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Abstract
Tornadoes are the most violent and destructive of all the severe weather phenomena that 
localized convective storms produce. There is a requirement in operational meteorology 
increasing nowadays that an indicator index which allows to reduce the uncertainty of 
severe convective storms and tornadoes in the scope of climate change adaptation strate-
gies. The main intention is not to replace or substitute mesoscale modeling approaches, 
or composite indexes, but to warn operationally to draw attention to the Eastern Mediter-
ranean and Türkiye in particular a few days in advance. The development of some indica-
tors using atmospheric variables can undertake a crucial role by enabling such numerical 
models to be run only at certain time intervals, thus enduring lower computational costs. In 
this study, Eastern Mediterranean oscillation index (EMEDOi) has been developed in order 
to be able to detect the presence of ULLs (upper-level low) and frontogenesis approach is 
employed for selected tornadic storm events in Türkiye. EMEDOi has 7 different its varia-
tions (members) which these members have been developed to detect differences depend-
ing on the entry directions of cyclones and storms influencing Türkiye from the west of 
the country. In line with the GDAS data analysis, values of geopotential height are derived 
for the requirement of EMEDOi in a limited area. A few of the results from the study are 
as in the following: 86% of the trained tornado events revealed that the EMEDO-Oper 
index was in negative phase at the time a tornado was reported, regardless of whether the 
events featured a supercell mesoscale convective storm or a frontal movement. The hourly 
period until the local minimum is obtained can be described and characterized as the pro-
cess by which the EMEDO-Oper index value decreases continuously. The time required to 
reach the local minimum varies based on the tornado occurrence. Based on the tornadic 
storm scenario in the test cluster in 2022 and the train cluster, this timeframe is predicted 
to be roughly 33.2 h on average. In western Türkiye, there is a 79% chance of a tornado 
occurring between six and forty-two hours after the EMEDO-Oper index reaches its local 
minimum. In particular, the projected chance for this period is 63% between 12 and 30 h 
after the local minimum is obtained. Besides, the majority of the tornado incidents with 
EMEDO-Oper values below − 0.75 were evaluated. After an EMEDO-Oper index value 
falls below that threshold, it is likely to forecast the risk period of a tornado in Türkiye with 
a probability of 79% and the local minimum point must be identified.
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1 Introduction

Severe convective storms worldwide inflict damage to property and crops, disrupt air, sea, 
and ground travel and outdoor activity, and, in the most extreme cases, inflict injuries and 
even death. In terms of defining a convective storm as severe/non-violent, measurable or 
calculable parameters associated with important weather events, which often exceed cer-
tain local threshold values (Doswell 2001). Regardless of whether or not there is actual 
damage; the Storm Prediction Center (SPC) of the National Weather Service (NWS) in 
the U.S. describes “severe” weather associated with local storms (as opposed to storms 
that are much larger in scale such as extratropical and tropical cyclones) as having one or 
more of the following: tornadoes, winds equal to or exceeding 25.8  ms−1, or hail 2.5 cm or 
greater in diameter (Bluestein 2013). In the past decade, tornadoes have caused more than 
$14.1 billion in total damage across the United States (US). Besides, from 2010 through 
2020, tornadoes resulted in $2.5 million in property damage per storm in US. According to 
another report, storm-related loss has a share of $171B of $476B in total economic losses 
due to meteorological damages in the last 50  years only in Europe (WMO 2021). It is 
known that tornadoes and convective/frontal storms play a major role in a significant part 
of these. Nevertheless, economic losses due to only hail, tornado and lightning in twenty-
first century is $11B only in Europe (WMO 2021).

Extreme weather events such as floods, droughts, heat waves and tropical cyclones are 
related to the climate and somehow linked with the recent global climate change. Further-
more, it is difficult to state that each and every one of the events is an indication of a change 
in the climate. Extreme weather events can be separated in two groups: firstly, weather-
based events relatively short-termed events which can be predicted 1–2 weeks ahead such 
as tropical cyclones, severe floods, etc., secondly, climate-based events such as drought, 
season-long heat waves, multiple occurrences of severe storm events and record wildfire 
(Diaz and Murnane 2008). Extreme weather events occur due to the complex interactions 
between large-scale atmosphere–ocean circulation patterns such as the Arctic Oscillation, 
El-Nino-Southern Oscillation with local weather (Khandekar 2013).

The climate of a region is affected by its geographical location and the geographical fea-
tures of its surroundings. Large surfaces of land and water such as continents and oceans 
affect the air mass above it via their radiation balance (incoming, absorbed and reflected 
radiations). The climate of Türkiye is influenced by four air masses, namely: cP (Continen-
tal Polar, originates from Siberia), mP (Maritime Polar; originates from the northern part 
of Atlantic Ocean), mT (Maritime Tropical; originates from the equatorial part of Atlantic 
Ocean, Mediterranean and Aegean seas), cT (Continental Tropical; originates from North 
Africa) (Türkeş 1996; Sirdas and Sen 2003). Precipitation is an important parameter which 
is directly affected by the climate of a region. In other way, by using the precipitation data, 
the climatological characteristics of a region can be determined. Due to its geographical 
location, Türkiye receives rainfall throughout the year with varying intensity of precipita-
tion over the country, e.g., a city in the East Black Sea region of Türkiye receives 2200 mm 
of precipitation annually, while another one in Central Anatolia receives only 320 mm of 
precipitation (Sirdas and Sen 2003; Sirdas et al. 2013).
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Precipitation extremes are statistical anomalies of a log-normal probability den-
sity function over a region (Sirdas et al. 2013). These extremes have been found to be 
affected by a plethora of factors, such as sea surface temperatures (SST) anomalies 
(Grimm and Tedeschi 2009), teleconnection patterns (Vasconcellos and Cavalcanti 
2010), synoptic systems like frontal systems (Vasconcellos and Cavalcanti 2010), per-
sistent systems (Carvalho et al. 2002) and large mesoscale convective systems (MCSs) 
(Durkee et  al. 2009) in their study of South American climate. Haylock and Goodess 
(2004) demonstrated a link between North Atlantic Oscillation (NAO) and extreme pre-
cipitation in winter (DJF) by examining two indices of dry-days and wet-day from the 
data of 347 stations over Europe. A sign of negative NAO has an impact on the storm 
track in eastern tropical Pacific and western Atlantic (Cassou 2008). Furthermore, this 
study demonstrates a link between MJO (Madden–Julian Oscillation) and NAO, based 
on daily geopotential height maps from 1974 to 2007.

