10

15

20

The Connection Between North Atlantic Storm Track Regimes and
Eastern Mediterranean Cyclonic Activity

Dor Sandler', Hadas Saaroni', Baruch Ziv'-?, Talia Tamarin-Brodsky?, and Nili Harnik'

"Porter School of the Environment and Earth Sciences, Tel Aviv University, Tel Aviv, Israel
2Department of Life and Natural Sciences, The Open University of Israel, Raanana, Israel
3Department of Earth, Atmospheric, and Planetary Sciences, MIT, Cambridge, MA, USA

Correspondence: Dor Sandler (dor.sandler @ gmail.com)

Abstract. A unique chain connects the flow over the North Atlantic and the development of cyclones within the Mediterranean
basin. One typical mechanism includes several successive processes: upper-level flow perturbations upstream cause Rossby
wave breaking (RWB) events along the jet stream, which in turn develop into potential vorticity streamers. These streamers
reach the Mediterranean, and through increased baroclinicity they enhance cyclonic activity in the region. Using ERAS5 reanal-
ysis data and rain gauge measurements, we provide a systematic analysis connecting wintertime North Atlantic storm track
regimes and Eastern Mediterranean cyclones and rainfall. To do so, we use different detection algorithms for each element in
the chain (RWBs, streamers and cyclones). A cluster analysis of upper tropospheric eddy kinetic energy reveals a favorable
configuration of the storm track where North Atlantic storms are able to propagate farther northeast. This results in upper-level
potential vorticity streamers forming more eastward alongside above-average precipitation over the Levant. Meanwhile, other
latitudinal positions of the storm track (southward or northward) were found to hinder cyclonic activity in the region and reduce
rainfall there. The intense rainy winter of 1991-1992 is brought as a test case to exemplify this mechanism in its extreme. We
show that the rain-enhancing storm track regime was prominent throughout most of this season, alongside frequent streamers

in the Eastern Mediterranean.
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1 Introduction

The Mediterranean basin is considered to be one of the most cyclogenetic regions on the globe. Cyclones have significant
societal and environmental impacts on the basin, as they are responsible for the majority of wintertime precipitation (Saaroni
et al., 2010; Flaounas et al., 2022) and can be associated with extreme weather phenomena (e.g., floods, strong winds). A
combination of geographical and dynamical features of the region are favorable to the formation and development of lows: the
temperature contrast between the warmer sea and adjacent land, strong baroclinicity in the presence of the jet stream, and the

surrounding mountain ranges serving as orographic drivers of convergence and vertical air motion.
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Aside from the inherent cyclogenetic drivers in the basin, the activity of lows is also modulated by large scale flow sur-
rounding the region. These supply the Mediterranean with moisture, heat and energy, which affect cyclone formation and
development (Seager et al., 2020). This occurs mostly via changes to upper level flows, which are known to play a major role
throughout the life cycle of cyclones.

When northerly flowing cold upper tropospheric air reaches the Mediterranean, it increases atmospheric instability, and
downstream upper level divergence, thus creating overall favorable conditions for baroclinic growth (Flaounas et al., 2015, 2021).
In terms of potential vorticity (PV), these flows adiabatically advect strong positive PV anomalies (from either tropospheric or
stratospheric origins) that induce cyclonic motion. In fact, Flaounas et al. (2015) describe Mediterranean cyclones as "PV tow-
ers", a tilted positive anomaly spanning vertically from the surface to the Tropopause. Dynamically, these upper level structures
are classified as troughs (synoptic scale jet undulations) or PV streamers which are narrower and more intense. In the case of
Israel, for example, trough orientation and location were shown to be crucial to rainfall distribution (Zangyvil and Druian, 1990;
Ziv et al., 2006).

While extratropical cyclones have additional sources of PV (Campa and Wernli, 2012), they are usually smaller by an
order of magnitude (Flaounas et al., 2021). The authors examined the vertical PV profiles of a hundred intense Mediterranean
cyclones, and noted that while upper level adiabatic advection was the most dominant process, most profiles also included low
level diabatic heating. The ratio between the two led the authors to classify cyclones as adiabatically driven, diabatically driven
or mixed.

The upper level flow over the Mediterranean connects Mediterranean cyclones to the large scale circulation around the
basin. Four major elements of extratropical circulation have been linked to either precipitation or cyclonic activity in the
Mediterranean: undulations of the polar jet stream, the North Atlantic storm track, subseasonal Rossby wave packets and the
subtropical jet entrance.

While the four components are interconnected (Watanabe, 2004; Novak et al., 2015; Raveh-Rubin and Wernli, 2015; Raveh-
Rubin and Flaounas, 2017), they all broadly relate to the same dynamical chain. Figure 1 shows a generalized depiction of
this process. First, a low level forcing creates a perturbation of the upper tropospheric flow upstream of the Mediterranean.
This perturbation grows and propagates along the polar jet stream. After breaching southward towards the Mediterranean, the
meridionally elongated anomaly can interact with Mediterranean cyclones, enhancing their cyclogenesis and development.

