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Abstract

During boreal summer, large scale subsidence and a persistent northerly flow, known as the Etesians, characterize the
tropospheric circulation over the eastern Mediterranean. The Etesians bring clear skies and alleviate the impact of heat waves
over the region. The intraseasonal variability of the Etesians and subsidence over the eastern Mediterranean has been thought
to be influenced by the South Asian monsoon and atmospheric processes over the North Atlantic. Here, we employ causal
effect networks and causal maps, obtained by applying the Peter and Clark Momentary Conditional Independence (PCMCI)
causal discovery algorithm, to identify causal precursors of Etesians. We find that both wave train activity over the North
Atlantic/North American region and convective activity over South Asia associated with the Indian summer monsoon (ISM)
are causally related to the Etesians at 3-day time scale. Thus, intraseasonal ISM variability affects the eastern Mediterranean
circulation, though its influence is conveyed via a Middle East ridge. On longer weekly time scale, the mid-latitude influence
weakens, while the influence of the tropical convective activity via the Middle East ridge remains stable. Moreover, the heat
low over the Arabian Peninsula, a feature strongly responsible for the development of the Etesians, is caused by a stronger
Middle East ridge and not by North Atlantic wave activity. Finally, we discuss potential implication for circulation changes
in the eastern Mediterranean due to anthropogenic global warming.
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1 Introduction

During boreal summer, northerly winds known as the “Ete-
sians”, are a key feature of the low-level tropospheric circu-
lation over the eastern Mediterranean (Tyrlis and Lelieveld
2013). At intraseasonal time scales, the variability related to
the Etesians is important to determine climate features and
weather conditions in the region. The Etesians are accompa-
nied by the advection of colder air masses originating over
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eastern Europe to the Balkans and the Middle East, thus
mitigating surface air temperatures in the affected region
and preventing the formation of heat waves during the sum-
mer season (Metaxas and Bartzokas 1994; Founda and
Santamouris 2017). However, this cooling effect is partly
offset by clear sky conditions and adiabatic warming related
to subsidence throughout the tropospheric column, which
accompany strong episodes of Etesians. Intense winds and
dry conditions can create favourable conditions for the igni-
tion and propagation of wild fires (Paschalidou and Kas-
somenos 2016). Air quality in the region is also affected
by the Etesians, as their ventilation effect can disperse air
pollution and increase air quality of urban areas (Kanakidou
et al. 2011; Rizos et al. 2022). The Etesians also play a role
in influencing remote systems such as the Sahel monsoon
system (Raicich et al. 2003; Gaasbeek et al. in review).
The Etesians are associated to prevailing northerlies in
the lower troposphere (between 1000 and 850 hPa) over the
eastern Mediterranean (31°—40° N, 22°-28° E) between June
and September (Tyrlis and Lelieveld 2013). The climatologi-
cal average velocity of the Etesians over the Aegean is about
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5 ms~! (depending on the exact region, month(s) and pres-
sure level considered). The Etesians peak between July and
August, coinciding with the most active phase of the Indian
summer monsoon (ISM). These northerlies arise due to an
east—west low-level sea level pressure gradient between the
western Mediterranean, featuring a semi-permanent seasonal
high pressure, and the Middle East, characterized by the
Persian heat low. The seasonal Persian trough emerges as the
westward extension of the surface low pressure system that is
the dominant climatological feature over the Indian subcon-
tinent and the Arabian Sea. The intraseasonal variability of
winds in the region is characterized by periods of enhanced
northerlies lasting from a few days up to 10-15 days, called
outbreaks of Etesians (Tyrlis and Lelieveld 2013). During
outbreak of Etesians events, daily (absolute) wind speed can
reach values of 8-9 m s~! over the Aegean.

The variability of the Etesians is associated with local and
remote drivers depending on the time scale analysed (Tyrlis
and Lelieveld 2013). Previous research has shown that
while local phenomena such as the amplification of surface
diabatic heating over the Middle East intensifies the Etesians
at daily time scales (diurnal cycle), remote phenomena such
as North Atlantic wave disturbances and the ISM convective
activity can affect these winds at both intraseasonal and
seasonal time scales (Tyrlis and Lelieveld 2013; Tyrlis
et al. 2015). The influence of mid-latitude circulation on the
Etesians is characterized by synoptic disturbances leading
to the development of an anticyclone centred over central
Europe that precedes the onset of outbreaks of Etesians by
2—4 days. When the ridge shifts over the Balkans, cold air
advection on its eastern flank triggers an outbreak, and the
low level wind switches from south-westerlies to north-
easterlies (Tyrlis and Lelieveld 2013).

At seasonal time scales, the background northerlies
associated with the Etesians can be explained by the presence
of deep monsoon convection over the Indian peninsula
(Tyrlis et al. 2013). Despite being located about 50° to the
east and 20° to the south, convective activity during the ISM
season (June to September) produces a heat source which
can trigger Rossby waves to the west and affect tropospheric
circulation in remote regions by causing subsidence in
Northern Africa and over the eastern Mediterranean
(Rodwell and Hoskins 1996; Cherchi et al. 2014). The exact
latitudinal position of the heating source over the ISM region
is relevant in determining the nature of the response: when
the heating source is located near the equator, the Rossby
wave response weakens, while a heating source located
over the Bay of Bengal produces a stronger Rossby wave
response that reaches North Africa (Rodwell and Hoskins
2001). The ISM system exhibits its own intraseasonal
variability, which is characterized by periods of enhanced
rainfall over central India (active phases) and periods with
reduced precipitation (break phases) (Gadgil and Joseph
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2003; Rajeevan et al. 2010). An oscillation between the
equatorial Indian ocean and the Indian subcontinent is also
detected on time scales of about 30-60 days (Kulkarni et al.
2011), which combined with the Madden Julian oscillation
appears as the boreal summer intraseasonal oscillation
(BSISO) (Jiang et al. 2004; Kikuchi et al. 2012). Hence, the
exact latitudinal location of convective activity related to the
ISM varies on time scales of a few weeks, thus modulating
the monsoon-desert mechanism and its influence on the
circulation over the Mediterranean and North Africa at
intraseasonal time scales. The monsoon—desert mechanism,
i.e. a teleconnection connecting enhanced ISM convection
to enhanced subsidence in North Africa and the eastern
Mediterranean (Rodwell and Hoskins 1996), is also relevant
in the context of climate change, as precipitation is projected
to increase over India under global warming scenarios
(Wang et al. 2020; Katzenberger et al. 2021), which would
then imply an intensification of the subsidence over North
Africa (Cherchi et al. 2016).

Beside exploiting dynamical models, the monsoon—desert
mechanism has been studied also from a statistical point
of view in observational datasets by assessing the causality
behind the relationship between tropical convective activity
and mid-latitude circumglobal wave activity on 2D causal
maps (Di Capua et al. 2020b). Di Capua et al. (2020b)
highlights the causal pathway from the ISM region towards
North Africa, which manifests as a positive causal effect
of strong convective activity on the geopotential heights at
200 hPa (Z200) field of North Africa. The causal influence
of the ISM extends also to the mid-latitude belt and the
interaction with the circumglobal teleconnection (CGT)
pattern is depicted both in causal effect networks between
meaningful scalar index variables of specific spatio-temporal
patterns and 2D causal maps (Di Capua et al. 2020a, b).
In particular, the CGT index, defined as Z200 averaged
over the eastern side of the Caspian Sea (35-40° N, 60-70°
E), acts as doorway between the tropical belt and the mid-
latitude region (Di Capua et al. 2020a). In addition to the
aforementioned remote drivers, local diabatic enhancement
mechanisms have also been hypothesized to be playing
a role, together with dynamical features related to the
orography of the region (Tyrlis et al. 2013). In contrast
to the monsoon — desert mechanism, which implies the
propagation of a wave disturbance, but not the transport of
air masses, some studies have proposed that the Etesians are
part of a Walker type closed circulation cell, which would
imply a transport of air masses from the ISM region toward
the eastern Mediterranean (Ziv et al. 2004).

The Mediterranean basin and its surrounding regions
represent a hot spot for current and future climate change
(Seager et al. 2014; Barcikowska et al. 2020; Vogel et al.
2020). Rising temperatures, changes in atmospheric
circulation patterns and soil moisture availability can pose
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severe threats to society, economy and ecology of the region
(Hochman et al. 2022). Future projections from the coupled
model inter-comparison project phase 6 (CMIP6) suggests
a drying of the Mediterranean region. Accompanied by
increasing surface air temperatures, this drying trend
represents a challenging issue for water availability, increases
the chance of wildfires, poses a threat to agricultural yields
and can have a negative impact on tourism in the region
(Ruffault et al. 2018; Grillakis 2019; Moran-Ordéiiez et al.
2020). More frequent and/or severe drought events can also
contribute to deteriorating fragile political equilibria, which
may provide more favourable conditions for conflicts in the
affected area (Kelley et al. 2015; Schleussner et al. 2016).
In addition, more frequent and/or intense heat waves have
a negative effect on mortality in the region, especially in
countries where sustainable adaptation measures are not yet
available (Gasparrini et al. 2017). In this context, changes in
the intraseasonal and interannual variability of the Etesians,
given their link to surface air temperature over the eastern
Mediterranean region, can impact heat waves and wildfires
frequency in the region. In the past decades, a downward
trend has been recorded in the intensity and frequency of
outbreaks of the Etesians (Poupkou et al. 2011). Future
projections anticipate that the Etesians will strengthen
again under global warming scenarios, mainly caused by
a strengthening of the high pressure over Balkans (Ezber
2019).

