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Abstract

In this work we use a regional atmosphere—ocean coupled model (RAOCM) and its stand-alone atmospheric component to
gain insight into the impact of atmosphere—ocean coupling on the climate change signal over the Iberian Peninsula (IP). The
IP climate is influenced by both the Atlantic Ocean and the Mediterranean sea. Complex interactions with the orography
take place there and high-resolution models are required to realistically reproduce its current and future climate. We find
that under the RCP8.5 scenario, the generalized 2-m air temperature (T2M) increase by the end of the twenty-first century
(2070-2099) in the atmospheric-only simulation is tempered by the coupling. The impact of coupling is specially seen in
summer, when the warming is stronger. Precipitation shows regionally-dependent changes in winter, whilst a drier climate
is found in summer. The coupling generally reduces the magnitude of the changes. Differences in T2M and precipitation
between the coupled and uncoupled simulations are caused by changes in the Atlantic large-scale circulation and in the
Mediterranean Sea. Additionally, the differences in projected changes of T2M and precipitation with the RAOCM under the
RCP8.5 and RCP4.5 scenarios are tackled. Results show that in winter and summer T2M increases less and precipitation
changes are of a smaller magnitude with the RCP4.5. Whilst in summer changes present a similar regional distribution in
both runs, in winter there are some differences in the NW of the IP due to differences in the North Atlantic circulation. The
differences in the climate change signal from the RAOCM and the driving Global Coupled Model show that regionalization
has an effect in terms of higher resolution over the land and ocean.
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1 Introduction

In the context of a changing climate, knowledge about the
possible scenarios of the evolution of the future climate in
vulnerable regions is essential to minimize negative socio-
economic impacts. For this purpose, the only tool available
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with enough horizontal resolution to capture key processes is
with Regional Climate Models (RCMs; e.g., Rummukainen
2016).

The major advantage of RCMs is that their enhanced
spatial resolution, which can be achieved using smaller
domains, allows for a more realistic representation of
topography, land-sea gradients and mesoscale processes.
In particular, regional atmosphere—ocean coupled models
(RAOCMs) are fundamental tools for studying the climate
responses to this anthropogenic forcing. They have been suc-
cessfully applied to study regions where air-sea feedbacks
are important to achieve a realistic representation of climate
(Di Sante et al. 2019) in different parts of the world, such as
the Arctic (e.g., Sein et al. 2014), the North Atlantic (Sein
et al. 2015), the Tropical Atlantic (Cabos et al. 2017; Sun
et al. 2019), the Indian Ocean (Sein et al. 2020b) or the
Mediterranean Sea (Akhtar et al. 2018; Somot et al. 2018;
Darmaraki et al. 2019; Parras-Berrocal et al. 2020). In future
climate projections, the Mediterranean region has been iden-
tified as one of the most relevant climate hotspots (Giorgi
2006). The reason lies in its particular location between cen-
tral Europe and North Africa. Whilst the first one has a tem-
perate and rainy climate, the second one is very arid. Thus,
the Mediterranean region can be regarded as a transitional
zone between the two. Due to its location, the Mediterranean
Sea is very sensitive to changes in the general circulation
(e.g., Lionello et al. 2006; Ulbrich et al. 2006). Even small
changes can have a large impact on regional climate and thus
the climate change signal is amplified.

In the Mediterranean region, the climate of the Iberian
Peninsula (IP) stands out because it witnesses a marked spa-
tial and seasonal variability. The observed climate variability
in the IP is the result of the interaction of different air masses
with an abrupt topography, in combination with the exist-
ing land-sea contrasts. In particular, in winter, the climate
of the IP is affected by changes in the large-scale oceanic
circulation in the North Atlantic subtropical Gyre. In sum-
mer, the influence of the Mediterranean Sea on the climate
of the IP becomes more relevant (e.g., Cabos et al. 2020).
The IP climate is set by the position of the Azores High
and the Icelandic Low (e.g., Martin-Vide and Olcina 2001),
as well as by the oceanic circulation in the North Atlantic.
Specifically, in winter, the subtropical high-pressure cell is
weaker and positioned at lower latitudes. This causes the
IP to be affected by westerly circulation and perturbations
originated by the polar front. In summer, the Iceland Low
pressure system is weaker, the Azores High is reinforced
and expands towards higher latitudes, blocking the west-
ern circulation over the IP except for the northern region,
which is still affected by it. The northerly winds associated
with the Azores High trigger upwelling of cold, nutrient-rich
intermediate-depth waters and southward surface circulation
along the western Iberian coasts (Bakun and Nelson 1991;
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Soares et al. 2014; Rijo et al. 2017). Additionally, the climate
of the IP is also influenced by the Mediterranean Sea circula-
tion (Martin-Vide and Lopez-Bustins, 2006). In addition to
coastal processes, the Mediterranean Sea affects the Iberian
climate via air masses that enter the IP from the east or the
southeast (Font-Tullot 2000). Therefore, future changes of
the North Atlantic ocean surface current system and (or) the
Mediterranean Sea water properties could have a significant
impact on the future climate of the IP.

The climate of the IP and the Mediterranean Sea have
been studied in the framework of the ENSEMBLES (Van der
Linden and Mitchell, 2009), Euro-CORDEX and Med-COR-
DEX (European and Mediterranean Coordinated Regional
Climate Downscaling Experiment, respectively) projects for
present time and climate projections (e.g., Giorgi et al. 1992,
1997; Rotach et al. 1997; Semmler and Jacob 2004; Déqué
et al. 2005; Cardoso et al. 2019; Herrera et al. 2020). How-
ever, the regional simulations carried out for these projects
do not include explicitly the whole North Atlantic, which
plays a relevant role for the European climate and in par-
ticular, for the IP. As state-of-the-art ESMs do not explic-
itly resolve many coupled processes that play a relevant role
for the IP climate. As discussed in former works, we need
an oceanic eddy-permitting resolution to simulate the most
relevant features of the North Atlantic circulation (Mar-
zocchi et al. 2015) and enhanced atmospheric resolution
to represent adequately the storm-track response to global
warming (Willison et al. 2015) and extratropical cyclone
activity, especially to the northeast of the North Atlantic
(Michaelis et al. 2017). It was also suggested that changes
in the land-sea temperature gradient will induce changes in
the along-shore winds in the eastern boundary upwelling
systems which could depend on model resolution (de la
Vara et al. 2020). In the Mediterranean, it was found that
coupling improves the simulated wind speed (particularly
near coastal areas) and subsequently the turbulent heat fluxes
(Akhtar et al. 2018). Thus, it is desirable to analyze the way
the explicit representation of these processes affects the cli-
mate change signal in the IP in a high-resolution coupled
regional climate model.

Therefore, here we study the role of air—sea coupling
on the climate change signal of the IP in climate change
simulations with a RAOCM and its atmospheric compo-
nent, assuming different emission scenarios. In most works
in which the climate change signal in Europe (and in the IP)
is studied (Van der Linden and Mitchell 2009; Jacob et al.
2014) the Mediterranean Sea is not included in the model
domain. Different to those works, our setup allows us to
detect the relative contributions of the North Atlantic and the
Mediterranean Sea, simultaneously, on the climate change
signal of the IP. A special effort is done to understand the
driving mechanisms of the changes observed in the climate
of the IP. This work is structured as follows. In Sect. 2, the
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model setups and simulations performed are described.
In Sect. 3, temperature and precipitation changes for the
coupled and uncoupled atmospheric simulations under the
RCPS8.5 scenario are presented and compared. Then, we
study the role of the radiative scenario in the magnitude and
spatial patterns of the climate change signal. Also, the added
value of finer resolution in the RAOCM with respect to the
driving global model is tackled. In Sect. 4, the causes for
the differences in the climate change signal between ROM
and REMO are addressed. A summary and the conclusions
are given in Sect. 5.