The Atlantic jet stream is therefore the main vehicle of PV anomalies in the propagation phase, and its undulations form
cyclone-enhancing upper level troughs. Shifts in jet latitude and the zonal extent of the jet exit region have been linked to differ-
ences in cyclone track density and Mediterranean precipitation variability on different time scales. The latitudinal displacement
of the jet is correlated to east-west seasonal precipitation anomalies in the basin (Gaetani et al., 2011; Beghin et al., 2016),
sometimes known as the Mediterranean seesaw. A more zonal and southern jet results in increased precipitation over the west-
ern Mediterranean, while a northeasterly tilted configuration corresponds to wetter conditions over the eastern Mediterranean.
Additionally, during anticyclonic Rossby wave breaking events (RWBs), the meridional PV gradient on the jet is reversed, and
the resulting streamers create favourable conditions for intense cyclones near the jet exit region (Raveh-Rubin and Flaounas,

2017, Priestley et al., 2020; Tamarin-Brodsky and Harnik, 2024).
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While generally less explored in this context, the subtropical jet has been linked to Mediterranean cyclones. Brayshaw et al.
(2010) defined the intensity and location of the jet entrance as a "key meteorological forcing" of the Mediterranean storm track
(i.e. the perturbation step in Fig. 1). Wiegand and Knippertz (2014) stress the role of subtropical wave trains in predicting
intense PV streamers and RWB events over the region.

North Atlantic storms (and their Eulerian representation, the North Atlantic storm track) can affect Mediterranean cyclonic
activity from a distance through dynamical proxies. One such dynamical pathway for the formation of intense Mediterranean
cyclones is described in Raveh-Rubin and Flaounas (2017), hereafter RRF17. This mechanism includes four steps: one or
several North Atlantic cyclones produce a warm conveyor belt (WBC) flow (i.e. perturbation). The WCB contributes to an
intensifying upper level ridge over the North Atlantic (Pfahl et al., 2015). This results in anticyclonic Rossby wave breaking
downstream (i.e. propagation), the southern flank of which extends into a cyclone-inducing PV streamer over the Mediterranean
(i.e. interaction). This process was demonstrated for a set of two hundred intense Mediterranean cyclones in reanalysis (Raveh-
Rubin and Flaounas, 2017) as well as several semi-idealized simulations (Scherrmann et al., 2023). Additional works further
highlighted specific links within this mechanism: North Atlantic cyclones and RWBs (Pantillon et al., 2015; Portmann et al.,
2020); RWBs and Mediterranean cyclones (Tamarin-Brodsky and Harnik, 2024); and the role of WCBs throughout (Ziv et al.,
2010; Madonna et al., 2014; Berkovic and Raveh-Rubin, 2022; Joos et al., 2023). Alternatively, some western Mediterranean
cyclones are directly impacted by their North Atlantic counterparts via clustering. In this case, a secondary smaller low is
formed near an existing storm (Ziv et al., 2015; Saaroni et al., 2017; Priestley et al., 2020).

The Atlantic-Mediterranean connection is also supported by subseasonal Rossby wave packets (RWPs). These intermediate
scale waves (k ~ 5) propagate mostly zonally over long distances along the jet stream. They do so with little to no phase
speed, which means that they create persistent anomalous ridge-rough pairs which can inhabit the same region for several days
(belonging to both propagation and interaction stages in Fig. 1). RWPs with meridional anomalies over the central-eastern
Mediterranean are a prominent feature of extreme winters over Israel (Feldstein and Dayan, 2008), depending on their phase.
Other studies have also found a similar wave configuration in relation to Mediterranean rainfall (Saaroni et al., 2015; Redolat
et al., 2019; Ali et al., 2021; Berkovic and Raveh-Rubin, 2022).

The positive phase of the North Atlantic Oscillation (NAO) can sometimes trigger the propagation of one such wave packet
(Watanabe, 2004). A surface high forms in the Western Mediterranean, prompting upper level convergence which excites a
wave train along the jet. Watanabe dubbed this process "the NAO downstream extension", and it can be classified under the
perturbation step in Fig. 1. NAO phase variability has also been linked to cyclone track density anomalies in the Western
Mediterranean (Nissen et al., 2010) and, to a lesser extent, to rainfall in Israel (Black, 2012).

While considerable efforts have been made to understand the large scale dynamical drivers of Mediterranean cyclonic
activity, their relevance to the eastern part of the basin remains an open question. As it is further downstream, the eastern
Mediterranean is generally weakly correlated to modes like the North Atlantic Oscillation (Nissen et al., 2010), and upper level
anomalies (e.g., RWBs, streamers) are more prominent closer to the Atlantic. Additionally, as Eastern Mediterranean lows are

shallower compared to the west, they are often mostly filtered out in studies examining intense storms.
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Therefore, in this work we investigate the relation between the North Atlantic region and Eastern Mediterranean cyclonic
activity and rainfall. Our focus is on the North Atlantic Storm Track, due to its relevant signal on multiple time scales (from
single synoptic systems to seasonal flow regimes) and its interaction with various elements along the cyclogenesis dynamical
chain (Brayshaw et al., 2010; Novak et al., 2015; Raveh-Rubin and Flaounas, 2017). Additionally, the North Atlantic storm
track might serve as a potential proxy for climate predictability in an effort to reduce climate models’ inherent uncertainties
with respect to Mediterranean cyclones and their impacts (Hochman et al., 2020; Voskresenskaya et al., 2022; Reale et al.,
2022).