While previous work has primarily addressed the
influence of North Atlantic atmospheric variability on daily
Etesians (Tyrlis et al. 2013), the causal pathways which
govern the intraseasonal variability of the Etesians have
not yet been identified. Moreover, the effect of tropical
mechanisms such as the ISM convective activity, has been
hypothesize to act at seasonal time scales. However, Di
Capua et al. (2020b, 2023) have shown that an effect of
ISM convective activity on North Africa can be detected
also at weekly time scales. Thus, different intraseasonal
time scales may be dominated by different drivers. In this
study we aim to assess the following aspects: (i) quantify
the impact of tropical and extra-tropical drivers on the
eastern Mediterranean circulation, (ii) assess the physical
mechanisms behind such causal pathways, and (iii)
disentangle local from remote influences on the conditions
leading to strong Etesians.

Assessing causality between different atmospheric
and surface phenomena and distinguishing between
spurious correlations and true causal links from sets of
observational time series is a challenging task. Sophisticated
causal discovery algorithms, such as the Peter and Clark
Momentary Conditional Independence (PCMCI) algorithm,
go beyond commonly used bivariate statistical association
measures, like correlation, as well as classical bivariate
measures of causality, like Granger causality, which do

not take into consideration the possible effect of any
third variables. Accordingly, PCMCI and its algorithmic
variants provide valuable tools to identify and separate true
causal from spurious links and quantify the causal effect
of each component of the system on all its other elements
(Runge et al. 2014, 2019; Runge 2018). PCMCI has been
applied to a growing number of physical phenomena and
has demonstrated its usefulness in identifying local and
remote causal pathways both in tropical and extra-tropical
systems (Kretschmer et al. 2016; Di Capua et al. 2020a).
Some of its most recent application include studies on
stratospheric polar vortex variability (Kretschmer et al.
2016, 2017, 2018), Atlantic hurricane activity (Pfleiderer
et al. 2020), interdecadal variability of the Silk Road pattern
(Stephan et al. 2019), tropical—extra-tropical interactions
in the Northern Hemisphere (Di Capua et al. 2020b, a),
seasonal statistical forecasting for US surface temperatures
(Vijverberg et al. 2020; Vijverberg and Coumou 2022) and
for Moroccan crop yields (Lehmann et al. 2020) as well as
model evaluation (Nowack et al. 2020; Di Capua et al. 2023).

To answer the aforementioned research questions, here we
apply the PCMCI causal discovery algorithm to both, sets
of time series representative for the phenomena of interest
and then on 2D climatological fields. In the remainder of
this manuscript, we first describe the data and method used
(Sect. 2), then present the results obtained (Sect. 3) and
finally discuss the results (Sect. 4).

2 Data and methods
2.1 Data

We analyse intraseasonal (3-day and 7-day time scales)
tropical convective activity and mid-latitude circulation
during the extended boreal summer period (June to
September, JJAS) using gridded data (0.25° X 0.25° spatially
averaged to 1°x 1°) for the period 1979-2022 from the
ERADS reanalysis dataset (Hersbach et al. 2020) provided by
the European Centre for Medium-range Weather Forecasts
(ECMWF). Specifically, we consider daily (temporally
averaged to obtain 3-day and 7-day samples) geopotential
height at 200 hPa (Z200), outgoing longwave radiation
(OLR), mean sea level pressure (MSLP), temperature at
500 hPa (T500), meridional wind component (V-wind),
vertical wind (W-wind) and potential temperature (®) at
several pressure levels. © is obtained from temperature and
pressure fields (see text T1 in the Supplementary Material).
7200 fields are most suitable to identify wave activity in the
mid-latitudes, while OLR fields represent a good proxy of
convective activity in the tropics, with convective high cloud
tops being represented by negative OLR anomalies.
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Each extended summer season (June to September, JJAS)
consists of 40 (17) time steps for the 3-day (7-day) time
scale, resulting in a total of 40 (17) x 44 years = 1760 (748)
time steps. The climatological cycle and long-term trend
are removed in each time step for all field and indices used
(unless otherwise specified). Moreover, the seasonal mean
values for each variable are also removed from the time
series, to ensure that the interannual variability is removed
and that intraseasonal relationships are detected. These steps
ensure that the input time series are thus made of detrended
anomalies centred around zero, as required by the causal
discovery algorithm detailed in the following.

A proxy for the intensity of the Etesians, referred here-
after as Etesians index, and the target variable of interest,
is defined as the 3-days meridional wind field at 850 hPa
(V850) averaged over the region 30°-41° N, 22°-28° E
(magenta box in Fig. 1a) and reverted in sign (i.e. northerly
anomalies have a positive sign).

(a) V850 composite [m/s]

Fig. 1 Characteristic circulation features of the Etesians (3-day time
scale). Panel a shows the ERAS V850 composites for time steps
which exceed the+1 s.d. threshold of the Etesians index time series
for the period 1979-2022. The Etesians are defined as the spatial
average of V850 meridional wind over the magenta box area (30°-
41° N, 22°-28° E) for summer (JJAS). Panels b—e: Same as for panel
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Pressure level [hPa]

2.2 Causal discovery method

In general, simple (simultaneous or lagged) correlation can
quantify the existence of concurrent behaviour between
pairs of time series in the sense of a linear functional
dependency. However, simple correlation cannot be used
to infer causality. To identify causal relationships between
the Etesians and other atmospheric fields, here we apply
the Peter and Clark Momentary Conditional Independence
(PCMCI) algorithm (Runge 2018; Runge et al. 2019).
PCMCI uses iterative conditioning to identify and remove
spurious statistical associations between pairs of time series,
here called actors, and thus identify the true causal links
(where the term causal rests on a series of assumptions,
and it is valid only within the specific set of time series
analysed). For more details see Runge (2018).

PCMCI can use both linear or nonlinear bivariate
dependency measures to identify and quantify causal links.

(b) MSLP composite [hPa]
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a but for the MSLP, T2m, Z200 and W500 fields respectively. Panel f
same as panel a but for W-wind between the 950 hPa and the 100 hPa
levels averaged over the latitudinal Sect. 22°-28° N. For W-wind and
W850, red shading represents subsidence while blue shading repre-
sent ascent
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Here, we employ PCMCI under the assumption of linearity,
hence applying the concept of partial correlation to build
the subsequent analysis upon. Linearity here means that
each actor will be expressed as a linear combination of the
identified set of causal parents. While nonlinear measures
may better represent the behaviour of the atmospheric
circulation, which intrinsically exhibits nonlinearities, we
are limited here by the number of available time steps in our
reanalysis dataset, which may be insufficient for obtaining
stable estimates of nonlinear conditional association
measures. Therefore, applying a nonlinear measure of
conditional dependence is not feasible here. Nevertheless,
linearity assumptions have proven valid in first order and
found to often provide reasonable approximation (Hlinka
et al. 2014).

PCMCI consists of two steps, the PC-step and the MCI-
step. In the PC-step, the algorithm first identifies for each
actor jin the set P, e.g. P = {A,B,C, D, E}, a sub-set P;.’ by
selecting those actors in P which are significantly correlated
with j at a certain lag 7 and at a certain predefined threshold
significance level a. These actors form the initial set of
potential “parents” (i.e. direct predictors) of j, e.g. for actor
A we have P} ={A__|,B._ ,.E__|.D__3}. Each further
iteration i will then check whether the partial correlation
between A,_, and each of its potential parents in P! is still
significant when A,_; and this potential parent are linearly
regressed on a sub-set of Pi~!, e.g. for i =1, the partial
correlation between A,_, and A,__, conditioned on B,__, will
be expressed as:

P(A—gsAey|Bi=—y) = p(Res (At:())’ Res(A,-_)) (1

where Res (A, ) are the residuals ofA,_ after removing the
linear influence of B,__, and Res(At:_l) are the residuals
ofA,__, after removing the linear influence of B,__,.
When the number of actors in Pi_l equals 7, the algorithm
converges and the set of parents for the next actors is
calculated. At the end of the PC-step, each actor will have
its own set of parents, and these will enter the second step
of the algorithm.

