs also in other seasons, although in JJA 
the high precipitation signals are not directly located over 
orography but along the north-west coast in both models.

The precipitation signals over Tenerife are presented 
in the supplementary material (Figs. A.8, A.9, A.10 and 
A.11). The comparison here is against AEMET weather 
station data (top row) and UERRA reanalysis (5 km, sec-
ond row). High precipitation index signals over orography 
and weaker ones along the coasts in all seasons are shown 
over Tenerife, similar to Madeira. Compared to reanalysis, 
simulated precipitation intensity and extremes are higher in 
all seasons except JJA, particularly in the ETH model, being 
in better agreement with AEMET observations. Simulated 
mean precipitation is lower in the two models compared to 
reanalysis and AEMET observations in DJF and SON but 
is well reproduced in MAM and JJA. The models simulate 
lower precipitation frequency in all seasons compared to 
reanalysis and AEMET observations. In DJF, the precipita-
tion signals are not directly located just over the orography, 
but more diffuse along the island in both models, while the 
CMCC model captures higher frequency, mean and p99.9 
in the northern coast of the island.

The precipitation signals over Fuerteventura are presented 
in the supplementary material (Figs. A.12, A.13, A.14 and 
A.15). As for Tenerife, the comparison is against AEMET 
weather station data (top row) and UERRA reanalysis (5 km, 
second row). A more uniform precipitation signal is shown 
over Fuertevenura compared to Madeira and Tenerife, due 
to its low elevation. The ETH model shows noisy and low 
precipitation signals in all indices in JJA, where the model is 
drier than CMCC. Compared to reanalysis, all precipitation 
indices are higher in all seasons, except in MAM. CMCC 
model in JJA uniformly overestimates intensity with respect 
to reanalysis and AEMET observations. ETH model in SON 
uniformly overestimates frequency with respect to reanalysis 
and AEMET observations.

Figure 5 summarises the previous results and allows a 
comparison between observations, UERRA, CMCC and 
ETH models. Overall, the two models, despite their differ-
ent resolutions and simulation setups, show differences with 
observations and UERRA, but quite similar values for all 

indices over each island and for each season, except in SON 
over Madeira. In that case, the ETH model particularly simu-
lates very high precipitation mean and extremes attributed to 
its higher orography (as shown in Fig. 4). Some differences 
are also observed in precipitation intensity during JJA over 
Tenerife and Fuerteventura, where the ETH model tends to 
be particularly dry but occasionally produces peaks of high 
intensity (up to nearly 15 mm/h). However, these peaks are 
not captured by the 99.9th percentile values, which remain 
close to zero. This occurs because the 99.9th percentile 
threshold for hourly data, which includes dry hours, is prob-
ably not sufficient to adequately capture extreme events and 
even standard precipitation are reproduced as extreme events 
in these small regions, where wet hours, particularly in JJA, 
are rare. Therefore, in the box plot, such events appear as 
outliers. The spatial variability (represented by the distance 
between the lower and upper buffer of the box plots) in the 
models is higher in DJF and lower in JJA than in other sea-
sons for all islands and all indices except intensity. From 
the comparison with observations and UERRA vs the km-
scale models, it figures out that the km-scale models gener-
ally underestimate frequency but there are improvements 
in representing the extreme events (p99.9), although some 
discrepancies during SON.

Figure 6 represents the diurnal cycle of mean precipita-
tion over Madeira, Tenerife, and Fuerteventura for each 
season as simulated by the km-scale models compared 
with station data reported in green. The diurnal cycle of 
the CMCC model is averaged over the period 1996–2005, 
whereas the diurnal cycle from the ETH model is averaged 
over the period 2006–2015. The diurnal cycle from the 
station data is taken as an hourly average of all stations 
with data in the period 1996–2020 (see Fig. 2 for more 
details). Generally, all islands experience less mean pre-
cipitation in summer than in other seasons. This, in agree-
ment with other studies (Gao et al. 2023), can mostly be 
attributed to the more northern position of the intertropical 
convergence zone in summer and its associated dry region 
from the Hadley circulation. The diurnal cycle shape of 
precipitation occurrence is not clearly pronounced and 
quite uniform across the day for all islands, even if, dur-
ing SON over Tenerife, daytime hours are slightly wetter 
than nighttime hours. It is worth to note that the y-axis 
range in Fig. 6 is different for each islands, resulting with 
Madeira, both from models and observation, as the most 
rainy island of the three and Fuerteventura as the less rainy 
of them, during all seasons. Although both km-scale mod-
els and observations in Fig. 6 refer to different periods, 
the models are quite able to simulate the dynamics of the 
mean precipitation diurnal cycle over each island and in 
each season, although underestimating mean precipitation 
values. Indeed, a weak mean precipitation signal is shown 
in JJA while the highest signal occurs in DJF and SON 
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over all islands. The occurrence of precipitation during 
all seasons, following station data, is stronger in Madeira 
(up to 0.4 mm/h) than in Tenerife (up to 0.07 mm/h) and 
Fuerteventura (up to 0.03 mm/h). Although some discrep-
ancies appear, the km-scale models reveal their potential 
ability in the representation of precipitation features, simu-
lating hourly values of precipitation. Nevertheless, unlike 
for simulations in continental domains, the use of km-scale 
simulations to improve the representation of the diurnal 
cycle is less justified simply due to the fact that the diurnal 
cycle of precipitation is much less distinct due to the small 
size of the islands.