The dynamics of moist convection is even more complicated than the already com-
plicated dynamics of dry convection. In mesocyclones supercell environment, the inter-
section area of cold air from the rear flank downdraft (RFD) region and humid warm 
air creates wind shear throughout the vertical layer of troposphere. Tornadoes become 
more likely as streamwise vorticity and storm-relative helicity near the ground increase. 
According to research, the relative frequency of occurrence of convective hazards such 
as large hail, severe wind gusts, and tornadoes increases as vertical wind shear increases 
(Púčik et al. 2021). With deep moist convection tends to become increasingly organized 
as the vertical wind shear increases (Markowski and Richardson 2011).

The upper-level lows and troughs are responsible for 47% of tornado days and 55% 
of very large hail days in Türkiye; moreover, nearly a quarter of all synoptic patterns 
are covered by Mediterranean cyclones with both central and eastern origins, which are 
well-known and common wintertime events (Kahraman 2021). In fact, the southern and 
southwestern coastline of Türkiye is likely among the most tornado-prone regions of 
Europe (Dotzek et al. 2009). For instance, 443 tornado cases were reported on the lands 
and coastal regions of Türkiye from 2015 to 2022 (Dotzek et al. 2009). There are torna-
does with intensities ranging from F0 to F3, with F1 being the most frequently reported 
or implied.

Tornadoes, both mesocyclonic and non-mesocyclonic, are most likely to occur in the 
afternoon and early evening (Kahraman and Markowski 2014; Sirdas et al. 2017). The dis-
tinction between waterspouts being non-mesocyclonic and tornadoes being mesocyclonic 
is rooted in their formation processes. Waterspouts form from smaller-scale interactions 
over water, while tornadoes are a result of larger-scale mesocyclonic activity within super-
cell storms. Kahraman and Markowski (2014) revealed that the months of May and June 
are the most likely for mesocyclonic tornadoes, with October and November seeing a sec-
ondary peak in Türkiye. Non-mesocyclonic tornadoes (waterspouts) are most common in 
the winter along the (southern) Mediterranean coast and in the fall along the (northern) 
Black Sea coast.

Rasmussen and Blanchard (1998) examined National Weather Service soundings from 
1992 to distinguish between environments associated with supercells that produced tor-
nadoes of F2 intensity or higher (deemed “significant” tornadoes), supercells that did not 
generate significant tornadoes, and non-supercell thunderstorms. In the scope of Mediter-
ranean Basin and especially Türkiye, severe convective storm environments and tornado 
environments were analyzed comprehensively for the first time and whether revealed to 
serve the purposes of tornado forecasting (Kahraman and Markowski 2014; Kahraman 
et al. 2017).
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Forecasting convective storms and their attendant hazards, such as tornadoes or large 
hail, requires knowledge of the characteristics of the environments in which the phenom-
ena tend to occur. Tornadoes have been blamed for at least %4 number of reported eco-
nomic losses by hazard type around the world (WMO 2021). For this reason, institutions 
can get rid of high computing costs of numerical modeling if limited area models such as 
WRF are run for a few days before starting instead of all days to monitor these convective 
systems operationally. In order to predict these atmospheric conditions, the EMEDO index 
is developed by using synoptic and mesoscale patterns in the Eastern Mediterranean.

Understanding severe weather environments of tornadic storms in Türkiye will lead to 
determining mesoscale mechanisms favoring tornadic storms and tornadoes, and these will 
be some key outcomes of the study not only for researchers, but also for operational fore-
casters a few days in advance. The purpose of this study is to evaluate and to reveal the 
connection between a composite Mediterranean Index and tornadic storms.

2  Motivation

In the past four decades, much has been discovered various atmospheric circulations on a 
local scale that relevant to tornado formation and structure from observations, laboratory 
models, and numerical-simulation experiments. Nowadays, one of the global climate crisis 
and adaptation process is to minimize the impacts the severe weather events may cause by 
utilizing warning systems. At this point, the comprehending and advancing of mesoscale 
model’s studies become particularly crucial in order to predict the formation and dynami-
cal concepts of tornadoes.

Numerous climatic oscillation indices for examining standardized atmospheric pressure 
fluctuations have been developed, especially focused on the Mediterranean Basin. These 
include the Mediterranean oscillation (MOi) and the Western Mediterranean oscillation 
(WeMOi) (Criado-Aldeanueva and Soto-Navarro 2020). Understanding the variability of 
precipitation has been a focal point in climatic research. The Western Mediterranean oscil-
lation index (WeMeOi), introduced nearly two decades ago, shed light on seasonal variabil-
ity in western Spain, a phenomenon inadequately explained by the NAO (Martin-Vide and 
Lopez-Bustins 2006). Building on this foundation, our study introduces the Eastern Medi-
terranean oscillation index (EMEDOi). Unlike its predecessors, EMEDOi is designed with 
a specific focus on early prediction of tornadic storms in Türkiye and provides enhanced 
vertical thickness information throughout the tropospheric layer. These weather events 
mentioned above, should be taken into consideration several days in advance to assist now-
casting approaches. As the early warning systems and alerts should undertake the reduc-
ing impacts of severe weather events, the EMEDOi could take a decisive representation in 
operational meteorology as an indicator of tornado weather. Reliable weather data informa-
tion combined by conventional weather data and numerical modeling play a crucial role for 
predicting these sorts of meteorological disasters.

Consequently, there is a need to examine severe weather events in the Eastern Mediter-
ranean region, including Türkiye, and to reveal the clues that the events will take place a few 
days in advance. At this point, there is a necessity for a composite parameter showing that the 
atmospheric conditions expected to influence the region will trigger the formation of SCSs 
(Severe convective storm). Two main hypotheses were determined according to the synoptic 
characteristics of Türkiye, one of the countries affected by the EMEDOi, which was formed 
from the points included in the analysis, and in which locations it influenced tornado events. 
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The results of the analyzes made within the scope of the study and the accuracy of the hypoth-
eses explained below are tested. Firstly, EMEDOi investigates the induction mechanism of 
environ mental conditions of convective and frontal storm types in favor of tornadoes. Thus, 
this index reveals the signatures of imminent atmospheric conditions. Secondly, in the scope 
of the early warning events in terms of presence of low-level pressure systems and extreme 
weather events, it guides to run the limited area numerical weather prediction models for Tür-
kiye by determining optimum initial model run time in advance.