2 Model setup and simulations

In this work we use the same setup of the regionally-coupled
model ROM (REMO-OASIS-MPIOM; Sein et al. 2015) and
its stand-alone atmospheric component REMO (REgional
MOdel; Jacob and Podzun 1997; Jacob 2001) that are used
in Cabos et al. (2020). Both models, REMO (Déqué et al.
2012; Jiménez-Guerrero et al. 2013; Kotlarski et al. 2014)
and ROM (Sein et al. 2014; Cabos et al. 2018; Darmaraki
et al. 2019) have been extensively adopted to gain insight
into regional climate and climate change signal in different
regions of the world, including the IP, with a similar per-
formance to the best state-of-the-art models (Cabos et al.
2017; Sein et al. 2020a). Over the peninsula, the magnitude
and sign of the 2-m air temperature and precipitation biases
obtained depend on the specific model adopted (ROM or
REMO) and shows great spatial and seasonal variability. In
this respect, ROM air temperature is warmer in winter and
colder in summer than in REMO. Precipitation differences
between ROM and REMO show great spatial variability and
are of a smaller magnitude in summer (see Cabos et al. 2020
for details).

ROM is composed of the Max Planck Institute Ocean
Model (MPIOM; Marsland et al. 2003; Jungclaus et al. 2013)
and the aforementioned regional atmospheric model REMO.
Both models are hydrostatic and solve the Navier—Stokes
equations using the Boussinesq approximation. MPIOM has
an orthogonal curvilinear grid that allows us to attain a max-
imum resolution of 5 km (eddy permitting) near the IP and
a minimum resolution of about 100 km in the southern seas.
On the vertical, MPIOM has 47 unevenly spaced z-levels
the thickness of which increases progressively. The shallow-
est and deepest levels have a thickness of 16 m and 650 m,
respectively. In MPIOM the water exchange at Gibraltar and
the Black Sea is not parameterized. Moreover, Atlantic water
properties are not relaxed towards climatological values in
the areas adjacent to the strait. The ocean dynamics of the
Strait of Gibraltar is fully resolved in MPIOM.

In REMO a rotated grid with the center of the model
domain located around the equator is used. In the

experiments we perform REMO has a constant horizontal
resolution of 0.25°. On the vertical, the model has 27 hybrid
levels. The dynamics of REMO is based on the Europa-
Model of the German Weather service (Majewski 1991),
whilst physical parameterizations derive from versions 4 and
5 of the global climate model ECHAM (European Centre
Hamburg Model; Roeckner et al. 1996, 2003). In REMO,
most of the prognostic variables are relaxed towards forc-
ing data in the outer eight rows of the model area follow-
ing Davies (1976). A radiative upper boundary condition is
applied following Klemp and Durran (1983) and Bougeault
(1983). The atmospheric domain includes the North Atlantic
and the Mediterranean Sea simultaneously, which is benefi-
cial for the understanding of the relative contribution of the
Mediterranean and the Atlantic on the projected changes.
The global Hydrological Discharge model (HD, Hagemann
and Diimenil Gates 2001) computes river runoff and is cou-
pled to both the ocean and the atmosphere.

The coupling of REMO and MPIOM is done via the
OASIS coupler (Valcke et al. 2003). Atmospheric and oce-
anic fields are exchanged with a 3-h coupling time step (see
Sein et al. 2015). For more details on the ROM setup we
refer the reader to Cabos et al. (2020). In previous stud-
ies, ROM has shown the ability to provide a climate change
signal that reflects not only the higher resolution of its com-
ponents, but generates a regional signal that is significantly
different from the one provided by the driving model (Lima-
reva et al. 2017; Cabos et al. 2018; Sein et al. 2020a). In
the experiments analyzed in this work, ROM is forced by
climate change simulations with the low-resolution version
of the MPI-ESM Earth System Model (Max-Planck-Insti-
tut fiir Meteorologie Earth System Model; Giorgetta et al.
2013) under the Representative Concentration Scenarios
RCP8.5 and RCP4.5 Coupled Model Intercomparison Pro-
ject CMIPS scenarios, which represent one high-emission
and one medium-stabilization scenario. ROM and MPI-ESM
share the same oceanic component, but the MPIOM setup
used in MPI-ESM is quite different from the setup used in
ROM. In MPI-ESM the poles of the orthogonal curvilinear
coordinates are located over Greenland and inland of the
Weddell Sea, in order to have the higher horizontal resolu-
tion in the deep water formation areas, with a minimum grid
spacing of about 15 km around Greenland (Jungclaus et al.
2006). In ROM the poles are placed over North America and
Western Africa (see Fig. 1SA of the Supplementary Mate-
rial), producing a high-resolution region near the IP, which
reaches 5 km in the southern part of the IP. Also, ROM has
a good representation of the diurnal cycle (3 h coupled time
step), which is neglected in the MPI-ESM simulations.

Before the production runs, MPIOM has been forced
with ERA-40 data during three cycles of 44 years
(1958-2001), then forced by ERA-Interim during two
cycles of 32 years (1980-2012). Each run started from
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the last year of the previous run. Then, the coupled model
was run for 32 years forced by ERA-Interim using the last
state of the uncoupled MPIOM spin-up. Finally, both the
coupled and atmospheric-only model were run for 56 years
(1950-2005) starting from the last state of the coupled
simulation forced by ERA-Interim. As for the analysis
of these present-time simulations, we use the 1976-2005
period, the models have 26 more years for adjustment. The
climate change simulations started from the last state of
the present-time simulations and covered the 2006-2099
period.

3 Results

In this section we analyze the impact of the high reso-
lution and the coupling on the regional climate change
signal under the RCP8.5 and RCP4.5 scenarios. For this
we use the delta changes of the most important climate
variables in the MPI-ESM simulations and their dynamical
downscaling with REMO and ROM. We define the delta
change of a climate variable as the difference between its
future (2070-2099) and present time (1976-2005) sea-
sonal mean. A summary of the average values at the end
of the century, as well as the delta changes of these vari-
ables, that is, the 2-m air temperature (i.e., T2M, TMIN,
TMAX) and precipitation over the IP for REMO and ROM
are shown in Table 1.

3.1 Climate change signal in the Iberian Peninsula
in the coupled simulation

Here we characterize the future values of T2M, TMIN,
TMAX and precipitation for the 2070-2099 period and

the associated delta changes (A) for the coupled simulation
under the RCP8.5 scenario.

3.1.1 Mean, maximum and minimum 2-m air temperature

As expected, the simulated T2M at the end of the century
is strongly influenced by the topography (Fig. 1a, b), with
lowest values over the highly-elevated mountain chains (e.g.,
Pyrenees, Cantabrian Mountains, Iberian System, Betic Cor-
dillera; see location in Fig. 1SB). In winter, T2M has an
averaged value of 9.21 °C, attaining minimum values as low
as 5 °C over the mountain chains (Fig. 1a). Elsewhere, T2M
takes higher values (but not greater than 16 °C). In sum-
mer, T2M takes an averaged value of 25.45 °C. The highest
temperatures are registered in the southern portion of the IP,
especially along the Guadalquivir river basin, where values
of T2M close to 32 °C are achieved (Fig. 1b). The lowest
summer temperatures are reached along the Pyrenees, with
values close to 16 °C.