3.2.2 � Temperature

The temperature indices for the current climate over the 
islands of Madeira, Tenerife and Fuerteventura as repre-
sented by the UERRA reanalysis and the km-scale CMCC 
and ETH models are presented in Fig. 7 for the fall sea-
son (SON) and in the supplementary material for the other 
seasons (Figs. A.16, A.17, A.18 and A.19). Compared to 
reanalysis and observations (available only for the Span-
ish islands), both models simulate colder 2-meter mean and 
daily maximum temperatures (Tmax) over all seasons and 
all islands. The spatial distribution of both mean and max 

Fig. 5   Box plots of observed (Obs.), reanalyses (UERRA) and mod-
eled precipitation indices used in the analysis for all seasons. (From 
top to bottom) precipitation frequency, precipitation intensity, mean 
precipitation and heavy precipitation as simulated by the CMCC 

(3 km) and ETH (1 km) models in all seasons for each island. The 
indices were calculated over the respective present-day periods of 
each model
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2-meter temperature depends on the islands topography. 
Both km-scale simulations reveal lower mean temperatures 
and Tmax in the interior of the island than in coastal areas, 

confirming the orography-induced distribution in all seasons 
over Madeira and Tenerife. The signals over Fuerteventura 
are more uniform with a good agreement between km-scale 
simulations. The ETH model simulates higher mean tem-
perature and Tmax than the CMCC model during all seasons 
and over all islands. This is in agreement with the large-scale 
temperature signal that highlighted the colder conditions of 
the CMCC model (Fig. 3 and Figs. A.2, A.3, A.4).

Figure 8 summarises the previous results and allows the 
comparison among observations, represented by grey boxes, 
reanalysis, represented by green boxes, CMCC, represented 
by red boxes, and ETH, represented by blue boxes. The 
results show consistent values for the temperature indices 
across the two km-scale models over all islands and in each 
season. Still, the ETH model tends to be consistently warmer 
than the CMCC one in all seasons over all islands, and in 
better agreement with observations and reanalysis. This 
result is consistent with the large-scale conditions and SST 
plays a key role influencing the behaviour of the regional 
models over islands as in a region predominantly occupied 
by the sea. Indeed, a strictly connection between the SST 
(Fig. 3 and Figs. A.2, A.3 and A.4 in supplementary mate-
rial) and mean temperature over islands (Fig. 8) is revealed. 
In Fig. 8 during SON and JJA, CMCC mean temperature 
values over all islands are colder than the ETH and UERRA 
ones, mirroring the SST behaviour (Fig. 3 and Fig. A.3). Due 
to the uniformity of its flat terrain, Fuerteventura depicts 
a smaller range of temperature indices with an agreement 
between CMCC and ETH simulations. Similarly, because 
of its topography, the range is larger over Tenerife in both 
models for both mean temperature and Tmax in all seasons 
but JJA when the range is similar to Madeira. It is worth 
considering the uncertainties associated with observations 
over mountains with little measurements and worse quality 
due to the winds effects that could justify the discrepancies 
at the lower buffer distribution over Tenerife. Consistently 
across all islands, the highest mean temperatures and Tmax 
occur in summer (JJA) and the lowest ones in winter (DJF).