3  Data and methodology

3.1  Data

In this study, Eastern Mediterranean Basin is the region that covers the main domain of inves-
tigation in the area where the composite index is located. Study area has been chosen to let 
developing of ULL area. Since the frontal movement is a crucial event for the occurrence of 
mesocyclonic events and synoptic events, the points in the domain have been chosen to con-
sider different regions, respectively. The main domain is limited between 25°–50° N latitudes 
and 0°–50° E longitudes. The analysis focuses on the Mediterranean Basin (particularly the 
eastern part) as a limited area model domain, and it contains five different selected grid cell 
points (Fig. 1, Table 1).

The GDAS (Global Data Assimilation System) re-analysis dataset by the GFS model of 
the National Center for Environmental Prediction (NCEP) has been used (Table 2). In addition 
to that, data are utilized as initial conditions and to establish pre-analysis of tornadic storm 
events and until several hours later. It has 6-h temporal resolution and 0.25° spatial resolution, 
and it covers 20,301 total grids as 201 grid points west to east and 101 grid points south to 
north with 27 km (0.25°) spatial resolution. For the map visualizations and diagrams, a few 
of smoothing processes were applied. These data consist of geopotential  (m2s−2) for specific 
limited area model domain.

In addition, 14 tornado events (Table 3) and 1 hail event are selected to investigate EMEDO 
index while 5 events as a test cluster were added to ensure that the index was stable (Table 4). 

3.2  Methodology

The EMEDOi is a barometric pattern index measuring over the Eastern Basin of the Mediter-
ranean of fluctuations in the pressure difference at upper-level troposphere between the Israel 
and the triangle area in the vicinity of Greece/Albania (Fig. 2).

According to hydrostatic equilibrium equation, geopotential unit is in  m2s−2 as in the fol-
lowing equation (Eq. 1):

The geopotential unit was divided by the gravitational acceleration at the surface of 
Earth (g0) due to the application of hydrostatic equilibrium in the atmosphere, to convert 
the data set into a geopotential height as in the following equation (Eq. 2).

(1)Φ(z) =

z

∫
0

g�z
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Fig. 1  Representation of oscillation points in analysis domain over Eastern Mediterranean Basin (Inclined 
Satellite Projection)
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Weather parameters are favorable for the occurrence of strong storms and tornadoes as 
follows; conditionally instability, moisture, frontogenesis, CIN, CAPE, equivalent poten-
tial temperature, LCL, LFC, etc. Development of strong storms indicates sharp changes 
in meteorological conditions which this is steady larger frontogenesis adjacent to tornado 
location. Observed tornado cases indicates air masses convergence each other and generat-
ing larger frontogenesis.

Frontogenesis is the process by which a front form, and it typically occurs when two 
air masses with different properties encounter each other. As the air masses interact, they 
begin to move and mix, and this can cause the formation of a front. Frontogenesis occurs 
when the temperature and humidity gradients across the front become stronger, leading to 
the development of a more distinct and well-defined front. Fronts and frontogenesis are 
important because their structures can specify a key role in the development of weather 
systems, such as thunderstorms or snowstorms. Besides, frontolysis refers to the process of 
a frontal boundary breaking down or dissipating, while frontogenesis refers to the opposite 
process, in which a frontal boundary forms or strengthens. Equation 3 indicates the 2D kin-
ematic frontogenesis of a temperature field.

F is 2D kinematic frontogenesis.
θ is potential temperature.
D is the total deformation.
β is the angle between the axis of dilatation and the isentropes.
δ is the divergence.

(2)Z =
Φ(z)

g0

(3)F =
1

2
[∇�|(Dcos(2�) − �)]

Table 1  Oscillation points Geospatial point 
(defined location)

City, Country Latitude, Longitude—(DD)

P0 Ashdod, Israel 31.81 N, 34.65 E
P1 Lecce, Italy 40.35 N, 18.18 E
P3 Durres, Albania 41.31 N, 19.46 E
P4 Ioannina, Greece 39.67 N, 20.86 E
C Vlore, Albania 40.46 N, 19.48 E

Table 2  Description of model 
configuration and utilized data

Model GDAS

Central point of domain Ashdod, Israel
Spatial resolution 27 km (interpolated to 13.5 km)
Vertical level 23 + (4 levels are used)
Temporal resolution 6 h (interpolated to 3 h)
Temporal extent 01.01.2017 00:00 UTC to 31.12.2022 23:00
Initial/boundary condi-

tions
Arranged by GFS, NCEP-NOAA
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The equation is used to identify frontogenesis and frontolysis over Eastern Mediter-
ranean on the maps.

EMEDOi values were divided into two phases as EMEDOi ( −) and EMEDOi ( +), 
thus the effect of either phase on the climatic parameters, as mentioned below, were 

Fig. 2  Representation of oscillation points in analysis domain (Lambert Projection) and pressure place-
ments indicates positive EMEDO index (top) and negative EMEDO index (bottom)
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detected and compared. The EMEDOi was expressed by (Eq. 4) which are consists of 
two different parts in (Eqs. 5) and (6):

for i = P1, P2, P3 from Table 1 and correction factor (cf) = 10.17.
The coefficient part of the formula, “ThkCoef,” indicates fluctuations in the geopotential 

height thickness between 1000 and 500 hPa isobaric levels. It should also be considered that 
the coefficient part determines whether or not the EMEDOi has positive or negative sign. The 
main part of the formula, which is called the “UL pattern,” demonstrates the upper-level syn-
optic pattern surrounding air around 500 hPa and 300 hPa.

The EMEDOi poles, unlike specific pressure centers like the Icelandic Low or Azores 
High, are influenced by a combination of factors, including Rossby waves and subtropical/
tropical air pressure sequences. These dynamics play a role in how dominant pressure systems 
impact the regions. Due to global warming stems from surplus of energy budget of the Earth, 
it should be considered that extending high pressure areas at around 30 N/S latitudes due 
to radiative energy surplus. Take into consider these conditions, P0 pole has mostly greater 
thickness difference than the triangle area which is located in the norther during the seasons. 
Thus, it leads constant thickness difference between two poles of EMEDOi. In order to pre-
vent inconvenient analysis, correction coefficient is produced for H500–H1000 geopotential 
height on annual data of 1991–2020 period climatologically. This adjustment value indicates 
the mean difference of last 30 years between index poles. It helps to compensate this deviation 
between two different poles of EMEDOi.

