Climate Dynamics
https://doi.org/10.1007/500382-021-05765-1

=

Check for
updates

Observational analysis of decadal and long-term hydroclimate drivers
in the Mediterranean region: role of the ocean-atmosphere system
and anthropogenic forcing

Roberto Suarez-Moreno'® - Yochanan Kushnir' - Richard Seager'

Received: 30 June 2020 / Accepted: 8 April 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Using observations and reanalysis, we develop a robust statistical approach based on canonical correlation analysis (CCA) to
explore the leading drivers of decadal and longer-term Mediterranean hydroclimate variability during the historical, half-year
wet season. Accordingly, a series of CCA analyses are conducted with combined, multi-component large-scale drivers of
Mediterranean precipitation and surface air temperatures. The results highlight the decadal-scale North Atlantic Oscillation
(NAO) as the leading driver of hydroclimate variations across the Mediterranean basin. Markedly, the decadal variability
of Atlantic-Mediterranean sea surface temperatures (SST), whose influence on the Mediterranean climate has so far been
proposed as limited to the summer months, is found to enhance the NAO-induced hydroclimate response during the winter
half-year season. As for the long-term, century scale trends, anthropogenic forcing, expressed in terms of the global SST
warming (GW) signal, is robustly associated with basin-wide increase in surface air temperatures. Our analyses provide
more detailed information than has heretofore been presented on the sub-seasonal evolution and spatial dependence of the
large-scale climate variability in the Mediterranean region, separating the effects of natural variability and anthropogenic
forcing, with the latter linked to a long-term drying of the region due to GW-induced local poleward shift of the subtropical
dry zone. The physical understanding of these mechanisms is essential in order to improve model simulations and predic-
tion of the decadal and longer hydroclimatic evolution in the Mediterranean area, which can help in developing adaptation
strategies to mitigate the effect of climate variability and change on the vulnerable regional population.

Keywords Climate variability - Hydroclimate drivers - Sea surface temperatures - Atmospheric circulation - Anthropogenic
forcing - Multivariate analysis

1 Introduction

The Mediterranean basin is a region of varied landscapes,
ranging from coastal wetlands and semi-arid steppes to high
mountains and deserts. The region experiences a wet sea-
son that extends from October to May, and a dry often hot
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and sultry summer from June to September (Kottek et al.
2006). It is frequented by droughts and water resources
are often scarce. Climate models project a trend towards
greater aridification of the Mediterranean region in response
to rising greenhouse gases (GHGS), a trend that is detect-
able in observations (Somot et al. 2008; Kelley et al. 2012a,
b; Seager et al. 2014, 2019; Zappa et al. 2015; Tang et al.
2018). According to the special report of the Intergovern-
mental Panel on Climate Change (IPCC 2018), the increase
in global mean temperatures could, at the current rate of
warming, reach 1.5 K and more before the mid-twenty-first
century relative to the middle of the nineteenth century,
leading to unprecedented climate-related risks and extreme
weather events. Indeed, Zittis et al. (2019) point out that this
warming rate has already been reached in the Mediterranean
region, where temperatures are expected to increase by 20%
more than the global average, and winter precipitation is
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projected to decrease by as much as 7 mm/K in the central
and southern areas (Lionello and Scarascia 2018). Moreover,
the Mediterranean region is an area of social and political
instability, human migration and, in the Middle East, open
violent conflict. Though the main drivers of Mediterranean
migration patterns are primarily economic and political, cli-
mate change and environmental stress may play an indirect
or subsidiary role (De Haas 2011; Kelley et al. 2015; Cramer
et al. 2018).

As proposed in a series of works based on both obser-
vations and simulations with general circulation models
(GCMs), the Hadley circulation widens and weakens under
global warming (GW), causing a poleward shift of the sub-
tropical dry zone in both hemispheres (Hu and Fu 2007;
Gastineau et al. 2008; Hu et al. 2013). In a recent analysis,
Grise et al. (2019) showed that tropical expansion in atmos-
pheric reanalyses is consistent with that simulated by Cou-
pled Model Intercomparison Project Five (CMIP5) models.
The latter show an emerging agreement that both increasing
GHGs and stratospheric ozone depletion contributed to the
widening of the Hadley circulation during the late twenti-
eth century, and that the expansion trend will continue as
GHG:s keep increasing, although ozone recovery will oppose
this in the southern hemisphere (Lu et al. 2007; Tao et al.
2016; Grise et al. 2019). In the northern hemisphere, the
GHG-induced tropical expansion to date is considerably
smaller than in the Southern Hemisphere, remaining diffi-
cult to detect under a background of large natural variability
(Grise et al. 2019). Thus, identifying the poleward shift of
the descending branch of the Hadley circulation and how it
would affect the climate in the Mediterranean region might
be complicated.

On decadal time scales, climate variability in the Euro-
Mediterranean region is primarily governed by the North
Atlantic Oscillation (NAO). The NAO is the most promi-
nent mode of multi-scale, internal variability in the North
Atlantic sector. The spatial pattern of the NAO depicts a
north—south oscillation in atmospheric mass, with pressure
centers over Iceland and the subtropical Atlantic and Ibe-
rian Peninsula (Hurrell 1995; Jones et al. 1997) that drives
large-scale atmospheric circulation variability from the polar
to subtropical Atlantic and adjacent continental landmasses
(e.g., Hurrell et al. 2001, 2003; Visbeck et al. 2001; Hur-
rell and Deser 2009). The NAO is more pronounced dur-
ing boreal winter, modulating the direction and strength of
westerly winds, the intensity and frequency of storms, heat
and moisture transport (Seager et al. 2020). However, the
origins of NAO decadal and longer-term variability are not
well understood and are subject to constant debate.

Relevant to the scope of this work is the decadal-scale
NAO variability (hereinafter DNAO). The DNAO has
been proposed to lead oceanic Atlantic multidecadal SST
variability (AMV) during the observed record (Li et al.
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2013; McCarthy et al. 2015). The conjectured mechanism
suggests ocean—atmosphere interaction and oscillatory
behavior on multidecadal time scales (e.g., Visbeck et al.
2003; Sun et al. 2015; Delworth et al. 2017), even though
observational evidence for this behavior is tenuous. In
any case, regardless of the underlying mechanism of this
hypothetical DNAO-AMYV feedback, the merged effect of
both phenomena on the Mediterranean hydroclimate has
not been addressed so far. Often referred to as the Atlantic
Multidecadal Oscillation (AMO), the AMV is expressed
as decadal-to-multidecadal, basin-wide, spatially-uniform
North Atlantic SST variability (e.g., Kushnir 1994; Schels-
inger and Ramankutti 1994; Enfield et al. 2001; Ting et al.
2009). The AMYV has been linked to low-frequency hydro-
climate variability in Europe, North America, Africa and
even India (Sutton and Hodson 2005; Knight et al. 2006;
Zhang et al. 2007; Sutton and Dong 2012; Ghosh et al.
2017; O’Reilly et al. 2017; Qasmi et al. 2017; Ruprich-
Robert et al. 2017; Zampieri et al. 2017; Arthun et al.
2018), albeit its influence on Mediterranean rainfall and
surface air temperatures is mostly restricted to summer,
even though the AMV impact on winter temperatures in
the eastern Mediterranean and Middle-East has been con-
jectured (Ting et al. 2011).

Beyond AMYV, it has been suggested that decadal SST
variations in the Mediterranean Sea and Pacific Ocean can
impact the North Atlantic-Europe atmospheric circulation.
Idealized SST anomalies (SSTA) prescribed in the Mediter-
ranean Sea in a GCM generates a circumglobal teleconnec-
tion that induces anomalous DNAO conditions (Li 2006;
Garcia-Serrano et al. 2013). That said and as far as decadal
variability is concerned, it should be noted that Mediterra-
nean SSTA have been proposed to be dynamically induced
by the AMV through atmospheric processes (e.g., Marullo
et al. 2011; Mariotti and Dell’Aquila 2012; Ruprich-Robert
et al. 2017). Regarding the Pacific Ocean, decadal SST vari-
ability is dominated by the Interdecadal Pacific Oscillation
(IPO), a large-scale, long period oscillation of SSTs that
is seen as the decadal expression of the El Nifio-Southern
Oscillation (ENSO) phenomenon (e.g., Meehl et al. 2013;
Zhang et al. 2019). The discussion of the influence of IPO on
the Mediterranean ocean—atmosphere system is limited to a
few observational studies. Multidecadal variability of winter
cyclones in the Mediterranean region was shown to fluctuate
according to IPO-induced changes in the large-scale atmos-
pheric circulation over the North Atlantic (Maslova et al.
2017). In other works, the combined effects of the IPO and
El Nifio-Southern Oscillation (ENSO) were linked to global
hydroclimate variability in general, and Mediterranean wet-
dry changes in particular (Mariotti et al. 2002, 2005; Wang
et al. 2014). Finally, Dong and Dai (2015) used observations,
reanalysis products and model simulations to analyze the
IPO influence on temperature and precipitation worldwide,
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finding a negative correlation with surface air temperatures
across the Mediterranean-Middle East.