3.3 � Future climate simulations at km‑scale 
resolution

3.3.1 � Role of large‑scale driving conditions in shaping 
future km‑scale simulations over the Macaronesian 
islands

Several studies (Giorgi et al. 1999; Rummukainen 2009; 
Schiermeier 2010; Kerr 2011, 2013; Hall 2014) question the 
reliability of RCM projections, particularly because they are 
driven by GCMs, which themselves are unreliable. RCMs 
would therefore produce more detailed projections, due 
to their higher resolution, but also noisier projections (the 
so-called ’garbage in, garbage out’ argumentation). Other 

Fig. 6   Diurnal cycle of mean precipitation for each island and sea-
son for station data (green), CMCC 3 km (red) and ETH 1 km (blue) 
models. Note the different scales for the islands with Fuerteventura 
and Tenerife getting much less precipitation than Madeira

max

Fig. 7   2-meter temperature (mean) and mean of all daily maximum 
temperatures (Tmax) for the fall season (SON) as represented by 
(from top to bottom) UERRA reanalyses (5,5  km), CMCC (3  km) 
and ETH (1 km) models over the island of Madeira. The indices were 
calculated over the continuous 20-year present-day time period for 
UERRA and over the respective present-day periods for CMCC and 
ETH
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studies (Sørland et al. 2018) demonstrate that RCMs system-
atically reduce biases and modify the climate change signals 
of the driving GCMs, even on scales that are considered well 
resolved by the driving GCMs. Indeed, while GCMs are 
tuned to represent the global energy and water balance (to 
provide global consistency of the simulated climate), RCMs 
are tuned to represent the regional climate (to provide an 
optimal representation of the regional processes). In this 
perspective, the role of driving conditions over the Macaro-
nesian islands is highlighted to find consistency among the 
GCMs, intermediate simulations and km-scale projections. 
Specifically, Fig. 9 shows the SST changes in subplot a and 
changes in 2-meter mean temperature in subplots b and c, as 

projected by the EC-EARTH GCM (used to drive the CMCC 
intermediate simulation) and the MPI-ESM-LR (used to 
drive the ETH intermediate simulation) under the RCP8.5 
scenario. The Fig. 9 shows in subplot a that cold water 
masses along the coast of the Western Sahara desert are 
projected by both GCMs with SST generally colder (around 
2 K) than the NOOA observations, during all seasons. Fig-
ure 9 shows (in subplot b) that the EC-EARTH GCM pro-
jects warmer temperatures over most of the Macaronesian 
domain than MPI-ESM, with a temperature difference of 
around 1 −1.5 K between the two GCMs. The temperature 
difference of EC-EARTH with respect to MPI-ESM GCMs 
occurs especially along the northwestern coast of Africa, 

Fig. 8   Box plots of the gridded (AEMET), reanalyzed (UERRA), 
and modeled temperature indices used in the analysis for all islands 
over all seasons. (From top to bottom) 2-meter mean temperature, 
and Tmax as simulated by the two km-scale models. The box plots 

with red and blue shadings show results for CMCC (3 km) and ETH 
(1  km) models, respectively. The indices were calculated over the 
respective present-day periods of each model. Observation gridded 
data is absent for Madeira, as AEMET covers only Spanish territories
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Fig. 9   a Mean sea surface 
temperature in all seasons as 
simulated by the EC-EARTH 
GCM, used to drive CMCC, 
over the CMCC present-day 
period and by the MPI-ESM-
LR, used to drive ETH, over the 
period 1971–2000, along with 
the respective bias compared 
to NOAA OI SST v2 data. b, c 
Future changes in 2-meter mean 
temperature over the entire 
domain in all seasons. b EC-
EARTH GCM signals (CMCC 
future vs present-day period, 
left column), MPI-ESM-LR 
GCM signals used to drive ETH 
(2070–2099 minus 1971–2000, 
middle column), and differ-
ences between the two GCMs 
(EC-EARTH minus MPI-ESM-
LR, right column). The grid of 
EC-EARTH was remapped onto 
the MPI-ESM-LR grid. c Inter-
mediate projections by CMCC 
(22 km grid spacing, CMCC 
future vs present-day period, 
left column), ETH (12 km, ETH 
future vs present-day period, 
middle column), and differences 
between the two intermediate 
models (CMCC 22 km minus 
ETH 12 km, right column). The 
grid of ETH 12 km was rema-
pped onto the CMCC 22 km 
grid. DD: Dynamical downs-
caling; PGW: Pseudo-global 
warming (refer to Sect. 2.2 for 
details)
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where the islands are located, and particularly in MAM. The 
changes in 2-meter mean temperature, as projected by the 
two intermediate simulations (CMCC at 22 km and ETH at 
12 km grid spacings) in Fig. 9 (subplot c), lead to a coher-
ent temperature signal with their respective GCM forcing 
data in all seasons. CMCC is warmer by 1 −1.5 K in most of 
the domain than ETH. It is slightly colder-to-neutral along 
the Moroccan coast, which is in agreement with the GCMs. 
These intermediate-simulation results affect the km-scale 