In the MCl-step, the partial correlation between each
possible pair of actors is calculated by regressing once on
the combined set of parents. For example, assuming that
Pi ={A—_1,B—2,E__,} and Pg ={D.__,B,—_,}, the
partial correlation between A,_, and B,__; will be

PA—gs Bie|Aie1s Bie 0, Eo 1. D)), )

where the lags of PZ are adjusted by adding the lag of B,__;.
After checking all pairs of actors, the final set of causal
parents for each actor are identified and the causal effect
coefficient, called the f coefficient (or S-value for short),
is calculated by linearly regressing each parent on its set
of causal parents. For example, assuming that the set of

causal parents of A,_yis PZ ={A__|,B._ ,.E.__,}, then
the g coefficient of the causal link B,__, = A,_, will be the
coefficient fz__ from the multivariate linear regression:

A= ﬂA, ®* A+ ﬂBz *B__ 5+ ﬂEl xE__|+¢&

where £ represents the error of the linear regression. Thus,
when actors are standardized, e.g. ﬂBz = 0.55 means that A
at lag 0 will increase by 0.55 standard deviations (s.d.) for a
1 s.d. increase of B at lag — 2.

The causal links obtained in PCMCI are then
graphically represented in a causal effect network (CEN),
where circles (i.e., the nodes of the network) represent the
actors, and the edges of the arrows represent the direction
of causality. The colour of the edges (nodes) represents
the strength of the causal link, i.e. the f coefficient
(respectively, the auto-f coefficient measuring the time-
delayed self-influence of an actor). Note that when the
same causal link is detected multiple times at different
time lags, the colour of the arrow shows the strength of the
link with the maximum (absolute) f-value.

In addition to CENs for individual target variables (time
series), we also use PCMCI for the estimation of causal
maps. Here, a set of CENS is estimated from the available
data, in which a number of actors n are fixed, i.e. they are
present in all CENs, while exactly one remaining actor
represents the time series of a certain atmospheric field
at a specific grid point (determined by its latitude and
longitude). By performing the analysis for all grid points
individually, the resulting f coefficients of each CEN can
be plotted on a map at the location of the respective grid
point. Thus, the concept of causal maps resembles that of
correlation maps but instead of the correlation coefficient,
the value at each grid point represents the 3 coefficient of
a specific causal link. For further details, we refer to Di
Capua et al. (2020a).

The significance threshold adopted in this work for
plotting the results for both CEN and correlation maps
is a=0.05 where all p-values have been adjusted by
applying the Benjamini—Hochberg false discovery rate
(FDR) correction to control for multiple testing among
the multiple grid locations in the causal maps (Benjamini
and Hochberg 1995).

3 Results

3.1 Potential precursors of the Etesians

The JJAS distribution of the Etesians index at 3-day
time scale has a mean value of 4.2 m s~! and a standard

deviation (s.d.) of 2.1 m s~ Composites of the V850
field, for periods of enhanced Etesians, i.e. time steps for
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which the Etesians index positive deviation from its mean
exceeds 1 s.d., are shown in Fig. 1a. Here, the Etesians
are visible as northerly wind anomalies expanding from
eastern Europe to northeast Africa and peaking over the
Aegean Sea during June, July, August and September. The
composite for MSLP field during periods of enhanced
Etesians is shown in Fig. 1b. An east—-west oriented
MSLP gradient arises over the Mediterranean basin. In
the west, positive MSLP anomalies, centred over Italy
and the Balkans, extend to the northeast towards eastern
Europe and in the south towards Libya. In the east,
negative MSLP anomalies are located over the Middle
East region. The composite for T2m field shows higher
temperature anomalies over Italy and the Balkans and
lower temperature anomalies over the Caspian Sea,
Turkey, the western Middle East and eastern North Africa
(Fig. 1c), respectively in correspondence of the positive
and negative MSLP anomalies shown in Fig. 1b. At higher
levels, this circulation pattern is only partly barotropic:
composites for Z200 fields during enhanced Etesians
are shown in Fig. 1d and reveal a positive Z200 anomaly
over Italy and the Balkans (in correspondence to the high
MSLP anomaly located in the same region) and a negative
anomaly over Turkey and the Black Sea. The latter is
however not centred over the Middle East, as it is the case
for the negative MSLP anomaly.

Composites for vertical velocity at 500 hPa (W500)
during enhanced Etesians are shown in Fig. le. Ascending
motions (negative W500 anomalies) are found over the
western Mediterranean, extending from Algeria towards
Spain and Southern France, and over the Middle East,
the Caspian Sea and the Black Sea. Descending motions
(positive W500 anomalies) are shown over the Aegean Sea
and the eastern Mediterranean, in correspondence with the
Etesians (magenta box in Fig. 1e). Note that the locations of
ascending and descending motions are not centred together
with those of the high- and low-pressure systems shown in
Fig. 1d. Descending motions over the eastern Mediterranean
are also shown in the vertical cross-section for the
composites of W-wind fields at different isobaric levels
during enhanced Etesians (Fig. 1f). Ascending motions are
depicted to the east and the west of the region of subsidence.

The full JJAS climatology of each of these fields plus
those for the vertical cross-section of V-wind, W-wind,
OLR and the meridional wind at 10 m (V10m) are shown
in Fig. S1 in the Supplementary Material. Here, the total
climatological values for each field are shown, without
any detrending. The most prominent climatological
features over the Mediterranean and South Asia are (i)
the ISM low linked to the Persian trough over the Arabian
Peninsula (Fig. Slc), (ii) the background northerlies, i.e.
the Etesians, over the eastern Mediterranean which appear
in the V850, V10m and V-wind climatologies (Fig. S1a,
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b, g), (iii) the widespread subsidence over the eastern
Mediterranean (Fig. Sle, f), (iv) the Tibetan anticyclone
over northern India and the Tibetan Plateau (Fig. S1d) and
(v) the ISM convective activity centred over the Bay of
Bengal and central India (Fig. S1h). The same composites
as for Fig. 1 but for the weekly (7-day average) time scale
are shown in Fig. S2 in the Supplementary Material.
Qualitatively, the same patterns are shown, though with
a lower magnitude of the anomalies, as expected in
composites obtained at a longer time scale.

The evolution of the atmospheric patterns that precede
and follow enhanced Etesians are analysed by calculat-
ing correlation maps between the Etesians index and the
MSLP and Z200 fields at different lags, i.e. from lag — 2
to lag+2 (in units of 3-day time steps, see Fig. 2a—e and
f—j respectively). At lag O, the east—west pressure gradi-
ent shown in Fig. 1c is reproduced by positive correlation
coefficients over the western Mediterranean and negative
correlation coefficients over the Middle East (Fig. 2c). The
Persian trough is identified by a blue contour line labelled
as “Pers-trough” in Fig. 2¢, where the blue contour is drawn
at a correlation value r=— 0.25 (see Table 1). A time series
with the same name is created by averaging the MSLP over
the Persian trough region. Similar to Fig. Ic, a wave pattern
is identified in the Z200 correlation maps at lag 0 extending
from the eastern North Atlantic to the Caspian Sea (Fig. 2h).
This pattern shows a low (negative correlation coefficients)
over the eastern North Atlantic and a low over the Black Sea
corresponding to periods of enhanced Etesians. Two highs
(positive correlation coefficients) are depicted centred over
Italy and extending between the eastern Mediterranean Sea
and the Arabian Peninsula (Fig. 2h). Both MSLP and Z200
correlation maps show a wave pattern appearing at lag — 1
over the North Atlantic (Fig. 2b, g) and propagating towards
Eurasia in the following time steps, reaching South Asia
at lag+2 (Fig. 2e, j). The wave pattern emerging over the
North Atlantic and western Europe at lag — 1 in the Z200
correlation map (blue box in Fig. 2g) is identified as a poten-
tial precursor of the Etesians. The corresponding time series
(NAtl-wave, Table 1) is obtained by calculating the spatial
correlation between the pattern shown in the blue box in
Fig. 2g and the Z200 fields: for each time step a correlation
coefficient represents how strong the NAtl-wave is. Over the
Middle East, a region of positive correlation at lag — 1 is
shown. This region is selected as the third potential driver of
the variability of the Etesians (on intraseasonal timescales)
and its time series (ME-ridge) is calculated by averaging
7200 over the area bound by the highlighted contours (blue
contour line in Fig. 1g, see Table 1).