In summary, the origin of the large-scale atmospheric cir-
culation that determines decadal hydroclimate variability in
the Mediterranean region during the half-year wet season is
not well known. It might be internal atmospheric variabil-
ity, with the DNAO playing an outstanding role, or it could
arise from ocean—atmosphere interactions, within which the
AMYV, TIPO and Mediterranean Sea decadal SST variability
play a role. However, the effects of these phenomena on the
Mediterranean climate have been addressed separately, so
any combined effect would have been overlooked. On longer
time scales, it will be necessary to characterize and quantify
this marked natural variability in order to detect and isolate
the anthropogenic forced trend in the Mediterranean region,
as well as the associated hypothesized northward expansion
of the Hadley cell.

Motivated by the uncertainties raised above, we use a
multivariate analysis method based on canonical correlation
analysis (CCA) to robustly explore the leading decadal-to-
long-term drivers of Mediterranean hydroclimate variability.
The CCA method has been applied in previous studies to
investigate the main coupled circulation-rainfall patterns in
the Mediterranean region on decadal and longer time scales.
These studies focused on relating large-scale atmospheric
circulation at different tropospheric levels to the variability
and trends of Mediterranean precipitation during the sec-
ond half of the twentieth century (Diinkeloh and Jacobeit
2003; Xoplaki et al. 2004). In a similar context, Mariotti
and Dell’Aquila (2012) used linear correlation applied to
observational datasets spanning the period 1850-2009 to
explore large-scale forcings of decadal climate variability in
the Mediterranean area. Distinctively, our CCA analyses are
conducted in a novel way with combined, multi-component
large-scale drivers of Mediterranean precipitation and sur-
face air temperatures to evaluate the effects of large-scale
atmosphere variability, SST variability and anthropogenic
forcing on precipitation and surface air temperatures in
3-month periods covering the half year (October-to-March)
wet season. On the one hand, the results of this work cor-
roborate the expected rising trend of winter temperatures
under anthropogenic forcing and the dominant role of
DNAO-related natural variability when it comes to precipi-
tation during the winter peak season. On the other hand, our
key findings show an outstanding role for AMV in enhanc-
ing the impact of DNAO on winter precipitation and surface
air temperatures that would have been overlooked so far.
Furthermore, our results denote a GW-induced drying trend
in accordance with the projected GHGs-forced aridification
of the Mediterranean region, showing that a local northward
shift of the subtropical dry zone over the basin is in process.

The study is structured as follows. Section 2 is devoted
to data and methodology, presenting the statistical approach

that gives rise to the results shown later in Sect. 3. Finally,
the conclusions and discussion are presented in Sect. 4.

2 Data and methods
2.1 Data

We use precipitation and surface air temperatures data
(hereinafter PCP and TEMP respectively) from the Climate
Research Unit (CRU) Time-Series (TS) version 4.02 of high
resolution (0.5°%0.5°) gridded monthly data, spanning the
period 1901-2017 (Harris et al. 2020). Due to observational
uncertainty in the Mediterranean region, particularly for pre-
cipitation (Zittis 2018), CCA analysis was also performed
using high resolution (0.5° % 0.5°) data from the Full data
Reanalysis of the Global Precipitation Climatology Centre
(GPCC; Schneider et al. 2013). The results found do not
differ significantly from those corresponding to CRU, which
are presented in this work.

For SST, we use version 5 of the Extended Reconstructed
Sea Surface Temperature (ERSST) dataset from the National
Oceanic and Atmospheric Administration (NOAA). The
ERSST v5 is derived from the International Comprehensive
Ocean—Atmosphere Dataset (ICOADS), and is presented on
a2.0°x2.0° grid with spatial completeness enhanced by sta-
tistical methods (see Huang et al. 2017 for extended details).

To examine circulation variability we use version 3 of
the NOAA-CIRES-DOE Twentieth Century Reanaly-
sis (20CRv3). This reanalysis uses a state-of-the-art data
assimilation system applied to surface observations of syn-
optic pressure within NOAA’s Global Forecast System with
prescribed sea ice distribution and SST. The 20CR uses an
ensemble filter data assimilation technique which directly
estimates the most likely state of the global atmosphere for
each 3-h period, also estimating uncertainty in the reanaly-
sis. The most recent version used in this work (V3), provides
8-times daily estimates of global tropospheric variability
across 1.0°x 1.0° grids, covering 1836-2015 (Compo et al.
2011; Slivinski et al. 2019) and solves some data problems
found in previous versions. Here we use surface pressure,
sea level pressure (SLP), geopotential heights, horizontal
wind components and specific humidity. The core of our
analysis is based on SLP, being a reliable parameter because
of the aforementioned assimilation procedure. Results based
on other parameters should be interpreted more cautiously.

Additional calculations are performed from reanalysis
variables. The low-level atmospheric thickness is computed
as the difference in geopotential height between the 700
and 850 hPa pressure levels. The moisture transport is com-
puted as the product of horizontal wind components (V,,)
and specific humidity (g), whereas the mean flow moisture
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flux convergence (MFC) is calculated at each pressure level
as follows:

MFC=-V-(qV,) ==V,-Vqg—4qV -V, 1)

where V =i(d/0x) +j(0/dy) and V,, = (u, v). In Eq. (1), the
first and second terms to the right are calculated separately
and represent the horizontal advection of specific humidity
and the product of the specific humidity and horizontal mass
convergence respectively (i.e., advection and convergence
terms of MFC). Positive (negative) values indicate mois-
ture convergence (divergence). The terms related to MFC
and moisture transport are vertically integrated between the
200 and 1000 hPa pressure levels following the trapezoidal
method. Likewise, thermal advection is calculated at each
pressure level as:

—V - (TV,) ==V, -VT =TV -V, 2)

The thermal advection is vertically integrated between
the 700 and 850 hPa pressure levels. Finally, we quantify the
strength and geometry of the Hadley circulation in terms of
the mean meridional mass stream function (see e.g., Cook
2004 for detailed explanation). In all cases, we refer to
anomalies calculated as departures from the climatologi-
cal mean. For the best evaluation of decadal variability and
long-term trends, we focus on the longest period common to
the datasets used, namely 1901-2015. Nonetheless, the cal-
culations were also performed from 1921 onwards owing to
uncertainties in rainfall observations for the first decades of
the twentieth century. These uncertainties are likely related
to fewer precipitation observations during the early twentieth
century and the reliance on diverse methods to fill in these
gaps in the different observational datasets (see Sun et al.
2018). The results found did not differ significantly from the
longer period exposed herein.

2.2 Canonical correlation analysis

CCA is a widely used statistical method intended to identify
maximally correlated time and space features between two
multivariate, random variables, of which one is designated
as explanatory and the other as the response. Analytical pas-
sage of this methodology in a multidisciplinary context can
be found in Thompson (2000) among others. This multivari-
ate analysis identifies a number of independent “canonical
modes” that are linear combinations of the explanatory vari-
ables (EVs) and the response variables (RVs), respectively,
which maximize the linear correlation between them (e.g.,
Green 1978; Green and Carroll 1978). A review of concepts
that appear recurrently throughout this work and are essen-
tial for mechanistic interpretation of the results is provided
in Appendix 1.

@ Springer

In climate studies, CCA is often applied when seeking
the relationship between two time varying, space depend-
ent fields, e.g., SST and SLP. Based on physical consid-
eration and the direction of assumed causality, one of these
fields may be considered explanatory (EV) and the other the
response (RV). CCA then seeks to identify patterns within
the explanatory field that best correlate (and explain) select
patterns of variability in the response field. Because climate
fields are spatially overdetermined (that is their space dimen-
sion does not represent their true number of degrees of free-
dom) it is customary to represent each field in the truncated
space of their leading space-dependent empirical orthogonal
functions (EOFs) and corresponding Principal Components
(PCs) time series (e.g., Barnett and Preisendorfer 1987). The
procedure then applies singular value decomposition (SVD)
to the covariance matrix between the two sets of PCs. In this
framework, CCA and SVD are intended as approaches for
estimating a time series from a time-dependent vector and
vice versa, and can be associated with climate variability in
terms of regression maps (see full analytical development
in Widmann 2005). The left and right matrices that solve
the diagonalization of the covariance matrix provide the
coefficients needed to calculate the left and right canonical
variate, which are the linear combination of the left (EV)
field PCs that best correlate with the corresponding linear
combination of the right (RV) field PCs. The resulting pairs
of canonical variates are independent of one another and
are mutually orthogonal (for extended description and an
algebraic representation of the procedure see Barnett and
Preisendorfer 1987; Bretherton et al. 1992; Wilks 1995 and
Hair et al. 2010 among others). The success of this method
depends on the selection of the variables and the PCA trun-
cation. Unlike its usual application, we use CCA in a novel
way to explore the contributions of individual EVs (or a
combination thereof) when the EV set is not composed of
PCs for the same field, but are a series of time-dependent,
multi-component indices of ocean—atmosphere variability
known to influence the Mediterranean hydroclimate (see
Sect. 1).

Specifically, we quantify and qualify the roles of (i)
decadal atmospheric variability, (ii) decadal SST variabil-
ity associated with the Atlantic (AMYV), Pacific (IPO) and
Mediterranean Sea (MED) basins, and (iii) anthropogenic
forcing (i.e., the GW-induced change, represented by glob-
ally averaged SST). The EV set is thus constructed from
the leading PCs of SLP in the North Atlantic-Europe-Med-
iterranean sector along with PCs calculated from SST, and
the GW index. The guidelines to assess the contributions of
individual EVs are detailed in Appendix 2.