results in Sect.  3.3.3. By comparing EC-EARTH with 
CMCC and MPI-ESM-LR with ETH, we notice that both 
the ETH and CMCC temperature projections follow those 
of the respective GCM (strong warming over land and north-
west part of the domain). This is not surprising, as much 
of the computational domain considered is ocean, where 
the warming of the SST is prescribed to follow the GCM. 
This results in a warmer CMCC projection than ETH at km-
scale resolution, which could be used as a justification, as 

(a) Madeira

(b) Tenerife

Fig. 10   Climate change signal of precipitation indices over a Madeira 
and b Tenerife for the winter season (DJF). (From left to right) pre-
cipitation frequency, precipitation intensity, mean precipitation, and 
heavy precipitation as projected by the two km-scale models. The 

differences between the respective future and present-day periods 
respective to each model are shown. The scale is not the uniform to 
better appreciate the climate signal from each model
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the respective forcing data differ with respect to period and 
climate sensitivity.

3.3.2 � Precipitation

The future climate simulations of precipitation for the 
islands of Madeira, Tenerife and Fuerteventura are pre-
sented in the following and in the supplementary material. 
Figures 10a, b, 11a and b show the precipitation indices for 
the island of Madeira and Tenerife for the winter and fall 
seasons, respectively. Both km-scale simulations represent 
a decrease in hourly frequency in both seasons. In DJF, both 

models project a decrease in hourly precipitation intensity in 
the northeastern part of Madeira. For Tenerife, the intensity 
signal is scattered. Moreover, the CMCC model projects a 
strong decrease in mean and extreme precipitation compared 
to the ETH model. Over Madeira in SON, the CMCC model 
projects an increase in hourly intensity, mean and heavy 
precipitation with an intensified signal over the mountain 
peaks. In contrast, the ETH model projects a slight decrease 
in hourly intensity, a strong decrease in mean precipitation, 
particularly over mountains, and contrasting changes in 
heavy precipitation with an increase on the northern coast 
and a decrease over the mountains and in the southern part 

(a) Madeira

(b) Tenerife

Fig. 11   As Fig. 10, but for the fall season (SON)
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of the island. Over Tenerife, both models agree in project-
ing a decrease of precipitation signals, more pronounced 
for CMCC model, except for an increase in intensity in the 
north-eastern corner of Tenerife. In other seasons, reported 
in the supplementary material, CMCC systematically pro-
jects a decrease in precipitation frequency, mean and heavy 
precipitation over the entire island of Madeira (Fig. A.20). 
Precipitation intensity tends to decrease on the northern 
coast and increase on the southern coast in both DJF and 
JJA. The ETH model does not project such large changes 
(Fig. A.21). The signal is generally weaker, and there is no 
systematic decrease or increase in the precipitation indices.

As for Madeira, over Tenerife (Figs. A.22 and A.23), both 
models agree in a general decrease in precipitation indices, 
particularly over orography, except for the JJA season, where 
ETH projects a neutral-to-cold signal. Over Fuerteventura 
(Figs. A.24 and A.25), both models agree on a decrease in 
frequency, mean and heavy precipitation in all seasons but 
SON, when CMCC projects an increase and ETH a decrease. 
Precipitation intensity is projected to increase in DJF and 
MAM and decrease in JJA and SON by CMCC. The ETH 
signals overall are very weak.