3.3  Variations of EMEDOi

There are seven (three main, one control, one maximum, one ensemble means, and one opera-
tional) variants of EMEDOi. The necessity for EMEDO-Control (EMEDO-Ctrl) is related to 
point 3 and investigates the existence of a trough over Greece and aids in understanding the 
structure of the trough over Greece, including whether or not it has cut-off or moving exten-
sion of Rossby waves. In this way, EMEDO-Oper is derived from the coefficient of com-
putation of the main fluctuations (EMEDO1, EMEDO2, EMEDO3, and EMEDO-Ctrl). In 
addition to these, EMEDO-Max corresponds to at least one point where the values are at an 
extreme level. Besides, EMEDO-Ens represents the total strength of the fluctuations. When 
cutoff low-pressure system dragged from southwest to northeast direction, one of the points in 
the triangle allows to detect the transition of low-pressure system.

(4)EMEDOi = ThkCoef × UL pattern

(5)ThkCoef = ∓

(
Z500 − Z1000

)
i
−
(
Z500 − Z1000

)
P0

− cf

15

(6)ULpattern =

|||Z500i − Z500P0
|||

20
×

|||Z300i − Z300P0
|||

20

(7)EMEDOi = ThkCoefi × UL patterni

(8)EMEDOctrl = ThkCoef c × ULpatternc
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for i = P1, P2, P3 and c = C from Table 1.
EMEDO is in a positive phase with stronger air pressure in the middle of the Medi-

terranean Sea and southern Europe than average. During the positive phase of EMEDOi, 
geopotential thickness decreases due to ULL’s movement toward lower latitudes. Azores 
high-pressure system changes its position and extends horizontally to the northeast. 
This high pressure is stagnant around the middle Mediterranean Basin and replaces the 
pressure in Mid-Europe. In this way, EMEDOi becomes strong in its positive phase. The 
increased difference in pressure between the two regions leads to an enhanced ridge in 
southern Europe. There is an extremely eastward shift of the storm track during positive 
EMEDO phases. Israel’s vicinity (the Harbor of Ashdod) is influenced by humid and 
cold air masses or cyclones. These air masses are typically dominant and stem from a 
tributary of the Indian monsoon. Consequently, southern Europe experiences decreased 
storminess and precipitation and warmer-than-average temperatures that are associated 
with the air masses that arrive from higher latitudes. In western Türkiye, the positive 
phase of the EMEDO generally brings stagnant higher air pressure; a condition associ-
ated with fewer cold air outbreaks in the following days and decreased storminess. At 
the same time, the Middle East and Caspian Sea experience lower-than-average temper-
atures, increased storminess, and above-average precipitation. Hence, ULL brings wet 
weather across the Middle East. Besides, the ULL movement through the Mediterranean 
Sea should be considered due to the moving of Rossby waves to the east as a require-
ment of middle latitudes in the Northern Hemisphere. As a result, the positive phase of 
EMEDOi is mostly observed as a regular movement pattern of pressure sequence after 
the negative phase (Fig. 3).

The EMEDOi’s negative phase is characterized by lower-than-average air pressure 
with baroclinic conditions over the mid-southern Mediterranean Basin. The jet stream 
is directed from southwest to northeast under these conditions with the contribution of 
upper-level trough. In winter, the Azores high affects Western Europe, triggering EME-
DO’s influence in the Eastern Mediterranean. This leads to intense ULL systems and 
snowstorms in areas like Greece and Türkiye. EMEDO’s negative phase correlates with 
heatwaves in the Western Mediterranean and decreased storminess. In other words, a 
negative EMEDOi phase is associated to northern based airflows which have traveled 
and get humidity over the Mediterranean Sea; these are therefore laden with moisture 
when they reach the Crete and Rhodes Islands of Greek Islands, western side of the 
Türkiye, leading to increased (sometimes torrential) frontal precipitation in this area. 
Tornadoes are more frequent across Eastern Mediterranean and along with coasts of 
Greece and western parts of Türkiye. These events are typically caused by either super-
cell frontal structures on the MCS line or sea-induced instabilities which is necessary 
for waterspouts in Fig. 4.

(9)EMEDOoper = ThkCoef c × ULpatternmean

(10)EMEDOens = ThkCoefmean × UL patternmean

(11)EMEDOmax = ThkCoefmax × UL patternmax

Fig. 3  Geopotential height [gpdam] at 300  hPa (isohypses) and geopotential height [gpdam] difference 
between 500 and 1000  hPa (shaded color contours) a 27.01.2016—12 UTC; b 16.02.2017—18 UTC; c 
21.03.2020—00 UTC 

▸
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4  Results and discussion

Storm tracks are formed throughout the North Atlantic as a result of jet streams in the 
troposphere, which are responsible for the separation of distinct air masses and the result-
ing gradients in temperature, precipitation, and other factors. The jets are relatively undu-
lating and buckles the pattern changes. Because of the movement of these patterns carried 
on by westerlies, numerous air masses have been positioned zonally and meridionally over 
Europe. Therefore, on the European continent, high pressure over Scandinavia which are 
called Scandinavian Block, which can occur with the development of the Atlantic Ridge 
(AR), is an example of pressure settlements that can cause the EMEDO index to decrease. 
That is because, much stronger jets tend to be propagated across the Mid-Europe and 
hold the area of Eastern Mediterranean which allows of deepening the ULL and winds 
strengthen. On the other hand, Greenland Block can cause the development of low-level 
pressure system around contiguous Europe which is able to keeps the North–western 
Europe countries within the colder airflow coming from Polar region. This settlement may 
result in a little ridge of high pressure over middle Mediterranean and it increase the value 
of EMEDOi to positive phase.

One of the primary drivers for convective storms, capable of spawning tornadoes, is the 
availability of moisture in the lower atmosphere. Changes in large-scale atmospheric circu-
lation patterns in terms of geopotential can also impact the frequency and intensity of these 
storms. In particular, when the Azores High evolves into the Scandinavian Block (BLO +) 
via North–western Europe, it creates a conducive environment for frontal and convective 
storms over the Eastern Mediterranean, including Greece, Cyprus, and Türkiye. This high-
pressure system promotes a convergence area and upper-level low (ULL) pressure system 
over Mid-Eastern Europe, curving the jet stream downwards and triggering the flow of cold 
air through southern latitudes.