It is important to recall that CCA is a multivariate regres-
sion technique to maximize correlation. Therefore, linear
dependencies among individual EVs, the so-called multicol-
linearity, can obscure the weight of individual contributions,
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limiting or impeding their interpretation. Multicollinearity is
avoided when only PCs of a given field are used within a set of
variables since, by construction, the EOFs retain orthogonality
(i.e., all variables come from the truncated EOF space). Oth-
erwise, multicollinearity among a given set of variables will
confound the ability of the technique to isolate the contribution
of any single variable, making its interpretation less reliable.
Consequently, we need to examine multicollinearity within
EVs before applying the CCA. This is done using the variance
inflation factors (VIF) method (see Appendix 3).

3 Explanatory variables (EV)

Since atmospheric circulation variability, especially the
DNAQO, is known to play the dominant role in driving the
Mediterranean climate, the leading SLP PCs in the North
Atlantic-Europe-Mediterranean sector are part of the EV set.
Regarding oceanic EVs, we select the leading PCs of SST in
order to obtain the AMO, IPO and MED indices. To deter-
mine these SST-based time series we first calculate the GW
index using yearly averaged global SST between 45°S and
60°N, due to low SST data coverage outside this latitude band
(e.g., Baines and Folland 2007; Deser et al. 2010). In this way
we intend to more precisely attribute surface air temperatures
and precipitation anomalies in the Mediterranean region to
internal atmospheric variability, SST variability and anthro-
pogenic forcing, or a combination thereof. Yearly averages are
calculated from July to June to be centered in the winter half-
year study period (October-to-March). To highlight the low-
frequency, secular trend in the GW index, the resulting time
series is filtered using a low-pass Butterworth filter (order 4)
with a cut-off period of 40 years. The Mann constraint of mini-
mum slope is applied to account for trends at boundaries. This
method reflects horizontally the time series at the extremes
and can be overly conservative regarding trends (Mann 2004,
2008). The Mann method is used throughout this study each
time a low-pass filter is applied. The resulting GW index is a
good approximation to the observed, externally forced GHGs
signal (Ting et al. 2009). As in previous studies, the GW effect
on regional SST anomalies is then removed from the yearly
SST field by regressing out the GW index at each grid point
to obtain the residual SSTA. Since the impact of GW on SST
is not spatially uniform, the first step consists in regressing the
yearly SSTA onto the GW index:

SSTApat, = ). SSTA! - GW/ 3)

where i is the spatial index that defines each grid point, j
is the time index (number of years), SSTA’l. is the original
SST field, GW is the GW index calculated as shown above,
and SSTApatf is the GW-induced SSTA pattern between
45°S and 60°N, which serve to weight the residual SSTA

calculation at each grid point, so that for each year, the SSTA
pattern times the GW time series is subtracted from the orig-
inal SSTA to define the SSTA residue:

SSTAres; = SSTA, — SSTApat, - GW 4)

Next, and prior to EOF analysis, a low-pass Butterworth
filter (fourth order) with a 10-year cut-off period is applied
to the non-standardized residual SSTA to remove interan-
nual variability. This methodology was previously applied
in Trenberth and Shea (2006) and Mohino et al. (2011,
2016). Extended details can be found in those works. The
results shown henceforth are not sensitive to the exact low-
frequency cut-off period. The EOF analysis is then applied
to the covariance matrix of time-filtered residual SSTA
separately over the Atlantic (excluding the Mediterranean
Sea) and Pacific Ocean basins, and the Mediterranean Sea.
The PCs associated with these leading EOFs correspond to
the AMO, IPO and MED indices (Fig. 1a), explaining 30,
30 and 75% of SST variance for the Atlantic and Pacific
Oceans and the Mediterranean Sea, respectively. The spatial
SST patterns associated with AMO, IPO, MED and GW are
calculated by regression of residual SSTA onto their cor-
responding indices (Fig. 1b—e).

The PCs time series of SLP are calculated over the sector
70 W—60 E and 20-80 N. The longitudinal range is extended
with respect to that often used for NAO definitions to cover
a greater eastern extension that completely encompasses
the Mediterranean region of study. In the same way it was
done for the SST field, we calculate the SLP residual field
by regressing out the GW-related SLP trend. In this case,
calculations are performed for the winter half-year (October-
to-March). We consider four SLP PCs that in combination
retain 79% of decadal SLP variance (Fig. 2a) and 47, 13, 11
and 8% individually. Their associated spatial patterns are
calculated by regression of the residual SLP field onto the
PCs (Fig. 2b—e). The leading EOF (PC1) is identified as the
DNAO (Fig. 2b). The decadal October-to-March station-
based indices of the NAO following Hurrell (1995) and
Jones et al. (1997) were compared with the DNAO signal
computed here and had correlations of 0.79 and 0.81 respec-
tively, significant at the 0.05 level under Ebisuzaki testing
(Ebisuzaki 1997). The DNAO and the other SLP PCs repre-
sent decadal atmospheric circulation variability within the
EV set that influence Mediterranean hydroclimate.

The time series of the four leading PCs of SLP are
placed together with the AMO, IPO, MED and GW indi-
ces as columns of the EV matrix. Next, to assess multicol-
linearity within the EV set, we use the VIF method (see
Appendix 3). Briefly, the closer the VIF value is to 1.0,
the lower the linear dependence between individual vari-
ables or a combination thereof (e.g., Zuur et al. 2010). As
expected (e.g., Marullo et al. 2011), the VIF reaches a
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Fig. 1 Indices of decadal SST variability (PCs) and their associated
spatial patterns calculated from the leading empirical orthogonal
functions (EOFs). EOF analysis is applied over low-frequency filtered
(using a low-pass Butterworth filter with a 10-year cutoff period)
anomalies of residual SST in each independent ocean basin. The GW
index is calculated on the globally averaged SST between 45S and
60 N and serves to estimate residual SST (see details on calculations
in Sect. 2.3). a The 1901-2015 standardized AMV (orange line),

value of 6.33, which is the result of high and significant
correlation (0.78) between the AMV and MED time series.
Consequently, the information in the AMV and MED
time series can be considered redundant. Thus, applying
VIF analysis to the EV set after removing either AMV
or MED indices provides values of 3.31 and 1.84 respec-
tively. Therefore, due to closer linear independence (i.e.,
a VIF value closer to 1.0), we use the MED index as the
explanatory variable that represents Atlantic-Mediterra-
nean decadal SST variability, renaming the index and its
associated SST pattern as AMDYV hereinafter. The results
in case of selecting the AMV index as representative of
the leading SST variability in the Atlantic-Mediterra-
nean sector reproduce those shown here. The EV set is
thus composed of the four leading SLP PCs in the North
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MED (green line), IPO (blue line) and GW (burgundy line) indices
obtained with ERSSTv5 data set. b SST (K std™!) pattern calculated
as the regression of anomalous residual ERSSTv5 onto the AMV
index. (¢) As for (b) but for the MED index. d As for (b) but for the
IPO index. e GW pattern calculated as the regression of the GW
index onto anomalous (non-residual) ERSSTv5. The percentages of
explained variance from EOF analysis are 30, 75 and 30% for AMYV,
MED and IPO respectively

Atlantic-Europe-Mediterranean region along with the
AMDYV, IPO and GW indices.

3.1 Response variables (RV)

The RV set is defined using an EOF analysis of Mediter-
ranean (10 W—45E, 30-45 N) PCP and TEMP during the
time-evolving, overlapping 3-month intervals from the sum-
mer-to-autumn, i.e., August—September-October (ASO), fol-
lowed by September—October-November (SON) and so forth
up to March—April-May (MAM), all together encompass-
ing a total of 8 individual 3-months intervals, respectively.
The EOF analysis is computed on the seasonal anomalies
averaged in these 3-month bins with the reference year
being the year of the last month. Thus ASO, SON and OND
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Fig. 2 Indices of decadal SLP variability (PCs) and their associated
spatial patterns calculated from the leading empirical orthogonal
functions (EOFs). EOF analysis is applied over low-frequency filtered
(using a low-pass Butterworth filter with a 10-year cutoff period)
anomalies of residual SLP over the North Atlantic-European sector
(70 W-60 E, 20-80 N) (see details on calculations in Sect. 2.3). (a)
The 1901-2015 standardized DNAO (SLP PC1) (blue line), SLP PC2
(orange line), SLP PC3 (yellow line) and SLP PC4 (purple line) time

correspond to the years 1901-2014, while the remaining
3-month periods correspond to the years 1902-2015. PCP
anomalies are standardized as it is common practice for
variables that exhibit non-normal distributions (e.g., Com-
rie and Glenn 1998; Hamann and Wang 2006). The trend is
not removed from individual RVs since we are interested in
attributing it to a plausible external cause. Prior to EOF anal-
ysis, a Butterworth low-pass filter of order 4 with a 10-year
cut-off period is applied to extract decadal and longer time
scales. Note that there is no multicollinearity between indi-
vidual RVs due to orthogonality between EOFs. Given the
8 possible combinations of 3-month periods (ASO, SON,
OND, NDIJ, DJF, JFM, FMA, MAM) and 2 fields (PCP,
TEMP), we count a total of 16 case studies (RViPCP and

1980 1990 2000 2010

PC2 SLP

13%

20w

8% PC4 SLP

01 02 03 04 05

series obtained from EOF analysis applied on anomalous SLP data
from NOAA-CIRES-DOE 20CRv3 reanalysis data set. b DNAO SLP
(hPa std™") pattern calculated as the regression of anomalous residual
SLP onto the DNAO index. ¢ As for (b) but for the PC2. d As for
(b) but for the PC3. (e) As for (b) but for the PC4. The percentages
of explained variance from EOF analysis are 47, 13, 11 and 8% for
DNAO, SLP PC2, SLP PC3 and SLP PC4 respectively

RV,"E*MP where i=1, 2,..., 8). The CCA is applied for each
EV-RV;, combination. All individual variables (time series)
within EV and RV; are standardized prior to CCA to have
unit variance.