Next, the correlation between the NAtl-wave index and
7200 is calculated and the evolution of the mid-latitude
wave is depicted from lag — 2 to lag+2 (Fig. 2k—o). The
wave is already visible at lag — 2, showing a negative centre
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Fig.2 Potential precursors of the Etesians. Panel a shows the correla-
tion map between the Etesians index time series and the MSLP field
at lag — 2 (3-day time steps). Panels b—e same as panel a but for lag
— 1 to+2. Panels f, g same as for panels a—e but for Z200 fields. Pan-
els k—o same as for panels a—e but for the correlation between the
NAtl-wave and the Z200 fields. Panels p—t same as for panels a—e but
for the correlation between the ME-ridge and the OLR fields. Grid
points for which the correlation is not significant at o <0.05 (after

Table 1 Potential precursors

0.1 0.3 0.5

applying the Benjamini—-Hochberg correction) are shown in white.
Note that lag 0 shows the correlation between variable x and field y
taken contemporaneously. Negative lags show correlation between
variable x and field y where the time line for field y is shifted back-
ward by a number of time steps n equal to the shown lag. The oppo-
site is true for positive lags, where variable x precedes field y. Also
note that lag 0 in the two right columns corresponds to lag — 1 in the
two left columns

Short name

Long name

Region Method

Etesians index

Pers. Trough

ME-ridge Middle East ridge

NAtl-wave North Atlantic wave

NAm-wave North American wave

ISM-OLR Indian summer monsoon OLR
T500-ISM Indian summer monsoon T500
MJO2

EMed-W500 Eastern Mediterranean subsidence
WMed-MSLP Western Mediterranean high

Etesian index

Persian Trough

30-41° N, 22-28°E

Blue contour Fig. 2¢

V850 spatial average

MSLP spatial average; contour corr.=0.25
Blue contour Fig. 2g
33-60° N, 75°W-25°E
33-60° N, 145-45° W
Blue contour Fig. 2q

7200 spatial average; contour corr.=0.14
Spatial corr. between pattern and Z200 field
Spatial corr. between pattern and Z200 field
OLR spatial average; contour corr.=0.125

Blue contour Fig S3g 7500 spatial average; contour corr.=0.275

OLR MIJO index (OMI) pc2, provided by NOAA (https://www.esrl.noaa.gov/psd/mjo/mjoindex/)

Blue contour Fig. S3¢ WS500 spatial average; contour corr.=0.25

Blue contour Fig. 2¢ MSLP spatial average; contour corr.=0.25

Each potential precursor identified in Figs. 2 and S3 is shown together with its full name, region of definition and method used to obtain the
corresponding index
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of action over the eastern US and eastern North Atlantic and
a positive centre of action over the western North Atlantic
(Fig. 2k). While the spatial position of the wave does not
change much over time, its troughs and ridges gradually
intensify towards the east when going from lag — 2 towards
lag +2. By construction, the NAtl-wave reaches the maxi-
mum intensity over Europe at lag O (Fig. 2m) before fading
toward the east after reaching Southeast Asia (Fig. 20). Note
that here lag O refers to the NAtl-wave index, and not the
Etesians index. Thus, as indicated by the upward vertical
shift of Fig. 2k—o, lag 0 for the NAtl-wave, corresponds to
lag — 1 for the Etesians index (as the NAtl-wave is defined
based on the correlation between the Etesians index and the
7200 field at lag — 1). The wave over North America identi-
fied at lag — 1 is used to build a precursor time series (NAm-
wave, Table 1) of the NAtl-wave.

Similarly, correlation maps between the ME-ridge and
the OLR field are calculated and shown in Fig. 2p—t (note
that here lag O corresponds to lag — 1 in Fig. 2b, g). Positive
correlation coefficients are found in correspondence to the
ME-ridge at lag — 2 through lag + 2. However, the region of
positive correlation, corresponding to enhanced outgoing
long wave radiation and clear skies, shifts westwards with
increasing lags from the Caspian Sea region to the eastern
Mediterranean/North Africa. The westward shift of positive
OLR anomalies may be related to the westward propagation
of equatorially trapped Rossby waves, as discussed
in Rodwell and Hoskins (1996). Negative correlation
coefficients are found over central India and the Arabian
Sea (Fig. 2q) in correspondence with enhanced convective
activity over this area (enhanced convective activity is
shown as negative OLR anomalies, following colder than the
surroundings convective cloud tops). Enhanced convective
activity over this area is considered as a further potential
precursor of the ME-ridge and the related time series is
calculated as the average of the OLR field over the ISM-
OLR region (blue contour in Fig. 2q, Table 1).

Similarly, lagged correlation maps between the
temperature at 500 hPa (T500) and the ME-ridge are
calculated (Fig. S3 in the Supplementary Material).
Enhanced warming is found in correspondence with
enhanced convective activity over central India at lags — 2
through lag 0 (Fig. S3f-h). The warming over South Asia
shifts westwards following the Rossby wave structures and
results in an enhancement of the east-west temperature
gradient over the eastern Mediterranean. T500 over central
India at lag — 1 (Fig. S3g) is averaged and form a further
potential precursor to the ME-ridge (ISM-T500, Table 1).

Correlation maps between the Etesians and MSLP and
7200 fields are calculated also at weekly time scale (Fig.
S4 in the Supplementary Material). The correlation maps
between the weekly Etesians and the MSLP and Z200 field
for lag — 2 to+2 are shown in Fig. S4a—e and Fig. S4f-j
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respectively. Similar patterns to those shown in Fig. 2
are detected, however, the significance of the correlation
vanishes beyond lags + 1. The Pers-trough, the NAtl-wave
and the ME-ridge time series for the weekly time scale
are defined in the same way as for the 3-day time scale.
Similarly, calculating the evolution of the correlation maps
between the NAtl-wave and ME-ridge and the Z200 and
OLR fields respectively, time series for the NAm-wave and
the ISM-OLR at weekly time scale are identified in Z200
and OLR fields (Fig. S41, q in the Supplementary Material).
Lagged correlation maps between T500 fields and the
ME-ridge for the weekly time scale are shown in Fig. S5 in
the Supplementary Material and the ISM-T500 time series
is defined at weekly time scale as well. Thus, qualitatively,
the same set of potential precursors is identified at weekly
time scale, though with some differences in the exact shape
and strength of the identified spatial correlation contours.

Overall, the patterns shown in Figs. 2 and S4 suggest that
the Etesians may be influenced by three types of precursors:
(i) surface local features, i.e. the east—west pressure gradient
which may arise due to local diabatic heating of the land
surface over the Arabian Peninsula and is here represented
by the Persian trough time series; (ii) a mid-latitude wave
train originating over the North Atlantic and propagating
downstream following the westerly jet (NAtl-wave); (iii)
the influence of the ISM (ISM-OLR) via the ridge over the
Middle East (ME-ridge).

3.2 Causal effect networks at different time scales

Causal effect networks (CENSs) are calculated using the set of
five potential precursors of the Etesians identified in Figs. 2
and S4 for the 3-day and 7-day time scales (see Sect. 2 for a
thorough definition of the causal discovery tool). The 3-day
CEN analysis shows two causal pathways connecting the
Etesians with its causal parents: (i) a mid-latitude pathway
linking mid-latitude wave activity to the Etesians and (ii)
a tropical pathway, linking tropical convective activity to
the Etesians via the Middle East high (Fig. 3a). The mid-
latitude causal pathway starts from the NAm-wave (lag
— 1), which show a positive causal effect on the NAtl-wave
(B-value=0.31) at lag 0. In turn, the NAtl-wave (lag — 1)
has a positive effect (f-value =0.13) on the Etesians at lag
0. Thus, the effect of tropospheric wave activity originating
on the North American continent reaches the eastern Medi-
terranean after two time steps, i.e. 6 days. This is consistent
with previous works showing that Rossby wave propagation
from the North Atlantic controls the onset of outbreaks of
Etesians (Tyrlis et al. 2013).

The tropical causal pathway sees influence of the ISM
convective activity on the Etesians being mediated by the
ME-ridge (lag — 1), which exhibits a positive causal effect
(p-value =0.24) on the Etesians at lag O (Fig. 3a). The
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(a) CEN (3-day)
N

1 NAtl-wave

EtesiaK
e
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Pers-troug;’ 2 1I I‘LR

(c) CEN - CGT (3-day)

NAtl-wave

0.50 0.75 1.00

betaauto-coef.

Fig.3 Causal precursors of the Etesians at different time scales.
Panel a shows the CEN with six actors: NAtl-wave index, NAm-wave
index, the Etesians, ME-ridge, ISM-OLR and Pers.Trough at 3-day
time scale. Panel b: same as for panel a but for the weekly time scale.
Panel ¢ shows the CEN with four actors: NAtl-wave index, ME-ridge,
ISM-OLR and the CGT index at 3-day time scale. Panel d: same as

ME-ridge (lag 0) is influenced by the OLR activity over
the ISM area (f-value=-0.13) at lag — 1, meaning that
enhanced convection over the India peninsula (negative
OLR anomalies) is followed by increased Z200 in the
ME-ridge. Despite the fact that both the ME-ridge and the
NAtl-wave have a positive direct effect on the Etesians, a
stronger NAtl-wave (lag — 1) has a negative direct effect on
the ME-ridge (#-value =-0.07) at lag 0. Thus, while both
positive NAtl-wave and ME-ridge anomalies contribute

(b) CEN (7-day)

NAmM-
NAtl-wave
Etesians
1 ME-ridge
1
1
Pers-trou gBM-OLR
2,1
(d) CEN - CGT (7-day)
NAtl-wave
2
ME-ridge CGT
1
1
1
ISM-OLR

-0.4 -0.2

betacoef.

0.2 0.4

for panel ¢ but for the weekly time scale Circles (nodes) of each net-
work represent the actors, and the edges of the arrows represent the
direction of causality. The colour of the edges (nodes) represents the
strength of the causal link, i.e. the f coefficient (auto-f coefficient)

to positive Etesians anomalies, a stronger NAtl-wave has
the effect of weakening the ME-ridge, due to the fact that
while propagating eastward, the NAtl-wave causes negative
7200 anomalies over the Middle East region (Fig. 2n). This
could be seen as a damping mechanism in the Etesians
circulation system. Other local factors, here represented by
the Persian trough, appear to be influenced by the ME-ridge
and the ISM-OLR at lag — 1 but do not show an outgoing
link towards the Etesians. This is in agreement with what is
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shown in Fig. 2b, c, where a negative correlation between
the Etesians and the Persian through is depicted at lag 0
(Fig. 2c) but not a lag — 1 (Fig. 2b).

