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Abstract The Mediterranean region, located in the tran-
sition zone between the dry subtropical and wet European
mid-latitude climate, is very sensitive to changes in the
global mean climate state. Projecting future changes of the
Mediterranean hydroclimate under global warming there-
fore requires dynamic climate models to reproduce the
main mechanisms controlling regional hydroclimate with
sufficiently high resolution to realistically simulate climate
extremes. To assess future winter precipitation changes in
the Mediterranean region we use the Geophysical Fluid
Dynamics Laboratory high-resolution general circulation
model for control simulations with pre-industrial green-
house gas and aerosol concentrations which are compared
to future scenario simulations. Here we show that the
coupled model is able to reliably simulate the large-scale
winter circulation, including the North Atlantic Oscil-
lation and Eastern Atlantic patterns of variability, and its
associated impacts on the mean Mediterranean hydrocli-
mate. The model also realistically reproduces the regional
features of daily heavy rainfall, which are absent in lower-
resolution simulations. A five-member future projection
ensemble, which assumes comparatively high greenhouse
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gas emissions (RCP8.5) until 2100, indicates a strong win-
ter decline in Mediterranean precipitation for the com-
ing decades. Consistent with dynamical and thermody-
namical consequences of a warming atmosphere, derived
changes feature a distinct bipolar behavior, i.e. wetting in
the north—and drying in the south. Changes are most pro-
nounced over the northwest African coast, where the pro-
jected winter precipitation decline reaches 40% of present
values. Despite a decrease in mean precipitation, heavy
rainfall indices show drastic increases across most of the
Mediterranean, except the North African coast, which is
under the strong influence of the cold Canary Current.

1 Introduction

The Mediterranean region is located in the transition zone
between the arid to semiarid Subtropical Desert Climate
and the more humid central to Northern European climate.
It is characterized by mild, wet winters and hot, dry sum-
mers (Koeppen 1936). The southern part of the region is
mostly under the influence of the descending branch of
the Hadley Cell and the cold surface water of the Canary
Current, which promote very stable and dry conditions in
this region. The northern part, by contrast, is controlled
by mid-latitude storm tracks variability and the North
Atlantic Oscillation (hereafter, NAO, Hurrell 1995; Dai
et al. 1997; Rodo et al. 1997). Its location in a subtropi-
cal versus extra-tropical transition zone coupled with com-
plex morphology, high mountain ridges, peninsulas and
islands, makes the Mediterranean climate very sensitive to
changes in atmospheric circulation. Based on global warm-
ing projections (Giorgi 2006), the region is one of the most
responsive to the future climate change, thus often referred
to as a “hot spot”. The complex geo-political location and
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socio-economic structure of this region makes populations
particularly exposed and vulnerable to climate change and
its extremes.

Winter precipitation in the Mediterranean might be
impacted by anthropogenic climate change through sev-
eral dynamic and thermodynamic processes. Dynamically,
the expanding Hadley Cell (Lu et al. 2007; Johanson and
Fu 2009; Kang and Lu 2012), the corresponding anoma-
lous subsidence and divergence on its poleward flank, and
the northeastward shift of mid-latitude storm-tracks (Yin
2005; Lu et al. 2007; Wu et al. 2011; Feser et al. 2015),
can all influence the winter Mediterranean hydroclimate.
As a thermodynamic response of a warming atmosphere,
the hydrological cycle is expected to intensify, so the wet
areas become wetter and dry areas, such as subtropics, (e.g.
the Mediterranean) become drier (Held and Soden 2006).
Increasing maximum atmospheric water vapor content will
likely impact the intensity of precipitation events, and thus
is of primary importance for changes in extreme precipita-
tion over the region (Emori and Brown 2005; Kunkel et al.
2013).

The Coupled Model Intercomparison Project 3 (CMIP3)
generation of global climate models (GCMs, with horizon-
tal resolution of ~280 km) was able to capture the large-
scale mean climatology of the Mediterranean hydrocli-
mate and its response to various global warming scenarios.
Giorgi and Lionello (2008) showed that projected mean
annual rainfall might decrease up to 30% in the southern
Mediterranean. These changes are consistent with CMIP5-
generation simulations as well as with observations, which
in recent decades have shown significant drying in the sub-
tropical regions of the Northern Hemisphere (Trenberth
et al. 2007; Zhang et al. 2007; Trenberth 2011).

At the same time, an increase in recorded extreme pre-
cipitation was detected in many regions of the Northern
Hemisphere (Alexander et al. 2006; Min et al. 2011; Westra
et al. 2013). CMIP5 projections (Sillmann et al. 2013)
confirmed that for some regions including the Mediterra-
nean, heavy rainfall indices will increase despite the mean
decline. Nevertheless, due to the coarse resolution of these
GCMs, precipitation extremes (and their changes) associ-
ated with global warming are still underestimated by GCM
models (Sillmann et al. 2013; Van der; Wiel et al. 2016).

Kelley et al. (2011) showed that the increased horizontal
resolution in CMIP5 (~200 km) models potentially allowed
for a spatial refinement in the simulated geographical pat-
tern and for improvements in the simulated amplitude of
precipitation indices. However, for the climate transition
zones like the Mediterranean region, which are influenced
additionally by local factors, i.e. complex topography and
land—sea contrast, high-resolution modeling or downscal-
ing methodologies are necessary to obtain a realistic repre-
sentation of climate extremes.
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Results coming from Regional Climate Model (RCM)
projections are quite heterogeneous. But a large fraction of
these studies (Semmler and Jacob 2004; Goubanova and Li
2007; Gao et al. 2006; Paxian et al. 2015), consistently with
the GCMs simulations, points to an increase in projected
extreme rainfall indices in the northern part of the Mediter-
ranean and decrease (Beniston et al. 2007) in the southern
domain.

Kitoh and Endo (2016), on the other hand, used a 20-km
resolution atmospheric general circulation model (AGCM,
run with fixed sea surface temperature fields) to capture
reasonably well the magnitude of precipitation extremes.
They found an increase in maximum 5- and 1-day winter
precipitation totals in the northern Mediterranean, despite
a general drying in the winter season, in response to the
RCP8.5 scenario. Nevertheless, the lack of coupled air—sea
interactions in their experiment could impact the simulated
precipitation in coastal regions like the western Mediter-
ranean, which is under the strong influence of the cold
Canary Current.

On the other hand, studies investigating the Mediterra-
nean winter hydroclimate (Kelley et al. 2011; Barkhord-
arian et al. 2013) indicate a large contribution of internal
variability to the recently observed decline. Kelley et al.
(2011) attributed the late twentieth century winter dry-
ing (the 1960s—1990s) in the Mediterranean to the NAO,
related mostly to multidecadal climate variability, with
a much smaller fraction related to radiative forcing. The
northern subdomain is strongly controlled by mid-latitude
variability. Winter precipitation, particularly in the west-
ern region, shows a strong anti-correlation with the NAO
(Hurrell 1995; Dai et al. 1997; Rodo et al. 1997; Xoplaki
2002; Trigo et al. 2004; Gomes 2001, 2011), which partly
controls storm tracks transporting moisture. Mariotti and
Dell’Aquila (2012) have shown that the NAO variability,
which represents the main sea level pressure (SLP) pattern
in the North Atlantic sector, explains (in winter) up to 30%
of the decadal precipitation changes in the Mediterranean
region. Other studies (Moore 2012; Seierstad et al. 2007;
Moore and Renfrew 2012; Rodriguez-Puebla et al. 1998;
Dunkeloh and Jacobeit 2003; Xoplaki et al. 2004; Hur-
rell et al. 2004) have highlighted the importance of other
atmospheric components, including the Eastern Pacific
pattern, which modulates the impact of the NAO on North
Atlantic storm tracks, European and North African thermal
and hydrological climate.