The number of single variables (i.e., PCs) that make up
each RV, depends on the cumulative explained variance
from EOF analysis on both PCP and TEMP fields, which are
depicted in Table 1. The calculations involve a total of 112
EOFs with their associated PCs time series and spatial pat-
terns (not shown). We account for seven individual variables
(i.e., PCI to PC7) within RV,"", which retain percentages
of variance explained in PCP between 72% (SON and OND)
and 79% (JEM). Note that a greater number of PCs, which
therefore increases the retained explained variance in PCP,
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Table 1 Cumulative explained

: N No. of EOFs (PCs) 1 2 3 4 5 6 7
variance in the truncated EOF
space PCP ASO 0.20 0.34 0.45 0.54 0.63 0.69 0.74*
SON 0.18 0.31 0.44 0.53 0.60 0.66 0.72*
OND 0.17 0.32 0.45 0.55 0.63 0.68 0.72*
NDJ 0.23 0.39 0.51 0.60 0.65 0.71 0.76*
DJF 0.28 0.43 0.55 0.64 0.69 0.74 0.78*
JFM 0.28 0.43 0.53 0.61 0.69 0.74 0.79*
FMA 0.21 0.36 0.47 0.57 0.65 0.70 0.74*
MAM 0.18 0.34 0.46 0.55 0.63 0.69 0.74*
TEMP ASO 0.77 0.88 0.92 0.95% 0.96 0.97 0.98
SON 0.65 0.86 0.91 0.94* 0.96 0.97 0.98
OND 0.55 0.85 0.90 0.94* 0.96 0.97 0.98
NDJ 0.55 0.80 0.88 0.92% 0.95 0.96 0.97
DIJF 0.62 0.78 0.88 0.92% 0.94 0.96 0.97
JFM 0.65 0.82 0.90 0.93* 0.95 0.97 0.98
FMA 0.66 0.85 0.92 0.94* 0.96 0.97 0.98
MAM 0.70 0.87 0.93 0.95* 0.97 0.98 0.99

Asterisks denote the explained variance retained by the number of EOFs (PCs) selected for CCA analysis.
The number of individual components within each RV; is determined by those values

was not found to significantly modify the results. As for
RViTEMP, four individual response variables are considered,
keeping between 92% (NDJ and DJF) and 95% (ASO and
MAM) of variance explained in TEMP.

4 Case studies

By construction, the maximum number of canonical modes
that can be extracted from the two sets of variables equals
the number of variables (columns) in the smaller matrix, EV
or RV. The first pair of canonical variates (first canonical
mode) is determined so as to have the highest intercorrela-
tion between a linear combination of the EV and the cor-
responding linear combination of the RV. The second pair
of canonical variates is then determined so that it exhibits
the optimal relationship between the two sets of variables,
not accounted for by the first pair of variates and so forth.
Successive pairs of canonical variates are based on residual
variance, and their respective canonical correlations become
smaller as each additional function is extracted. Therefore,
successive canonical time series (pairs of canonical variates)
are orthogonal (i.e., uncorrelated) and independent of all
other canonical time series derived from the same dataset.
Given that the EV set contains a total of seven individual
variables (DNAO, PC2g; p, PC34; p, PC4g; p, AMDYV, IPO,
GW), the CCA provides seven canonical modes for each
PCP case study (seven PCP PCs were retained for RViPCP)
and four canonical modes for each TEMP case study (four
TEMP PCs were retained for RV,"™MP). From a total of 49
canonical modes for PCP and 28 for TEMP, we explore
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those canonical modes for which the contribution of indi-
vidual EVs, or a combination thereof (if any) is found to
be significant. Given that the variance explained by suc-
cessive canonical modes decreases progressively, the most
consistent results according to statistical significance (see
Appendix 2 for extended information) are found within
the three leading canonical modes in all cases. From these
leading modes, we select two sequences spanning 3-month
periods for both PCP and TEMP. This selection is based
on a consistent and coherent evolution of the canonical
variates from ASO to MAM. These sequences of canoni-
cal PCP and TEMP variates undergo mechanistic explora-
tion. As shown in the next section for both fields, one of the
sequences exhibits oscillatory behavior in terms of decadal-
to-multidecadal variability, while the remaining sequence
of canonical modes depict an evident long-term trend on a
secular scale with a certain oscillatory behavior.

5 Results
5.1 Long-term temperature drivers

The first sequence of canonical TEMP modes show the lead-
ing role of the GW signal expressed by high and significant
values of canonical cross-loadings (Fig. 3; left column).
The four leading PCs of residual SLP that represent internal
atmosphere variability do not make significant contributions,
although the contributions of DNAO and the SLP PC2 are
comparatively high from DJF to FMA (Fig. 3m—s). Regard-
ing the SST-forced component of TEMP, despite relatively
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Fig.3 First sequence of canonical TEMP modes obtained from CCA
applied between the EV and RV sets. Results are shown for canoni-
cal EV cross-loadings (left column; unitless), canonical RV loadings
(middle column; unitless) and pairs of canonical EV-RV variates
(right column; std deviation). See Appendices 1 and 2 for detailed
explanations on CCA results. Individual EVs are identified by colors:
DNAO (blue), SLP PC2 (orange), SLP PC3 (yellow), SLP PC4 (pur-
ple), AMDV index (green), IPO index (turquoise) and GW index
(burgundy). Individual RVs correspond to TEMP PCs from 1 to 4.
Color shaded bars denote statistical significance of canonical load-
ings and cross-loadings at the 0.05 (95%) level under a non-paramet-
ric Ebisuzaki test. Canonical correlations (R) and their correspond-
ing shaded variances (R?) are indicated for significant canonical
modes under objective selection criteria (see Appendix 2 for details).
Canonical EV (RV) variates are depicted by grey (orange) lines.
The results are shown for 3-month periods as follows: August-to-
September (ASO; a—c), September-to-November (SON; d-f), Octo-
ber-to-December (OND; g-i), November-to-January (NDIJ; j-1),
December-to-February (DJF; m-o), January-to-March (JEM; p-r),
February-to-April (FMA; s—u) and March-to-May (MAM; v—x)

high canonical cross-loadings associated with the AMDV
for SON and OND, their values are not statistically signifi-
cant (Fig. 3d—g). The TEMP response is entirely represented
by the leading TEMP PCs (Fig. 3; middle column), which
retain the highest percentages of TEMP variance, between
55% for OND and NDJ, and 77% for ASO. There is a sig-
nificant contribution of TEMP PC3 in FMA (Fig. 3t), even
though it is associated with low (7%) TEMP variance. The
variances explained in TEMP by the successive EOF modes
are shown in Table 1 in terms of their cumulative values.
Consequently, the canonical variates exhibit a clear posi-
tive long-term trend, slightly modulated by non-significant
contributions of internal atmospheric and SST-forced multi-
decadal variability (Fig. 3; right column). In all cases, high
canonical correlations ranging from 0.94 in OND to 0.98 in
ASO, JFM and MAM point out robust statistical associations
likely involving real physical processes.

There is general consensus that increasing concentrations
of anthropogenic GHGs are responsible for rising world-
wide temperatures due to radiative forcing (e.g., Myhre et al
1998; Collins et al. 2006; Feldman et al. 2015). In line with
these works, the canonical EV variates are highly dominated
by the GW signal, fully explaining the variance in TEMP
throughout the Mediterranean region (Fig. 4; left column),
which in turn is represented by the leading TEMP PCs. The
sign of the response is obtained by regression of observed
TEMP anomalies onto the canonical EV variates, showing
significant ubiquitous warming over the whole Mediterra-
nean basin (Fig. 4; right column). Warming is more pro-
nounced in the Mediterranean western half, with maximum
values in North Africa and the Iberian Peninsula and sec-
ondary maxima in the Middle East. Seasonally, warming is
less intense during the boreal winter months (NDJ and DJF),
probably due to amplification of GHG-induced warming by
land surface feedback in the fall and spring months.