Sharp temperature gradients at cold and warm front boundaries can lead to super-cell 
thunderstorms, the primary producers of intense tornadoes. Our analysis showed that such 
atmospheric conditions are especially prominent in the Euro-Mediterranean region during 
the northern hemisphere winter, commonly occurring from October to May (Fig. 5).

Besides all these, a negative skew will indicate a tail on the left side and will extend 
to the more negative side. According to the analysis of Fisher-Pearson standardized coef-
ficients, EMEDOi has severe left skewness for all the year periods and they should be 
optimized to have normal distribution, or the formula might be updated (Fig.  6). EME-
DOi of all year periods has been observed that the distribution has a thicker left tail and 
mode > median > mean.

The all variation of EMEDO indices were analyzed in the range of 10 days which is 
from 5-day before (t-5) to 4-day after (t + 4) the event day. The figures plotted below, which 
are based on geopotential heights and frontogenesis additional to the EMEDO indices, 
will be used to examine 14 separate tornado events (trained clusters) according to their 
EMEDO indices local minimum times.

Among the 14 tornado incidents that took place in different years, three are considered 
prominent. In this incident (Figs. 7, 8), ULL entering from a narrower area created a rela-
tively strong positive vorticity advection. The EMEDO-Oper value reached a magnitude 

Fig. 4  Geopotential height [gpdam] at 300  hPa (isohypses) and geopotential height [gpdam] difference 
between 500 and 1000 hPa (shaded color contours) a 21.04.2017—12.00 UTC; b 23.03.2018—18 UTC; c 
22.03.2021—18 UTC 

▸
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less than − 4 and persisted around this value for approximately 12 h (Fig. 9). It is possi-
ble to interpret this as the trough gathering strength and remaining motionless. The hour 
when the hose came out occurred during the hours when the EMEDO values started to 
decrease with a high tendency value. Lower geopotential heights around the surrounding 
air are indicated on one of the reference points at the western polar caps. Prior to the event, 
the EMEDO-Max value was less than − 6. And when the graph is examined carefully, it is 
clearly seen that the EMEDO-Oper index value, which is almost reaching the value of − 5, 
returns to the neutral phase within 24 h. This shows us that the ULL, which was stagnant at 
first, moved rapidly to the east in the following hours.

The most important difference of this system is that the main ULL zone is located 
further west than the EMEDO western pole (Figs.  10, 11). Although it seems like a 
skeptical system synoptically, the EMEDO-Oper value approached − 1 in condition 
that produced the most severe event of recent years at the F3 intensity level (Fig. 12). 
Also, in this incident, a low-pressure system with semi-cutoff support, which moved 
with the front on the Mediterranean, left the main system and struck Türkiye again from 

Fig. 5  Diagrams depict the Euro-Atlantic sector around which the regime definitions of geographical pat-
terns of Euro-Atlantic climatological regimes (both anomalies and full fields) as used at ECMWF. North 
Atlantic Oscillation, positive phase (NAO +), North Atlantic Oscillation, negative phase (NAO–), Block-
ing (BLO +), The Atlantic Ridge (AR) circulation pattern is a particular case of Anti-blocking (BLO–), in 
which the important feature is the trough over Scandinavia. Geopotential anomalies (color shading) and 
geopotential (contours) at 500 hPa are shown (Cassou 2010).  Copyright by European Centre for Medium-
Range Weather Forecasts
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Africa. The fact that the tornado, which emerged during the decrease in tendency, fell to 
a height of 900 gpdam at the jet level reveals that the groove hit Türkiye in a fragmented 
manner.

The SCSs that occurred in this and the following week were triggered by systems 
where the jet level temperature gradient between the EMEDO poles was strongest 
(Figs. 13, 14). The EMEDO-Oper index, which almost approached the − 3 value, passed 
into the neutral phase within 18 h and one of the fastest transitions between ULL sys-
tems was observed (Fig. 15).

There have been observations made of patterns that may be understood to be shared 
by all EMEDOi members. Before tornadoes occur, the oscillation pattern and circula-
tion of EMEDO are responsible for explaining many of the meteorological character-
istics. The geopotential heights that were observed during each incident were distinct 
from one another because to the pressure drop, the enhanced instability brought on by 
the presence of seawater, and the depth at which the ULL struck Türkiye. This is the 
essential piece of information necessary to deduce how upper-tropospheric jet streams 
sweep. The pattern that is frequently observed in all occurrences, with the exception of 
the one that occurred on March 03, 2016, is that: At the time of the tornado events, the 
majority of EMEDOi members (particularly EMEDO-Oper) are predominantly in nega-
tive phase. Because of the triangle and center point that were created at the western pole 
point, cyclones always pass through the Eastern Mediterranean basin on their way to 
the east. Each incident displayed unique geopotential heights. These variations can be 
attributed to several factors: the drop in atmospheric pressure throughout the front, the 

Fig. 6  Values of EMEDO-Oper indices (the vertical axis) in 6-h temporal resolution during based on the 
years of 2015–2021 climatological period (the horizontal axis), percentage distributions of EMEDOi during 
the years (upper center), and adjusted Fisher-Pearson standardized moment coefficients (upper left)
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increased instability due to the presence of seawater, and the depth at which the upper-
level low (ULL) impacted Türkiye. Understanding these variations is crucial for inter-
preting the behavior of upper-tropospheric jet streams.

A consistent pattern was observed across most events. Except for the incident on March 
03, 2016, during the tornado occurrences, the majority of EMEDOi members, especially 
EMEDO-Oper, were predominantly in a negative phase. The specific con- figuration of 
the triangle and center point at the western pole ensures that cyclones typically traverse the 
Eastern Mediterranean basin on their journey eastward. Because of this, they always cause 
a decrease in thickness near the ground and a decrease in geopotential height in the upper 
troposphere. The reason for this can be explained by the fact that the triangle and center 
point were created at the western pole point, which corresponds to the north-western part 
of the shaded area in Fig. 1.

At the time of the tornado, the EMEDO-Oper value is typically in a negative phase. 
This is applicable to the majority of the selected tornado incidents. At the time of the 
tornado occurrence, the values of this member can only possibly qualify as being in a 
neutral phase in two plots that make up a relatively insignificant portion of the train 
cluster. In the negative EMEDO phase, the geopotential gradient deepens between 
the trough over Italy, Greece and Albania and the ridge in the vicinity of Israel; as a 
result, the environmental conditions in the Eastern Mediterranean are more favorable 
for the formation of a frontogenesis. In addition, the strength of fronts was typically 

Fig. 7  Near-surface (925 hPa) horizontal frontogenesis function [K/100 km/3 h]
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characterized as being in the strong classification, which is described as having more 
than 8 K per 110 km of gradients (Sanders 1999). There have been a few instances of 
events that have been reported as waterspouts, and in those instances, the power of the 
fronts has been classified as moderate (4 K/110 km).