More specifically, we examine how different regimes of the North Atlantic storm track relate to cyclone inducing flow down-
stream on synoptic and seasonal time scales. We then inspect whether this connection can be interpreted via the perturbation-
propagation-interaction framework (Fig. 1), using explicit analysis of relevant dynamical elements (namely, RWB events, PV
streamers and cyclone tracks). Rossby wave packets will not be directly analyzed in this work. While relevant for Eastern
Mediterranean precipitation, their connection to the North Atlantic storm track is less apparent.

Data and methods are detailed in Section 2, results are presented in Section 3, followed by their discussion in Section 4.

2 Data & Methods
2.1 Datasets Used

This work is based on data from the European Center for Medium-Range Weather Forecasts (ECMWF) reanalysis v5 dataset
(Hersbach et al., 2020, ERAS). The fields used are mean sea level pressure (SLP), upper level geopotential height (z) and
horizontal wind components (u,v) at 500 hPa and 300 hPa. Additionally, the ERAS5 isentropic potential vorticity (PV) field is
taken from the 315K potential temperature level. The North Atlantic domain used in the analysis is set between 90°W —40°E
and 25° N — 70° N. When relevant, cosine latitude weighting was applied to the data. All fields are analyzed for the mid-winter
months (December-February, DJF) between 1979 and 2019 and have a spatial resolution of 1.25°21.25°. The interpolation
from the ERAS default resolution (0.25°) to a coarser one was operated by the Copernicus Climate Change Service (C3S5).
This was done to reduce smaller scale noise and to allow for better comparisons to global climate models in future works.

Rain values in the Mediterranean are taken from ERAS at default resolution. For Israeli rainfall, we use measurements from
21 rain stations produced by the Israel Meteorological Service (IMS). Stations cover central and northern Israel and represent
the diverse rain conditions in the region, from the elevated and rainier northern stations to the semi-arid southern coastal plane.
Accumulated annual rainfall amounts can therefore range from 200 mm to 1000+ mm, depending on location.

Monthly NAO index values were calculated by NOAA-CPC via Rotated Principal Component Analysis (RPCA) and a linear

interpolation from daily to monthly time series.



120

125

130

135

140

145

150

2.2 Cyclone Tracking

Cyclone track data is taken from the Composite Track Dataset (Flaounas et al., 2023). The dataset is the combined result of
10 cyclone detection and tracking methods, where the degree of agreement between the methods define the confidence level
of each track. For the chosen confidence level (C'L = 5, meaning that at least half of the methods agree on each track), 1058
tracks were identified in the Mediterranean area (10°W —40°E, 25° N — 50° N) for DJF months during the study period. Each

cyclone track refers to the entire life cycle, including locations outside the domain.
2.3 North Atlantic Storm Track Regimes

To determine the flow regimes of the North Atlantic storm track, k-means clustering is performed on daily upper level eddy
kinetic energy (EKE) maxima. First, EKE is calculated at 300 hPa as 1 (u/2 +v'2). ' and v’ are the transient components of
the zonal and meridional wind, respectively. A Lanczos low-pass filter is then applied to the data with a cutoff of 10 days. This
represents the activity of high frequency eddies within the track, as defined in Novak et al. (2015). We then further smooth
the result with a 5 day running mean. Finally, local meridional EKE maxima are found for each longitude within a 5° window
(see fig. 2a). The maps of maxima locations are then processed by the clustering algorithm. The clusters therefore represent
only the position of the storm track and not its amplitude. Other clustering studies for the Atlantic storm track and jet stream
(Woollings et al., 2010; Novak et al., 2015) find similar results in terms of positions and time scale (roughly 10 days).

A different approach that combined EKE maxima location and amplitude was tested (not shown), but we found that it
required a larger number of clusters with a small sample in each. Additionally, we tested several alternative fields to define the
storm track, such as low level meridional heat flux or 500 hPa v variance (Wettstein and Wallace, 2010). The clusters were
similar overall (not shown), but were clearest when using the 300 hPa EKE.

The number of clusters () is a prescribed parameter in the k-means method. A minimum of n = 3 clusters is often used
to describe the three typical positions of the storm track or jet stream in the Atlantic (Woollings et al., 2010; Novak et al.,
2015). In this study, n = 4 was chosen, with the fourth and largest cluster mostly capturing days that did not fit the other three,
allowing for more homogeneous groups. Variations with more clusters (4 < n < 8) were investigated (not shown), but they
only split the three main clusters into smaller classes, without highlighting relevant new regimes.