6 Decadal temperature drivers

The second sequence of canonical TEMP modes depict
multidecadal variability (Fig. 5). By construction, this
sequence operates on residual TEMP after removing the
effect of long-term trends contained within the first sequence
of canonical modes, and therefore it can be assumed to rep-
resent natural TEMP variability. Robust canonical modes
extend from SON through JFM expressed by significant
canonical correlations of 0.76, 0.81, 0.91, 0.93 and 0.87
for SON, OND, NDJ, DJF and JFM respectively. On the
contrary, the canonical modes for ASO, FMA and MAM
(see Fig. S1) are discarded as they do not meet one or more
selection criteria exposed in Appendix 2. Relevant contri-
butions to canonical EV variates are attributed to DNAO
and AMDV from SON (Fig. 5a) to JFM (Fig. 5j) in terms
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Fig.4 Explained variance
(unitless) in TEMP by the
canonical EV variates at each
grid point (left column) and
spatial patterns of TEMP (K
std™!) obtained by regression of
TEMP onto the canonical EV
variates (right column). Results
are shown over the Mediter-
ranean (10 W—45 E, 3045 N)
study region. Stippling denotes
statistical significance at the
0.05 (95%) level by applying
non-parametric Monte Carlo
testing. The results correspond
to the first sequence of signifi-
cant canonical TEMP modes
and are displayed for 3-month
periods as follows: ASO (a-b),
SON (c—-d), OND (e-f), NDJ
(g-h), DIF (i-j), JEM (k-1),
FMA (m-n) and MAM (o—p)

of significant canonical EV cross-loadings. The significant
DNAO input remains in JFM while the AMDV contribution
vanishes (Fig. 5Sm). Significant TEMP responses from SON
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to DJF are led by the second TEMP PCs (Fig. 5; middle
column), the third PCs being also significant for SON and
DIJF (Fig. 5b-k). As for JFM, TEMP RVs are dominated by



Observational analysis of decadal and long-term hydroclimate drivers in the Mediterranean...

canonical EV  canonical RV

canonical EV (grey)-RV (orange) variates

cross-loadings loadings
A T & & R
QA Lo
2 O
SEELTLGF & ¥ & 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
08 a b 198 B TR T T T T T TR O R =[058 13
0.6 06 P
0.4 I 0.4 1
=02 02 f 3
0 e i —— —_ =10 Bl Ll L AL NN AL LT L] P LU INCLE L L)L INC L P L L ] )] 40
N 0.2 |:| O [
-0.4 0.4 [ 3-1
-0.6' 106 F 3-2
-0:8 e E 1. 1 1 L 1 L L L | L 1 3 '3
0s d e 08 [f Ri< 0.81 | RZ1</0/661
0.6 ‘ 06 F =
L E AAR <
no.2 0.2
2 0 o - =10 0
O-02 D D“ I b )OV MY T X1 "
0.4 0.4 -
-0.6 0.6 [ 4-2
0.8 0.8 [ i3
T E T T T T T T T T TT T T3
08 g h 08 © j R=0.91 R?=0.83
0.6 06 32
0.4 I 04 | A /\ 3
—0.2 0.2 Ao\
0 =g D — \7/\v N7 AN A /< 0
Z .02 |:| D 02 | 5 [/ v i1
0.4 0.4 B
-0.6 1-0.6 3-2
-0.8 -0.8 3.3
T T T T F T T T T T T T T T T 3 3
08 k 08 ¢ | R=0.93 R2=0.86
0.6 06 F E
04 04 | /\ 1
B it T
0 O = Tl v/ 0
=) i ! il
% 22 HINGINA
-0.6 1-0.6 -2
-0.8 -0.8 3.3
08 ' m n los FO 1T i i T ‘R=‘087‘ R2‘=0‘7673
0.6 06 F . y P
0.4 0.4
S SN AVAAW ;
T o — L1 =) 0 N 4 0
—-0.2 |:| I:l . -0.2 | W =
-0.4 -0.4
0.6/ 0.6 -2
0.8; 1-0.8 L 1 1 1 1 I I I I i1 L L 1-3
I 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
OIIICE L LSS
GG & LL L
SLLL T & o 2 o
h QT RTRT R

Fig.5 The same as Fig. 3 but for the second sequence of canonical TEMP modes. The results are shown for significant canonical TEMP modes
in terms of seasonal means for 3-month periods as follows: SON (a—c), OND (d—f), NDJ (g—i), DJF (j-1) and JMF (m-o)

significant contributions of PC3 and PC4 (Fig. 5n) (Per-
centages of explained TEMP variance associated with each
PC are displayed in Table 1 expressed by cumulative val-
ues). The resulting canonical EV and RV variates (Fig. 5;
right column) depict oscillatory behaviors from SON to DJF
(Fig. 5c-1), with a marked negative trend from the 70 s to a
minimum by 1990, followed by an upward trend (Fig. 5i—0).
The behavior is the same for JFM, but the positive trend

in recent decades is attenuated. The variance explained in
observed TEMP anomalies by the canonical EV variates
shows significant signals over the eastern Mediterranean
region for SON, OND and NDJ (Fig. 6a—e), weakening for
DJF and vanishing for JFM as the signal becomes signifi-
cant in the northern part of the study region (Fig. 6g—i).
The regression of TEMP anomalies onto the canonical EV
variates denotes a zonal dipole of significant anomalies with
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Fig.6 The same as Fig. 4 but for the second sequence of canonical TEMP modes. The results are shown as seasonal means for 3-month periods

as follows: SON (a-b), OND (c-d), NDJ (e-f), DJF (g-h) and JMF (i-j)

positive (negative) values to the east (west) for SON, OND
and NDJ (Fig. 6b—f), the amplitude of the positive signal
weakening in the east for DJF and JFM as negative anoma-
lies spread eastward (Fig. 6h—j).

To explore the SST and SLP patterns associated with
the second sequence of canonical modes, we regress the
observed anomalies of both fields onto the canonical EV var-
iates (Fig. 7; left and right columns respectively). The result-
ing SSTA maps resemble the SST pattern corresponding to
the AMDV time series (cf. Fig. 1b—c), in cases for which
significant contributions of AMDV were found within the
EV set (SON to DJF; Fig. 7a—g). The North Atlantic Ocean
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pattern exhibits a SST tripole in JFM (Fig. 7i) that resembles
the positive phase of the North Atlantic SST Tripole (NAT),
which has been singled out as the NAO-forced response of
North Atlantic SST via atmospheric forcing, primarily by
surface heat fluxes and Ekamn currents (Seager et al. 2000;
Czaja et al. 2003; Visbeck et al. 2003; Sun et al. 2015).
Indeed, we attribute this positive NAT-like pattern to the
preponderant contribution of negative DNAO in JFM (see
Fig. 5Sm). Consistently, the regression onto anomalous SLP
displays a meridional SLP dipole pattern akin to the DNAO
structure over the North Atlantic-Europe-Mediterranean
sector as the winter peak season approaches (Fig. 7; right
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Fig.7 Spatial patterns obtained by regression of canonical EV vari-
ates for the second sequence of canonical TEMP modes. (left col-
umn) Regression onto anomalous SST (K std™h). (right column)
Regression onto anomalous SLP (hPa std™'). A green contour box
indicates the Mediterranean (10 W—45E, 3045 N) study region. Stip-

column). These SST-SLP associations show an increasing
(decreasing) DNAO (AMDYV) influence on TEMP variability
as time evolves from fall to winter, representing the optimal
ocean—atmosphere state to influence the multidecadal TEMP
response over the Mediterranean study region.
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pling denotes statistical significance at the 0.05 (95%) level under the
Monte Carlo method. The results are shown as seasonal means for
3-month periods: SON (a-b), OND (c-d), NDJ (e—f), DJF (g-h) and
IJMF (i-j)

To examine the physical mechanisms behind the associa-
tions between the TEMP responses and the SST-SLP pat-
terns, we first explore the anomalous low-level atmospheric
thickness associated with the canonical EV variates (Fig. 8;
left column). The intra-seasonal variation of the anomalous
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Fig.8 Spatial patterns obtained by regression of canonical EV vari-
ates for the second sequence of canonical TEMP modes. (left col-
umn) Regression onto anomalous low-level atmospheric thickness
(m std™"). Stippling denotes statistical significance at the 0.05 (95%)
level. (right column) Regression onto vertically integrated thermal
advection (10 K Kg m~2 s™! std™!) and regression onto horizontal
wind components (m s~! std™!) at the 850 hPa reference level. Only
significant values are shown for thermal advection at the 0.05 (95%)
level. Green arrows denote significant wind at the same 95% level.
See Sect. 2.1 for details about calculations. Statistical significance is
evaluated under the Monte Carlo method. A green contour box indi-
cates the Mediterranean (10 W—45E, 30—45 N) study region. The
results are shown as seasonal means for 3-month periods: SON (a-b),
OND (c-d), NDJ (e-f), DJF (g-h) and JMF (i-j)

low-level atmospheric thickness is consistent with the evolu-
tion of TEMP anomalies in a way that low-level tropospheric
expansions (shrinkages) closely matches positive (negative)
TEMP anomalies (cf. Fig. 6; right column), indicating air
warming (cooling) in the lower troposphere. The large-scale
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anomalous atmospheric circulation responds to the develop-
ment phase of the low-pressure system over southern Europe
in SON and OND (Fig. 7b—d), which later establishes over
the Mediterranean basin to form the low pressure lobe rela-
tive to the negative DNAO phase (Fig. 7f—j). At the same
time, positive TEMP anomalies in the Middle East dissipate
(see Fig. 6f—j), coinciding with the weakening of the Medi-
terranean SST warming (see Fig. 7e—i). The low-pressure
system drives an advective warming of the East Mediter-
ranean/Middle East associated with southerly flow that
advects warm air into this region (Fig. 8; right column). As
the season progresses, the flow becomes south westerly and
even westerly, stretching the region fed by warm advection
eastward, in a zonal direction, where the largest anomalies in
TEMP occur (cf. Fig. 6; right column). Over the east Atlan-
tic and Western Europe, the cold anomaly is associated with
advection by northeasterly winds driven by the same low-
pressure system.