Overall, analyzing and projecting the Mediterranean
climate has challenges remaining to be overcome. Without
sufficiently long control simulations, studies of precipita-
tion variability are confided to decadal timescales and are
unable to quantify lower frequency variability. Historically,
low spatial resolution has limited the ability of GCMs to
simulate features of not only regional climate, but also
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large-scale circulation. Moreover, regional changes in
extremes do not necessarily scale with global mean cli-
mate, and vice versa. Therefore, increasing spatial and tem-
poral resolution in GCMs may potentially improve the rep-
resentation of the simulated mean climate, climate/weather
extremes and their changes. However, corresponding with
this approach is increasing variance, as regional factors
and weather-time scale variability start playing a role.
This requires further computational efforts, involving long
control run integrations or sufficiently large ensembles, to
enable robust detection and attribution of climate change
response. Employing RCMs on the other hand, requires
tackling with the models’ internal variability, e.g. by apply-
ing techniques like spectral nudging (e.g. von Storch et al.
2000). This technique corrects large-scale mean climate
state by nudging it towards the observed one. Therefore,
taking for the account nonstationarity of climate and no
reference data for the future, an application of this method
is more suitable for the simulations of the past and present
climate.

To explore the internal and radiatively forced multi-
decadal Mediterranean wintertime climate variations and
quantify the need for a high resolution fully coupled multi-
century experiment, we use both a 1000 year control run
with fixed atmospheric forcings from two different models
and a five-member ensemble of integrations with varying
atmospheric forcings. Analyses of control runs from the
Geophysical Fluid Dynamics Laboratory (GFDL) Climate
Model version 2.5 (CM2.5) general circulation model and
its lower resolution predecessor, CM2.1, allow us to ana-
lyze the impact of the spatial resolution on the simulated
large-scale circulation. The 1000 year control runs provides
a rare opportunity to investigate contributions of multidec-
adal internal climate variations to the long-term changes
in the Mediterranean hydroclimate. Addressing this issue
has been given little attention till now, owing to the lim-
ited length of control runs and observations. Application of
multi-channel singular spectrum analysis (Allen and Rob-
ertson 1996) enables us to isolate fingerprints of compo-
nents, which explicitly dominate multidecadal time scales.
Five-member ensembles of historical runs and future pro-
jections (see Sect. 2.2 for details) facilitate the extraction
of robust fingerprints of future climate change. High spa-
tial and temporal resolution data provides a unique oppor-
tunity to address the question: “What changes in the win-
ter Mediterranean climate/weather should we expect by
the end of the century in terms of both mean and extreme
precipitation?”

The structure of the study is as follows: Sect. 2 describes
data and methods. Section 3.1 compares resolution-depend-
ent features of the North Atlantic atmospheric circulation.
The control run is validated with observations in terms of
the simulated atmospheric circulation, mean precipitation

and precipitation extremes. In Sects. 3.2 and 3.3 we pre-
sent spatio-temporal fingerprints of multidecadal large-
scale atmospheric internal variations and their impact on
the Mediterranean winter precipitation. Section 4 focuses
on the climate response to changing radiative forcing, as
defined in the Intergovernmental Panel on Climate Change
(IPCC) RCP8.5 scenario. Following this is an analysis of
daily precipitation, with special attention put on precipita-
tion extremes. Section 5 discusses and concludes the pre-
sented results.

2 Data and methods
2.1 Model and observational data

This study analyzes two long control simulations, where
greenhouse gases and aerosols composition are held fixed
at 1860 levels. The GFDL CM2.5 model (CM2.5) pro-
vides a 1000 year control run. CM2.5 has an atmospheric
and land surface horizontal grid distance of approximately
50 km and vertical resolution of 32 levels. The horizontal
grid distance of the ocean increases from 28 km in the trop-
ics to 8 km in the high latitudes. For comparison to assess
the role of resolution, we analyzed a 4000 year run from
the CM2.5 model’s predecessor, the GFDL CM2.1 model
(CM2.1). This model incorporates a grid distance of 2° lati-
tude X 2.5° longitude for the atmosphere. The resolution
for the ocean is nonuniform, with approximately 1° lati-
tude X 1° longitude; and finer meridional resolution in the
tropics. CM2.1 model has 24 vertical levels. It has coarsely
resolved stratosphere, compared to CM2.5, which may neg-
atively impact a representation of the stratosphere—tropo-
sphere interactions, climate variability and change. Details
of the CM2.1 and CM2.5 model simulation features can be
found in Delworth et al. (2006, 2012).

Impacts of climate change are investigated using a five-
member ensemble of CM2.5 simulations with changing
radiative forcing over the period 1861-2100. The forcing
follows the protocols of the Coupled Model Intercompari-
son Project Phase 5 (http://cmip-pcmdi.llnl.gov/cmip5/
forcing.html). For 1861-2005, the radiative forcings are
based on observational estimates of concentrations of well-
mixed greenhouse gases (GHG), ozone, volcanos, aerosols,
solar irradiance changes and land-use distribution. Radia-
tive forcing for the period 2006-2100 follows an estimate
of projected changes defined in the IPCC RCP8.5 scenario
(Meinshausen et al. 2011; Riahi et al. 2011). This sce-
nario assumes high population growth, slow technological
change and energy intensity improvements, lack of devel-
oped climate change policies, which results in large energy
demand and GHG emissions.
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The analysis of the simulated large-scale circulation uses
monthly means of hydro-meteorological variables for the
winter (December, January, February, hereafter DJF) sea-
son. The simulated features were compared with reanaly-
sis-based monthly pressure at mean sea level (hereafter
SLP) and monthly precipitation rates (hereafter PRECIP)
for the period 1951-2010. The data sets are provided by
NOAA-CIRES twentieth century reanalysis V2¢ (20CR,
Compo et al. 2011, http://www.esrl.noaa.gov/psd/data/-
20thC_Rean/). For comparison of the large-scale features,
all variables were interpolated to 5° latitude X 5° longitude
grid.

For validation of the simulated hydro-meteorological
variables, we used the NOAA-CIRES twentieth century
reanalysis V2c¢ (20CR) and GPCC precipitation data V6
(Schneider et al. 2011), provided by NOAA/OAR/ESRL
PSD (http://www.esrl.noaa.gov/psd/). The first one pro-
vides~2° resolution monthly surface precipitation rates.
The GPCC Precipitation Full V6 provides 0.5° resolution
monthly totals of precipitation for the 1901-2010 period.
For analysis of daily precipitation data, we use E-OBS
v.12 (Haylock et al. 2008; http://www.ecad.eu), provided
by European Climate Assessment and Dataset. The dataset
contains daily precipitation sums on a 0.25° regular lati-
tude—longitude grid for the period 1950-2015.

2.2 Methods

Variability of the North Atlantic atmospheric circula-
tion and its physical linkage to the Mediterranean win-
ter hydroclimate was analyzed with linear regression and
Multi-Channel Singular Spectrum Analysis (MSSA, Plaut
and Vautard 1994; Allen and Smith 1996; Moron et al.
1998; Ghil et al. 2002). We are interested in the long-term
changes, and variability on at least multidecadal time-scale.
Hence MSSA, which is a time-selective method, serves bet-
ter its purpose than the standard empirical orthogonal func-
tion analysis. This approach is also more likely to extract a
single, dynamically meaningful mode of variability, assum-
ing that physical mechanisms act on their preferential time
scales.

Application of MSSA allowed us to isolate domi-
nant spatio-temporal fingerprints of seasonal (here we
use DJF) ocean—atmosphere variability on multidecadal
scale. MSSA is an extended version of the Singular Spec-
trum Analysis, which calculates eigenvalues and eigen-
vectors of a covariance matrix. The matrix is created
with M-lagged copies of vector time series, sampled at
equal intervals. Here we apply MSSA to search for spa-
tially coherent temporal patterns of DJF SLP, SST (sea
surface temperature) and precipitation. In this application
a time interval is one DJF season, and a time-lag win-
dow has M =80. Sensitivity of the results was tested with
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70 <M < 100, but were not found to alter our main find-
ings (not shown). MSSA was applied to data sets, with
dimensions reduced to the first 20 PCA components,
explaining generally more than 80% of variance. Statis-
tical significance of derived components has been tested
against a red noise hypothesis, using Chi-Square test.
Prior to conducting the analysis, data was interpolated to
a 5° X 5° horizontal grid, standardized to zero mean and
unit variance, and smoothed with a 15-year running mean
filter.