For compositing purposes, we label months and day sequences as belonging to specific clusters. For some cluster C', a month
is considered a C-month if it has at least 14 days labeled C' by the algorithm. A C'-sequence is defined as at least 6 consecutive

days labeled C by the algorithm. In total, 79 months and 266 sequences are identified as associated with one of the four clusters.
2.4 Potential Vorticity Streamers

For PV streamer detection, we used the WaveBreaking Python algorithm (Kaderli, 2023). This package is based on a method
developed by Wernli and Sprenger (2007). To detect a streamer, the algorithm finds elongated filaments on a PV contour
by detecting points that are geographically close (distance D) and yet have a long portion of the contour connecting them

(Iength L). For more details on the algorithm’s design and subroutines, see Kaderli (2022). In this analysis we use the 2 PV
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units (1PVU = 10"m?s~ 1 Kkg~!) contour on the 315K potential temperature surface. We set the algorithm thresholds at
D =800km and L = 1200km, meaning that the two base points of a streamer are at most 800 km apart and with a contour of
at least 1200 km between them (fig. 2b). These values are similar to the ones used in Wernli and Sprenger (2007), albeit with

a shorter L to better capture smaller structures over the Mediterranean specifically.
2.5 Rossby Wave Breaking

Rossby wave breaking (RWB) events were identified and analyzed with an algorithm developed by Strong and Magnusdottir
(2008) and modified by Tamarin-Brodsky and Harnik (2024). Similar to streamer detection, this method detects geometric
features on isentropic PV contours. A RWB event is defined as a large-scale overturning of PV, manifesting as a contour
crossing a particular meridian more than once (Fig. 2c). This is done for PV contours between 1.5-7.5 PVU on a 200 hPa
isobaric level, with each event assigned to the contour with the largest overturning. By tracing the contour from west to
east, it is determined whether a break is cyclonic or anticyclonic. Additional thresholds are set for the events (minimal area,
longitudinal extent and depth) to filter smaller scale noise. Under these parameters, the typical zonal extent of a RWB is ~ 30°
(note that the scale for fig. 2c is roughly 3 times larger than fig. 2b).

For this work, we take the algorithm threshold values used in Tamarin-Brodsky and Harnik (2024) (breaking width of at
least 7° with a minimal depth of 1 PVU) and keep only anticyclonic breaking events. Cyclonic wave breaking events can lead
to cyclogenesis, albeit not as robustly as in the anticyclonic case. When comparing cyclonic and anticyclonic RWBs, Tamarin-
Brodsky and Harnik (2024) found a considerably larger number of Mediterranean cyclones to the southeast of the latter. Also,
the influence of cyclonic RWBs is limited mostly to autumn months, according to a PV based classification of Mediterranean
cyclones (Givon et al., 2024).

Statistical significance of spatial anomalies is determined throughout with a bootstrap test with 500 samples and a confidence

level of 95%.

3 Results
3.1 Atlantic Storm Track Regimes and Mediterranean Flow

The winter flow regimes of the North Atlantic storm track are produced by performing cluster analysis on eddy kinetic energy
maxima (see Section 2). The clusters, shown in Fig. 3a-d, vary from the climatology in terms of track latitude (from 48°N to
59°N) and zonal extent (whether storms reach northern Europe or not). It should be noted that the clustering is based only on
EKE location and not magnitude, therefore it does not represent storm intensity.

Figure 3e shows the accumulated monthly mean precipitation over Israel for each cluster. Three of the four clusters relate
to anomalous rainfall amounts - clusters 1 and 3 are generally drier and cluster 2 is rainier, with respective mean anomalies

of -21%, -22% and +54% compared to climatology. Cluster 4, while largest, shows almost no signal in terms of rainfall or
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cyclonic activity (not shown). Therefore, our results focus on clusters 1-3, denoted hereafter according to the average track
latitude, as North (N), Middle (M) and South (S), respectively (see fig. 3a-c).

The rainy M cluster is characterized by an eastward extension of the storm track, with the most active section located south of
Greenland and storms reaching Scandinavia. The increase in precipitation is apparent throughout Israel, but the central region
(South Coast and Judea) has the largest anomaly, up to 75% more than the climatological mean (black markers in fig. 3e). The
dry N cluster combines an eastward extension and a northern shift of the storm track. It displays similar local differences to the
M cluster, with the same areas having the largest relative negative response. The S cluster is closest to the climatological state
of the track, albeit slightly more zonally oriented towards western Europe. The dry clusters also have a statistically significant
over-representation of extremely dry months, with 6 of the 10 driest months in the dataset belonging to either cluster N or S
(p < 0.05 under a hypergeometric test).

The precipitation anomalies over Israel are a part of a basin-wide response of cyclonic activity. The different configurations of
the North Atlantic storm track correspond to changes in the distribution of PV streamers that breach into the Mediterranean from
the north (hatches in Fig. 4a,c,e). In the presence of more streamers, baroclinicity increases and enhances cyclone formation
and its deepening downstream. The three clusters hint at an optimal range of influence of Atlantic storm track latitudes for
Eastern Mediterranean rainfall (around the M configuration), in which PV extends more easily into the region. This is followed
by a higher density of cyclone tracks, resulting in increased precipitation (Fig. 4d). When the Atlantic storm track is shifted
even more poleward (N cluster), streamers are less probable to reach the eastern part of the basin, perhaps due to its more
equatorward position compared to the rest of the Mediterranean. The aforementioned drying of central Israel is also apparent
(Fig. 4b) within the overall drier conditions of the southeastern coast. The S cluster’s drying effect is possibly due to its shorter
zonal extent. It thus captures the known east-west gradient in cyclonic activity (Ziv et al., 2006; Feldstein and Dayan, 2008),
with abundant stormy weather over Genoa while cyclonic activity to the east is suppressed.