Next, we calculate the same CEN for the weekly time
scale and show that despite both causal pathways are still
present, the effect of the NAtl-wave on both the Etesians
and the ME-ridge vanishes at weekly time scales (Fig. 3b).
The only remaining direct causal drivers of the Etesians is
the ME-ridge (f-value =0.18), which in turn is influenced
by the ISM-OLR (f-value = — 0.15). Thus, while the effect
of the mid-latitude wave activity acts on shorter time
scales and disappears when weekly averages are analysed,
the influence of the ISM acts on longer time scales and is
consistent in sign and strength both at 3- and 7-day time
scales (see Sect. 4 for further insight). To compare causal
effect values with a standard measure, we also calculate
the amount of variability explained by the four main causal
links, i.e. NAtl-wave — Etesians, NAm-wave — NAtl-wave,
ME-ridge — Etesians and ISM-OLR — ME-ridge. The
total variance explained (calculated as the square value of
the r-value) is reported in Table S1 in the Supplementary
Material. Values range from r>~0.20 for the NAm-
wave — NAtl-wave to r?~0.05 for the ME-ridge — Etesians.

The CENs in Fig. 3 show that, both at 3- and 7-day time
scale, the Persian trough index is not a causal precursor of the
Etesians but rather a feature appearing contemporaneously to
the latter. Moreover, these CENs suggest that the ME-ridge
arises as a result of the heat source provided by the ISM
rather than local surface diabatic heating over the Arabian
Peninsula. To check this hypothesis, we build a CEN with
the Etesians, ISM-OLR, ME-ridge and ISM-T500, showing
that enhanced convective activity over India causes warming
in the middle of the troposphere, which in turn propagates
westwards causing a strengthening of the ME-ridge (Fig. S6
in the Supplementary Material). This evolution is consistent
with the westward propagation of a Rossby wave. Again,
this causal pathway is shown both for 3- and 7-day time
scales (Fig. S6a and S6b respectively, see Text S2 in the
Supplementary Material for further details). Moreover, we
check whether the CENs shown in Fig. 3a, b are stable when
perturbed by adding further actors to the network. We add
three further actors: (i) the western Mediterranean region
of positive correlation between MSLP and the Etesians
(WMed-MSLP, Fig. 2¢), (ii) the Madden and Julian outgoing
longwave radiation index second principal component
(MJO2) and (iii) the region of positive correlation between
the Etesians and subsidence (EMed-W500, Fig. S3c). The
resulting CENs (3-day and weekly time scale, Fig. S6c and
S6d respectively) show consistent causal links to those
shown in Fig. 3a, b, with the addition of the following
links: the WMed-MSLP has only one positive causal link
on the Pers-though, meaning that when the WMed-MSLP
intensifies, the Pers-though will weaken in the following
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week. This highlights the fact that the WMed-MSLP and the
Pers-though peak in the same moment. WMed-MSLP does
not show any incoming link, so it seems to be disconnected
from both the mid-latitude and the tropical — ISM pathways.
MIJO?2 (see Table 1 for further details) shows a positive
influence on the ISM-OLR index at weekly time scale (Fig.
S6d), while no influence is detected at 3-day time scale (Fig.
S6¢). This results is in agreement with what shown in Di
Capua et al. (2020a), where at weekly time scale, MJO2
had a similar link towards the monsoon trough rainfall. At
shorter (3-day) time scale, the lack of links may be explained
by the fact that the MJO (which has a typical time scale
of 30 to 90 days) acts on a longer time scale and its effect
is therefore not strong enough at 3-day time scale. For
subsidence, i.e. EMed-W500, three incoming positive causal
links are detected from the NAtl-wave, the ME-ridge and the
Etesians. In turn, EMed-W500 shows a negative causal link
toward Pers-through. Thus, although from a dynamical point
of view, the Etesians are certainly related to subsidence (as
shown in Fig. S3c), this relationship has a contemporaneous
nature, hence the signal does not show up when lag — 1 (or
longer) is analysed.

One important mid-latitude driver of the ISM activity
is represented by the CGT pattern. Here, we study the
connection between the CGT index (Z200 averaged over
the region 35°-40° N, 60°-70° E, see blue box in Fig. S7
in the Supplementary Material) and the ME-ridge-ISM-
OLR-NAtl-wave causal network. CENs built using these
four indices show a close link between the ME-ridge and
the CGT index (Fig. 3c, d). In the 3-day CEN, a strong
positive feedback is present between the ME-ridge and the
CGT index, showing that a stronger CGT index (lag — 1) is
followed by a stronger ME-ridge at lag 0 (-value =0.28),
and a stronger ME-ridge (lag — 2) is followed by a stronger
CGT at lag 0 (B-value=0.36) (Fig. 3c). This is also shown
in Fig. S7c—e, where the positive anomaly propagates from
the CGT region at lag 0 towards the Middle East and eastern
North Africa at lag + 2. This signal propagation is consistent
with a Rossby wave propagating from the ISM towards
North Africa, i.e. the monsoon—desert mechanism, and it
has been described in details in Di Capua et al. (2020a, b).
Causal links from the ISM-OLR and the NAtl-wave towards
the ME-ridge are consistent with what shown in Fig. 3a. A
negative link from the CGT towards the ISM-OLR index
(p-value =— 0.16) depicts the effect of the mid-latitudes on
the ISM system, as described in Di Capua et al. (2020a).
Analysing the same CEN at weekly time scales (Fig. 3d)
shows similar causal links with three main differences: (i)
the two-way effect between the CGT index and the ISM-
OLR (expected from previous work, see Di Capua et al.
2020a, b) is now clearly visible as a positive feedback
between these two variables, (ii) the negative effect of the
NAtl-wave is not directed towards the ME-ridge but toward
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the CGT index (and thus still affects the ME-ridge though
indirectly) and (iii) the ME-ridge only shows incoming
links, strengthening the hypothesis that the effect of tropical
drivers becomes more relevant when the length of the time
step increases. Note that, although both causal links between
the CGT and the ISM-OLR index are negative, this still
constitutes a positive feedback: when the CGT increases,
the ISM-OLR index decreases (corresponding to enhanced
rainfall), while when ISM-OLR decreases, it is followed by
an increase in the CGT. Thus, the initial increase in the CGT
index is reinforced by the interaction with ISM-OLR.
While the ISM rainfall season peaks in July—August, the
Etesians variability diminished in the middle part of the
summer (though this corresponds to more stable norther-
lies). Thus, to assess the dependence of the results shown
in Figs. 2 and 3 on the exact choice of summer months, we
produce the same analysis for the following three pairs of
months: June-July (JJ), July—August (JA) and August—Sep-
tember (AS). Similarly to what shown in Fig. 2, potential
precursors at 3-day time scale are now calculated for the
JJ, JA and AS periods and the resulting spatial patterns are
shown in Fig. 4a—d (JJ), Fig. 4e-h (JA) and Fig. 4i-1 (AS).
Qualitatively, the same regions can be identified, although
the strength of the correlation diminished in August—Sep-
tember. This change is most noticeable for the ME-ridge
(Fig. 4j) and the ISM-OLR region (Fig. 41), both regions
shrinking in size, while their correlation values are weaker
compared to those shown for JJ (Fig. 4b, d) and JA (Fig. 4f,
h). Next, for each sub-period, we calculate a CEN with the
same set of actors as shown in Fig. 3a, i.e. NAm-wave, NAtl-
wave, Etesians, ME-ridge, ISM-OLR and Pers-through (not
shown). Moreover, for each sub-period, we produce a 1000
CEN, each obtained by removing 11 years, and we plot the
resulting f value distributions for the two most relevant
causal pathways, i.e., the mid-latitude (NAm-wave — NAtl-
wave — Etesians) and the tropical (ISM-OLR — ME-
ridge — Etesians) pathway (Fig. 4m). For each of the four
causal links, and for each sub-period, the corresponding
spread in f-values is represented by the boxplot. To com-
pare the JJ, JA and AS p-values with the corresponding JJAS
p-values, the CEN shown in Fig. 3a is also re-calculated a
1000 times (each time randomly removing 11 years) and
the corresponding spread is shown in Fig. 4m by horizontal
shading, showing for each link the mean f-values and the
95% confidence interval. Despite some quantitative differ-
ences, in general, the distribution of f-values for different
sub-periods overlaps with the JJAS range (Fig. 4m). For the
NAm-wave — NAtl-wave link, AS f-values closely follow
the JJAS distribution (mean f-value ~0.31), while JJ and
JA p-values show a tendency towards higher values (mean
p-value ~0.35). Similarly, for the NAtl-wave — Etesians link,
AS p-values again follow the JJAS p-value closely (mean
p-value ~0.12), while JJ p-values are somewhat stronger

(mean f-value~0.16) and JA p-values are somewhat
weaker (mean f-value ~0.1). For the ISM-OLR — Etesians
link, there is a general tendency to slightly lower (absolute)
p-values for all subperiods (JJ and JA mean f-value ~— 0.1
compared to JJAS mean f-value ~— 0.13). The AS p-value
distribution (mean p-value ~— 0.05) is the only case where
the JJAS and the AS p-values distribution do not overlap.
For the ME-ridge — Etesians link, the JJ g-values distri-
bution follows closely JJAS (mean p-value ~0.24), while
the JA and AS mean f-values are somewhat weaker (mean
p-value ~0.20 and fB-value ~0.18 respectively). In general,
the influence of both the ISM—Etesians and the NAtl-wave
— Etesians pathways is stronger in the early part of the sea-
son JJ, and weakens towards AS. However, the sign and the
direction of the causal links always match those of the JJAS
CEN. The same analysis is also performed for the weekly
time scale with qualitatively similar results (Fig. S8 in the
Supplementary Material). Thus, for the next steps of this
analysis, we will keep using the JJAS season.