Linear regression analysis was performed between sea-
sonal (December—February) SLP, vorticity and precipita-
tion. The significance of the derived relationship was tested
with a F-statistic test for the analysis of variance. Prior to
the analysis data sets were standardized to zero mean and
unit variance.

The regional climate change analysis concentrates
on the Mediterranean region, defined by 30-45°N,
10°W—40°E (following MED region in AR5 IPCC report),
which includes two subdomains: 28-38°N, 10°W—40°E
and 38—47°N, 10°W—40°. As a reference period we use
the 1961-1999 and 2061-2099 DIJF seasons (hereafter
referred to as the present and future periods, respectively).
The length of 40 years was chosen to reduce the effect of
long-time scale internal variability and to ensure that suffi-
cient information is provided for statistical inference about
extremes. For calculation of fractional changes, the derived
changes were normalized by the values in the present
period (1961-1999).

The extreme precipitation analysis is based on the per-
centiles of daily total precipitation ratio and three indices.
Two indices are the ones suggested by the Expert Team on
Climate Change Detection and Indices (Klein Tank et al.
2009). These are seasonal (DJF) maximum 5-day pre-
cipitation totals (R5d) and 1-day precipitation total (R1d).
Additionally, the Generalized Extreme Value theory (GEV,
Coles 2001; Smith 2003; Wilks 2006) was applied to block
(seasonal) maxima in 40-year sample periods, to analyze
changes in terms of return values. Return values (RV) for a
given return period (T) are defined as values expected to be
exceeded once per T-years. RVs are estimated as quantiles
[(1 = 1/T)’th quantile] of a sample fitted to the GEV model.
For example the 90th quantile (10% exceedance prob-
ability) is an RV for T=10-year period. The analysis here
focuses on 10-year period RVs, because estimations for
longer periods (e.g. 50-year period with exceedance prob-
ability of 2%) is more prone to sampling errors and biases
due to limited information about the shape of a distribu-
tion, given relatively short samples. The GEV distribution
comprises three types [Gumbel, Frechet, Weibull (Jenkin-
son 1955)] of asymptotic extreme value distributions. Their
parameters (location, scale and shape) are estimated here
with the maximum likelihood method.
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Validation of a GEV-based extrapolation is limited,
although, the analysis here uses all available sources.
The assessment of the goodness of fit of the GEV model
involved a comparison of model-based and empirical esti-
mates of the distribution function using the Kolmogo-
rov—Smirnov goodness of fit test. Overall the test sug-
gests that the derived GEV fitting can provide reasonable
approximations of seasonal extreme precipitation. Most
coastal regions in the northern Mediterranean passed the
goodness of fit test, but the reliability in semiarid regions
(particularly northwest Africa) is limited.

3 Large-scale circulation and its impacts
on the mean Mediterranean hydroclimate

The observed winter Mediterranean climate is closely tied
to the atmospheric circulation over the North Atlantic.
Therefore in this section we validate the GFDL CM2.1 and
CM2.5 models’ ability to reproduce mechanisms govern-
ing the Mediterranean hydrological cycle. First we focus on
the simulated large-scale mean atmospheric state and pre-
cipitation fields over the North Atlantic—European sector.
In the further part we wish to obtain more comprehensive
information on the long-term climatic changes. We inves-
tigate the models’ skill in simulating multidecadal climate
variations over the North Atlantic and their relative impor-
tance for the Mediterranean hydroclimate. Spatio-temporal
patterns, dominating multidecadal variability of SST and
atmosphere, are extracted with the Multi-Channel Singular
Spectrum Analysis. The physical link between these pat-
terns and Mediterranean winter mean precipitation is diag-
nosed in the last part of the section.

3.1 Mean atmospheric state over the North Atlantic
and European sector

Circulation in the mid-latitudes is determined mostly
by the intensity of the meridional SLP gradient over the
North Atlantic (in other words the phase of the NAO, Hur-
rell et al. 2003), which governs the zonal mean flow and
directions of storm tracks transporting moisture towards
Europe. In case of a strong pressure gradient (NAO+),
the storm track becomes more zonal and hence precipita-
tion is directed more towards central Europe while a weak
gradient (NAO—) redirects cyclones with increased pre-
cipitation towards southern Europe and the Mediterranean
region. Strong, upper level westerlies between polar and
subtropical air masses over the Euro-Atlantic region, which
characterize the jet stream, are usually tilted towards the
north—east. This tilt is mostly associated with the land—sea
contrast. Models with low horizontal resolution often strug-
gle to correctly reproduce these features (Nakamura and

Wallace 1993; Woolings et al. 2010; Jung et al. 2012).
Therefore, mean flow and associated storm tracks simu-
lated with CMIP5 models (Zappa et al. 2013a, b) are often
too zonal and displaced southward. In CM2.5, which has
higher resolution than CMIP5 and its predecessor CM2.1,
this bias is considerably lower (Delworth et al. 2012; Yang
and Christensen 2012).

The comparison of simulated large-scale dynamical
fields with reanalysis data (Fig. 1, all fields smoothed to
5° x 5° lat-lon grid) shows that both GFDL models repro-
duce realistic mean airflow features. The sharpest SLP gra-
dient (where the NAO is located) is concentrated between
the Icelandic Low/Azores High: the regions with maximum
precipitation are collocated with the jet stream and storm
tracks. Nevertheless, the mean airflow in the low-resolution
CM2.1 shows a zonal bias (see contours of differences
between CM2.1 and observations), explained by Delworth
et al. (2012) with a too weak trough in the 500 hPa geo-
potential height over northeast North America. In CM2.5,
the mean airflow and precipitation patterns resemble the
observed geographical patterns more closely. Apart from
this, the finer orography yields a more realistic representa-
tion of precipitation over land. The patterns in CM2.5 are
more distinct and gradients are sharper, particularly for
coastal regions, e.g. the west coasts of the United King-
dom, Scandinavia and the Iberian Peninsula (as shown in
Delworth et al. 2012).

Figures 1 and 2 (left) also show that the skill of CM2.5
in simulating precipitation over the Mediterranean is also
improved, relative to the CM2.1. Although precipitation
across the CM2.1, CM2.5, 20CR and GPCC data sets does
not differ greatly, the positive bias over the northern Ibe-
rian Peninsula and negative bias over the Balkan Peninsula
(contours in Fig. 1) are distinctively reduced in CM2.5. It is
also worth noting that the 20CR precipitation data set itself
may have errors that contribute to the derived regional
biases. Krueger et al. (2013) suggested that the 20CR data
set, which relies on surface pressure, sea surface tempera-
ture and ice extent, contains temporal inhomogeneities. The
accuracy of the observations and their spatio-temporal cov-
erage underwent a significant improvement over time. This
most likely impacts the quality of the dataset and may limit
its suitability for certain types of analysis like the deriva-
tion of long-term trends.

The simulated daily heavy rainfall (90th percentiles)
also shows a very good agreement with observations
(Fig. 2 (right), CM2.5 with 0.5° X 0.5° and EOBS with
0.25° x 0.25° horizontal resolution), capturing the structure
and sharp gradients in the orographically complex subdo-
mains. In some regions (e.g. the northwest coast of the Bal-
kan Peninsula, the Alpine region and the west coast of Tur-
key) the simulated values are lower than the observed ones,
indicating a room for improvement, potentially obtained by
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Fig. 1 Precipitation [left, (mm/day)] and SLP [right, (hPa)] aver-
aged over the months of December—February for control run in the a
GFDL CM2.1, b CM2.5 model and ¢ reanalysis data (twentieth cen-
tury reanalysis). Contours in a and b show differences in reference

increasing horizontal resolution. Another analysis of pre-
cipitation simulated with CM2.5 can be found in Delworth
et al. (2012).