Focusing on AT2M, we note that it is positive all over
the IP (Fig. 1c), with an average value of 2.83 °C in win-
ter. The effect of topography is visible, as the increases are
more pronounced over the mountain chains. A similar gen-
eral increase of air temperature in mountain chains has been
found in previous works (Bartdk et al. 2017) and the implied
mechanisms such as changes in albedo and in downward
thermal radiation are discussed in e.g., Rangwala and Miller
(2012) and Palazzi et al. (2019). In summer, changes of T2M
are stronger than in winter. T2M increases are lower by the
shore, rising more sharply in the interior regions, where
delta changes can be greater than 5 °C (Fig. 1d). The average
increase of T2M in this season is 4.75 °C. The generalized
T2M increase, more pronounced in the summer months than
in winter, is in line with results from the climate projections
from Giorgi and Lionello (2008), although they assume dif-
ferent time periods and scenarios. In a recent paper, Gar-
rido et al. (2020), using an uncoupled regional model and a

Table 1 Summary of winter and summer averages of T2M, TMAX, TMIN (°C) and precipitation (mm/day) over the Iberian Peninsula for the
different simulations performed in this study for future climate, as well as the corresponding change with respect to the present-day run

T2M (°C) TMAX (°C) TMIN (°C) Precipitation (mm/
day)

Winter Summer Winter Summer Winter Summer Winter Summer
ROM RCP8.5 Future average 9.21 25.45 14.19 33.31 5.70 18.52 2.71 0.33
Future change 2.83 4.75 3.16 5.29 2.55 4.25 0.005 -0.39
REMO RCP8.5 Future average 9.43 25.69 13.93 33.23 6.18 19.06 347 0.44
Future change 2.89 5.02 3.12 5.60 2.68 4.50 0.17 —0.50
ROM RCP4.5 Future average 7.58 23.18 12.21 30.47 4.21 16.41 2.68 0.72
Future change 1.21 247 1.39 2.84 1.05 2.14 —-0.02 -0.29
MPI-ESM RCP8.5 Future average 10.01 26.08 14.25 31.45 8.42 21.20 2.67 0.41
Future change 2.98 5.93 3.23 6.60 2.84 5.59 -0.15 —0.46
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Fig.1 Panels a and b: Seasonal averages of 2-m air temperature
(T2M), in °C, computed for the future (RCP8.5 scenario) in ROM.
Panels ¢ and d: Seasonal differences of future and present T2M
in ROM. Positive values indicate a T2M increase in the future and

different driving global model, have shown results for AT2M
qualitatively similar to ours for the CMIP5 scenarios. Spe-
cifically, they find that the delta change for T2M is higher
in summer and that there is an east—west gradient in winter
and a north—south gradient in summer. Regarding the last
season, this north—south asymmetry in our coupled setup is
not as clear as in the uncoupled downscaling, suggesting a
reduction of the warming by the active ocean. The different
spatial patterns of AT2M in the two seasons point to differ-
ent physical mechanisms responsible for the warming. The
winter change is stronger over the mountains and seems to
be related to the large-scale circulation, while in the summer,
the changes in insolation seem to prevail and the ocean-land

negative values the opposite. Winter plots (DJF=December, Janu-
ary, February) are depicted in the left column and the summer ones
(JJA =June, July; August) in the right column

interaction plays an important role, decreasing the warming
onshore.

The regional distribution of TMAX is similar to that for
T2M for all seasons, but with higher temperatures and sub-
tle differences in the spatial distribution (Fig. 2a, b). For
instance, the winter mean value of TMAX is 14.19 °C, with
minimum values over the Pyrenees (~5 °C) and the maxi-
mum values in this season, close to 20 °C appear in the near
shore of the southern and eastern coasts of the IP (Fig. 2a).
In summer, the average TMAX is 33.31 °C, reaching ~40 °C
in the Guadalquivir basin and minimum values of ~ 24 °C in
the Pyrenees (Fig. 2b). ATMAX is stronger than AT2M in
both seasons, with a similar spatial pattern, with an average

@ Springer



A.delaVaraetal.

48N

46N

44N

42N

40N

38N

36N

34N

32N

30N

12W 10W 8W 6W 4W 2W 0 2E 4E 6E 8E 10E 12E 14E 16E 18E 20E

12W 10W 8W 6W 4W 2W 0 2E 4E 6E 8E 10E 12E 14E 16E 18E 20E

4 8 12

48N

46N —

44N —

42N —

40N —

38N —

36N —

34N —

32N —

16 20 24 28 32 36 40

30N T T T T T T T T T T T 1

12W10W 8W 6W 4W 2W 0 2E 4E 6E B8E 10E 12E 14E 16E 18E 20E

12W10W 8W 6W 4W 2W 0 2E 4E 6E 8E 10E 12E 14E 16E 18E 20E

I [ ][ ][] TPEe

8-76-5-4-3-2-10123 45678

Fig.2 As for Fig. 1, but for TMAX

value of 3.16 °C in winter. Again, there is a clear effect of
topography in winter, with a more pronounced increase,
which can be larger than 4 °C, over the most relevant moun-
tain chains (Fig. 2c). Similarly to AT2M, the increase is
higher in the interior regions, independently of the orog-
raphy. The highest values of ATMAX (~6.5 °C) are now
attained in the interior high plains (Fig. 2d).

In winter, future daily TMIN takes an average value of
5.70 °C and has a similar spatial distribution than T2M and
TMAX (Fig. 3a, b). The lowest values of TMIN (~—4 °C)
are reached in high, northern areas and maximum (~ 12 °C)
near the eastern and southern coasts of the IP (Fig. 3a). The
average summer TMIN is 18.52 °C and attains values as
low as 10 °C in the mountains of northern Spain and val-
ues above 20 °C are found in the southern portion of the IP
(Fig. 3b). Future changes of TMIN also broadly resemble
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those for T2M and TMAX (Fig. 3c, d), but with lower val-
ues. In winter, ATMIN has an average value of 2.55 °C.
Increases are in the 2-3 °C range over most of the IP, being
stronger over the mountains, especially over the Pyrenees
(Fig. 3c). In summer, the spatial distribution of ATMIN
(average value of 4.25 °C) is more similar to AT2M than
to ATMAX, with higher values (~4-5 °C), in the south-
ern plains of the IP, which become progressively smaller
towards the coast (Fig. 3d).

3.1.2 Precipitation over the Iberian Peninsula

Future winter precipitation over the IP takes an average
value of 2.71 mm/d and presents a marked west-to-east gra-
dient with the lowest values to the east (Fig. 4a), in line with
present-day precipitation (Rodriguez-Puebla et al. 1998,
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Fig.3 As for Fig. 1, but for TMIN

2001; Cardoso et al. 2019; Cabos et al. 2020). As today,
future precipitation is largest along the northern portion of
the IP and, especially, along its NW flank, where it takes
values close to 8—10 mm/day or even higher. This points to
the first-order influence exerted by the Atlantic large-scale
atmospheric circulation through the arrival of fronts to the
IP (e.g., Zorita et al. 1992). To the SE, winter precipitation
is close to (or lower than) 1 mm/day. Values of winter APrec
(delta precipitation; Fig. 4c) are positive along the north-
western rim of the IP where the precipitation increase can
reach 2 mm/day. The region of precipitation increase, which
is under the influence of the Atlantic storms, extends to the
interior of the IP. In contrast, precipitation substantially
drops along the northern margin of the IP up to a maximum
of about 1.5 mm/day. A remarkable precipitation decrease,

which is not as large as over the northern part of the IP, is
also observed in the southernmost portion of the IP and to
the SE, in the Andalusia area, close to the Betic Cordillera.
The changes are of opposite sign across the IP and almost
balance when the spatial summ is computed, giving a mean
increase lower than 0.01 mm/day (0.005 mm/day, equivalent
to 0.18%), which is not statistically significant.