We check the stationarity of the most important identified
causal links over the analysed period by calculating each
CEN on an 9-year moving window and then calculating the
trend on the time series of the 36 f-values obtained (one
p-value for each 9-year moving window, thus 36 time steps
obtained from the original 44-year long time series, Fig.
S9 in the Supplementary Material). Results show that the
sign of the causal links remains stable even when only
9 years on a moving window are considered (Fig. S9).
One exception is the link NAtl-wave, _ _, — Etesians,_glall,
which shows a downward linear trend in its f-value of
— 0.0025/year, thus a total decrease over 36 years of 0.09,
which corresponds to a~50% decrease with respect to
the 44-year value of f-value ~— 0.13 shown in Fig. 3a.
While the effect of the NAtl-wave on the Etesians shows
a negative trend over the analysed period (p-value=0.12,
Fig. S9a in the Supplementary Material), we do not detect
any significant trend in the involved actors themselves.
Since the NAtl-wave index is obtained by calculating the
spatial correlation between the pattern shown in the blue
box in Fig. 2g and the Z200 field over the same area for
each time step (as explained in Sect. 3.1), the fact that the
NAtl-wave index does not show a significant trend may still
hide changes inside the analysed pattern. To investigate
this hypothesis, we plot composite of Z200 anomalies over
days with NAtl-wave > 1 s.d. for the first and last 15 years
of the 1979-2022 period (1979-1993 and 2008-2022
respectively). Comparing the spatial patterns shown in Fig.
S10a, b (see Supplementary Material), the same wave (NAtl-
wave), as described earlier, appears. However, the intensity
of the ridges over the eastern Canada and central-eastern
Europe declines by about 14 m. Calculating the difference
(late period minus early period) further quantifies these
differences, (Fig. S10c in the Supplementary Material).
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Fig.4 Causal precursors of the Etesians for different JJAS sub-peri-
ods. Panel a shows the correlation map between the Etesians index
time series and the MSLP field at lag O (3-day time steps) for the JJ
period. Panel b shows the correlation map between the Etesians index
time series and the Z200 field at lag — 1 for the JJ period. Panel ¢
shows the correlation map between the NAtl-wave index and the
7200 field at lag — 1 for the JJ period. Panel d shows the correla-
tion map between the ME-ridge index and the OLR field at lag -1 for
the JJ period. Panels e-h and i-1 same as for panels a-d but for JA
and AS period respectively. Grid points for which the correlation is

Hence, although the overall NAtl-wave index does not
change significantly, the intensity of the ridge right to the
west of the Etesians region declines. This decline may then
explain the negative trend in the NAtl-wave — Etesians
p-values shown in Fig. S9a (in the Supplementary Material).

3.3 Causal maps of mid-latitude and tropical drivers
The causal effect of both mid-latitude and tropical drivers
on the eastern Mediterranean circulation is further ana-

lysed also in its spatial structure. We calculate causal maps
(see Sect. 2 for a detailed description) which are similar
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not significant at ®<0.05 (after applying the Benjamini—-Hochberg
correction) are shown in white. Panel m shows the box plots for the
1000 p values calculated for the links NAtl-wave — Etesians, NAm-
wave — NAtl-wave, ME-ridge — Etesians and ISM-OLR — ME-ridge
and for the three analysed JJAS sub-periods, i.e. JJ, JA and AS. The
shaded horizontal lined represent the JJAS 1000 P values calculated
for the JJAS period. The whiskers of each box plot, and the shaded
horizontal lines, represent the 95% confidence interval. The boot-
strap is calculated by removing 11 years for the JJAS sub-period and
11 years for the full JJAS season

in concept to correlation maps, but instead of the correla-
tion coefficient, each gridpoint shows the f-value calculated
by the CEN build with three (fixed) tropical — mid-latitude
drivers (NAtl-wave, ME-ridge and ISM-OLR) and a fourth
actor, which is the gridpoint time series of a selected field.
For example, Fig. 5 shows causal maps for the effect NAtl-
wave (and excluding the effect of the other two causal driv-
ers and the field itself) on several other atmospheric fields
both on the 2D horizontal plane and in the vertical section
and for both 3- and 7-day time scales (left and right column
respectively).



Tropical and mid-latitude causal drivers of the eastern Mediterranean Etesians during boreal... 9577

The causal effect of the NAtl-wave (lag — 1) on the MSLP
field at lag O (NAtl-wave, _ _; —MSLP_glall) is shown in
Fig. 5a: the signature of the mid-latitude wave train is vis-
ible in the North Atlantic/European sectors, with negative
p-values over the British Isles and central Asia, and posi-
tive f-values over eastern Europe and western China. Posi-
tive anomalies are also shown west of the Gibraltar Strait,
extending to eastern North Africa. A weak negative sig-
nature is also present over the eastern Mediterranean. The
causal map for the effect of the NAtl-wave (lag — 1) on
the Z200 field at lag O (Fig. 5c) shows a clear mid-latitude
wave signature with positive and negative f-values partly
corresponding to the centres of actions shown in Fig. 5a.
Thus, this map shows the propagation of the wave signal
toward the east. The effect of the NAtl-wave (lag — 1) on the
V850 field at lag O (Fig. 5e) shows a clear wave signature
highlighting the regions of enhanced southerlies over central
Europe and central Asia and northerlies over western Russia,
extending via the Black Sea towards the eastern Mediter-
ranean and Libya. Weekly causal maps for the same fields
are shown in Fig. 5b, d, f displaying a still present, but less
prominent, wave-like structure and weak northerlies only at
the top left corner of the Etesians box (Fig. 5f).

The causal effect is also studied in the vertical section
in Fig. 5g—j, showing the causal effect of NAtl-wave on
the vertical (W-wind) and meridional (V-wind) wind
fields averaged over the 32—40° N latitudinal belt between
0° and 110°E. The causal effect of the NAtl-wave on the
W-wind shows evidence of ascending motions (negative
p-values ~0.2-0.3) between 40°-60° E extending from
the middle of the troposphere to the 200 hPa pressure
level. Ascending motions are also present over the eastern
Mediterranean but confined between 200 and 100 hPa
pressure levels (Fig. 5g). Descending motions (positive
p-values) are shown on the western Tibetan Plateau (60°-90°
E) and in the lower levels over the eastern Mediterranean,
though the latter are very weak (Fig. 5g). The causal map
showing the effect of the NAtl-wave on the V-wind field
depicts a very clear almost-barotropic wave-like structure
throughout the entire troposphere, with southerlies over
the western Mediterranean and the Middle East region
and northerlies over the eastern Mediterranean region
and the Tibetan Plateau (Fig. 5i). Weekly vertical causal
maps also show very few significant gridpoints, though
weak northerlies are still shown in Fig. 5j on the eastern
Mediterranean.

The effect of the NAtl-wave on the circulation in the Med-
iterranean region shows a wave response, which can be seen
both in the 2D horizontal causal maps and the vertical levels.
This wave-like response shows the typical characteristics of
a quasi-barotropic mid-latitude eastward propagating Rossby
wave, with a sequence of high and low pressure centres

accompanied by northerly and southerly winds which span
from the lower to the upper troposphere.

Next, we analyse the causal effect of the ME-ridge on
MSLP and V850 horizonal fields for both 3- and 7-day
time scales (Fig. 6). The causal map for the link ME-
ridge, _ _; = MSLP,_glall (Fig. 6a) shows a clear east—west
MSLP gradient with positive anomalies (positive f-values)
over Italy and Libya (f-value ~0.1-0.2) and negative anom-
alies over the Persian trough region (#-value ~0.2-0.4).
Thus, the ME-ridge is responsible for the formation of
the typical east—west MSLP gradient at 3-day time scales,
which is conducive for Etesians winds (Fig. 1b) and is also
partly reflected in the seasonal climatology of the region
(Fig. S1c). This response is markedly visible as an effect of
the ME-ridge (Fig. 6a), while it was much weaker and not
clearly identifiable as a response of the NAtl-wave (Fig. 5a).
The causal map for the link ME-ridge, _ _, — V850, _ (lall
(Fig. 6¢) shows negative f-value ~0.1-0.3 corresponding to
northerlies over the eastern Mediterranean, i.e. enhanced
Etesians follow a stronger ME-ridge with a 3-day time step
delay. These northerlies, i.e. the Etesians, form as a response
to the west—east MSLP gradient displayed in Fig. 6a. North-
erlies are also present at the Himalayan foothills and the
offshore regions of the western Ghats. Southerlies are
shown over the south-eastern tip of the Arabian Peninsula
and Southeast Asia. Weekly causal maps exhibit a similar
east—west MSLP gradient (Fig. 6b) though with reduced
causal link strength (f-value ~0.1-0.2) and a weaker but still
clearly visible northerly signature over the eastern Mediter-
ranean (f-value ~0.2-0.3, Fig. 6d).