The large-scale flow over the North Atlantic displays some elements of known regional weather regimes (fig. 5). Composite
anomalies of 500 hPa geopotential height show a zonally oriented signal for the M cluster, corresponding to the positive phase
of the NAO (this connection is further explored in subsection 3.3). The jet stream (thick black curve in fig. 5) is shifted poleward
and more extended to the east (fig. 5b). An upper tropospheric trough can be seen over the Eastern Mediterranean, enhancing
cyclonic activity. Meanwhile, the high over the northwest Atlantic in cluster N is reminiscent of blocking regimes (an Atlantic
Ridge or a Greenland Blocking).The S cluster does not have a clear weather regime analog, but both dry clusters feature a
statistically significant anticyclonic flow in the upper levels over the Eastern Mediterranean.

As expected, EKE anomalies follow the latitudinal position of the clusters themselves. However, two particular signals are
notable: energy being carried further downstream north of the Mediterranean in cluster M (fig. 5b), and the positive EKE
anomaly over the Mediterranean in cluster N (fig. 5a). The latter is not related to the North Atlantic storm track, but might be
associated with stronger Mediterranean cyclones and intense rainfall over Greece and Turkey (see Fig. 4b).

Rossby wave breaking (RWB) events play a major role in the formation of PV streamers into the Mediterranean. Our
results demonstrate a coherent relation between RWB events and streamers for each cluster. Figure 5d shows the longitudinal

distribution of such events, averaged between 40°N-60°N (see box in fig. 5a). Each cluster contains a similar number of events
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(99-120), but their median location varies considerably. The climatological median longitude is 4°W. The dry cluster medians
are located more upstream (9°W and 6°W for N and S, respectively). Cluster M has more RWBs in the central and eastern
Mediterranean (the median longitude is the prime meridian, denoted by the green vertical line in fig. 5d). Therefore, months

with RWBs further downstream tend to have matching PV streamers further east over the Mediterranean.
3.2 A Mechanism for Eastern Mediterranean Rainfall Enhancement

In order to relate the M cluster to other rain inducing patterns in the literature, we focus on its temporal evolution and connection
to internal modes. Using the monthly NAO index (taken from NOAA-CPC, see Section 2), we find that all 10 cluster M months
have positive NAO values (average index of +1.8 standard deviations). Rainy cluster M months are therefore a subset of the
NAO+ phase.

A composite analysis of daily data is used to track the development of the signal. Each sequence is a continuous series of 6
or more days classified as M. Lag 0 of each sequence is defined as the time of maximum daily rainfall over Israel (average of
the 21 rain stations shown in fig. 3. This metric represents the final stages of the Atlantic-Mediterranean dynamical chain (the
"interaction" step in fig. 1).

Figure 6 shows the time lag composite development of 60 such sequences (on average, 1.5 samples per winter), leading up
to the precipitation maximum. SLP anomalies organize as a quasi-stationary zonal wave (shading in the left column of fig. 6)
that precedes the western Mediterranean high. This pattern corresponds to the "NAO extension" defined by Watanabe (2004).
This can also be observed in the upper levels, slightly shifted to the west, via the meridional wind field (not shown). RWB
events, denoted by black dots, tend to form over the central Mediterranean (as demonstrated in fig. 5). This is followed by
increased density of PV streamers downstream of the RWB centers, reaching the northern coast of the Eastern Mediterranean
(fig. 6¢,e,g). Over the subsequent days, a composite low deepens and propagates eastwards near Cyprus (red contours in fig.
6h,j), alongside positive precipitation anomalies over Israel and the Levant. This implies an increase in cyclone density in the
region.

During these sequences, cyclone paths tend to cover shorter zonal distances (AX = Ajysis — Agenesis» Where X is the lon-
gitude) compared to the climatology, especially in the Western Mediterranean (not shown). This is in agreement with the
findings of Tamarin-Brodsky and Harnik (2024), which show that Mediterranean cyclones located south of an anticyclone are
often more stationary.

The overall process is reminiscent of the RRF17 mechanism (Raveh-Rubin and Flaounas, 2017), combined with a precursory
Rossby wave packet crossing the Atlantic. The logic of this mechanism and its relation to patterns described in the literature

will be discussed in Section 4.
3.3 Two Mid-Winter Test Cases: DJF 1991-1992 and 1983-1984

Two mid-winter seasons were chosen to demonstrate the Atlantic-Mediterranean flow and its weather impacts during extended
cluster regimes. The winter of 1991-1992 (1992 season hereafter) is the rainiest season in the study period (and for some

locations in Israel, the rainiest ever recorded). It has several extreme spells in terms of length and precipitation rate (Rostkier-
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Edelstein et al., 2014). Conversely, the winter of 1983-1984 (1984 season hereafter) had multiple prolonged dry spells of little
to no rain (Saaroni et al., 2015, 2019), making it the second driest season on record since 1979.