Overall, the higher resolution CM2.5 runs give bet-
ter representation of both the large-scale circulation and
regional-scale features of mean precipitation. These
improvements correspond with a high skill in capturing
regional daily precipitation extremes, most probably due to
improved representation of the storm tracks. Given the lim-
ited availability/reliability of the observations in the Medi-
terranean before satellite era, the CM2.5 long control run
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to the reanalysis, with negative values dashed. The variables shown
were interpolated to a common 5° X 5° grid and averaged over the
period 100-999 for CM2.1 and CM2.5, 1910-2010 for observations

can provide more plausible information. Therefore in the
remaining Sects. 3.2 and 3.3 we will mostly present results
from CM2.5.

3.2 Multidecadal scale climate variability in the North
Atlantic sector

The atmospheric large-scale circulation over the North
Atlantic, dominated by the NAO and East Atlantic (EA,
Barnston and Livezey 1987) patterns of variability, yields
a pronounced impact not only on the European but also on
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Fig. 2 (leff) Seasonal (DJF) monthly precipitation rate over land
areas for CM2.5 (mm/month) and observations (GPCC total
monthly means for period 1901-2010). Both variables are shown at
0.5° % 0.5° horizontal grid. (right) Seasonal (DJF) daily precipitation
90th percentiles ([mm/day] x 10]) for CM2.5 (0.5° X 0.5° horizontal

the Mediterranean climate. Both patterns are character-
ized with a meridional SLP dipole, except that the EA is
southwardly shifted relative to the NAO. The characteristic
anomalies have been shown (e.g. Trigo et al. 2002; Hur-
rell and van Loon 1997; Osborn et al. 1999; Seierstad et al.
2007; Vicente-Serrano and Lopez-Moreno 2008; Moore
et al. 2011; Moore and Renfrew 2012) to modulate the
mean airflow and location of storm tracks carrying mois-
ture towards Europe and North Africa, influencing the
hydroclimate in these regions. For example, a more positive
phase of the low-frequency NAO variability and associated
precipitation anomalies have been shown to significantly
contribute to the last three decades of drying in the Medi-
terranean region (Mariotti and Dell’Aquila 2012). Although
an origin of these changes is still a contestable issue (Kel-
ley et al. 2012), it can potentially hinder or conversely
amplify the signal of the anthropogenic climate change
response. Therefore in the following part we investigate
the skill of the model in simulating the low-frequency vari-
ability of NAO and EA and their impact on multidecadal
climate changes in the North Atlantic and European sector.

By applying MSSA to the CM2.5 long (1000 year)
control climate simulation, we isolate two coupled
ocean—atmosphere components, which dominate the
multidecadal scale regional climate variability. These
components are extracted from the SLP and SST time
series over the North Atlantic sector, and form physically

grid) and observations (EOBS, 0.25° x 0.25° resolution for 1960-
1999 period). For model output, DJF monthly means (left) and DJF
daily precipitation rate (right) from 900 to 999 years of control run
are used

consistent, spatially coherent temporal patterns of vari-
ability. Time scales of the components are ~45-48 years
(hereafter referred to as reconstructed component RC45)
and ~55-62 years (hereafter referred to as RC60). The
detected oscillations are statistically significant (at the 95%
confidence level) and robust against changes of the time-lag
parameter (70 <M < 100, see Sect. 2.2).

The opposite phases of the first dominant component,
RC45, is shown in Fig. 3a, b. Their spatial pattern, with a
characteristic dipole-structure of SLP and a tripole-struc-
ture of SST, strongly resembles the observed NAO signa-
ture. The SLP pattern is centered in proximity to the Ice-
landic Low and Azores High, with its dipole counterparts
being in strong antiphase. Time series of SLP reconstructed
for these regions (Fig. 4, RC SLP 30°—40°N, RC SLP
60°-70°N), confirm a strong anti-correlation and explain
up to 18% of decadal (smoothed with 15 year running mean
filter) SLP variance. The three-lobe SST pattern is centered
in the subpolar gyre, northern equatorial region and sub-
tropical gyre. It manifests mostly along the Gulf Stream
(30°-40°N, 70°-50°W), where it explains up to 27% of the
decadal SST variance.

The SST tripole corresponds with positive temperature
tendencies in the southeastern United States and Scandina-
via during the positive NAO phase (Fig. 3a), and negative
temperature tendencies over Greenland and North Africa,
which is consistent with observation-based studies (e.g.
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Fig. 3 Signature of the RC45
(a, b) and RC60 (¢, d) RC60
component in the CM2.5
model, during positive/nega-
tive (left/right) phase. Shown
are decadal change of SST (C°/
decade, shaded) and SLP (hPa/
decade, contours). Components
are derived from monthly
means of the CM2.5 control run
(1000 years)

Fig. 4 Time series of SLP (%/
decade) and its reconstruction
with the RC45 component, in
the region of the Icelandic Low
(NA 60°-70°N, blue) and the
Azores High. The variables
shown are standardized to zero
mean and unit variance
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Hurrel et al. 2003). The physical mechanism linking the
variations in the derived SLP and SST patterns has been
investigated in numerous observational, modeling and the-
oretical studies of North Atlantic climate variability (Deser
and Blackmon 1993; Kushnir 1994; Battisti et al. 1995;
Delworth 1996; Seager et al. 2000; Selten et al. 1999).
Consensus about the mechanism causing the reported SST
changes has not been reached, and this issue is beyond the
scope of this study.

The spatial patterns of the second dominant compo-
nent of multidecadal variations in the North Atlantic sec-
tor, RC60, is depicted in Fig. 3c, d. The features of the
simulated SLP anomalies closely resemble the observed
East Atlantic pattern (Barnston and Livezey 1987; Woo-
lings et al. 2010; Moore et al. 2011; Murphy and Washing-
ton 2001), with a SLP monopole in the vicinity of 52°N,
22.5°W and a side-lobe (Moore et al. 2013) in the subtropi-
cal region. RC60 manifests mostly in the variability of SLP
centered along 53°N, where it accounts for 23% of the dec-
adal SLP variance in this region. As Fig. 3c, d shows, the
amplitude in the tropical and subtropical North Atlantic is
smaller. However, standardized SLP changes (%), as well
as point-correlations between the regional RC60 SLP and
the SLP field (not shown) indicate that RC60 contributes
a comparable amount of variance in the mid-latitudes as in
the subtropics. The reconstructed variations of SLP (RC60
SLP) in those two regions, consistent with observations,
show an out-of-phase relationship. RC60 manifests also in
the regional SST, resembling a horseshoe pattern. Its con-
tribution to SST is smaller and concentrates mostly along
the south-western flank of the mid-latitude SLP center.
The maximum is located along the Gulf Stream northward
extension, where RC60 SST explains up to 10% of the dec-
adal SST variance.

The spatial features of the derived component corre-
spond well with the modeling study of Ruprich and Cas-
sou (2015), who also provided a physical explanation for
ocean—atmosphere interactions in this area. The authors
showed explicitly that low-frequency NAO and EA varia-
tions are tied to the Atlantic Meridional Overturning Cir-
culation, which determines the multidecadal timescale of
these atmospheric components.

An analysis of a long (4000 year) control run in the
lower resolution GFDL CM2.1 model (not shown) cor-
roborates spatio-temporal and physical fingerprints of the
derived dominant components of multidecadal variability.
It is also worth noting, that the SLP seesaw patterns, simu-
lated with GFDL CM2.1 and other coarse resolution mod-
els (Ruprich and Cassou 2015), agree with observations
to a relatively lesser extent than CM2.5 does. These spa-
tial biases are most probably linked to the zonal bias of the
mean mid-latitude circulation, which often characterizes
these models. This fact highlights the importance of spatial

resolution for simulating large-scale circulation variability,
as it also affects the regional Mediterranean climate and
weather.

The contribution of the low-frequency NAO- and EA-
type variations may be particularly important, when inves-
tigating anthropogenic/long-term changes in atmospheric
circulation over the North Atlantic and associated impacts
on the Mediterranean climate. Therefore in the following
section we will analyze the physical link between the NAO-
and EA-type components and the Mediterranean winter
hydroclimate, derived from the CM2.5 simulations.