In the future, as for the present-day (Duran et al. 2013),
summer precipitation is much lower than in winter (the
mean precipitation within the peninsula is 0.33 mm/day),
with a clear north—south gradient (Fig. 4b). Precipitation
is more abundant to the north, although values are rela-
tively low (less than 1 mm/day). The strongest precipitation
is recorded in the Pyrenees, where precipitation can reach
about 1.5 mm/day probably due to the topographic effect
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Fig.4 Panels a and b: Seasonal averages of precipitation, in mm/day,
computed for the future (RCP8.5 scenario) in ROM. Panels ¢ and d:
Seasonal differences of future and present precipitation in ROM. Pos-

(Torma and Giorgi 2020). In the southern portion of the IP,
summer precipitation is scarce. As at present, drier condi-
tions in summer relate to the secondary role of the Atlan-
tic large-scale circulation, being convective processes the
main cause for summer rain in the IP (Ramos et al. 2014).
Regarding summer Aprec, we observe a generalized drop
with regionally-variable magnitude and an average value of
0.39 mm/day (Fig. 4d). The strongest decrease occurs along
the northern flank of the IP, where the reduction in precipi-
tation can be larger than 1 mm/day. Precipitation decreases
less to the SW of the IP. This is related to the fact that pre-
cipitation is smallest there in the summer season. Comparing

@ Springer

itive values correspond to a precipitation increase in the future and
negative values the opposite. Winter plots are shown in the left col-
umn and the summer ones in the right column

our results to previous works, we find that future precipita-
tion changes are qualitatively in line with those obtained for
a global climate model ensemble from Giorgi and Lionello
(2008) for the B1 scenario and the work by Gao et al. (2006)
for the A2 scenario for the end of the twenty-first century.

3.2 Impact of air-sea coupling on the climate
change signal over the IP

In order to analyze the impact of air—sea coupling on the
climate change signal of the IP, we will compare the delta
changes of temperature and precipitation in ROM to the
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delta changes in the stand-alone simulations with REMO.
We should stress that the configuration of REMO in the
stand alone simulation is the same that in ROM.

3.2.1 Effect of air-sea interactions on the 2-m air
temperature

Figure 5 shows the difference of winter and summer delta
change of 2-m air temperature, between ROM (coupled) and
REMO (uncoupled) when the RCP8.5 scenario is assumed,
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Fig.5 Seasonal differences of future delta changes (A) of 2-m air
temperature between ROM and REMO (delta=future i.e., 2070-2099
minus present i.e., 1976-2005; RCP 8.5 scenario). AT2M (a and b),
ATMAX (¢ and d), and ATMIN (e and f). Positive values indicate
that ROM predicts a greater temperature increase than REMO and
negative values the opposite. Black dots and green lines indicate that

differences between ROM and REMO are statistically significant at
95% and 75% level, respectively. Positive values indicate that ROM
predicts a greater temperature increase than REMO and negative val-
ues the opposite. Winter plots are shown in the left column and the
summer ones in the right column
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as well as the areas where these differences are statistically
significant using t-tests: the dotted regions mark the points
where these differences are significant at the 95% level.
Green lines mark the regions where the differences are sig-
nificant at the 75% level. Starting from winter, we observe
that the AT2M is slightly smaller in the coupled run (about
0.5 °C) in many coastal areas (Fig. 5a; the corresponding
spatial averages are presented in Table 1). This effect is
more pronounced to the SW of the IP. In the center of the
Meseta (its position is indicated with an arrow in Fig. 1SA),
ROM’s T2M experiences a slightly stronger increase (about
0.2 °C). In this season, ATMAX is smaller in the coupled
run over a narrower coastal area, especially over the SW of
the IP, where the lowering of the ATMAX by the coupling
is more pronounced, and to the NE of the IP (Fig. 5¢). How-
ever, the coupling increases the ATMAX over a large part
of the center, south and NW of the IP. The increase varies
between 0.2 and 0.4 °C approximately. Regarding TMIN, it
shows a more generalized pattern consisting of an overall
delta decrease by the coupling of about 0.5 °C over most of
the IP (Fig. 5e). The ATMIN difference between ROM and
REMO becomes more sharply along the Pyrenees, where
the decrease due to coupling is close to 0.8 °C. We note that
a common feature to all cases is a remarkable decrease in
winter temperature climate change signal to the SW of the
IP (Fig. 5a, c, e). Focusing now on the summer season, we
realize that changes in the AT2M due to air—sea coupling
present a similar regional distribution and magnitude for
T2M, TMAX and TMIN (Fig. 5b, d, f). In all cases, the
delta is reduced importantly over most of the IP. As in win-
ter, this decrease is more remarkable over the SW portion
of the IP, where the delta decrease varies between 0.8 and
1 °C, approximately. On the other hand, coupling leads to
a subtle increase of the delta of the temperature over the
central portion of the IP and high mountain chains such as
the Pyrenees. Notwithstanding, this effect is more localized
and is not greater than about 0.5 °C.

In winter, the differences between delta changes in the
coupled and uncupled runs are significant at 95% for T2M
and TMAX near the western coast and the center of the IP.
For TMIN, delta differences are significant at 95% over a
larger area of the peninsula with the exception of (roughly
speaking) the center and the east of the IP. In summer, how-
ever, the differences between the delta changes in ROM
and REMO runs are statistically significant at 95% almost
everywhere in the IP, but not in the central portion of the
peninsula. From the results presented so far we can conclude
that both the coupled and uncoupled simulations project a
2-m air temperature rise with respect to the present-day situ-
ation for the end of the twenty-first century. The warming
is particularly marked in summer, especially in the interior
parts of the IP. However, ROM predicts a generally smaller
air temperature rise than REMO. This reduction in the
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warming is particularly remarkable in summer, in the near-
shore areas, especially over the SW of the IP. This highlights
that regional air—sea interactions play a more relevant role
for temperature in summer. In this reduction, an important
role is played by the modification of the heat fluxes through
the interactive ocean, as part of the energy coming from the
atmosphere is advected or mixed down to the deeper ocean,
changing the turbulent heat fluxes calculated by the stand
alone atmospheric model (e.g., Li et al. 2014; Kelemen et al.
2019).

3.2.2 Precipitation changes due to air-sea coupling

Figure 6a and b show the precipitation delta change (Aprec)
for REMO in winter and summer. In winter, as in ROM,
precipitation shows a remarkable increase in the NW of the
IP, which extends towards the interior, and a decrease to the
northern and eastern flanks of the IP (Fig. 6a). In particular,
changes are of a greater magnitude than in ROM, especially
in the case of the precipitation increase that occurs to the
NW sector of the IP (see also Fig. 4c). The amplified signal
of precipitation changes in REMO can also be appreciated
in Fig. 6¢, which shows the difference of Aprec between
ROM (coupled) and REMO (uncoupled). We see that winter
precipitation delta changes in REMO can be up to 1 mm/
day higher than in ROM. This is consistent with changes in
the North Atlantic large-scale circulation inherent to cou-
pling. However, the changes in the regional advection cannot
fully explain these differences, as can be seen in Fig. 2S.
The downscaling signal in REMO reflects the differences in
model physics and horizontal resolution and the coupling
modifies this downscaling signal in regions where it affects
the heat fluxes or the oceanic circulation (this aspect will be
tackled in detail in the Discussion). On the contrary, delta
changes along the Mediterranean shore indicate a subtle, but
larger, precipitation decrease in REMO with maximum delta
differences of about 0.6 mm/day near the Gulf of Valen-
cia. Differences in convective precipitation that explain
this behavior are probably linked to dissimilarities in the
Mediterranean SST (sea-surface temperature) delta changes
simulated by ROM and MPI-ESM.