Figure 12 summarises the above results and allows a 
direct comparison between CMCC (red boxes) and ETH 
(blue boxes). On average, the two km-scale models tend to 
project a decrease (or no change) in all precipitation indi-
ces and in all seasons, which reinforces the finding that a 
decreased signal in precipitation dominates the Macaron-
esian islands. The reason behind the projected precipitation 
reduction could be due to different factors attributed to large-
scale driving dynamical processes, such as a stronger subsid-
ence associated to a northward extension of the Hadley cell 
circulation, or more local processes, such as the influence 
of the complex coastal upwelling systems (Carrillo et al. 
2016; Vazquez et al. 2022; Gao et al. 2023). These aspects 
are not investigated in this study but highlight the relevance 
of detailed analyses and more comprehensive atmosphere-
ocean regional coupled models to study the complex cli-
mate features of small islands located in the middle of the 
ocean. The models in Fig. 12 systematically agree on the 
changes in precipitation frequency and mean precipitation 
over all islands and seasons, although CMCC projects more 
pronounced changes than ETH, particularly in DJF. The 
spatial variability (represented by the distance between the 

Fig. 12   Box plots of the future 
changes in precipitation indices 
over each islands in all seasons. 
(From top to bottom): precipita-
tion frequency, precipitation 
intensity, mean precipitation, 
and heavy precipitation as 
projected by the two km-scale 
models. The box plots with red 
and blue shadings show results 
for CMCC (3 km) and ETH 
(1 km) models, respectively. 
The differences were calculated 
over the respective future vs 
present-day periods of each 
model. Only grid points at a 
significance level of 5 % (p < 
0.05) were considered
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lower and upper whiskers of the boxes) tends to be larger 
over Madeira and Tenerife than over Fuerteventura in both 
CMCC and ETH, which is attributed to the spatial distribu-
tion of the signals over topography. The projected changes 
in hourly intensity are small in both models except in JJA 
when the signal is much more contrasted with a large spatial 
spread over the three islands, which is consistent with the 
simulations over the present-day climate (Fig. 5). The mod-
els also agree less in the projections of heavy precipitation 

(99.9th percentile), particularly in DJF and SON over 
Madeira. The spatial variability also tends to be larger in 
most seasons, particularly over Madeira and Tenerife. Over-
all, despite model disagreements that are analysed below, 
these results highlight a complex behaviour of precipitation 
over the three islands and emphasize the difficulties to pro-
ject precipitation changes over such small islands without 
more comprehensive atmosphere-ocean regional coupled 
models.

(a) Madeira, DJF (b) Madeira, SON

(c) Tenerife, DJF (d) Tenerife, SON

Fig. 13   Changes in 2-meter temperature (mean) and mean of all daily 
maximum temperatures (Tmax) for (a), (c) winter (DJF) and (b), (d) 
fall (SON) as projected by the CMCC (3  km) and the ETH (1  km) 
models over the islands of (a), (b) Madeira and (c), (d) Tenerife. The 
differences between the future and the present periods respective to 

each model are shown. The color shadings show the temperature dif-
ference in Kelvin. The differences were calculated over the respective 
future vs present-day periods of each model. Note the different scales 
for the two islands
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3.3.3 � Temperature

The projections of temperature for the islands of Madeira, 
Tenerife and Fuerteventura are presented in the following 
figures and in the supplementary material. Figure 13a–d 
show the future changes in the spatial distribution of 2-meter 
mean temperature and mean of daily maximum tempera-
tures in Madeira and Tenerife for the winter and fall seasons, 
respectively. Both km-scale simulations project an increase 
in mean and maximum temperatures over the whole islands 
and in both seasons. The results reveal an elevation-depend-
ent behaviour with a stronger temperature increase inside 
the island compared to the coastal areas. The CMCC model 

is generally much warmer than the ETH model by about 
1–1.5 K. This finding is consistent across all seasons (Fig. 
A.26) and over all islands (Figs. A.27 and A2.8). The spatial 
relation of temperature increase with orography is also con-
sistent and particularly pronounced in MAM and DJF over 
Madeira and Tenerife for the CMCC model. The elevation-
dependent temperature behaviour over Tenerife and Madeira 
could be justified by the large-scale climate conditions (see 
Sect. 3.1), and is in agreement with previous studies (Bony 
et al. 2006; Hartmann et al. 2013; Expósito et al. 2015; Pérez 
et al. 2022). Such studies investigated that GCM projections 
indicate a greater warming at altitudes over Canary islands 
and highlighted an evidence, in summer, with the decrease in 

Fig. 14   Box plots of future changes in temperature indices over each 
island in all seasons. (From top to bottom): 2-meter mean temperature 
and Tmax as projected by the two kilometer-scale models. The box 
plots with red and blue shadings show results for CMCC (3 km) and 

ETH (1  km) models, respectively. The indices were calculated over 
the respective future vs present-day periods of each model. Only grid 
points at a significance level of 5 % (p < 0.05) were considered
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soil moisture that occurs over Tenerife, one of the most rel-
evant local effects on temperature (Sangelantoni et al. 2024).