3.3 Impact of multidecadal-scale atmospheric
circulation variability on the European
and Mediterranean hydroclimate

CM2.5 has been shown to have a high skill in simulating
the dominant components of the observed atmospheric cir-
culation over the North Atlantic. Therefore in this section
we wish to validate the CM2.5 skill in capturing the impact
of these components on the Mediterranean winter hydro-
climate. For this purpose we use a MSSA analysis, which
allows us to extract spatio-temporal patterns of precipita-
tion anomalies associated with the derived large-scale cir-
culation features. Regression analysis, applied to seasonal
(DJF) SLP, wind vectors, vorticity and precipitation, will
corroborate the suggested physical linkage.

Figure 5a shows that the anomalous atmospheric flow
over the North Atlantic, which describes RC45, manifests
also across Europe and the Mediterranean region. A cor-
responding sharp SLP gradient and westerly flow in the
mid-latitudes tilts over the land towards the northeast.
Cyclonic circulation anomalies in the mid-latitudes are
spread towards the British Isles and Scandinavia, while
anticyclonic anomalies in the subtropics extend towards the
western Mediterranean and Southern Europe. This circula-
tion pattern also corresponds with vorticity (Fig. 5a) and
precipitation (Fig. 6a) anomalies, depicted as zonal and
opposite-sign bands on the flanks of the SLP cells. The
subtropical band of anomalous vorticity and precipitation
is most pronounced over the North Atlantic, but it extends
further northeast from the coasts of northwestern Africa
and southern Iberian Peninsula towards the Balkan region
and the Black Sea.

An apparent correlation (Fig. 5a) between positive
(negative) SLP, negative (positive) vorticity anomalies and
drying (wettening) tendencies indicates a physically con-
sistent link, pointed out previously by Trigo et al. (2002).
The authors examined the impacts of synoptic time scale
NAO variability and found a very similar anomalous pre-
cipitation pattern for the high latitudes and subtropics.
They pointed out that modulation of the meridional circu-
lation cells adjusts vorticity fields and associated low-level
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convergence (divergence), which facilitates condensa-
tion of precipitable water and in effect leads to anomalous
precipitation.

Figure 6a describes in spatial detail the linkage between
modulated with RC45 meridional SLP cells over the North
Atlantic and precipitation changes in the Mediterranean. A

@ Springer

typical NAO-type SLP structure (as in Fig. 5a) is clearly
accompanied by a meridional contrast in precipitation
anomalies over most of the Mediterranean. An intensi-
fied (weaker) SLP gradient corresponds with negative
(positive) precipitation anomalies in the Iberian Peninsula
and Strait of Gibraltar, which extend across the northern
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Mediterranean up to the west coast of the Black Sea. In
contrast, precipitation anomalies located to the south of
this band (northeastern coast of Africa, Israel, and Syria)
show opposite tendencies. Intermediate phases (not shown)
between these two RC45 phases feature an almost neutral
SLP state and much weaker precipitation anomalies. The
latter ones, located in the northern subdomain are shifted
to the northeast, while those in the southern part are shifted
southwestward.

The simulated multidecadal NAO-type circulation
changes have the most profound impact on precipitation
(Fig. 6a, b) over the Iberian Peninsula and the west coast of
the Black Sea. The RC45 component (Fig. 7) explains up
to 26% of decadal precipitation variance in the southwest-
ern part of the Iberian Peninsula. These results are consist-
ent with findings of Mariotti Dell’Aquila (2012), who show
that the NAO explains over 30% of decadal precipitation
variability in DJF, as observed in Spain, Morocco, Italy
and the Balkans. Impact of R45 in the southeastern Medi-
terranean (northeastern flanks of Egypt and Israel) is less
pronounced, explaining up to 12% of variance (Fig. 7). The
regional time series (Fig. 7) for the northwest and southeast
parts of the Mediterranean depict a strong negative correla-
tion between these two regions, associated with the derived
atmospheric circulation pattern. This feature is consist-
ent with previous observational studies, investigating the
impacts of the NAO on European hydroclimate (Trigo
et al. 2002; Hurrell and van Loon 1997; Osborn et al. 1999;
Kelly et al. 2011).

The second component (RC60), resembling the atmos-
pheric Eastern Atlantic-type pattern, modulates the circu-
lation and hydroclimate in the Mediterranean analogously
to the NAO-type component (RC45). The action of RC60

is shifted southward, resulting in its impact on Mediterra-
nean also being shifted and less pronounced, than in RC45.
A regression of SLP and vorticity fields onto the RC60
SLP index, shown in Fig. 5b, depicts the spatial pattern
of RC60’s influence over Europe and the Mediterranean.
The figure shows that the anomalous circulation pattern in
RC60 (and associated anomalous vorticity and divergence)
extends from the subtropical North Atlantic towards the
southwestern flanks of the Mediterranean and tilts north-
east towards the Italian and Balkan Peninsulas.

Associated with this pattern are opposite-sign precipi-
tation anomalies between the Iberian Peninsula and the
west-central North Africa region (Fig. 6b). Negative (posi-
tive) SLP anomalies, centered at 53°N, correspond with
positive (negative) precipitation anomalies in the Iberian
Peninsula and Strait of Gibraltar. RC60 has the most pro-
nounced impact in this region (i.e. over the northwestern
part of the Iberian Peninsula), explaining up to 24% of the
decadal precipitation variance. Conversely, positive (nega-
tive) SLP anomalies in the subtropics correspond with dry-
ing (wettening) tendencies in the southwestern Mediter-
ranean (i.e. Morocco and Tunis). However, RC60 impacts
these regions to a much smaller extent. These precipitation
anomalies spread further, across the central Mediterranean
towards the Balkan Peninsula and Turkish coasts, consist-
ent with the pattern and smaller magnitude of the anoma-
lous SLP and vorticity fields. Observational studies have
paid less attention to the role of this pattern, likely due to
the insufficiently long data required to study its low-fre-
quency changes. Nevertheless, several studies have sug-
gested a non-negligible impact of the EA pattern on the
Mediterranean and western European climate through its
modulation of the NAO location.

Fig. .7' Tlme series qf DIJF > RC45 PP reg1
precipitation anomalies (nor- RCAS PP rea?
malized to unit variance and PP real 8
smoothed with 15-year running 1.5+ g

mean filter) and its reconstruc-
tion with RC45 component, for 1
the Azores High and Eastern
Mediterranean (regl: 31-37°N,
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Overall, in this section we have shown that the CM2.5
model simulates realistic features of the mechanisms
governing Mediterranean winter hydroclimate. They
are diagnosed here in the derived large-scale circula-
tion components that dominate multidecadal climate
variability in the North Atlantic sector. Both NAO- and
EA-type components substantially modulate the mean
atmospheric flow over Europe and North Africa, and
consequently the mean precipitation in these regions.
The simulated fingerprints of these components as well
as their impacts on European and Mediterranean hydro-
climate are consistent with observational, reanalysis-
derived, and some modeling studies. An additional find-
ing coming from our analysis relates to the origin of the
multidecadal components. This can not be inferred from
the instrumental records due to their limited length.
The long (1000 year) control run of CM2.5 shows clear
evidence that these multidecadal changes can originate
purely from unforced, internal processes of the climate
system. As the derived components have a pronounced
influence on the long-term changes of the Mediterranean
climate, their presence should be taken into account
while analyzing, detecting and attributing signals of cli-
mate change response.