Causal maps of vertical cross-sections for the causal link
ME-ridge, _ _; — W-wind,_lall at 3-day time scale (Fig. 6¢)
show enhanced subsidence (positive f-values~0.2-0.3)
between 20° and 30°E, corresponding to the eastern Medi-
terranean. Northerlies over the eastern Mediterranean can
be dynamically explained as a response to the warming
at mid- and high-tropospheric levels in the vicinity of the
ME-ridge. Isentropic surfaces bend down in the region of
diabatic warming resulting in sloping isentropic surfaces
over the eastern Mediterranean. In the absence of diabatic
processes, the northerlies over the eastern Mediterranean
will generally follow the isentropic surfaces and acquire a
significant downward component that explains the observed
subsidence over the region. Ascending motions (negative
p-values ~-0.2-0.3) are located over the Middle East and
the Tibetan Plateau. Vertical causal maps for the causal link
ME-ridge, _ _; — V-wind,_glall at 3-day time scale (Fig. 6g)
show northerlies located over the eastern Mediterranean
(negative f-values~-0.2-0.3) but confined in the lower
troposphere between 900 and 500 hPa. In the upper tropo-
sphere, southerlies are located over the western Mediterra-
nean, and the Tibetan Plateau, while northerlies are located
over the Middle East. Note that the southerly-northerly pair
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Fig.5 Causal effect of the NAtl-wave. Panel a: horizontal causal
map for the link NAtl-wave, _ _;—MSLP_glall, where NAtl-
wave, _ _;—MSLP_glall represents the causal effect of the
NAtl-wave on MSLP where the NAtl-wave leads the MSLP field
by one time step. Panel b: same as for panel a but for weekly
time scale. Panel c: horizontal causal map for the link NAtl-
wave, _ _; —Z200_glall. Panel d: same as for panel ¢ but for
weekly time scale. Panel e: horizontal causal map for the link
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NAtl-wave, _ _; — V850, _lall. Panel f: same as for panel e but for
weekly time scale. Panel g: vertical causal map for the link NAtl-
wave, _ _;— W-wind_glall. Panel h: same as for panel g but for
weekly time scale. Panel i: vertical causal map for the link NAtl-
wave, _ _; — V-wind_lall. Panel j: same as for panel i but for weekly
time scale. For W-wind, red shading represents subsidence, while
blue shading represent ascent. For V-wind, red shading represents
southerlies, while gray shading represent northerlies
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Fig.6 Causal effect of the ME-ridge. Panel a: horizontal causal
map for the link ME-ridge, - _;—MSLP_glall, where ME-
ridge, _ _; — MSLP_lall represents the causal effect of the ME-ridge
on MSLP where the ME-ridge leads the MSLP field by one time step.
Panel b: same as for panel a but for weekly time scale. Panel c¢: hori-
zontal causal map for the link ME-ridge, _ _; —Z200_glall. Panel d:
same as for panel ¢ but for weekly time scale. Panel e: vertical causal

located between the western Mediterranean and the Middle
East corresponds to the upper level anticyclone which is
shifting from the Middle East towards Northern Africa and
the western Mediterranean (see also Figs. S11i and S11j in
the Supplementary Material). Causal maps on vertical cross-
sections created with 7-day averaged fields show weaker but
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map for the link ME-ridge, _ _; — W-wind,_glall. Panel f: same as for
panel e but for weekly time scale. Panel g: vertical causal map for
the link ME-ridge, _ _; — V-wind,_glall. Panel h: same as for panel g
but for weekly time scale. For W-wind, red shading represents subsid-
ence, while blue shading represent ascent. For V-wind, red shading
represents southerlies, while gray shading represent northerlies

still clearly recognizable descending motions (Fig. 6f) and
northerlies (Fig. 6h) located over the eastern Mediterranean.

Thus, the ME-ridge shows a greater causal effect over the
Mediterranean (in terms of area affected and strength of the
f-values) than the NAtl-wave and the effect of the ME-ridge
on subsidence is stronger and more marked than that of the
NAtl-wave. Moreover, the response to the ME-ridge shows
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characteristics which hint to its tropical nature: while the
vertical structure of the NAtl-wave response is quasi-
barotropic, the response to the ME-ridge shows features that
change with height. This behaviour is also found in a tropical
heat low, showing a convergence and cyclonic circulation at
the lower level, and divergence and anticyclonic circulation
at the upper level.

Finally, we analyse the causal effect of ISM-OLR on
T500 and Z200 horizonal fields for both 3- and 7-day
time scales (Fig. 7). The causal map for the link ISM-
OLR, _ _; — T500,_ylall shows warming in the middle
troposphere over the Arabian Sea, Iran and the Arabian
Peninsula (Fig. 7a). The causal map for the link ISM-
OLR, _ _; —Z200,_ylall depicts positive -values~0.1-0.2
over the Middle East and the eastern Mediterranean, thus
showing an intensification of the ME-ridge following
enhanced convective activity in the ISM region (Fig. 7c).
Positive, though weak, f-values ~0.1 extend to the entire
North Africa, in agreement with Di Capua et al. (2020b),
who identified an influence of the ISM convection on North
Africa, also known in the literature as monsoon-desert
mechanism. Negative f-values~— 0.1-0.2 are shown over
Kazakhstan, indicating lower Z200 anomalies following
enhanced convective activity over India (Fig. 7c). When the
weekly time scale is analysed, the influence of the ISM con-
vection on North Africa and the Middle East increased in
term of in affected area and strength of the f-value ~0.2-0.3,
thus showing that the effect of the ISM has a stronger impact
on nearby and remote regions which intensify at longer time
scales. This is consistent with studies showing that the effect
of tropical convective activity, which can act as a source
of Rossby waves, acts on times scales of about two weeks
(Branstator 2014). The ISM convective activity provides a
heat source via latent heat release which builds up over a
period of four months and can be a source of Rossby waves.

Vertical causal maps show the effect of ISM-OLR
on both W-wind and O fields at lag — 1 for both 3- and
7-day time scales. The causal map for the link ISM-
OLR, _ _; — W-wind,_ylall shows some descent over
the eastern Mediterranean (positive f-values~0.1-0.2)
between 300 and 200 hPa (Fig. 7e). Increasing ® can be
linked to diabatic heating originating from latent heat
released by convective rainfall over the Indian Peninsula.
Dynamically, as explained for the ME-ridge, this is related
to diabatic warming of the middle troposphere which bends
the isentropes and promotes subsidence. Descent is also
shown over North Africa and the Middle East region, while
ascending motions (negative #-values ~0.1-0.2) are located
on the western flank of the Tibetan Plateau throughout
the entire tropospheric column (Fig. 7e). The causal map
for the link ISM-OLR, _ _; — ©,_jlall shows increased
potential temperatures (positive f-values ~0.2-0.3) between
500 and 200 hPa over the Middle East region (Fig. 7g).
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Weekly vertical causal maps show a strengthening of
both descending motions over the eastern Mediterranean
(B-values ~0.2-0.3, Fig. 7f) and diabatic heating over the
Middle East (f-values ~0.2-0.3, Fig. 7h). Thus, like for the
horizonal causal maps, the effect of the ISM convective
activity strengthens when longer time steps are analysed.
Finally, we estimated horizontal causal maps of the ISM-
OLR convection on MSLP, precipitation and W500 fields.
The resulting maps depict enhanced rainfall over central
Indian, accompanied by stronger ascending motions and
lower MSLP anomalies centred over the Arabian Sea and
expanding towards the Persian trough (see Fig. S11a—f in
Supplementary Material). Similarly, we estimate vertical
causal maps for W-wind and © but for the latitudinal band
17°-28° N, corresponding to Central India latitudes, and
the results shown enhanced ascending motions over central
India (Fig. S11g, h) and enhanced diabatic heating extending
from central Indian towards North Africa (Fig. S11i, j).