6.1 Decadal precipitation drivers

The first sequence of canonical PCP modes depicts decadal-
type oscillatory behavior (Fig. 9). Analogous to the case of
decadal TEMP variability (see Sect. 3.2), significant con-
tributions to PCP variability are attributed to the combined
effect of DNAO and AMDYV from OND to FMA (Fig. 9; left
column), with the DNAO being the only significant input in
the winter peak season (DJF; Fig. 9m). The response signal
(i.e., canonical EV variate) is obtained as a combination of
DNAO and AMDYV in their opposite phases (i.e., opposite
signs of their associated canonical cross-loadings in Fig. 9;
left column). Significant high canonical correlations of 0.97
from NDJ to FMA highlight robust associations and likely
physical realism. The relation is weaker in OND (R=0.72),
but consistent in terms of the significant DNAO and AMDV
influence. The canonical RV variates are represented by the
leading PCs of PCP from OND to JFM (Fig. 9; middle col-
umn), with a significant input of PC5 in OND, although
it only retains 8% of variance explained in PCP. In FMA,
the PCP response is represented by the second PCP PC
(Fig. 9n). Regarding the remaining 3-month seasons (ASO,
SON, MAM), their corresponding CCA-related results are
discarded for further exploration due to unfulfilled selection
criteria (see Fig. S2).

To infer a causality link, we first examine the variance
explained in observed PCP anomalies by the canonical EV
variates (Fig. 10; left column). The resulting patterns evolve
from fall into consistent, widespread signals in DJF and
JEM (Fig. 10e—g) with maxima over Iberia, Italy, the Bal-
kans and Turkey. The sign of the response is determined by
regression of the observed PCP anomalies onto the canoni-
cal EV variates (Fig. 10; right column). In the winter peak
season (DJF), significant positive anomalies are observed
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Fig.9 The same as Fig. 3 but for the first sequence of canonical PCP modes. The results are shown for significant canonical PCP modes (see

Appendix 2 for details) and are displayed for 3-month periods as follows:

in the Iberian Peninsula, Morocco, Italy, Balkan Peninsula,
Turkey and Syria and negative anomalies in Tunisia, Israel
and the coasts of Libya and Egypt (Fig. 10f). This quasi-
meridional PCP dipole occurs in response to the dominant
influence of the DNAO in DJF (Fig. 9m). Positive scores of
the projected index predominate until the end of the 60 s,
followed by a phase change with pronounced negative values
in the 90 s and an apparent positive trend in the recent dec-
ades (Fig. 90). Transitions to and from DJF are associated

OND (a—c), NDJ (d-f), DJF (g-i), JEM (j-1) and FMA (m-o0)

with significant contributions of AMDV in combination
with DNAO, following an evolution consistent with the
PCP pattern described above. Notably, drying spreads in
North Africa and northward through Italy in JFM and FMA
(Fig. 10h—j).

The SST and SLP patterns associated with the canonical
modes are obtained by regression of both anomalous fields
onto the canonical EV variates (Fig. 11; left and right
columns respectively). The SST patterns are reminiscent
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Fig. 10 Explained variance (unitless) in PCP by the canonical EV
variates at each grid point (left column) and spatial patterns of PCP
(mm day~! std™!) obtained by regression of PCP onto the canonical
EV variates (right column). Results are shown over the Mediterra-
nean (10 W—45E, 30-45 N) study region. Stippling denotes statisti-

of AMDV (cf., Fig. 1b—c), and a SSTA tripole pattern
in DJF (Fig. 11e) that resembles the ocean response to
the negative phase of DNAO (e.g., Cayan 1992; Visbeck
et al. 2003), consistent with the dominant contribution of
DNADO in the winter peak season (see Fig. 9g). Indeed, the
accompanying SLP pattern (Fig. 11f) resembles the nega-
tive DNAO phase (cf. Fig. 2b) and this SLP structure is
also present earlier in NDJ and later in JFM (Fig. 11d-h)
but not in OND and FMA (Fig. 11b—j).
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cal significance at the 0.05 (95%) level by applying non-parametric
Monte Carlo testing. The results are shown for the first sequence of
significant canonical TEMP modes and are displayed for 3-month
periods as follows: OND (a-b), NDJ (c-d), DJF (e-f), JEM (g-h) and
FMA (i-j)

The prominent contributions of AMDV and DNAO can
be interpreted as the optimal ocean—atmosphere state to
drive multidecadal PCP variability in the Mediterranean
basin. In this context, DNAO is assumed as the leading
driver, prevailing during the winter peak seasons (NDJ to
JFM), whereas in the autumn-to-winter (OND) and winter-
to-spring (FMA) transitions the AMDV acts to partially
compensate for DNAO development and decline phases
respectively. The low-pressure system centered over the



Observational analysis of decadal and long-term hydroclimate drivers in the Mediterranean...

120w 80E 120E 160E

160W

160W 120w 80E 120E 160E

120w 8ow 40w 0 40E 80E 120E

160E 160w 120w 40w 0 40E 80E 120E 160E

120

120

160E

80E 120E 160E

120E  160E

160E 160W 120w

-0.5 -04 -0.3 -0.2 -0.1

Fig. 11 Spatial patterns obtained by regression of canonical EV
variates for the first sequence of canonical PCP modes. (left column)
Regression onto SSTA (K std™h). (right column) Regression onto SLP
anomalies (hPa std™"). A green contour box indicates the Mediterra-

Mediterranean region and mid-latitude area of the North
Atlantic, which is associated with the negative DNAO phase,
enhances moisture transport to the Mediterranean basin
(Fig. 12; left column). This low-level moisture input feeds
convergence across the Mediterranean basin, being consist-
ent with the PCP responses shown in Fig. 10 (right column),

A
0 01 02 03 04 05

nean (10 W—45E, 3045 N) study region. The results are shown for
the first sequence of significant canonical PCP modes and are dis-
played for 3-month periods as follows: OND (a-b), NDJ (c-d), DJF
(e—f), JFM (g-h) and FMA (i—j)

which are more intense under stronger DNAO activity in
the winter peak season. In the winter-to-spring transition
(FMA), the changing PCP response is related to the decay
of DNAO, with weaker convergence over the Mediterranean
region (Figs. 11j, 12m), but positive PCP anomalies in the
Iberian Peninsula and Turkey, while drying spreads north
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Fig. 12 Spatial patterns obtained by regression of canonical EV
variates for the first sequence of canonical PCP modes. (left col-
umn) Regression onto vertically integrated MFC (107! kg m™2 day™"'
std™!; shaded) and regression onto vertically integrated moisture
transport (Kg m™' day™! std™!; arrows). (middle column) Regression
onto vertically integrated advection term of MFC (10~! kg m~2 day™'
std™h). (right column) Regression onto vertically integrated con-
vergence term of MFC (107! kg m™2 day~! std™!). See Sect. 2.1 for
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details about calculations. Only significant values are shown at the
0.05 (95%) level. Green arrows denote significant wind at the same
95% level. Statistical significance is assessed under the Monte Carlo
method. A green contour box denotes the Mediterranean (10 W-45 E,
30-45 N) study region. The results are shown as seasonal means for
3-month periods: OND (a—c), NDJ (d—-f), DJF (g-i), JFM (j-1) and
FMA (m-o)



Observational analysis of decadal and long-term hydroclimate drivers in the Mediterranean...

through Italy (Fig. 10j). Additional calculation of the advec-
tion and convergence terms of MFC (Fig. 12; middle and
right columns respectively) shows that significant anomalies
of both components are relevant to the full MFC, and that
the moisture advection anomaly is potentially associated
with AMDV-related SST anomalies in the North Atlantic
basin and Mediterranean Sea.

6.2 Long-term precipitation drivers

The second sequence of canonical PCP modes is character-
ized by multidecadal variability signals with marked posi-
tive long-term trends (Fig. 13). High significant canonical
correlations, between 0.81 and 0.92, underlie the canoni-
cal modes from OND (Fig. 13g-i) to MAM (Fig. 13v—x).
The leading significant contributions within the EV set are
attributed in all cases to the GW signal (Fig. 13; left col-
umn), with secondary inputs of SLP PC4 in JFM (Fig. 13j),
and SLP PC2 in FMA (Fig. 13m). The PCP responses
are represented by diverse PCP PCs (Fig. 13; middle col-
umn), with the leading PC playing only a significant role in
MAM (Fig. 13q). Depending on the 3-month period being
analyzed, the variance explained in PCP by the canonical
EV variates shows significant signals in the southeastern
Mediterranean region, North Africa, the Iberian Peninsula,
Greece and western Balkans (Fig. 14; left column). The PCP
patterns associated with the canonical modes depict nega-
tive, widespread anomalies (Fig. 14; right column). Notable
exceptions include positive PCP anomalies in the Balkan
Peninsula in DJF (Fig. 14f) and a small region of Algeria in
FMA (Fig. 14j). As for ASO and SON, their corresponding
CCA modes are not consistent enough (see Fig. S3).