We study these winters through the string of features discussed previously: storm track regimes, RWB events, PV streamers
and Mediterranean cyclones. Table 1 summarizes some of these statistics for each season. The 1992 season had 44% of its
days identified as the rain enhancing M cluster. Meanwhile, the dry 1984 season had 27 N cluster days and 19 S cluster days,
just over half of the period classified into a dry regime. Additionally, 26 days belong to the M cluster. Indeed, the composites
of SLP anomalies for cluster-labeled days support the previously shown monthly-based cluster composites of upper level flow
patterns (fig. Sa-c): a zonal wave culminating with a high over western Europe for cluster M, and an east-west pressure dipole
with pronounced low over the British Isles for the dry clusters (similar to the pattern discussed in Ziv et al. 2006).

The two seasons have a similar number of RWB events and roughly as many Eastern Mediterranean cyclones (Table 1).
However, the extremely rainy winter has almost twice as many days with detected PV streamers reaching southward into the
eastern domain (bottom green box in Fig. 7a).

An investigation of the temporal evolution of each season reveals evidence that correspond to the rainfall enhancement
mechanism discussed above. Out of the six major rainy spells in the 1992 season, three (r1, r3 and r4 is fig. 7b) show a similar
dynamical progression. First, a cluster M flow dominates the North Atlantic for several days. Then, at least one RWB event
occurs east of the prime meridian (within the top green box in fig. 7a), followed by 2-5 days where a PV streamer crosses
the Eastern Mediterranean, inducing cyclonic activity and rainfall (in terms of fig. 7b, this translates to light blue shading,
followed by a black marker, hatches and a peak in rainfall). This is of course not the only possible rain producing progression.
For example, r5 doesn’t follow this order at all: rainfall starts after several days of a dry storm track configuration, and is then
amplified by recurring PV streamers independent of a breaking upstream. For the 1984 test case a common progression is less
apparent. However, longer rain spells (as well as RWBs and streamers) mostly happen during or shortly after M cluster days.
In fact, 42.5% (84 mm) of the total seasonal rainfall amount were concetrated between January 1°¢ and January 18", a period
consistently classified as M cluster.

We now focus on the extreme r3 rainy spell (December 18" 1991 to January 3"¢ 1992), as it serves as a clear recurring
expression of Eastern Mediterranean rain enhancement. An average of over 200 mm were recorded in Israel during this period,
which is more than the annual total for some stations. Figure 8 shows the large scale circulation prior to the rain event (a)
and during it (b-f). The first several days include two major elements of an M cluster flow: a high pressure center (solid blue
contours) over the eastern Atlantic, and Atlantic lows propagating northeast (low SLP with a high meridional heat flux, denoted
by dashed blue and solid red contours, respectively). The eastern blocking high persists throughout the period for over two
weeks, while directing eddies poleward, most of them reaching Scandinavia (thick arrows in Fig. 8). On the northern edge of
the high, RWB events form (yellow markers) and then develop downstream into PV streamers over the Eastern Mediterranean.
In total, 4 RWB events were detected during the rain spell (the markers in (a) and (b) refer to the same breaking), followed by

5 distinct PV streamers in fast succession.
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4 Conclusions

This work explored the connection between North Atlantic circulation and Eastern Mediterranean cyclonic activity and rain-
fall. This link has been discussed in previous literature (Trigo et al., 2000; Brayshaw et al., 2010; Ahmadi-Givi et al., 2014;
Raveh-Rubin and Flaounas, 2017; Seager et al., 2020). However, the unique conditions of the Eastern part of the basin are
often overlooked in this context. When compared to the western part of the basin, the Eastern Mediterranean has smaller and
shallower cyclones, an overall higher mean SLP, and a downstream land-sea interaction over the eastern coast. Some studies
also specifically investigated the large scale drivers of Eastern Mediterranean rainfall (Eshel and Farrell, 2000; Feldstein and
Dayan, 2008; Black, 2012; Saaroni et al., 2015), but usually in the context of a specific mode (like the NAO or the EA/WR),
or through the lens of statistical and climatological analysis. Black (2012) tied the NAO+ phase to enhanced precipitation in
Israel, but without addressing the dynamical link behind this connection.

We chose the North Atlantic storm track as the basis for this study, as it embodies a wide range of scales in space and
time (from a single storm to large scale Eulerian structures), and it is known to interact with many elements which affect
Mediterranean cyclogenesis, such as the jet stream (Novak et al., 2015), subseasonal waves (Ahmadi-Givi et al., 2014) and
individual Mediterranean cyclones (Ziv et al., 2015; Priestley et al., 2020).