In summer, precipitation is scarce and so are future
changes in REMO (Fig. 6b). As in ROM, the IP experiences
a general drying in the REMO stand-alone simulation, this
being more pronounced along the northern flank of the IP,
where the decrease can reach values close to 0.8 mm/day.
This notwithstanding, the summer precipitation averaged
over the IP in REMO is greater than in ROM i.e., 0.44 mm/
day vs 0.33 mm/day (note that the present-day precipita-
tion is different in REMO and ROM). Differences in Aprec
between REMO and ROM are small, but are more noticeable
in the north and eastern sectors of the IP (Fig. 6d). As stated
above, the causal mechanisms of the impact of coupling on
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Fig.6 Panels a and b: Winter (a) and summer (b) differences of
future (RCP8.5 scenario) and present precipitation in REMO. Posi-
tive values correspond to a precipitation increase in the future and
negative values the opposite. Panels ¢ and d: Winter (c¢) and summer
(d) delta changes (A) of precipitation between ROM and REMO.

winter and summer Aprec over the IP will be tackled in more
detail in the Discussion.

Regarding the significance of the differences between the
coupled and uncoupled precipitation delta changes, we note
that, in winter, these are significant at 95% almost every-
where in the IP with the exception of its central domain.
In summer, differences are significant at 95% over a vast
extension of the IP, but not within the NW.

3.3 How sensitive is the future climate of the IP
to changes in the emission scenario selected?

So far we have focused on the analysis of the future cli-
mate of the IP assuming the RCP8.5 emission scenario. This
high emission scenario was chosen as one of the worst case
emissions outcomes, which leads in the long term to high

Black dots and green lines in panels ¢ and d indicate that differences
between ROM and REMO are statistically significant at 95% and
75% level, respectively. Positive values indicate that ROM projects a
stronger precipitation increase and negative values the opposite

energy demand and greenhouse gas emissions in absence
of climate change policies (Riahi et al. 2011). However, at
this point, it is of interest to know how robust the findings
about the climate on the IP at the end of the twenty-first
century are, as well as the associated changes with respect
to the present situation, when a weaker radiative forcing is
applied. In particular, we now study the climate of the IP
under the stabilization scenario RCP4.5, which allows us to
study the climate system response to stabilizing the anthro-
pogenic components of radiative forcing. As we intend to
analyze the impact of having a different scenario, we do not
explore the impact of coupling, which we expect to be less in
this lower-radiative forcing scenario. We do the subsequent
analysis for the coupled simulations with ROM. In winter,
T2M presents a similar magnitude and regional distribution
under the RCP4.5 than in the equivalent simulation with
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the RCP8.5 scenario (Figs. 1a, 7a). However, as somewhat
expected, T2M is lower in the RCP4.5 scenario and this can
be clearly appreciated over the most prominent mountain
chains of the IP, such as the Pyrenees, the Cantabric Cor-
dillera, the Central System or the Betic Cordillera, among
others. Changes with respect to the present situation are
now more modest (Figs. 1c, 7c). T2M does not go up more
than 1-2 °C and the increase over the Mediterranean Sea is
particularly small. Only near the Balearic Islands, the Tyr-
rhenian Sea and near the Lybian coast T2M increases to a
larger extent, this being smaller than 1 °C (see corresponding
averages in Table 1). In summer, T2M in RCP4.5 also pre-
sents a similar spatial distribution as in the RCP8.5, but it is
less extreme (Figs. 1b, 7b). This can be appreciated over the
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IP, especially within the Guadalquivir Valley. In line with
what we found for the RCP8.5 scenario, the summer increase
in T2M is larger than in winter (Figs. 1d, 7d). Furthermore,
T2M increases over the peninsula and the temperature rise
is particularly important over the Meseta and south of Spain.
In this case, however, the maximum increase of T2M does
not exceed 3—4 °C. Interestingly, different to the winter situ-
ation, T2M experiences a generalized increase above the
Mediterranean Sea. The T2M rise over the Mediterranean
Sea is more subtle than in the RCP8.5 case and is not greater
than about 2 °C.

Under RCP4.5, the winter precipitation shows a similar
regional distribution that under RCP8.5, with the strongest
precipitation to the NW and to the N of the IP (Figs. 4a, 8a).
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Fig.7 Panels a and b: Seasonal averages of 2-m air temperature
(T2M), in °C, computed for the future (RCP4.5 scenario) in ROM.
Panels ¢ and d: Seasonal differences of future and present T2M in
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ROM for the RCP4.5 scenario. Positive values indicate a T2M rise in
the future and negative values the contrary. Winter plots are shown in
the left column and the summer ones in the right column
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Fig.8 Panels a and b: Seasonal averages of precipitation, in mm/
day, computed for the future (RCP4.5 scenario) in ROM. Panels
¢ and d: Seasonal differences of future and present precipitation in

In more detail, changes in precipitation under RCP4.5 show
a subtle decrease over the north, west and southern flanks
of the peninsula (Fig. 8c). Precipitation decreases remark-
ably over the Betic System, up to 1.5 mm/day, and slightly
increases to the NE of the peninsula, with values close to
0.5 mm/day. Besides differences in the magnitude of pre-
cipitation changes, which are larger in the RCP8.5 scenario,
other relevant differences can be spotted (Figs. 4c, 8c). In
particular, precipitation decreases now to the NW of the IP,
whilst this area experienced a marked precipitation increase
in the RCP8.5. This is the result of a slightly lower SST
increase inherent to the prescription of a less radiative forc-
ing which, in turn, causes a decrease of oceanic latent heat
flux into the atmosphere and thus in precipitation (this aspect

ROM (RCP4.5). Positive values correspond to a precipitation rise in
the future and negative values the opposite. Winter plots appear in the
left column and the summer ones in the right column

will be tackled in the Discussion). In summer, precipitation
over the IP is scarce and shows a marked north-to-south gra-
dient, with higher values to the north (Fig. 8b). The regional
distribution of summer rainfall is therefore similar to that
found for the RCP8.5 case (Fig. 4b). Paying attention to the
precipitation changes we note that the IP features a gener-
alized increase of the area under dry conditions (Fig. 8d).
This is more marked to the north of the peninsula, espe-
cially along the mountain chains, and becomes weaker to
the south. This pattern was also found for the RCP8.5 case,
although now the magnitude of the changes is a bit smaller.

Therefore, we can conclude that the prescription of the
RCP4.5 scenario does not have a first-order influence on the
regional distribution of T2M in the future, nor in the spatial
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distribution of the corresponding changes with respect to
the present-day situation, but has an influence on their mag-
nitude. In particular, changes in T2M are less sharp than
in the RCP8.5 case (see Table 1) and this result is in line
with the sensitivity study of Garrido et al. (2020), who find
that future warming over the IP with the WRF model is
less pronounced with the RCP4.5 scenario. Furthermore,
precipitation changes in the IP when the RCP4.5 scenario
is prescribed are rather small. However, an interesting dif-
ference between the two scenarios is that under RCPS8.5 a
remarkable precipitation increase occurs in the NW portion
of the IP, while it decreases under RCP4.5. This difference
may be related to a different SST (latent heat flux) over the
North Atlantic which causes a reduction of the large-scale
precipitation (see Fig. 9). The specific averages over the IP
and the corresponding projected changes computed for the
RCP4.5 scenario are presented in Table 1. Therefore, the
differences in delta changes coupled-uncoupled includes
both the effect of the modulation of the radiative forcing by
the coupling and the nonlinear effects due to changes in the
ocean circulation.