The hourly period until the local minimum is obtained can be described and charac-
terized as the process by which the EMEDO-Oper index value decreases continuously. 
Therefore, the procedure for achieving the local minimum varies between events. This 
period is calculated to be an average of 31.3 h based on the tornado occurrences in the 
Train Cluster, and 33.2 h when the 2022 tornado occurrences are included.

This procedure varies based on the velocity of the incoming trough, which trans- 
ports cold air from the high latitudes to the Mediterranean. Systems located in the 
Central Mediterranean linger in the Italy–Albania–Greece triangle (P1, P2, P3, respec-
tively), sometimes due to Omega blockade and other times because to cyclonic cut-off 
obstructions emanating from the dipole. Such instances demonstrate how long the ULL, 
which is a component of the EMEDO-Oper index, lingers in the region of west- ern pole 
of EMEDOi, and how the eastern pole over Israel contribute to the increase in values 
caused by the presence of high pressure and ridge effect. Thus, EMEDO-Oper values 
might remain in the negative phase for an extended period of time and grow stronger.

Fig. 8  Geopotential height [gpdam] at 300  hPa (isohypses) and geopotential height [gpdam] difference 
between 500 and 1000 hPa (shaded color contours)
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In addition, a culminating point may occur at the local minimum point of the negative 
phase prior to or around the hours of the tornado occurrences, including non-mesocyclonic 
waterspouts suctioning from warm sea surfaces to relatively cold air at upper-level tropo-
sphere. This can take place regardless of the movement of the frontal boundary. There is no 
set schedule for when a tornado will strike; it might happen at any time. The next portion 
ought to concentrate on the 72 h that were immediately before the events, with the tornado 
occurrences serving as the focal point of the investigation. This will allow for a more in-
depth analysis in terms of temporal during these 72-h (for instance, t-24 represents 24-h 
before the storm time).

5  Evaluation of results

Examining the variations of the numbers 1, 2, and 3 of EMEDOi reveals that the number 
of extreme values and values that can be regarded outliers is smaller than the variations of 
control, ensemble, operational, and maximum (Figs. 16, 17). When all variances are taken 
into account, the average values measured roughly − 3 and achieved a local minimum 12 h 
before to the tornado events (Fig. 18). The median values, on the other hand, maintained 
the same overall oscillation and decreased below the value of − 2.

Although the box plot lengthens again 12 h after the tornado, this is due only to the 
synoptic ULL-induced system lingering over the eastern Mediterranean and reducing 

Fig. 9  10-days all EMEDO member oscillations (the vertical axis) surrounding tornado incidents in daily 
period (the horizontal axis) (05.02.2016). The lightest shaded areas indicate 1 to 3 days before the tornado 
event of EMEDOi members; whereas, the darkest shaded parts indicate the days when EMEDOi members 
begin developing negatively. The area with the opaquest color depicts the day of the tornado



Natural Hazards 

1 3

the thickness by generating a reaction low-pressure system over the Mediterranean. This 
is because as the cold outbreak goes to such southern latitudes, it transforms into the 
Cyprus Low or the Black Sea Low with cyclonic movement, especially by the water, which 
remains relatively warm during the winter.

After the tornado has occurred and lost its effect, the response of the EMEDO index val-
ues in the negative phase declines at the same rate and approaches neutral. The value of the 
EMEDO index just prior to the tornado tends to range anywhere from − 1 to − 4 on aver-
age. In addition, while all events oscillate similarly without outliers until 12 h prior to the 
tornado occurrence, the index values for all events demonstrate significant variations as the 
tornado time approaches. All variations of EMEDO exhibit the same oscillation patterns.

Moreover, preliminary analysis uses a limited number of cases to explore the potential 
correlation between negative EMEDO readings and tornado forecasts. Further comprehen-
sive studies are needed to validate the effectiveness of the EMEDO Operational index in 
tornado forecasting. In the next phase of our research, we will conduct an expanded evalua-
tion of the EMEDO Operational index, which will then be utilized in the subsequent round 
of study.

Table 5 refers that the lowest average EMEDO index value was − 2.947 12 h before to 
the tornado. This score indicates the strength of the negative EMEDOi phase based on 
whisker plots, where it is a highly remarkable mean. As the tornado approaches, the stand-
ard deviation numbers grow. This might be taken as the fact that different systems have 

Fig. 10  Near-surface (925 hPa) horizontal frontogenesis function [K/100 km/3 h]
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varying strengths at the index measurement locations; hence, the numbers in the extreme 
values are excessive.

The minimum value of the EMEDO index is only occasionally lower than -10. These 
values for the EMEDO index are quite low and are rarely measured. Prior to the occurrence 
of tornadoes, the minimum values and Pythagorean averages reached the local minimum. 
In the time series of the 25th, 50th, and 75th quantile values, it is evident that the tendency 
of EMEDO drops as the tornado approaches and returns to neutral phase following the tor-
nado occurrence. As expected, the highest values are close to 0 because the neutral phase is 
the period during which the tornado risk is not predicted.

The error values exhibit a pattern that is consistent between t-30 and t-12; however, 
mean = − 0.75 is the value that provides the highest level of accuracy due to the fact that it 
has the lowest error rates for the entirety of the episode (Fig. 19).

According to descriptive data and box-whisker plots, the average EMEDO index value 
has attained its local minimum between − 0.75 and − 3. The MSE and MAE graphs of this 
index range with 0.25 intervals are as follows in order to establish the reference threshold 
value. As demonstrated, the error tendency from t-42 to t-30 for reference threshold val-
ues is extremely large. The MAE error distribution values range from 0.75 to 2.75. How-
ever, particularly between t-30 and t-12, that is, in the section with a shaded backdrop, the 
appropriate period for the local minimum and whichever index value is used, the margins 

Fig. 11  Geopotential height [gpdam] at 300  hPa (isohypses) and geopotential height [gpdam] difference 
between 500 and 1000 hPa (shaded color contours)
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of error are quite tight. During this time frame, error rates reach their lowest point, acting 
like a braid of hair. During this interval, the MAE values do not exceed the threshold of 2, 
indicating that a tornado is approaching. In addition, error values around the time of tor-
nado events are high for MSE values, while the error values reached their minimum value 
30 and 12 h before the tornado.