4 Discussion and conclusions

By applying causal effect networks (CENs), we have
identified the causal precursors of mean state of the Etesians
during boreal summer (June to September) and have shown
that two causal pathways can be identified which govern the
intraseasonal variability of the Etesians. The first pathway
is a mid-latitude causal pathway, where a Rossby wave
train originating over North America propagates towards
the North Atlantic/European sector and affects the Etesians
about a week later. The second pathway is characterized
by the propagation of equatorially trapped Rossby waves
originating from the Indian monsoon region: enhanced
convective activity in the Indian summer monsoon regions
(ISM), leading to higher Z200 anomalies over the Middle
East (ME-ridge), which in turn drive stronger Etesians on
a time scale from one-to-two weeks. The ME-ridge is also
found to affect local MSLP anomalies over the Arabian
Peninsula, thus hinting to the fact that lower MSLP pressure
values are a consequence of subsidence in this region
caused by the intensification of the Z200 ridge aloft and
not vice versa (Fig. 3a, b). A stronger upper level ridge over
the Middle East could enhance subsidence and clear skies
over the region resulting to more intense surface heating
and intensification of the heat low. In turn, it can tighten
the pressure gradient over the eastern Mediterranean and
eventually strengthen the Etesians. While the mid-latitude
pathway disappears when the weekly time scale (instead of
3-day time scale) is analysed, the ISM—Middle East pathway
remains stable. This behaviour highlights the difference in
the typical time scales at which mid-latitude circulation
and tropical convective activity act: while mid-latitude
circulation anomalies are best represented at synoptic time
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Fig.7 Causal effect of the ISM-OLR. Panel a: horizontal causal
map for the link ISM-OLR, _ _;—T500_glall, where ISM-
OLR, _ _; — T500,_lall represents the causal effect of the ISM-OLR
on T500 where the ISM-OLR leads the T500 field by one time step.
Panel b: same as for panel a but for weekly time scale. Panel c: hori-
zontal causal map for the link ISM-OLR, _ _; —Z200,_,/all. Panel d:

scales, the ISM system acts on sub-monthly time scales
(Suhas et al. 2012). The relationship between the Middle
East ridge and the circumglobal teleconnection index is also
assessed, showing that while at 3-day time scale these two
actors are closely related (strong positive feedback, Fig. 3c),
at weekly time scale the CGT-index drives the ME-ridge
(Fig. 3d). When the stationarity over time of the most
important causal links is checked, a 50% decrease in the
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same as for panel ¢ but for weekly time scale. Panel e: vertical causal
map for the link ISM-OLR, _ _; — W-wind,_glall. Panel f: same as for
panel e but for weekly time scale. Panel g: vertical causal map for the
link ISM-OLR, _ _; — ©_glall. Panel h: same as for panel g but for
weekly time scale. For W-wind, red shading represents subsidence,
while blue shading represent ascent

strength of the fS-value of the causal link between the North
Atlantic wave activity and the Etesians is detected over the
1979-2022 period (Fig. S9). Finally, it is important to notice
that CEN are better suited to study the mean state of the
systems, thus the causal pathways presented in the analysed
CENs may vary when only extreme states of the Etesians
are considered.
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Causal maps provide a deeper insight into the spatial pat-
terns of the causal links detected in the CEN analysis. The
causal effect of each of the most important causal precursors
of the Etesians, i.e. the North Atlantic wave, the Middle
East ridge and the ISM convective activity, is now analysed
on a 2D field. In general, the patterns shown in Figs. 5-7
agree with those shown in Fig. 3 but add further detail to
the general picture. Four key messages are obtained: (i) the
mid-latitude wave has a (quasi) barotropic effect on meridi-
onal wind velocity and geopotential height fields, which is
stronger in the mid-latitude sector and shows only a limited
influence on the east—-west Mediterranean MSLP gradient
which is needed to establish the Etesians; (ii) the Middle
East ridges has the strongest role in driving both subsidence
and northerlies over the eastern Mediterranean, and it has a
clear role in establishing the heat low over the Middle East;
(iii) the ISM convection causes warming over the Arabian
Sea and Middle East which results in larger geopotential
heights anomalies over the Middle East region; (iv) the
direct effect of the North Atlantic wave and the Middle East
ridge weakens at weekly time scales while that of the ISM
intensifies.

Our results shed light on the diverse influence of mid-
latitude and tropical drivers on the eastern Mediterranean
tropospheric circulation. The ISM not only affects the
seasonal background northerlies (Tyrlis et al. 2013), but also
affects the intraseasonal variability with a causal strength
which is comparable with that of the mid-latitude influence.

The Indian monsoon-Middle East ridge causal pathway
can be interpreted in the context of the monsoon—desert
mechanism, which connects seasonal ISM convective
activity to a Rossby wave response to the west (induced by
the heat source provided by deep convection) and subsidence
motions centred over eastern North Africa (Rodwell and
Hoskins 1996). When the effect of convective activity over
the ISM region is analysed on a 2D field (causal maps in
Fig. 7), its direct effect on both geopotential height fields
and subsidence over the eastern Mediterranean and North
Africa shows an evolution over time in both the spatial
patterns and the strength of the causal links. At shorter
(3-day) time scales, the causal effect of the convection over
the ISM region shows its peak over the Middle East and the
eastern Mediterranean, with f-values ~0.1-0.2 (Fig. 7¢). At
weekly time scales, the peak of the causal effect has shifted
south-westward towards the Sahel region and reaches
p-values ~0.2-0.3 (Fig. 7d), showing close similarity to that
identified by Di Capua et al. (2020b) in their Fig. 3c. Thus,
the effect of the ISM convection on the Middle East ridge
can be interpreted as a “transient” in the expansion of the
effect of the ISM heating source to the west. This can be
seen also in Fig. 7g—h, which show an intensification of the
causal effect of the ISM convection on potential temperature
over the middle east area, thus highlighting the presence of
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diabatic heating (adiabatic heating would not cause a change
in potential temperature).

The Middle East ridge is also closely connected to the
circumglobal teleconnection pattern (Ding and Wang 2005;
Di Capua et al. 2020a). This connection can be seen in the
causal effect networks in Fig. 3c, d, which depict a strong
positive two-way causal link between the circumglobal
teleconnection (CGT) index and the ME-ridge at 3-day time
scale (Fig. 3c), evolving in a one-way positive link from the
CGT index to the ME-ridge at weekly time scale (Fig. 3d).
Thus, this puts the ME-ridge in direct connection with the
two-way causal link between the ISM convective activity
and the CGT index which was shown in Di Capua et al.
(2020a). In this context, the CGT index and the monsoon
desert mechanisms are both affected by ISM convection,
but the northward location of the CGT index region (east of
the Caspian Sea), allows the influence of the ISM to reach
the mid-latitude circulation. It is interesting to notice that
the North Atlantic wave as defined in Fig. 2g has a negative
effect on the ME-ridge at 3-day time scale and on CGT index
at weekly time scales. This introduces a negative feedback
inside the Etesian CEN: while the North Atlantic wave has
a positive causal effect on the Etesians (i.e. a stronger wave
leads to more enhanced Etesians), its effect on the ME-ridge
(or CGT index) is negative, thus a stronger wave weakens
the Middle East ridge, and in turn, with a delayed effect, the
Etesians. This behaviour can be seen in the correlation maps
between the Etesians and Z200 fields shown in Fig. 2m:
when the NAtl-wave propagates eastward, it is associated
with negative Z200 anomalies over the ME-region.

Analysing the stationarity in time of the causal effect
networks shows that the sign and direction of the causal
links is stable over time (Fig. S9). The link from the North
Atlantic wave to the Etesians shows a weakening over the
analysed time period. The presence of this weakening trend
implies that the influence of the mid-latitude circulation on
the eastern Mediterranean circulation may decrease over
the years, leaving the Etesians more subject to the influence
of the ISM system. Determining the cause of this trend is
outside the scope of this paper. Moreover, future projections
show a strengthening of the ISM precipitation (Turner and
Annamalai 2012; Menon et al. 2013), due to the increased
water vapor holding capacity of the atmosphere with
increasing temperatures, which may lead to an intensification
of the monsoon — desert mechanisms. This provides the
potential for an increased influence of the ISM convection
on the eastern Mediterranean circulation. In general, more
intense Indian monsoon rainfall would lead to a stronger
Middle East ridge and, thus, stronger Etesians. If true, due
to the link between Etesians and surface temperatures, this
may have a mitigating effect on heat waves in the area.

In conclusion, in this work we quantify the relative
importance of mid-latitude and tropical causal drivers in
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influencing the intraseasonal variability of Etesians winds
and tropospheric circulation in the eastern Mediterranean.
Our results highlight the importance of different time scales
and show that the tropical influence of monsoon convective
activity, which is mediated by the Middle East ridge,
becomes more prominent than that of mid-latitude drivers
at longer time scales (weekly versus 3-day time steps).
Moreover, we show how the heat low that characterises the
circulation over the Middle East in summer is established
as a consequence of the upper level ridge, which in turn is
caused by the heat source provided by the Indian monsoon.
In contrast, an influence of the mid-latitude wave on the
heat low is not detected. Our results support that this
Indian monsoon—-Middle East pathway is embedded in
the monsoon—desert mechanism and that changes in the
circulation over the eastern Mediterranean are closely
related to changes in tropical convective activity. Finally,
we show that the causal discovery tool employed can shed
light on dynamical pathways in reanalysis datasets, thus
constituting a useful tool for process-based validation of
general circulation models. Future work will assess how
these causal pathways will change under global warming and
what impact these changes will have on surface temperature
and fire weather in the region.
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