Given the projected widening and weakening of the Had-
ley circulation under GW (e.g., Gastineau et al. 2008; Hu
et al. 2013; Tao et al. 2016; Grise et al. 2019), we consider
whether decreased PCP in the Mediterranean basin could
be a response to the northward shift of the subtropical dry
zone, and use the Hadley cell metric based on the meridional
mass stream function to explore anomalies of the Hadley
circulation. Since the canonical EV variates are dominated
by the GW signal, their regression onto anomalous meridi-
onal mass stream function is also interpreted as the GW-
induced anomalous mean meridional circulation (Fig. 15;
left column). We do not see a northward displacement of the
descending branch of the Hadley circulation (compare the
anomalous and climatological stream functions in Fig. 16)
but do see a weakening of the downward mass flux in NDJ,
DIJF, JFM and FMA (Fig. 15c—i). The decreased PCP as
shown in Fig. 14 (right column) is therefore not explained
by a poleward shift of the subtropical dry zone, a result
which is, however, consistent with anthropogenic tropical
expansion in the northern hemisphere being weaker than
in the southern hemisphere and so far difficult to identify

under a background of large natural variability (e.g., Grise
et al. 2019). Nevertheless, this calculation refers to the zonal
mean Hadley Cell and does not disqualify a hypothetical
local incursion of the subtropical dry zone into the Mediter-
ranean region. Indeed, regression onto anomalous SLP does
reflect a northward shift of the high-pressure system over
North Africa into the Mediterranean basin (Fig. 15; right
column). This atmospheric configuration is consistent with
a local poleward expansion of the subtropical subsidence
region inducing a drying trend and negative PCP anomalies.
Consistently, lobes of positive PCP anomalies are observed
in regions where the positive SLP is not significant, as is
the case of the Balkan Peninsula in DJF (Fig. 14f, 15f) and
FMA (Fig. 14j, 15j).

7 Conclusions and discussion
7.1 Conclusions

We carried out a statistical analysis of the historical obser-
vations using a CCA-based method applied to the com-
bined, multi-component matrix representing several, known
large-scale drivers of PCP and TEMP in the Mediterranean
region during the half-year wet season. In this context, we
separated the relative contributions of the natural, internal
ocean—atmosphere variability and external anthropogenic
forcing, and evaluated their respective roles in driving dec-
adal and longer-term Mediterranean hydroclimate variabil-
ity. The following conclusions have been reached:

e Decadal-to-multidecadal PCP and TEMP variability are
associated with dominant contributions of AMDV and
DNAO. These contributions, expressed as linear com-
binations of their respective time series, are interpreted
as optimal ocean—atmosphere configurations that cause
effective PCP and TEMP responses. In this context, we
note that the relevant role of Atlantic-Mediterranean SST
variability during the winter season has been overlooked
so far. In all cases, the DNAO appears as the leading
thermal and hydroclimate driver, as it is the dominant
(unique) contribution in the winter peak season (TEMP
in JFM and PCP in DJF), while AMDYV acts to enhance
these responses. DNAO in its negative phase and AMDV
in its positive phase (as defined here) act together in a
way that during winter they enhance moisture and heat
transport from the warmer North Atlantic Ocean inland,
and locally from the warmer Mediterranean Sea towards
the northern rim of the Basin. The secondary role of
AMDV is more relevant in the fall-to-winter and win-
ter-to-spring transitions, when the DNAO pattern is not
dominant.
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Fig. 13 The same as Fig. 3 but for the second sequence of canonical PCP modes. The results are shown for significant canonical PCP modes in
terms of seasonal means for 3-month periods as follows: OND (a—c), NDJ (d—f), DJF (g-i), JMF (j-1), FMA (m-0) and MAM (p-1)
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Fig. 14 The same as Fig. 11 but for the second sequence of canonical PCP modes. The results are shown as seasonal means for 3-month periods
as follows: OND (a-b), NDJ (c—d), DJF (e—f), JMF (g-h), FMA (i—j) and MAM (k-1)

We corroborate the widespread TEMP increase in
response to anthropogenic radiative forcing (Lashof and
Ahuja 1990; Myhre et al 1998; Jain et al. 2000; Collins
et al. 2006; Scheutz et al. 2009; Feldman et al. 2015).
This anthropogenic warming combines with the naturally
forced dipole of decadal TEMP anomalies. Consequently,

the merged effect of DNAO with AMDV in their negative
and positive phases respectively, dampen the warming in
the western Mediterranean, while exacerbating it in the
eastern half and vice versa for a phase reversal of DNAO
and AMDV. Chronologically, in the decades prior to the
1970s, the decadal variability of TEMP was dominated
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Fig. 15 Spatial patterns
obtained by regression of
canonical EV variates for the
second sequence of significant
canonical PCP modes. (left
column) Regression onto
anomalous stream function
(shaded; 10° kg s™1). Only sig-
nificant values are shown at the
0.05 (95%) level. Zonal mean
mass streamfunction is indi-
cated by contours with positive
values (solid lines) and negative
values (dashed lines) indicating
clockwise and counterclockwise
mass flux respectively. (right
column) Regression onto SLP
anomalies (hPa std™!). Stippling
denotes statistical significance
at the 0.05 (95%) level. Statisti-
cal significance is assessed
under the Monte Carlo method.
Green vertical lines delimit the
southern and northern edges
(3045 N) of the Mediterranean
study region. The results are
shown for 3-month periods

as follows: OND (a-b), NDJ
(c—d), DJF (e-f), IMF (g-h),
FMA (i—j) and MAM (k-1)

@ Springer

105 EQ

50N

50N

60N

-4 -32 -24 -16 -08 0

08 16 24 32

4

-1

60W 40w 20w

-0.8 -0.6 -0.4 -0.2

0

0

0.2

20E 40E 60E

04 06 08

1



Observational analysis of decadal and long-term hydroclimate drivers in the Mediterranean...

by natural forcing. Thus, in the early twentieth century,
negative AMDYV conditions, together with the positive
DNAO phase, promoted warmer TEMP in the western
and northwestern Mediterranean countries, and colder
temperatures than normal in the remaining Mediterra-
nean area. In the following decades, due to the reversal of
the AMDYV and DNAO phases (change to their positive
and negative phases respectively), the TEMP anomaly
pattern was consequently reversed, so that warmer than
normal conditions dominated Anatolia and the Mediter-
ranean Middle East, as well as the Balkan Peninsula in
the first months of the winter half-year season. From
the 1970s until the end of the twentieth century, when
anthropogenic radiative forcing became more prevalent,
a new change in the phases of DNAO (positive) and
AMDV (negative), exacerbated anthropogenic warm-
ing in the northwestern half of the Mediterranean basin,
while alleviating it over the eastern area. In the midst of
pronounced anthropogenic warming of recent decades,
the trend toward positive AMDV conditions, coupled
with the opposite phase of DNAO, point to excessive
winter warming in the Balkan Peninsula, Anatolia, and
the Middle East, while natural forcing may not be suffi-
cient to alleviate the marked anthropogenic warming over
western North Africa, the Iberian Peninsula, southern
France and Italy.

e Regarding PCP, our results showed a drying trend in
response to GW, which is in accordance with the pro-
jected aridification of the Mediterranean region in
response to rising GHGs (Seager et al. 2019), even
though the possible mechanisms underlying this drying
trend are complex and difficult to identify in a context of
marked natural variability. In this framework, and con-
sistent with previous studies (e.g., Seager et al. 2014;
Zappa et al. 2015), we propose that a local northward
shift of the subtropical dry zone over the Mediterranean
basin is in process. How this plausible local expansion of
subtropical subsidence dynamically develops is worthy
of future investigation, including the role of changes in
stationary wave dynamics (Simpson et al. 2016).

8 Discussion

In order to develop a mechanistic understanding of
robust statistical links we have focused on the 1901-2015
(114 years) period for which dynamical fields and observa-
tions are commonly available. In this framework, the rela-
tive shortness of the observational data records compared to
the requirements of decadal variability analyses is a limita-
tion in observation-based studies (e.g., for the AMV about
120 years of data are necessary to capture two full cycles).
Consequently, we encourage proper application of high

resolution paleoclimate proxies, such as tree rings and lake
and ocean sediments. Further work based on multiple and
improved data sources, and model experiments will also be
necessary to corroborate the results presented herein.

Regarding the methodology, as a regression-based statis-
tical technique applied in the context of climate variability,
multivariate associations derived from CCA do not directly
imply causality, even though high significant values suggest
potential physical links worthy of being further explored.
Likewise, canonical correlations refer to the explained
variance in the canonical variates, not the original vari-
ables. Given these conditions, we explored the associations
between the canonical modes and the observed anomalies
of PCP and TEMP in terms of the variance explained in
such anomalous fields by the canonical EV variates, which
in turn were regressed onto different atmospheric variables
to study the underlying physical processes at work, showing
the spatial dependence of the large-scale climate variability
in the Mediterranean region.