By combining these North Atlantic storm track regimes with objective detection of important links in the cyclogenesis chain
(RWBs, PV streamers, cyclones), we have demonstrated a configuration that enhances cyclonic activity, and thus rainfall, in
the Eastern Mediterranean. When North Atlantic storms are able to propagate far enough northeast, the resulting upper level
perturbations and PV streamers tend to form more eastward, specifically between 10°E-40°E. The upper level PV injected into
the region excites cyclogenesis and contributes to the intensification of Mediterranean lows. Our results show that this process
has a subseasonal time scale (up to 10 days), from the initial North Atlantic perturbation to the enhanced precipitation over the
Eastern Mediterranean (see rl, r2 and r4 spells in fig. 7). This scale is typical for weather regimes in the Atlantic (Novak et al.,
2019).

However, this configuration exhibits a "Goldilocks" type behavior, meaning that a relatively narrow set of values produce the
effect. In this case, rain enhancement is only achieved for a specific storm track configuration. The Eastern Mediterranean is
generally drier and more stable when the Atlantic storms don’t follow the preferable path, i.e., overshooting towards Greenland
in the N cluster (Fig. 3a) or undershooting into western Europe in the S cluster (Fig. 3c). This is likely due to Mediterranean
cyclones forming and reaching their peak more upstream, along the northern coast or near Genoa (shading in Fig. 4a.e).

The M cluster configuration is in fact an Eastern Mediterranean variant of the RRF17 mechanism (Raveh-Rubin and
Flaounas, 2017). Both are prompted over the North Atlantic by upper level disturbances that develop into downstream jet
undulations, which eventually drive PV into the Mediterranean region (via a RWB-based PV streamer).

However, while RRF17 hinges on the role of warm conveyor belts in the Atlantic, our results can be related to additional
observed patterns, like a preceding Rossby wave train or a blocking high. This helps tie our results to other modes in the
literature and explains why the cyclogenetic effect manifests further east. Specifically, the South Levant pattern (Feldstein and

Dayan, 2008) is linked to extreme precipitation in Israel, and it has a zonal wave reminiscent of the M cluster SLP pattern.
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Also, several studies of the NAO pointed out that its positive phase (which has some overlap with our M cluster) can sometimes
induce upper level convergence that can result in perturbations downstream (Watanabe, 2004; Athanasiadis et al., 2010).

It is worth noting that our results highlight one aspect of Mediterranean cyclonic activity. Cyclones and their weather impacts
in the region are highly variable. This is made apparent by the various counter examples that were found in our analysis (like
rain spells during dry cluster days). It is well documented (Flaounas et al., 2022, and references therein) that Mediterranean
storms are very sensitive to local conditions (diabatic heat fluxes, orography, mesoscale flows). They are certainly not driven
exclusively by large scale processes upstream. However, our findings accentuate the multi-scaled nature of Mediterranean
cyclogenesis - from ocean-spanning structures, through intermediate scale waves and to synoptic patterns interacting across all
levels of the troposphere.

Finally, while this analysis focused on present day climatology, it has further potential as a useful tool in studying future
trends in the Eastern Mediterranean, and specifically its projected drying (Zappa et al., 2015). Mediterranean cyclones are a
known pitfall for coarse gridded climate models, as they are unable to simulate crucial local processes that affect the storm’s
life cycle and path. However, studying Mediterranean drying as it relates to better-captured large scale Atlantic circulation
might serve as a good proxy for this trend. A robust signal of anthropogenic climate change is the future poleward shift of the
Atlantic jet stream and storm track (Tamarin-Brodsky and Kaspi, 2017; Stendel et al., 2021). However, its direct impact on the
Mediterranean remains an open question, due to considerable model spread (Harvey et al., 2020) and uncertainty concerning
future NAO trends (Deser et al., 2017; Cusinato et al., 2021). Future work will utilize the findings described in this paper to

address this topic.
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//doi.org/10.5194/wcd-4-639-2023-supplement. The WaveBreaking code by Kaderli (2023) is available at https://doi.org/10.5281/zenodo.
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Figure 1. A schematic description of the dynamical chain connecting North Atlantic circulation to Mediterranean cyclogenesis. The left
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dotted arrow denotes a low level structure (green) with influence on upper tropospheric flow (red). Examples of this include a North Atlantic
cyclone with a warm conveyor belt, or a surface high inducing upper level convergence. The initial perturbation is advected eastward by the
mean flow (grey arrow) and develops meridionally. Lastly, a baroclinic interaction occurs between the phase shifted upper level anomaly and

a surface low (green circle).
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Figure 2. Examples of objectively detected features used in the analysis. (a) A snapshot of the daily EKE field (shading) and the EKE
maxima used in the clustering (markers) for an example date (February 2nd 1979). The red markers denote the local meridional maxima in
a 5 degree range, marked by vertical lines. (b) A PV streamer detected using the WaveBreaking algorithm. The thick grey isentrope is the
2PVU contour on a 315K surface. Shading marks the area of the streamer, and the red and blue lines mark its scale parameters (geographical
distance D and contour length L, respectively). The center of the streamer is denoted by a circle marker. (c) An anticyclonic wave breaking
event identified by the Strong & Magnusdottir algorithm. The solid and dashed lines mark the 5 and 3 PVU isentropic PV contours on a
350K surface. Arrows show the zonal extent of the breaking and the white circle its centroid. (c) is adapted with permission from Figure 1 in