3.4 MPI-ESM vs ROM

In previous works it has been shown that ROM reproduces
a different climate change signal than the driving global cli-
mate model (Limareva et al. 2017; Sein et al. 2020a). For
instance, in Sein et al. (2020a), it is found that although
the climate change signal over Europe in ROM is largely
determined by MPI-ESM, ROM presents many interest-
ing features that are not found in MPI-ESM and which are
largely explained by its higher resolution. The advantages
of the coupled downscaling are especially clear when it is

necessary to study a region where high resolution is neces-
sary and the coupling plays a determinant role. This is the
case of the Mediterranean Sea, where ROM has shown a
good performance in studying oceanic and atmospheric phe-
nomena that cannot be studied in MPI-ESM due to the lower
resolution and are better represented when coupling is taken
in account (e.g., Parras-Berrocal et al. 2020). In this section
we concentrate on the study of the differences between the
climate change signal from ROM and MPI-ESM, respec-
tively, over the IP. In MPI-ESM, T2M experiences a general-
ized increase in the future which is more pronounced in the
summer season (compare Figs. 1c, d, 10a, b). In more detail,
the winter climate change signal in MPI-ESM shows a clear
east—west gradient with the greatest values to the east, a
feature that also can be found in ROM (compare Figs. lc,
10d). However, details related to the high resolution in ROM
cannot be appreciated in MPI-ESM e.g., the effect of topog-
raphy on T2M. This drives regional differences in the mag-
nitude of the projected changes in T2M. In summer, whilst
both agree on a remarkable increase in the interior of the IP,
ROM reproduces a slightly different regional pattern proba-
bly due to its enhanced horizontal resolution (Figs. 1d, 10b).

Regarding precipitation, important differences are noticed
between ROM and MPI-ESM (Figs. 4c, d, 10c). In winter, as
in ROM, MPI-ESM projects a future increase in precipita-
tion to the NW of the IP (Fig. 10c). In agreement with ROM,
MPI-ESM features a precipitation decrease to the SE of the
Peninsula. Besides changes in the regional distribution of
precipitation in winter, the magnitude of the change is much
smaller in MPI-ESM, where it does not exceed 0.4—0.8 mm/
day. Focusing on the summer season, similarly to ROM, the
precipitation in MPI-ESM decreases over all the IP, with a
marked north—south gradient, with values of the order of
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Fig.9 Panel a: Winter averages of SST (colors; °C) and geostrophic circulation (arrows; cm/s). Panel b: Winter precipitation (mm/day). Plots are
constructed for the future (RCP4.5 scenario) over the North Atlantic in ROM
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Fig. 10 Seasonal differences of future (RCP8.5 scenario) changes of
T2M (°C; panels a and b) and precipitation (mm/day; panels ¢ and
d) for MPI-ESM. Positive values indicate a future increase in T2M

0.8 mm/d over the north, while in the south the decrease is
of the order of 0.1 mm/day (Fig. 10d). However, the spatial
distribution of the decrease in ROM shows the imprint of the
orographic features, which are not visible in MPI-ESM (see
also Fig. 4d). Results highlight that regional differences in
precipitation cannot only be linked to spatial resolution, but
also may be related to differences in the coupled model’s
physics and dynamics. For a quantification of the average
values of T2M and precipitation over the IP we refer the
reader to Table 1.

The differences in the climate change signal from ROM and
MPI-ESM can also be seen in Fig. 11, which shows the evolu-
tion of the annual-mean time series of T2M and precipitation
over the IP for the RCP8.5 scenario during the twenty-first
century. T2M shows in both cases a clearly increasing trend
from 2000 to 2099, with a qualitatively similar interannual
variability (Fig. 11a). However, in line with what is shown in

or precipitation and negative values the opposite. Winter plots are
shown in the left column and the summer ones in the right column

Fig. 10, T2M is higher with MPI-ESM than with ROM. Focus-
ing on precipitation, we note a slightly decreasing trend from
2000 to 2099 in MPI-ESM and ROM (Fig. 11b). The signal
from both is characterized by a large interannual variability
being, in general, ROM slightly drier than MPI-ESM. These
results put forward that ROM is able to generate a different cli-
mate change signal relative to the driving global model MPI-
ESM and therefore, the added value of regionalization. The
climate signal provided by REMO under the RCP8.5 scenario
and MPI-ESM and ROM under the RCP4.5 scenario is shown
in Fig. 3S of the Supplementary Material.
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Fig. 11 Annual time series of 2-m air temperature (°C; panel a) and precipitation (mm/day; panel b) averaged over the IP for MPI-ESM (black
lines) and ROM (red lines) under the RCP8.5 scenario for the 2006-2099 time period

4 Discussion

In Sects. 4.1 and 4.2 we aim to understand the driving
mechanisms for the differences in the climate change signal
between the coupled and uncoupled runs in terms of T2M
and precipitation under the RCP8.5 scenario. Although in
a first approximation we can assume that the differences
in the simulated variables induced by the coupling are the
same in the present and in the future, they can be modulated
by non-linear effects, mainly in the oceanic component.
For instance, the higher resolution in the regional coupled
model leads to a change in the path of the North Atlantic
Current that is different than in the driving Global Model.
This leaves a significant imprint on the coupled-uncoupled
differences in the future climate. Therefore, the differences
in delta changes between the coupled and the uncoupled
simulations include both the effect of the modulation of the
radiative forcing by the coupling and the non-linear effects
due to changes in the ocean circulation.

4.1 What causes the temperature changes observed
in the Iberian Peninsula?

The climate of the IP is strongly influenced by the North
Atlantic large-scale atmospheric and oceanic circulation,
which are in first-order controlled by the warm Gulf Stream
and the North Atlantic Current (Minobe et al. 2008; Kee-
ley et al. 2012; Cabos et al. 2020). In winter, the surface
current systems simulated by ROM and MPI-ESM display
some important differences (Fig. 12a, c). In both simula-
tions, the Gulf Stream and the North Atlantic Current (the
continuation of the Gulf Stream towards the NE), can be
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distinguished (see Fig. 1SC of the Supplementary Mate-
rial). These currents advect heat towards western Europe
and have an imprint on European climate (Buckley and Mar-
shall 2016). Their paths can be recognized by the develop-
ment of characteristic, strong SST fronts. We note that in
MPI-ESM these currents are wider than in ROM (Fig. 12a,
¢). Also, in MPI-ESM, the North Atlantic Current extends
further east. A similar shift in the trajectories of these cur-
rents depending on the oceanic resolution has been found in
Sein et al. (2018). These differences in the trajectory of the
Gulf Stream and the North Atlantic Current in ROM and
MPI-ESM cause the observed SST differences between the
two (i.e., ROM minus MPI-ESM) by the end of the century
under the RCP8.5 scenario (Fig. 12e).