Figure 14 summarises the projections of 2-meter tem-
perature indices for both km-scale models. As shown on 
the spatial maps, both models project an increase in tem-
perature indices over all islands in all seasons. The increase 
is particularly strong in the CMCC model (with a median 
value around 3K in both mean and maximum temperatures) 
compared to the ETH model (median value around 2 K). The 
spatial variability is also very large for the two indices over 
Madeira and Tenerife in all seasons, particularly in CMCC 
(up to 3 K difference between the highest value and the 
median). Tenerife has the highest spatial variability in both 
models due to its high variability in topography (as shown 
in Fig. A.27), while the changes in temperature indices over 
Fuerteventura are smoother throughout the island. The mod-
els tend to show a slightly larger spatial variability in Tmax 
than in mean temperature over all islands and in all seasons.

3.3.4 � Consistency between models results

Assessing the consistency in climate change sensitivity 
across km-scale simulations is key for exploring the added 
value of such models for local projections. The above results 

show a clear agreement between the CMCC and the ETH 
models in terms of temperature warming, although the scale 
of the increase is larger in the CMCC model than in the ETH 
model, which is further explored in Sect. 3.3.1. The consist-
ency in precipitation indices is more difficult to assess due 
to their high spatial variability. In this section, we assess 
the consistency between CMCC and ETH simulations in 
terms of heavy precipitation changes with regards to future 
changes in mean temperature. Although inspired by the 
assessments of Held and Soden (2006) over the globe and 
Aalbers et al. (2018) over Europe, in this study, we look 
at seasonal means at the grid-point scale of precipitation 
changes and temperature increases over the three small-size 
islands from the two models, being aware that the highly 
dynamical system with orographic lifting and moisture 
transport from the sea affecting the Macaronesian islands are 
neglected. Figure 15 shows the projected changes in heavy 
precipitation versus 2-meter mean temperature in all seasons 
over each island. Specifically, the figure displays the changes 
in hourly heavy precipitation (p99.9) and 2-meter mean 
temperature projected by the two models over their respec-
tive periods (i.e. 2090–2099 vs 1996–2005 for CMCC, and 
2106–2115 vs 2006–2015 for ETH). The seasonal mean was 
calculated by only considering inland grid cells (see Sect. 2). 

Fig. 15   Change in heavy precipitation (99.9 percentile) vs. change 
in 2-meter mean temperature over each island and for each season. 
Each dot represents the difference between the respective future and 

present-day climates in both seasonal mean temperature and heavy 
precipitation over a land grid cell (with a land fraction above 50%)
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Thus, the CMCC model (3 km) has a smaller number of grid 
points due to its coarser resolution compared to the ETH 
model (1 km). The warming signal projected by both mod-
els is almost uniform (except for Tenerife where the signal 
is narrow, probably due to its dependence on topographic 
height) while the signal in extreme precipitation varies much 
stronger. Overall, the two models tend to show a decrease 
in heavy precipitation with the warming of the islands. This 
is particularly clear in JJA over Madeira, in DJF, MAM and 
SON over Tenerife and in SON over Fuerteventura. These 
results are consistent with the changes in mean precipitation 
with increasing temperature (Figure A.29 in the supplemen-
tary material). The CMCC model usually shows a larger 
negative relationship between heavy precipitation and mean 
temperature than ETH (e.g. over Madeira in DJF and MAM, 
over Tenerife in JJA, over Fuerteventura in DJF). Although 
more data are needed to support a proper explanation, this 
could be partially due to its greater warming, associated to 
the SST effect, as shown in Fig. 9. The response of the heavy 
precipitation index over Madeira displays a greater spatial 
variability than the 2-meter temperature, especially for the 
ETH model in all seasons. There are a few clear disagree-
ments between the two simulations. Over Madeira in SON, 
heavy precipitation decreases with increasing temperature 
in ETH but increases in CMCC. This is consistent with 
changes in mean precipitation (Fig. A.29 in the supplemen-
tary material). Over Fuerteventura in JJA, precipitation does 
not change with increasing temperature in ETH but increases 
in CMCC. This relationship is more pronounced in mean 
precipitation (Fig. A.29). This lack of relationship in ETH 
is attributed to high noise and the narrow projected changes 
in mean and heavy precipitation (Fig. A.25).