Strong & Magnusdottir (2008).
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(e) Monthly mean precipitation anomaly over Israel
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Figure 3. (a-d) North Atlantic storm track regimes, using k-means clustering on normalized daily DJF EKE data at 300 hPa. The clusters are
represented by contours and the 1979-2019 climatology is in shading (contour interval is 0.05 for both). (e) The normalized mean monthly

precipitation anomaly (%) for 21 rain stations in Israel for each cluster. Each anomaly is divided by the 1979-2019 DJF rain climatology of

Rain station

the corresponding station. The color of each marker denotes its cluster and its shape denotes its geographical location.
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Cyclone Track and Monthly Precipitation
Streamer Densis Anomalies

Figure 4. Composite cyclonic activity and precipitation for clusters N, M and S (top, middle and bottom row respectively). (a,c,e) Monthly
cyclones track density (shading, number of tracks per month) and PV streamer density anomaly (hatches). For streamers, only statistically
significant anomalies are shown (95% confidence on a 500 sample bootstrap test). Positive anomalies are shown in red and negative ones in

blue. (b,d,f) Monthly precipitation anomalies (shading, mm). Areas with over 95% statistical significance are highlighted in pink hatches.
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Figure 5. (a-c) Composite monthly geopotential height anomalies at 500 hPa (shading, 15m contour interval) and statistically significant
EKE anomalies (defined the same as in fig. 2). Positive EKE anomalies are marked by red hatches, and negative in blue hatches. The thick
curve denotes the average location of the Atlantic jet stream axis (300 hPa U maxima). (d) Longitude distribution of anticyclonic Rossby
wave breaking events occurring at 200 hPa over the eastern Atlantic and northern Europe (black box in (a)). The climatological distribution

in shown by the thick black histogram. Dashed vertical lines denote the median longitude of the climatology and of every cluster.
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Figure 6. Time lag composite for the development of M cluster events. Lag 0 is defined as the day with maximum daily rainfall in Israel
(averaged over 21 stations, as listed in fig. 3e). (a,c,e,g,i) daily SLP anomalies (shading, hPa), RWB locations (full black circles) and
statistically significant PV streamer positive density anomaly (green hatches). Anomalies are the deviation from the 1979-2019 climatology.
Negative anomalies omitted for clarity. (b,d,f,h,j) Time lag composite for the Eastern Mediterranean (purple box in (a)). Daily precipitation

anomaly is shown in shading (mm) and SLP in contours (contour interval is 1 hPa and the lowest value is highlighted by a thick line).
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Figure 7. The course of two extreme winters in the Eastern Mediterranean. The top row shows the extremely rainy winter from December
1991 to February 1992, and the bottom row shows the December 1983-February 1984 dry winter. (a,c) SLP anomaly composites for all
days belonging to the prominent cluster (cluster M for 91-92 and cluster S for 8§3-84). Blue and red shading denote negative and positive
values, with a contour interval of 2 hPa. The top and bottom green boxes in (a) bound the domains used for RWB and PV streamer subset
detection seen in (b,d). (b,d) Daily time series showing labeled days for the M cluster (blue shading), and the N+S clusters (yellow shading).
Also shown are RWB events (star markers), PV streamers in the Eastern Mediterranean (hatches) and daily mean rainfall over Israel (blue
bars; approximate rain gauge location marked by the blue circle in (a)). Both series show the entire season (DJF), with (b) extended back to

November 22nd. The six major rain events during the 91-92 winter are labeled as r1-r6.
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Figure 8. The progression of large scale flow during a 17-day rainy spell in Israel between Dec-18 1991 and Jan-3 1992 (13 in figure 7b). PV
on the 200 hPa isobaric surface is shown by shading (5 PVU minimal value, 0.5 PVU contour interval). SLP is denoted by blue contours with
an interval of 5 hPa. For clarity, low values (<1020 hPa) are dashed. Positive 850 hPa meridional heat flux (vT) is denoted by red contours
(5x10° % minimal value, 1 x 10% interval). Yellow circles mark anticyclonic wave breaking events and thick arrows show the approximate
path of selected eddies. Selected days are shown to highlight the preceding conditions (a) and the following five PV streamers that crossed

the region in succession (b-f).
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Table 1. Rain and circulation statistics for two test case winters: 1991-1992 and 1983-1984 (December-February). Rain values refer to the
station average of 21 rain gauges over Israel. The cluster with the most daily classifications is considered the main cluster. Rossby wave

breaking events were tallied over the top green box in fig. 6a. For PV streamers and cyclones, only cases in the bottom green box were

counted.
Accumulated . Maximum . Main Cluster | RWB E.Med Days with
Rain days Main cluster
rainfall (mm) daily rain (mm) days events | cyclones | E.Med streamers
Dec 91-Feb 92 870 73 64 M 39 10 16 45
Dec 83-Feb 84 200 42 33 N 27 9 12 26
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