This displacement of the North Atlantic current in ROM
leads to positive SST differences along the warm current
paths simulated in ROM and negative elsewhere, including
the path of the currents simulated in MPI-ESM. As a result,
ROM brings warm water to the North Western corner and
the GIN (Greenland, Iceland and Norway) Seas (see also
Fig. 1SC of the Supplementary Material), influencing not
only the climate of these regions, but also the large-scale
atmospheric circulation. In ROM, the North Atlantic Cur-
rent extends further north than in MPI-ESM and the sub-
sequent recirculation branch favors the development of a
southward-flowing current that brings cold waters from high
latitudes towards the coast of the IP (Fig. 12a; this aspect is
also discussed in Cabos et al. 2020). In ROM, the Canary
Current, which can be regarded as a southward branch of
the North Atlantic Current is weaker than in MPI-ESM
(see Fig. 1SC). As a consequence of this reduction of the
transport of colder water by the Canary Current, the SST
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Fig. 12 Panels a—d: Seasonal averages of sea-surface temperature
(°C) and geostrophic ocean circulation (cm/s) computed for the future
time period assuming the RCP8.5 scenario with ROM (a, b) and
MPI-ESM (C-D). Panels e, f: Seasonal averages of the differences
between the future sea-surface temperature (°C) from ROM and MPI-

slightly increases along its path in ROM. In MPI-ESM, the
Canary Current does not intake waters from latitudes north-
ern than 40° N. In turn, the SST, through air—sea fluxes, has

LT T
0 1 2 3

ESM (i.e., a minus ¢; b minus d). Positive values indicate that ROM
temperature is higher and negative values the opposite. Winter plots
are presented in the left column and the summer ones in the right col-
umn

an impact on the T2M, which closely resembles the surface
temperature pattern (Fig. 13a, c, e; see also Cabos et al.
2020). Cold T2M anomalies are subsequently transported
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Fig. 13 This is equivalent to Fig. 12, but constructed for ROM and REMO for T2M (°C; colors) and 10-m wind speed (m/s; vectors)

towards the IP through the eastward branch of the Atlantic
Anticyclone (Fig. 13). The effect is clear in Fig. 4S, where
winter differences in 850 hPa winds and T2M simulated by
ROM and REMO for the 2070-2099 period are represented.
This explains the colder T2M observed in ROM relative to
the REMO, especially to the SW of the IP (see also Fig. 5a;
Table 1). Winds and SST differences between the coupled
and uncoupled runs near the IP can be observed in more
detail in Fig. 14a, c, and e.

In summer, as in winter, the Gulf Stream and the North
Atlantic Current are wider and flow further east in MPI-ESM
than in ROM (Fig. 12b, d). Also, summer SST differences
between ROM and MPI-ESM have a similar regional dis-
tribution as in winter (Fig. 12f). Whilst the SST has a clear
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imprint on T2M (Fig. 13b, d), the northward migration of the
Azores anticyclone in summer makes the IP less sensitive to
the Atlantic large-scale circulation (Cabos et al. 2020). The
effect of the Atlantic large-scale circulation is mostly limited
to the western flank of the IP, which is affected by strong
southward-flowing winds associated with the Azores High
which reinforce in summer (Soares et al. 2014; Rijo et al.
2017). In particular, the most remarkable lowering of the
AT2M with ROM is observed over the western rim of the IP,
especially over its SW portion (Fig. 5b). This may be driven
by the along-shore, southward wind intensification which,
in ROM, favors coastal upwelling of cold waters towards the
surface within the south of Portugal. Due to the higher reso-
lution of the oceanic component, ROM is able to simulate
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Fig. 14 Panels a-b: Winter and summer averages of the differences
between the sea-surface temperature (°C) from ROM and MPI-ESM.
Panels c—f: Winter and summer averages of 10-m wind speed direc-
tion (arrows) and module (m/s; colors) computed for ROM (¢, d) and

better this upwelling of cold water along the western coast
of the IP in summer (see Fig. 12f). Also, the along-shore
wind in ROM decreases rapidly towards the coast, giving a
strong wind-stress curl, which causes enhanced upwelling
over a narrow coastal strip (e.g., de la Vara et al. 2020). In
addition, the active air—sea coupling leads to a better heat
exchange and thus to a larger influence of the ocean surface

—_—>

MPI-ESM (e, f). All calculations are done for the 2070-2099 time
period, assuming the RCP8.5 scenario. Winter plots are presented in
the left column and the summer ones in the right column

temperature onto the air temperature. In turn, the cooling of
the SST, may have an impact on T2M via winds (Fig. 13b, d,
f). The wind-SST feedback plays an important role in these
effects. The SST is decreased by the mechanical action of the
wind, which causes more stirring. In turn, the SST affects
the T2M through the modulation of the heat fluxes by the
wind field by the thermal and current feedbacks (see for
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instance Renault et al. 2019 for a recent overview). On the
Mediterranean Sea, we observe that ROM reproduces colder
SSTs than MPI-ESM especially in summer (Fig. 14). This
may affect T2M, which is lower in ROM (Fig. 13b, d, f). The
colder T2M over the Mediterranean in ROM would reduce
T2M over the IP (relative to REMO) due to the develop-
ment of coastal winds that blow from the Mediterranean Sea
towards the IP due to differential summer air-sea warming
(Fig. 144, f).

4.2 Causal mechanisms for precipitation changes
observed in the Iberian Peninsula

As seen in previous sections, in both coupled and uncoupled
simulations, winter precipitation increases over the Atlantic
flank of the IP, while the eastern coast of the IP becomes
drier by the end of the twenty-first century. However, on the
one hand, the precipitation increase to the west of the IP in
ROM is smaller than in REMO. On the other hand, rainfall
decreases found in both models are of a lesser extent with
ROM. This is, projected precipitation changes in the coupled
simulation are of smaller magnitude than in the stand-alone
REMO simulation. In Fig. 15a and b, we depict the precipi-
tation over the North Atlantic for ROM and REMO. In gen-
eral, precipitation is larger along the warm Gulf Stream and
North Atlantic currents due to the enhanced latent heat loss
over the SST gradients along these paths (see Cabos et al.
2020 for details). Precipitation is maximum over the Gulf
Stream and the beginning of the North Atlantic Current,
with values close to 10 mm/day and decreases gradually
closer to the western coast of Europe. North Atlantic win-
ter precipitation in ROM is smaller than in REMO, which
is related to the generally lower SST in the coupled run,
which may reduce the atmospheric instability (Pastor et al.
2001; Lebeaupin et al. 2006; Meroni et al. 2018b; see also
Fig. 5S of the Supplementary Material). An important role
is played by the trajectory of the North Atlantic Current
which, in ROM, from 30° W, is shifted to the north and to
the west, further reducing the available precipitable water
for the large-scale precipitation on the western side of the IP.

In summer, although a generalized decrease in precipita-
tion occurs, especially to the north and to the east of the IP,
conditions are less dry with REMO than with ROM (see
Table 1). The fact that conditions are drier with ROM than
with REMO may be related to the lower SST with ROM
relative to MPI-ESM (Fig. 14b). Both in the Western Medi-
terranean Sea and the Atlantic waters adjacent to the IP the
SST is lower in ROM. Although not shown for brevity, our
results show that this reduces the water vapor over the Pen-
insula and thus precipitation in ROM (see also Cabos et al.
2020).