4 Mean climate change projections, large-scale
and regional scale perspective

In this section we analyze the projection of the Medi-
terranean mean and extreme hydroclimate in the RCP8.5
scenario. Future mean climate is to large extent associ-
ated with changes in the mean ambient flow. Therefore,
the derived mean changes will be shown and discussed
in the context of large-scale climate conditions over the
North Atlantic and European sectors. Extreme precipi-
tation may be affected both by the increase of atmos-
pheric vapor, as well as large-scale circulation changes.
Therefore, changes of extreme precipitation in this
region are not necessarily expected to closely follow the
thermodynamic constraint, based on the Clausius—Cla-
peyron relation, neither to scale with the mean climate
change. Changes in precipitation extremes are analyzed
separately, using an approach of relative thresholds (i.e.
percentiles and return values, estimated based on the
GEV theory). The following two sections focus on the
winter (DJF) Mediterranean hydroclimate, derived for
the period 2061-2099 (future), relative to the present
period 1961-1999 (present). Fractional changes (%) are
also computed with respect to the present period [(future
minus present)/present].
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Fig. 8 Changes projected for winter (DJF) monthly a fractional
change of surface temperature (¥*100%), b sea level pressure (hPa,
color shaded) and zonal wind component (contours from —2.5 to
2.5 m/s), c total precipitation rate (mm/month) by 2061-2099, com-
pared to the present (future, 2061-2099 minus present 1961-1999
climate)

4.1 Large-scale circulation and mean precipitation
changes

Figure 8 shows maps of projected fractional changes in sur-
face temperature, changes in atmospheric circulation and
precipitation for the period 2061-2099. The main features
depicted here resemble the typical fingerprint of a global
warming response, featuring a poleward shift and intensi-
fication of meridional circulation cells. This is indicated
by a strengthening of the meridional SLP gradient between
the subtropics and mid-latitudes (the Icelandic Low). Con-
sistent with these changes is a strengthening of westerlies/
easterlies present on the poleward/equatorward flanks of
the intensified subtropical high. Poleward expansion of the
Hadley Cell has already been shown in many earlier studies
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to be a robust global-warming response, in turn associated
with a poleward shift and eastward extension of mid-lati-
tude westerlies and storm tracks (Lu et al. 2007; Yin 2005;
Bengtsson et al. 2006; Wu et al. 2011). Another robust fea-
ture of projected SLP changes, seen already in CMIP3 and
CMIP5 simulations (Giorgi and Lionello 2008; Giorgi and
Coppola 2007; ARS, IPCC 2007), is a maximum centered
over the central Mediterranean. Strengthening of anticy-
clonic circulation in this region will presumably increase
stability and create conditions less prone for the generation
of cyclones (Giorgi and Lionello 2008). Seager et al. (2014)
argued that this strong anomaly localized over Italy and the
Balkan Peninsula, seen also in a low-level high, increases
subsidence and mean flow moisture divergence leading to
strong drying in the region.

Increasing warming contrast between land and ocean,
present even in much earlier versions of general circulation
models (Manabe et al. 1990, 1991), could amplify the dry-
ing tendencies in the Mediterranean region. Derived frac-
tional changes in surface temperature (Fig. 8a) show a stark
contrast between rapidly warming land and slowly warming
ocean with minima located along the cold currents: Lab-
rador and Canary Currents. The western Mediterranean
(Northwest Africa, Iberian Peninsula) is largely affected by
moisture transport from the ocean, limited by the cold and
less-evaporative circumfluent Canary Current. Therefore,
disproportional warming between these land and ocean
regions, accompanied with constrained (with muted warm-
ing and evaporation) ocean moisture transport, will likely
decrease relative humidity and precipitation (Fasullo 2010;
Joshi et al. 2007; Byrne and O’Gorman 2015) in the west-
ern Mediterranean coasts.

Projected precipitation changes (Fig. 8c) are in gen-
eral agreement with the above-described circulation and
temperature changes. The northward shift and strengthen-
ing of the North Atlantic mean airflow corresponds well
with the large-scale poleward shift of precipitation. Nega-
tive precipitation anomalies are centered between 30° and
40°N, consistently with the subtropical high and associated
divergence and trade winds in this region. These conditions
spread eastward, promoting more stable conditions and
reduced precipitation across most of the Mediterranean.

Projected fractional changes in precipitation (Fig. 9c)
show two maxima. The first one is located in the semi-arid
Northwest Africa, where precipitation is reduced up to 50%
by the end of the twenty-first century. The second one is
concentrated in the central and eastern Mediterranean, i.e.
the Balkan Peninsula and a large fraction of Turkey (~25%),
where changes reach to —25%. The pronounced and statis-
tically significant (at the 5% level) decrease expands also
over other regions, e.g. the Iberian Peninsula (up to 20%),
or the Italian Peninsula (~10%), which have in general
relatively large mean precipitation ratios. In contrast, the

northern flanks of the Mediterranean region experience a
transition towards “wetter” conditions prevailing over the
mid-latitudes. Positive changes occur in northern Italy, Slo-
venia, and the Black Sea region.

This strong bipolar behavior is depicted in Fig. 9, which
shows the temporal evolution of precipitation changes in
the northern and southern subdomains of the Mediterra-
nean region. Figure 9a shows a general reduction in winter
precipitation for the whole Mediterranean region. Yet in the
twentieth century and in the beginning of the twenty-first
century, this time series shows pronounced multidecadal
variability. A gradual decrease starts dominating the signal
in the 2030s/2040s. Figure 9b shows a regional contribu-
tion to the signal, with a strong, downward trend apparent
in the southern subdomain from the mid twentieth century.
In contrast, changes in the northern Mediterranean show
weak upward tendencies and strong multidecadal-scale var-
iability prevailing for most of this time.

These features are consistent with the large-scale
response of the hydrological cycle to global warming.
Thermodynamic factors i.e. increasing atmospheric water
vapor in a warming climate (Held and Soden 2006; Chou
et al. 2009) are expected to intensify the hydrological cycle,
leading presently dry subtropical regions into drier condi-
tions and presently wet mid-latitudes into wetter condi-
tions. For the semiarid Mediterranean region these changes
can be even more intensified by dynamic factors such as a
poleward expansion of the Hadley Cell and the associated
northward shift of storms (Yin 2005; Lu et al. 2007; Wu
et al. 2011).

Figure 9a, b also shows that the evolution of reanalyzed
and observed precipitation (20CR and GPCC) is quite dif-
ferent from the simulations. Observation-based changes are
several times larger than the projected response. Observed
tendencies for the second half of the twentieth century indi-
cate a very strong decrease, and also show much greater
variability, especially on multidecadal time scales. Addi-
tionally, a strong decrease is apparent in both southern and
northern domains of the Mediterranean. This is consistent
with the observed (Kelley et al. 2011) and simulated (in
CM2.5) NAO fingerprint and different from the climate
change fingerprint simulated in CM2.5. Therefore the
observed decrease could be indicative of the dominating
impact of internal variability in the current state of climate,
which is consistent with our modeled results.

4.2 Large-scale circulation and daily precipitation
changes in the Mediterranean

Mid-latitude storm systems, governed by the mean flow
over the North Atlantic, last on average 4-8 days and
carry large amounts of moisture. Therefore, they have a
pronounced impact on daily extreme rainfall. Associated
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Fig.9 Changes in simulated and reanalyzed/observed seasonal
(DJF) mean total precipitation rate (mm/month) for the Mediter-
ranean region. Time series are calculated with respect to the pre-
sent (1961-1999) for the a 30-45°N, 10°W—40°E; b southern (S,
28-38°N, 10°W—40°E) and northern (N, 38-47°N, 10°W-40°E)
subdomains. Shown are time series of a CM2.5 (black bold and thin
line), twentieth Century Reanalysis (20CR, green) and GPCC (blue);

storm surges pose a serious threat to coastal regions,
with topography and circumfluent ocean currents poten-
tially amplifying their impact. These processes can only
be explained in a coupled atmosphere—ocean high-res-
olution modeling framework. This can be seen to some
extent in the seasonal (DJF) precipitation maps (Fig. 8c),
which show strong projected increases for the western
North European coasts (UK, Norway) and decreases con-
centrated along the western coasts of the Mediterranean
(north-western Morocco, Algeria and the south-west-
ern coast of Turkey, the Iberian and Balkan Peninsula).
However, changes in daily precipitation could have an
even larger magnitude and impact. Hence in this section
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b CM2.5 (red, black), twentieth Century Reanalysis and GPCC for S
and N regions. All time series, except CM2.5 (black thin line) in a,
are smoothed with 10-year running mean filter. All data sets except
GPCC provide data for the land and sea regions. ¢ Fractional changes
(*100%) in projected seasonal (DJF) mean precipitation by 2061—
2099, for regions with daily ratio larger than 0.1 (mm/day). Changes
significant at the 5% level are marked with black dots

we focus on projected changes in daily precipitation
extremes.