4 � Conclusion

Enhancing the comprehension of present and future climate 
simulations at km-scale resolution is imperative within small 
island systems characterized by complex orography, as the 
Macaronesian islands. This is crucial to develop adaptation 
strategies and mitigation measures aimed at addressing the 
impact of climate change. Despite the high computational 
cost, the evident dependence of climate features on elevation 
underscores the necessity of employing high spatial resolu-
tion to accurately simulate complex rainfall and temperature 
patterns. This study assesses km-scale simulations over the 
Macaronesian islands (with a main focus on Madeira, Ten-
erife and Fuerteventura) using km-scale simulations from 
two regional climate models run by CMCC and ETH based 
on different modelling approaches. CMCC uses COSMO-
CLM driven by EC-EARTH GCM (three-step nesting at 
50, 25 and 3 km grid spacings) with a 10-year time-slice 
approach under the historical and RCP8.5 scenarios, and 

ETH uses COSMO-crCLIM driven by the ERA-Interim 
reanalysis (two-step nesting at 12 and 1 km grid spacings) 
with a pseudo-global warming approach driven by the MPI-
ESM GCM under the RCP8.5 scenario to simulate the future 
climate. As the results are based on only two models with 
no common simulation strategy, it is not possible to provide 
reliable multi-model ensemble-like climate projections over 
the Macaronesian islands, as done over the Alpine region 
(Ban et al. 2021; Pichelli et al. 2021). Nonetheless, this 
exploratory study provides a first model inter-comparison at 
km-scale resolution over the Macaronesian domain. It faces 
the challenges that the regional climate modeling commu-
nity has to cope with: how to reduce model uncertainties by 
exploiting the multiple and different downscaling techniques 
that are currently being developed (i.e. coupled dynami-
cal models, emulators, machine learning, next generations 
GCMs with increased resolution).

The main outcomes of the study are reported in the 
following:

•	 It promotes the availability of high-resolution climate 
information over the Macaronesian region. Km-scale 
and hourly frequency climate information was missing 
and thus is particularly relevant to local climate services, 
policy makers and stakeholders. Due to their high com-
puting costs, the length of the simulations are limited 
to 10 years. In 10-year time segments, natural climate 
variability cannot be properly represented, hampering 
the robustness of the climate projections. Furthermore, 
10 years are not sufficient to adequately sample decadal 
to multi-decadal modes of variability such as the North 
Atlantic Oscillation that has a large influence on the 
Macaronesian climate variability (Mezzina et al. 2020). 
The presented simulations are therefore subject to uncer-
tainties arising from natural climate variability (Lucas-
Picher et al. 2021). As teleconnections may change in the 
future, longer simulations would be necessary. Nonethe-
less, users can benefit from this new set of simulations 
that show emerging signals that are not visible in lower 
resolution simulations.

•	 It provides insights into some scientific questions that 
are still unexplored due to lack of high-resolution grid-
ded observations and high-resolution climate simulations 
over that territories. The current-day simulations are 
evaluated against available observations and reanalyses, 
with a focus on temperature and precipitation mean and 
extremes at km-scale resolution. The analyses reveal a 
spatial relation of precipitation indices with orography 
(with higher values over orography and weaker ones 
along the coast) over Madeira and Tenerife and a more 
uniform behaviour over the flat territory of Fuerteventura. 
So, a direct relationship is evident between the islands’ 
heights and precipitation distribution (more mountain-
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ous islands receive more precipitation, particularly on 
their windward sides), in agreement with previous stud-
ies based on station based measurements (Cropper and 
Hanna 2014). Compared to reanalysis and available 
observations, precipitation intensity and extremes are 
higher in all seasons, except in JJA. The two models, 
despite their different resolutions and simulation setups, 
show similar values for indices over each island and for 
each season, except in SON over Madeira. The diurnal 
cycle plots demonstrate that, in spite of some underesti-
mations, km-scale models are able to simulate the shape 
of mean precipitation cycle over each island compared to 
observations, and so, this finding corroborates the abil-
ity of km-scale models demonstrated by previous stud-
ies over different areas (Ban et al. 2021; Adinolfi et al. 
2020). The ETH model tends to be warmer than CMCC 
in all seasons over all islands, which is consistent with 
the driving ERA-Interim reanalysis being warmer than 
EC-EARTH GCM. This temperature difference over the 
islands aligns with the large-scale climate conditions of 
the Macaronesian domain in terms of surface pressure, 
winds, temperature and precipitation. Indeed, CMCC 
driven by EC-EARTH GCM simulates weaker northerly 
winds, colder near-surface and sea surface temperature 
over the Atlantic and the African coast and more precipi-
tation in the northern part of the domain than the ETH 
model driven by ERA-Interim reanalysis.