When the tornado event begins, and the system loses its influence, the error tendency 
tends to revert to its distribution during the initial time, and error levels rise. The most 
important finding here is that all lines attain their lowest error levels prior to the tornado, 
regardless of the threshold values on which the error depends, during the 18-h period indi-
cated by the shaded region. Consequently, the interval between t-30 and t-12 is crucial for 
the investigation, and the threshold value as − 0.75 will continue to be evaluated because it 
has the lowest error statistics for predicting the conditions for the occurrence of a tornado 
event.

As shown in Table 6, for each error distribution of the EMEDO-Oper value, a variety of 
conclusions can be drawn. Although the MAE value was lower than 1 during the specific 
time period that occurred 42 h before the onset of the tornado, it rises to a value of 2 as 
the tornado draws closer, and then it subsequently drops back down to a lower value after 
the tornado has passed. Due to the negative EMEDO-Oper index, MBE values are calcu-
lated as negative during the times around a tornado’s moment. It approaches the 0-limit 
value 36 h before the tornado and after considerable time. Twelve hours before the tornado, 
MPE values approach the neutral phase with a value of about 0.1, which can be viewed 

Fig. 12  10-days all EMEDO member oscillations (the vertical axis) surrounding tornado incidents in daily 
period (the horizontal axis) (13.11.2017). The lightest shaded areas indicate 1–3 days before the tornado 
event of EMEDOi members; whereas, the darkest shaded parts indicate the days when EMEDOi members 
begin developing negatively. The area with the opaquest color depicts the day of the tornado
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extraordinarily favorably. As indicated in the chart above (Fig. 19), the MSE values were at 
their lowest between 36 and 12 h prior to tornado occurrences; however, they are exceed-
ingly considerable between t-18 and t + 12.

During the t-18–t-12 time frame, the mean absolute percentage error (MAPE) achieved 
its minimum values before decreasing to roughly 1%. During and after the tornado event, it 
continued to surge excessively. The error values for root mean square error (RMSE) are at a 
minimum until t-18, a considerable time after the tornado occurrence. Here, the time span 
t-18–t + 12 is the interval in which the margin of error is the greatest. Root mean square 
logarithmic error (RMSLE) has similar tendencies to RMSE.

By averaging the correlations between 14 tornado occurrences for the t-42–t-6 and 
t-30–t-12 time frames, it is aimed to evaluate whether the EMEDO Operational index 
is meaningful for all events within the determined local minimum occurrence period. 
According to Table 7, the success rate in the correlation values for the Spear- man vari-
ation is evidently between 0.80 and 1 and is calculated as a very significant connection 
with a high correlation, whereas the Pearson variation typically ranges between 0.60 and 
0.80 and can be explained as a strong correlation association. Based on Pearson correla-
tion, the period t-30–t-12 exhibited a high correlation, and based on Spearman correlation, 
the period t-42–t-6 likewise exhibited a high relation. Each correlation technique takes a 
distinct approach to raw data, which is one of the rea-sons why the scores vary. To clarify, 
Pearson correlation is a useful metric for normally distributed random variables and linear 

Fig. 13  Near-surface (925 hPa) horizontal frontogenesis function [K/100 km/3 h]
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relationships. However, Spearman rank correlation often describes the skewed link and 
monotonic relationship between datasets. Therefore, while there is a monotonic relation-
ship over a broad span of time, t-30–t-12 represents a linear relationship.

Another objective is to determine if each occurrence provides the right environmen-
tal conditions for the creation of tornadic storms in the boundary layer and upper-level 
troposphere. In addition to that, it generally interacts with the sea in the Eastern Mediter-
ranean atmosphere and modifies the trough’s synoptic characteristics, despite the fact that 
the majority of ULL systems influence Türkiye in distinct ways. In this manner, it can have 
a significant impact on coastal provinces in different time zones and months, particularly 
during the winter.

6  Verification

In this process, an investigation into that severe weather analysis will be carried out 
employing only EMEDO-Oper for the purposes of operation. Because of this, the five tor-
nadoes that occurred along the western coast of Türkiye in 2022 are detailed in the follow-
ing sections.

Fig. 14  Geopotential height [gpdam] at 300  hPa (isohypses) and geopotential height [gpdam] difference 
between 500 and 1000 hPa (shaded color contours)



 Natural Hazards

1 3

Fig. 15  10-days all EMEDO member oscillations (the vertical axis) surrounding tornado incidents in daily 
period (the horizontal axis) (24.01.2019). The lightest shaded areas indicate 1 to 3 days before the tornado 
event of EMEDOi members; whereas, the darkest shaded parts indicate the days when EMEDOi members 
begin developing negatively. The area with the opaquest color depicts the day of the tornado

Fig. 16  EMEDO member (1, 2, 3) indices (the vertical axis) in the Whisker-Box plots represent the time 
period interval (the horizontal axis) of 42 h before to 30 h after tornado events initiated. The boxes extend 
to the 25th and 75th percentiles, while the whiskers to the 10th and 90th percentiles. Median values are 
shown as horizontal line within the boxes and mean values are demonstrated as triangle within the boxes
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After statistically validating the EMEDO index, five genuine instances from 2022 
were chosen to evaluate the index’s performance. The 14 tornado incidents that occurred 
in Türkiye over the course of the previous six years were evaluated meteorologically 
and statistically in order to provide insight into the EMEDO Index’s application. If a 

Fig. 17  EMEDO member (Control, Operational, Ensemble, and Maximum) indices (the vertical axis) in the 
Whisker-Box plots represent the time period interval (the horizontal axis) of 42 h before to 30 h after tor-
nado events initiated. The boxes extend to the 25th and 75th percentiles, while the whiskers to the 10th and 
90th percentiles. Median values are shown as horizontal line within the boxes and mean values are demon-
strated as triangle within the boxes

Fig. 18  All EMEDO member indices (the vertical axis) in the Whisker-Box plots represent the time period 
interval (the horizontal axis) of 42 h before to 30 h after tornado events initiated. The boxes extend to the 
25th and 75th percentiles, while the whiskers to the 10th and 90th percentiles. Median values are shown as 
horizontal line within the boxes and mean values are demonstrated as triangle within the boxes
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local minimum occurs, the two distinct time spans “t-42 to t-6” and “t-30 to t-12” in 
highly correlated events must indicate the probable occurrence period of the tornado.