Figure 10 shows projected fractional changes in the
10th and 90th percentiles of winter (DJF) daily precipita-
tion ratios for the North Atlantic, Europe and North Africa,
up to the end of the twenty-first century. Spatially coher-
ent, large-scale features of derived precipitation changes
are physically consistent with the accompanying seasonal
changes in atmospheric circulation and SST, as well as the
corresponding increase in land-sea temperature contrast
(Xie et al. 2010). The projected changes in low percentiles
(Fig. 10a) of precipitation show a pronounced decrease
in many regions. Over the North Atlantic this decrease



Impact of large-scale circulation changes in the North Atlantic sector on the current and future... 2053

30w 0
[T

m—

. - 30E
TR
2 03 04 05

-05 -04 -03 -02 -0.1 O 0.1 O

Fig. 10 Fractional changes in projected for winter (DJF): a 10th and
b 90th percentile of daily precipitation rate (¥*100%), by 2061-2099,
compared to 1961-1999, for regions with 50th percentile larger than
0.1 (mm/day)

is collocated with divergent anomalies in the subtropics,
south of the Gulf Stream, and a relatively low ratio of SST
increase. Wetting tendencies along the warm Gulf Stream
and drying tendencies along the cold Labrador and Canary
Currents together form a spatially coherent pattern, which
is physically consistent with intensifying meridional cells,
trade winds and their impact on the wind-driven North
Atlantic gyre. Strengthened trade winds, corresponding
stronger upwelling, and cooling SSTs along the Canary
Current promote even more stable and dry conditions in the
neighboring semi-arid regions.

These regions, particularly the Iberian Southeast and
the NW African coast, have extremely low rainfall, which
makes them very vulnerable to precipitation changes. As
Fig. 10a shows, the most remarkable fractional changes
are seen in Northwest Africa, the southern Iberian Pen-
insula and along the circumfluent Canary Current, where
the decrease exceeds 50%. These tendencies are apparent
for both lower and higher (5th, 15th, and 50th percentiles)
percentiles.

The decrease depicted here extends over most of the
Mediterranean region, with secondary maxima located over
the Italian and Balkan Peninsula and southern Turkey. The
severe changes in the 10th percentiles shown here imply

a higher probability of drought conditions and longer dry
spells. Similar conclusions were drawn from the AGCM
projections of Kitoh and Endo (2016), who analyzed sea-
sonal (DJF) maximum numbers of consecutive dry days.
These authors have also found a large increase in this index,
reaching 50% along the cold Canary Current, the northwest
African coast, and also the eastern Mediterranean.

Changes in the 50th percentiles (Suppl. Fig. 1) show a
similar pattern for the Mediterranean region. The magni-
tude of changes is smaller and reaches a maximum along
the Northwest African coast (40%), south Iberia, the Bal-
kan Peninsula and the southern coast of Turkey (up to
25%).

Projected changes for the 90th percentiles of daily pre-
cipitation (Fig. 10b) show a different spatial pattern, indica-
tive of different factors playing a role. Positive anomalies
centered over the North Atlantic mid-latitudes and negative
anomalies in the eastern subtropics, resemble a pattern of
storms supplying moisture to the northernmost flanks of
the Mediterranean and Europe. Compared with lower per-
centiles (50th), the increasing tendencies extend farther
south toward the northern regions of the Iberian and Italian
Peninsulas, the Adriatic Sea and the neighboring Croatian
coast as well as the northern part of Turkey. Negative ten-
dencies persist only in northern Africa.

Figure 11 shows projected changes in three precipitation
indices by the end of the twenty-first century. These are
seasonal 1- and 5-day maxima of daily precipitation, and
return values for a 10-year return period, derived through
asymptotic GEV theory approximation. In general, the
geographical pattern of the projected changes for R5d and
R1d is similar to that derived for seasonal mean changes
(Fig. 9). However, the fraction of the area with positive ten-
dencies is larger and expanded southward. The pattern for
the R5d index (Fig. 11a) features a distinct contrast between
the northern and southern domains, with positive changes
in the former and negative changes in the latter. R5d is pro-
jected to increase by 10-15% in the central part of Iberian
Peninsula, the French coast, and almost the whole Italian
Peninsula. R5d has a regional maxima increase of ~30%
in the Croatian coast. Changes in many of these regions
(e.g. the African coast) are statistically significant. Pro-
jected changes in R1d closely resemble the previous pat-
tern, with positive changes being more prominent, and the
north—south contrast shifted southward. For example: Wet-
ting tendencies expand in the Iberian Peninsula and reach
a 25% increase there, 20% in Italy, and become significant
even at the 5% level. Positive changes cover Corsica and
the whole Balkan Peninsula. Decreasing changes in the
southern subdomain cover less area, have smaller magni-
tude and are less significant.

Changes in the upper limits of the extremes, approxi-
mated by GEV theory, emphasize the previously indicated
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Fig. 11 Fractional changes

(*100%) for winter projections
(DJF) 2061-2099: a R5d, 5-day
maximum precipitation total,

b R1d, 1-day maximum daily
precipitation total; ¢ 10-year
return values. Return values are
approximated with the GEV
theory, using daily precipitation
maxima of each DJF season.
Changes in a and b passing the
Wilcoxon Signed rank test at
the 10% significance level are

marked with black dots
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“wetting” tendencies. Fractional changes in 10-year return
values (Fig. 11c) show an expanded pattern of heavy rain-
fall increase, notably covering the whole Iberian Peninsula
except its semi-arid Southeast. The decrease persists along
the Northwestern African coast. Nevertheless it is worthy
to note that the GEV approximation in this region didn’t
pass the Kolmogorov—Smirnov goodness-of-fit test, indi-
cating a lower reliability of the derived estimation.
Consistent with the 1-day maxima, the most consider-
able increase (up to 35%) occurs in the northern regions of
Spain, the Alps, the Adriatic Sea and the Black Sea regions.
This may pose a serious threat for the coastal parts of those
regions, which are most sensitive to atmospheric condi-
tions, and where rainfall is usually much higher than over
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inland regions (e.g. Black Sea). In some regions (e.g. maxi-
mum in the Iberian Peninsula, east coast of the Black Sea,
where the GEV did not pass goodness of fit test) the cumu-
lative distribution function approximated using the GEV
is larger than the fitted data, suggesting that the derived
changes in heavy rainfall RVs could be overestimated.
Tendencies of the here derived precipitation extremes
show general agreement with the CMIP3 and CMIP5 multi-
model assessments (Toreti et al. 2013; Kharin et al. 2013).
Toreti et al. (2013), who used eight high-resolution GCMs,
found increases in 50-year General Pareto Distribution
Return Values in winter. Kharin et al. (2013) found similar
tendencies for 20-year GEV Return Values of annual daily
precipitation in CMIP5 multi-model ensemble. A study of
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Kitoh and Endo (2016), which employed a 20-km resolu-
tion AGCM, shows that heavy precipitation events will
intensify despite mean drying tendencies in the Mediterra-
nean. Downscaling estimations of Paxian et al. (2015) indi-
cate bipolar tendencies for the future winter season, includ-
ing wetting and drying tendencies over the northern and
southern Mediterranean, respectively. At the same time, the
authors show that precipitation extremes will intensify over
large areas and even in the regions with strong mean drying
(e.g. southern Europe and Turkey). These high-resolution
studies corroborate our results, and underline an increasing
risk of hydro-meteorological type disasters especially in the
coastal zones of the Mediterranean.