Our results suggest that a better resolved topography
(elevation, size and orientation of the mountains) is crucial
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for the provision of precipitation projections in the IP
mountainous regions. To illustrate this point, following
Torma and Giorgi (2020), we represent in Fig. 6S the delta
changes for 850 hPa winds and precipitation along with
the model topography for the driving GCM and the uncou-
pled and the coupled regional models. This figure clearly
shows the way topography impacts the simulated climate
change signal, and that the impact of the topography is
seasonal dependent. In winter, when most of the precipita-
tion changes are related to the large-scale component of
the precipitation, they are modulated by the topographic
shadowing effect (Torma and Giorgi, 2020). In summer,
thermodynamic mechanisms (associated with high eleva-
tion convection; Giorgi et al. 2016) become important.
It should be noted that there is a complementary mecha-
nism of topography modulation that is not explored here:
atmospheric aerosol loading also exerts a control of the
orographic rainfall enhancement (Napoli et al. 2019).
The coupling further modulates this effect, as the
ocean-atmospheric feedback changes the large-scale winds
and the latent heat and, therefore, the amount of humidity
transported by the wind inland (compare central and right
panels in Fig. 6S). It should be noted that in this mecha-
nism the role of the driving GCM is very relevant, as it
largely controls the large-scale winds through the bound-
ary conditions (Torma and Giorgi 2020). Over the ocean,
the thermal and current feedbacks (Renault et al. 2019)
seem to play an important role in determining the impact
of the coupling on precipitation. With the resolution of the
oceanic and atmospheric components of ROM in the North
Atlantic and Mediterranean regions, they play a crucial
role in the air-sea coupling, providing important mecha-
nisms through which the SST and oceanic currents impact
the atmospheric boundary layer dynamics. In particular,
through the vertical mixing of horizontal momentum,
horizontal gradients of SST impact the spatial structure
of the surface wind convergence, which, in turn, influence
the precipitation over the sea (Meroni et al. 2018a). Also,
episodes of strong winds can entrain deep and cold water
in the oceanic mixed layer, generating surface cooling. In
the case of a shallow mixed layer and strongly stratified
water column, the decrease in SST can significantly reduce
the air column instability and, thus, the total amount of
precipitation (Meroni et al. 2018b). As stressed above, the
important role played by the large-scale winds for the cli-
mate signal highlights the importance of the forcing GCM
(Torma and Giorgi 2020). The control of the forcing GCM
over the regional model climate can also be seen in the
oceanic turbulent heat fluxes: the interannual evolution of
these fluxes in the coupled and uncoupled regional mod-
els are largely similar to the fluxes of the global model.
However, the relationship between the latent heat fluxes
simulated by the regional and global models has a strong
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Fig. 15 Panels a—d: Winter and summer averages of future (RCP8.5
scenario) precipitation (mm/day) computed for ROM (a, b) and
REMO (¢, d). Panels e, f: differences of winter and summer pre-
cipitation, respectively, between ROM and REMO by the end of the

dependence on the season and the region, being clearly
different in the Atlantic than in the Mediterranean.

5 Summary and conclusions

In this work we address the issue of the modification of the
climate change signal that the coupling induces in regional
dynamical downscaling simulations in the case of the IP.
The IP is specially suited for this kind of study because it is
surrounded by sea and features a marked regional and sea-
sonal variability due to the presence of different air masses

twenty-first century (i.e., a minus c¢; b minus d). Positive values indi-
cate that ROM precipitation is higher than in REMO and negative
values the opposite. Winter plots are presented in the left column and
the summer ones in the right column

which interact with a spatially-variable and complex topog-
raphy. To this end, we use the regionally atmosphere—ocean
coupled model ROM and its stand-alone atmospheric com-
ponent REMO. We pay particular attention to the RCP8.5
scenario, as it provides a more significant climate change
signal. An effort is made to understand the mechanisms that
cause the differences between the climate of the reference
future (2070-2099) and present time (1976-2005) periods.
Additionally, we explore the climate change signal in ROM
when the stabilization scenario RCP4.5 is considered. The
differences between the climate change signal produced
by the dynamical downscaling with ROM and the climate
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change signal produced by MPI-ESM are also examined.
The most relevant findings from this study are summarized
as follows.

5.1 RCP8.5 scenario

e The coupled simulation projects an increase in T2M,
TMAX and TMIN in winter and summer. In winter, the
2-m air temperature rise is more subtle than in summer,
and increases to a larger extent in highly-elevated moun-
tain chains. In summer, temperature rises more sharply,
especially in the central and southern portions of the IP.

e In the coupled simulation, winter precipitation decreases
along the northern and southern flanks of the IP, with an
increase to the NW of the peninsula, along the Galician
and Portuguese coasts. In summer, however, drier condi-
tions are found all over the peninsula, especially to the
north.

¢ Differences in delta (future minus present) T2M, TMAX
and TMIN from the coupled and uncoupled runs show
that, in general, the 2-m air temperature increase is
stronger with the uncoupled than in the coupled model
i.e., REMO projects a larger increase than ROM. Dif-
ferences are more pronounced in the near-shore areas
and especially in the summer season. This highlights the
importance of air-sea interactions in this season.

e The coupled and uncoupled simulations agree on the spa-
tial patterns of winter precipitation changes: an increase
to the NW of the IP and a decrease to the north and to the
SE of the peninsula. In summer, the two also agree on a
general precipitation decrease which is more marked to
the north of the IP. However, in both seasons, the uncou-
pled run gives changes of a greater magnitude than the
coupled one.

e The lower T2M increase with the coupled model can be
explained by differences in the North Atlantic and Medi-
terranean circulation. In winter, the SST in the North
Atlantic is generally smaller in the coupled run. Also,
the North Atlantic Current extends less to the east than
in MPI-ESM (used to force the uncoupled simulation)
and cold water from high-latitudes approaches the IP.
The colder SST results in a colder T2M, which transports
less heat towards the IP via the eastward branch of the
Azores Anticyclone. In summer, the smaller T2M over
the IP with the coupled model, especially to the NW of
the IP, can be explained by the reinforcement of along-
shore, northerly winds which promote upwelling in the
coupled simulation. Also, the lower Mediterranean SST
in the coupled run than in MPI-ESM drives a lower T2M
over the IP via winds.

e The fact that in winter precipitation increases to a larger
extent in the future with the uncoupled run than with the
coupled one to the NW of the IP relates to changes in the
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North Atlantic ocean circulation. These changes promote
an enhanced latent heat flux which increases the water
vapor content which is subsequently transported towards
the IP through the descending branch of the anticyclone. In
summer, whilst precipitation decreases more in the uncou-
pled than in the coupled simulation, precipitation is smaller
in ROM. This is caused by a lower SST, which reduces the
vapor content and thus precipitation.

5.2 RCP4.5 scenario

e In general, changes in T2M and precipitation under the
RCP8.5 and RCP4.5 are qualitatively similar in the two
coupled simulations with ROM. However, changes com-
puted for the RCP4.5 scenario are of smaller magnitude.
Different spatial patterns of changes are only found in win-
ter precipitation over the NW of the IP. These differences
are due to a lower North Atlantic SST, which reduces the
latent heat flux and thus evaporation. This, in turn, drives a
decreased precipitation in the North Atlantic and therefore
the arrival of fronts to the IP.

5.3 MPI-ESM

o For the RCP8.5 scenario, ROM and MPI-ESM show a dif-
ferent climate change signal. Whilst the evolution of both
signals is qualitatively similar, differences in resolution and
model formulation lead to quantitative discrepancies. In the
regional model, topography modulates the precipitation,
with the coupling playing a further role. Over the ocean,
the thermal and current feedbacks, active in ROM, seem
to play an important role in determining the impact of the
coupling on precipitation. This underlines the capability of
the coupled simulation to simulate a different signal from
that of the driving GCM.
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