•	 The future climate projections over the Canary and 
Madeira islands were investigated. Despite their dif-
ferent simulation strategies, both km-scale models gen-
erally agree on changes in hourly precipitation indices 
for the islands of Madeira, Tenerife and Fuerteventura: 
they simulate a decrease in precipitation frequency 
and in heavy and mean precipitation associated with 
a localised increase in intensity in JJA and SON. The 
greatest discrepancies between models, clearly due 
to the orography and driving conditions, occur  more 
over Madeira and Tenerife and less over Fuerteventura. 
The models simulate an increase in 2-meter mean tem-
perature by about 2–4 K over the islands, although 
the increase is slightly lower in the ETH model than 
CMCC in all seasons and over all islands, consist-
ent with differences in the driving GCMs. The larg-
est changes are simulated over mountains. There is no 
clear relationship between the warming and the hourly 
precipitation changes, possibly due to the complex 
topography of the islands. Some disagreements in 
the changes in precipitation emerge between the two 
simulations. Over Madeira in SON, heavy precipita-
tion decreases with increasing temperature in ETH but 
increases in CMCC. Over Fuerteventura in JJA, pre-
cipitation does not change with increasing temperature 
in ETH but increases in CMCC. These inconsistencies 

are attributed to both the difference in the model reso-
lution (precipitation tends to be noisier in ETH due to 
its higher resolution than CMCC) and the large-scale 
driving conditions. The changes in temperature simu-
lated by the models at both intermediate and km-scale 
resolutions follow the changes projected by the GCMs 
with a stronger warming projected by EC-EARTH 
(that drives the CMCC model) than by MPI-ESM (that 
drives the ETH model). In spite of the different strate-
gies and approaches, the changes in temperature and 
precipitation are consistent at km-scale between CMCC 
and ETH models over the islands in all seasons, with 
exception in autumn over Madeira. The use of km-scale 
simulations is demonstrated to be essential to properly 
represent temperature and precipitation signals over 
the Macaronesian islands, that are characterized by an 
elevation-dependent behaviour that is not consistently 
represented at coarser resolutions.

The km-scale climate simulations for both present-day 
and future climate conditions form the bedrock for more 
accurate and comprehensive climate change projections 
for the islands needed for impact studies, decision makings 
and the development of future adaptation strategies of the 
Macaronesian region. Climate data (such as remote sens-
ing and ground-based observations, global and regional 
climate projections, seasonal or decadal predictions, sta-
tistical downscaling and hybrid approacheses) continue 
to increase over continental Europe, but small islands are 
commonly neglected. On the other hand, there is limited 
high-quality climate information due to the lack of coordi-
nated modelling initiatives at km-scale over small islands 
and the need of coordinated, international collaborative 
effort to ensure that small island states and territories can 
move beyond sea-level rise impacts and understand their 
full spectrum of climate change-related risks is required 
(Evans et al. 2024). Moreover, over small island territo-
ries, coarse climate data and limited gridded observations 
represent a barrier for decision-making. The here pre-
sented simulations aim to underpin the current differences 
in country-to-country adaptation capability and ensure that 
European decision makers have access to detailed and 
accurate information, regardless of geographical location. 
These simulations fill a significant gap for local climate 
services, and the encouraging results highlight the need 
for further coordinated km-scale modelling initiatives. A 
suitable strategy to provide a robust ensemble and reduce 
uncertainties in climate projections over Macaronesian 
islands, would favour the usage of convection-permitting 
models with a spatial resolution in the range of 1–4 km 
(Lucas-Picher et al. 2021) and the definition of a proto-
col with common forcing data, nesting, domain, simula-
tion set-up and periods. Therefore, a general suggestion 
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coming from this study is that more effort is needed to 
coordinated initiatives in order to design effective adapta-
tion and mitigation strategies of climate change effects on 
Macaronesian islands.
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