By construction of our CCA approach, we addressed mul-
ticollinearity between the SST-related individual EV vari-
ables. This is the case of AMV and Mediterranean decadal
SST variability, for which the time series of their respective
indices showed high significant correlation. Thus, and based
on previous studies, we assumed that decadal SST variabil-
ity in both basins is coupled (Marullo et al. 2011; Skliris
et al. 2012; Mariotti and Dell’Aquila 2012; Ruprich-Robert
et al. 2017), defining the Atlantic-Mediterranean decadal
SST variability (AMDYV), and associating the region’s PCP
and TEMP internal variability with a single SST index. Our
results partially support the findings of Diinkeloh and Jac-
obeit (2003), and Xoplaki et al. (2004). They applied CCA
to identify main coupled circulation-rainfall patterns on
decadal and longer time scales for a relatively short period
(1948-98 and 1950-99 respectively), suggesting that varia-
tions in Mediterranean winter rainfall were basically influ-
enced by the NAO, consistent with the idea that observed
precipitation trends are in part dynamically induced. In a
similar framework, Mariotti and Dell’Aquila (2012) showed
that over 30% of decadal precipitation variance in zones of
the Mediterranean region can be explained by the NAO in
DIJF, whereas, contrary to our findings, they did not find a
significant influence of NAO on decadal TEMP anomalies
during winter. This fact reveals the effect of AMDV as a key
factor in triggering an effective TEMP response to the NAO
in the winter peak season, which would be consistent with
Ting et al. (2011), who computed the winter (NDJF) surface
temperature projection onto the AMYV index and showed that
during the warm phase of the AMYV, the eastern Mediterra-
nean and Middle East warm up, while the western Mediter-
ranean cools.

Given the prominent roles of DNAO and AMDYV,
it should be noted that several studies showed a lagged
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connection between both phenomena (see the review of
Zhang et al. 2019 and citations therein). This DNAO-AMV
association is seen in most coupled models of the CMIP5
preindustrial ensemble (which was forced with constant
preindustrial, external radiative forcing), though the AMV-
DNADO link is commonly stronger in observations (Peings
et al. 2016; O’Reilly and Zanna 2018). Be that as it may,
our results show that the significant impacts of DNAO
and AMDYV on Mediterranean hydroclimate variability are
independent of the optimum (lagged) NAO-AMYV link, in a
way that significant TEMP and PCP responses occur when
both indices are close to linear independence (i.e., uncor-
related). Thus, the contemporaneous impact is reinforced.

Lastly, while Dong and Dai (2015) found a negative
correlation between the IPO and annual temperatures
in the Mediterranean Middle East using observations,
reanalysis and model simulations, we did not find the
IPO to exert a significant influence on TEMP variabil-
ity. This fact may be due to the annual nature of their
study compared to the 3-month fall to spring periods
addressed in this work, pointing out the need to further
investigate the variations of the Mediterranean TEMP
response to IPO on a monthly basis. As for PCP, the
role of the IPO in recent tropical widening has been
proposed (Allen and Kovilakam 2017), being associated
with poleward migration of subtropical dry zones and
large-scale atmospheric circulation, especially in the
Northern Hemisphere. Nevertheless, we did not notice
a significant IPO contribution to the canonical modes
associated with a northward shift of the subtropical dry
zone, which were otherwise governed by anthropogenic
forcing, even though the IPO could play a subsidiary role
in terms of multi-decadal variability underlying clear
positive long-term trends.

Appendix
Key concepts in CCA

According to the literature (see e.g., Hair et al. 2010), the
key concepts to analyze and interpret individual contribu-
tions derived from CCA results are defined as follows:

e Canonical coefficients. Parameters that give the con-
tribution of the individual variables within the EV and
RV sets to their corresponding canonical variate. These
coefficients are equivalent to regression coefficients in
multiple linear regression.

¢ Canonical variates. Time series that represent the linear
combination (weighted sum) of two or more variables.
These time series are defined for EV and RV.
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e Canonical modes. Pairs of canonical variates, one for the
set of EV and one for the set of RV. The strength of the
link is given by canonical correlation.

e Canonical correlation. Measure of the strength of the
relationship between the canonical variates for a given
canonical mode. In effect, it represents the bivariate cor-
relation between the two canonical variates.

e Shaded variance. Measure of the variance explained
between canonical variates. It is calculated as the squared
canonical correlation.

e Canonical loadings. Measure of the simple linear correla-
tion between the individual variables within EV and RV
sets and their respective canonical variates.

e Canonical cross-loadings. Correlation of each individual
EV or RV with the opposite canonical variate. In other
words, the individual EVs are correlated with the RV
canonical variate and vice versa.

Individual contributions to canonical modes

The interpretation of canonical variates in a significant
canonical mode is based on individual variables (PCs) within
the EV and RV sets that contribute markedly to shared vari-
ances (i.e., R?). We restrict our attention to canonical modes
by a series of criteria, which are (1) the level of statistical
significance of the canonical correlation associated with a
given canonical mode and its associated shared variance
(i.e., squared canonical correlation), (2) canonical RV load-
ings, and (3) canonical EV cross-loadings. It is worth noting
that canonical coefficients are traditionally used to examine
the contribution of individual variables. Nevertheless, its
utilization to interpret the relative importance of a variable
is subject to criticism in the same way as beta coefficients
in conventional regression techniques (Lambert and Durand
1975).

The level of significance for canonical correlations is set
in this work at 0.05 (95%), which is the generally accepted
level for considering a correlation coefficient statistically
significant. We use the Wilks’ Lambda as a measure for
assessing the significance of discriminant functions (Wilks
1935; Bartlett 1947). The Wilks’ Lambda likelihood ratio
is a consistent test statistic under the classical assumptions
that all groups arise from multivariate normal distributions
(e.g., Nath and Pavur 1985; Friederichs and Hense 2003).
It tests how well each level of EV contributes to the model.
The scale ranges from O to 1, where 0 means total discrimi-
nation, and 1 means no discrimination. The null hypoth-
esis should be rejected when Wilks’ lambda is close to zero
in combination with a small p-value (0.05 or lower). The
p-values are calculated from an F-statistic, based on Rao’s
approximation (Bartlett 1941) to evaluate the significance
of Wilks’ Lambda.
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Once a given canonical mode is found to be robust in terms
of its significant canonical correlation, the relative relevance
of the original variables in the canonical mode involves the
calculation of canonical loadings and cross-loadings. The
canonical loading is interpreted as the relative contribution of
each variable to the canonical mode. It takes into account each
independent canonical mode and calculates the within-set
variable-to-variate correlation. As for canonical cross-load-
ings, their calculation has been proposed as a complement to
canonical loadings (Dillon and Goldstein 1984). This method
implies the calculation of each original EV with the canoni-
cal RV variate, and vice versa. Therefore, cross-loadings pro-
vide the cross-set variable-to-variate correlation. We evaluate
significant individual contributions in terms of canonical RV
loadings and canonical EV cross-loadings. The significance
level for canonical loadings and cross-loadings is tested by
means of the Ebisuzaki’s method (Ebisuzaki 1997), which
applies to time series that exhibit non-white spectra, or what is
the same, time series that violate the assumption of independ-
ence that is fundamental to the classical t-test. The Ebisuzaki
method consists of a non-parametric test based on generating
a large number of random series (permutations) with the same
power spectra as the original series but with random phases in
the Fourier modes. The number of permutations in this study
has been set to 1000.

When all the criteria of statistical significance described
above are met, the acceptance of a canonical mode is
restricted to the variance explained in the time series of
the original anomalous field at each point in space by the
canonical EV variate. It may be the case that all the crite-
ria of statistical significance are met but the canonical EV
variate is not representative of variability over the original
field. In this case, the canonical mode is interpreted as a
statistical artifact. This could be related to a negligible con-
tribution of the leading PCs to the canonical RV variates
(i.e., non-significant canonical RV loadings). We discard
certain PCP and TEMP canonical modes because the char-
acterization of the canonical variates (i.e., the evolution of
the time series according to consecutive 3-month periods)
is not coherent with the previous or subsequent canonical
modes. This does not necessarily imply that the discarded
modes do not involve physical causality. Canonical modes
discarded according to one or more criteria can be seen in
the supplementary material (Figs. S1, S2 and S3).

Variance inflation factor
The variance inflation factor (VIF) is a common collinearity diag-

nostic (e.g., Rawlings et al. 1998; James et al. 2017). In general,
the VIF for the ith regression coefficient can be computed as:

1
) (A1)

i

VIF, =

where Ri2 is the coefficient of multiple determination
obtained by regressing each individual within-set variable
onto the remaining variables. When the variation of the i
single variable is largely explained by a linear combination
of the remaining variables, R? is close to 1, and the VIF
for that variable is correspondingly large. The inflation is
measured relative to an Rl.2 of 0 (VIF of 1; no collinearity).
VIFs are also the diagonal elements of the inverse of the cor-
relation matrix (Belsley et al. 1980), a convenient result that
eliminates the need to set up the various regressions. There
are no statistical tests to rate for multicollinearity using the
tolerance of VIF measures. Some authors use a VIF of 10
(inflates the standard error by 3.16) as a suggested upper
limit to indicate a definite multicollinearity problem for
an individual variable (e.g., Kutner et al. 2004; Zuur et al.
2010). More robustly, a VIF of 4 doubles the standard error.
Without an established guidance to adopt a definite value,
the tolerance of VIF is subject to the scope of the research
problem being addressed.
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