5 Summary and conclusions

Winter Mediterranean hydroclimate is shaped to a large
extent by a complicated topography, air—sea interactions,
and large-scale tropical and mid-latitude atmospheric circu-
lation. Consequently it exhibits spatial complexity and pro-
nounced temporal variability across daily-to-multidecadal
time scales. These features were till now posing a challenge
to the current CMIP5 generation of models. Either horizon-
tal resolution of these models and/or their representation of
the physical mechanisms are not satisfactory to skillfully
represent winter climatology of the Mediterranean region.
In this article, we tackled the question of how large
changes of both mean and extreme winter Mediterranean
precipitation may be at the end of the century. A state-
of-the-art high-resolution general circulation model was
applied to simulate both pre-industrial states and future
climate scenarios. This study shows that the CM2.5 high-
resolution model (~0.5°) produces not only refined regional
scales of derived Mediterranean climatology, but also
more realistic large-scale atmospheric circulation features,
which influence the regional climatology. Representation of
the mean flow over the North Atlantic is much improved
in CM2.5, compared to the low-resolution CM2.1 model,
exhibiting a pronounced zonal bias. Substantial reduction
of this bias in CM2.5 highlights importance of high hori-
zontal resolution, which enables more realistic representa-
tion of land-sea contrast, and consequently improves the
representation of the jet stream and mean atmospheric cir-
culation. Corresponding to this improvement, we obtain a
better representation of climatological precipitation, which
includes the reduction of positive and negative biases in the
Mediterranean region (for the Iberian Peninsula and Bal-
kan Peninsula respectively). The improved representation
of large-scale ambient flow over the North Atlantic, which
largely controls the storm tracks location, likely contributed
to the realistic representation of the Mediterranean daily

precipitation extremes (e.g. 90th percentile of daily precipi-
tation in DJF).

CM2.5 also reliably simulates variability of the large-
scale circulation (i.e. NAO- and EA-type), which impacts
winter Mediterranean hydroclimate. Our analysis corrobo-
rates some of the previous studies, which highlight a domi-
nant effect of the NAO pattern (Kelley et al. 2012; Trigo
et al. 2004; Mariotti and Dell’Aquilla 2012). For example
Kelley et al. (2012) argued that past three decades of drying
over the Mediterranean are to a large extent caused by the
negative phase of the multidecadal NAO variations.

Previous generations of models (CMIP3 and CMIPS)
proofed their capability to simulate the observed atmos-
pheric large-scale circulation patterns over the North Atlan-
tic and Europe, e.g. the NAO, active on time scales span-
ning from synoptic to decades. In this research, we used
a long CM2.5 control run (1000 year) to show that this
variability exists on multidecadal time-scales, can originate
purely from internal climate variations, and have a suffi-
ciently large impact to modulate (either hinder or amplify)
the anthropogenic climate change signal. Therefore, impact
of these low-frequency variations may be particularly
important when investigating the Mediterranean climate
changes.

The detailed spatio-temporal features of the derived
climate oscillations may serve as fingerprints for the attri-
bution of recently observed changes, and differentiation
against the radiatively forced climate change response. The
oscillatory features of these components, most probably
associated with the low-frequency ocean dynamics, make
them also potentially useful for predictability purposes.

Overall, the results of the analysis provide robust argu-
ments for CM2.5 to be more credible at regional and
larger scales than low-resolution models like CM2.1 or the
CMIP5 model suite in representing the mean and variabil-
ity of the winter Mediterranean hydroclimate. These argu-
ments give us confidence to carry out further analysis. This
analysis provides a picture of anthropogenic climate change
by the end of twenty-first century under conditions speci-
fied by the RCP8.5 scenario.

Large-scale changes projected with the CM2.5 model
for the Mediterranean winter hydroclimate are in general
agreement with those derived from CMIP3 (IPCC 2007)
and CMIP5 (IPCC 2014) simulations. Our analysis shows,
a distinct drying in the southern, semi-arid part of the Med-
iterranean and slight wetting tendencies in the northern,
relatively wet part, that are consistent with the thermody-
namic consequence of increasing atmospheric temperature
(Held and Soden 2006; Seager et al. 2010). These changes
correspond well with changes in general circulation mani-
fested by the intensification of the meridional circulation
cells, expansion of the Hadley Cell, and a northeastward
shift of storm tracks (Yin 2005; Lu et al. 2007; Wu et al.
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2011), the fingerprint of global warming. It is also worth
noting that the CMIP3 and CMIP5 multimodel future pro-
jections produce quite remarkable spread in simulated trend
of winter Northern Annular Mode- and NAO-type meridi-
onal circulation cells. While the CMIP3 ensemble provides
univocal results of strengthening of the meridional cells,
the CMIP5 ensemble shows considerable intermodel dif-
ferences (Cattiaux and Cassou 2013). A comparison with
CM2.5 may provide important insights, having direct
implications for the Mediterranean hydroclimate. We leave
this issue for further investigations.

Spatial patterns and tendencies of projected Mediterra-
nean precipitation are also largely consistent with the pat-
terns and tendencies simulated in CMIP3 and CMIPS5 pro-
jections (Giorgi and Lionello 2008). However, the spatial
gradients are sharper and magnitudes are larger. Very large
fractional and absolute changes in mean precipitation are
found along the west coasts of the Balkan Peninsula and
Turkey. Mean precipitation in these regions is projected to
decrease by the end of twenty-first century up to —20 and
—25%, respectively. Precipitation along some regions of
Northwest Africa is projected to decrease up to —50%. The
strong drying tendency in the southwestern Mediterranean
is possibly related to both divergence of moisture and the
intensifying temperature contrast between slowly warm-
ing SSTs along the Canary Current and rapidly warming
land. This highlights the necessity for having realistically
resolved climate and weather at regional scales in order
to provide information relevant for communities at a local
level.

Projections of daily precipitation show that extremes of
the hydrological cycle will strongly intensify. However, the
tendencies and spatial patterns are more distinct than the
mean changes. There is a large decrease in the low percen-
tiles (5th, 10th, 15th) of daily precipitation apparent in the
whole region. Projected reductions, with maxima located
in the northwest Africa coast and southeast Iberian Penin-
sula (~50%), the Balkan Peninsula and Turkey (30—40%),
suggest longer dry spells, consistent with Kitoh and Endo
(2016).

Moreover, some regions like the Iberian Peninsula will
be affected by both more frequent drought conditions and
also more intense extreme rainfall. Large increases (up
to 40%) in 10-year precipitation return values will affect
parts of the Italian and Balkan Peninsula, Turkey and
some regions of the Iberian Peninsula. This strengthens the
notion that increasing atmospheric moisture content in a
future warmer world will play an important role in shaping
regional extreme weather.

The intensification of heavy rainfall is not present eve-
rywhere. In the coastal regions of northwest Africa, all
extreme rainfall indices analyzed in our study scale with
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the mean tendencies and consistently show decreases,
most probably caused by a regional impact of land—-sea
warming contrast and air—sea interactions involving the
Canary Current. This again emphasizes the complexity of
Mediterranean climate and weather and hence the impor-
tance of the physical processes resolved with high-resolu-
tion modeling.

In our study we focus mainly on hydroclimatic changes
projected under the RCP8.5 scenario at the end of the
twenty-first century. Nevertheless, anthropogenic forc-
ing may have an inconsequential impact much sooner. As
we have shown, internal climate variations have a very
important contribution, especially in the present climate.
However their role is shown here to diminish within the
next two-to-three decades. The evolution of spatially
averaged precipitation indices over the Mediterranean
sub-regions suggests that the impact of global warm-
ing will emerge from internal climate variations in the
2030-2040s.

The changes projected for the coming decades may
have dramatic consequences for regional societies. More
frequent extreme weather events may lead to their eco-
nomic losses, but also impact their health, cultural her-
itage, and ecosystems. Severe drying and probability of
drought conditions, impacting particularly the southern
region, will negatively influence water access, industry,
agriculture and ecosystem. Associated with these condi-
tions food-, and socio-economic insecurities may trigger
migration of the populations and increasing number of
refugees and displaced people (EEA 2016). In contrast,
precipitation extremes, intensifying especially in the
northern region, may increase the probability of flood-
ing and have a widespread impact, including regional
infrastructure (e.g. transport, power and water supplies),
tourism, health and security. The knowledge about the
high risk related to the emerging climate phenomena
may serve as an important trigger for building resilience
within populations at risk, and hence support initiatives
like climate change adaptation.
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