In the tornado event of January 9 (Fig. 20), the EMEDO-Oper value declined to − 0.6 
around 12 h and 20 min before the tornado occurred, with other EMEDO variants exhib-
iting a similar trend. However, after the occurrence, the variations continued to oscillate 
in a highly distributed and irregular manner.

In the March 2 tornado incident (Fig. 21), all EMEDO variations are distributed in 
a balanced manner. The exception in this case is that it took a considerable amount 
of time for the local minimum value to be reached, that is, to exceed the value of − 7, 
and the index remained in the negative phase for a substantial amount of time until it 
reached the turning point. During this phase of negative growth, the EMEDO-Max vari-
ation and the EMEDO-3 variation followed distinct patterns.

On April 19th (Fig. 22), notably harmonious patterns appeared during the tornado. 
This is due to the fact that the ULL crosses directly above the EMEDOi west polar 
region. A negative EMEDO phase was detected, which was significant in comparison 
with other occurrences.

The EMEDO value of the 15 October case is remarkably low (Fig. 23), but its devel-
opment is extremely abrupt. The time required to move from the positive phase to the 
negative phase and attain the local minimum value is only 12 h. A second tornado was 
detected 12  h after the minimum for the region. EMEDO-Max and EMEDO-3 split 
themselves from other members and followed the same path.

According to the plot on November 7 (Fig.  24), the tornado that hit roughly 27  h 
after the local minimum happened in a condition where the EMEDO-Oper member 
was negative yet weak. Before all members reached the local minimum, there was a 
minor upward fluctuation in the EMEDO-2 member and a downward fluctuation in the 
EMEDO-Max member, but the EMEDO-Oper variation steadily collected strength in 
the negative phase for about 24  h and reached the local minimum mode. How- ever, 
after the occurrence, the EMEDO-Oper variation remained in a slightly positive phase.

Prior to the tornado, it was noticed that the EMEDO index values had a falling trend 
in all events, as predicted, but after the tornado it rebounded to a neutral phase. Based 
on a prediction to be made at the local minimum, the formation of the tornado

Fig. 19  Error distributions between the EMEDO-Oper indice values (the vertical axis) of − 0.75 and − 3.0 
for time period (the horizontal axis) of 42 h before to 30 h after for selected tornado events. Mean Absolute 
Error (left) and Mean Square Error (right)
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is predicted to occur within the following 6–42 h, or as it approaches the neutral phase. 
Also, as previously discussed, although the − 0.75 threshold value is statistically reliable 
with a minimum margin of error, it is not reliable for newly occurring case scenarios.

In light of this information, it appears that forecasts of tornado occurrence time intervals 
based on the EMEDO index would be consistent for all events when evaluated in terms of 
the relationship between a declining and an increasing trend, regardless of the magnitude 
of index value. The algorithm we have developed is not designed to specifically detect indi-
vidual tornadoes. Instead, it provides a risk assessment, indicating the likelihood or poten-
tial of tornado occurrences in a given area. By analyzing broader atmospheric conditions 

Table 7  Correlation statistics of cumulative minimum of EMEDO-Oper indices during the period of torna-
dic storm (including local minimum time and tornado time) for all events in Türkiye

Values indicate correlation coefficient (CC), coefficient of determination (CD), adjusted version of coef-
ficient of determination  (CDadj), which are statistically significant positive correlations at 95% confidence 
level

Time CC CD CDadj

Pearson Spearman Pearson Spearman Pearson Spearman

t-30–t-12 0.83 0.91 0.69 0.82 0.66 0.81
t-42–t-6 0.86 0.95 0.75 0.89 0.73 0.89

Fig. 20  During the 72 h preceding the tornado (the horizontal axis), all members of EMEDOi (top) and 
EMEDO-Oper index (bottom) were analyzed for 09.01.2022 event of verification (the vertical axis) from 
Table 4. The lightly colored regions reflect the sixth to forty-second hours following the local minimum 
peak of the EMEDO- Oper index. The opaque inner regions indicate the 12th to 30th hours following the 
local minimum peak of the same index. The vertical black line depicts the instant the tornado occurred
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and patterns, the model offers advance warnings about regions with heightened tornado 
risks. It is essential to understand that the model’s primary function is to aid in early pre-
paredness and awareness, rather than pinpointing exact tornado locations.

7  Summary and concluding remarks

To reduce the impacts of severe convective storms and tornadoes in the scope of climate 
change adaptation strategies, Eastern Mediterranean oscillation index (EMEDOi) has been 
developed in order to be able to detect the presence of ULLs and frontogenesis approach is 
employed for selected tornadic storm events in Türkiye. EMEDOi has 7 different its varia-
tions (members). These members have been developed to detect differences depending on 
the entry directions of cyclones and storms affecting Türkiye from the west of the coun-
try. In line with the GDAS data analysis, values of geopotential height are derived for the 
requirement of EMEDOi in a limited area.

In all the verification events, it is evident that tornadic SCS activities in Türkiye rise 
during the initial days when the EMEDOi transitions from a negative to a neutral phase. 
However, it is not clear that a stronger shift in this phase directly correlates with increased 
storm damage. The formation of a front over the Eastern Mediterranean is pivotal, and the 
way this front interacts with Türkiye’s climate plays a significant © role in shaping the 
conditions conducive for these storms. Before the onset of tornado events, data indicates a 

Fig. 21  During the 72 h preceding the tornado (the horizontal axis), all members of EMEDOi (top) and 
EMEDO-Oper index (bottom) were analyzed for 02.03.2022 event of verification (the vertical axis) from 
Table 4. The lightly colored regions reflect the sixth to forty-second hours following the local minimum 
peak of the EMEDO- Oper index. The opaque inner regions indicate the 12th to 30th hours following the 
local minimum peak of the same index. The vertical black line depicts the instant the tornado occurred
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decline in geopotential thickness difference values at points P1–3 and C, which encompass 
regions like Italy, Greece, and Albania. Concurrently, there is a noticeable increase in the 
difference between isohypse values across the poles, attributed to the pronounced tempera-
ture gradient at 300 hPa.

As the spread of all members of EMEDOi expanded with forecast time, it took on dif-
ferent values than EMEDO-Ens or EMEDO-Oper, making it more difficult to explain the 
consequences of modifying or determining non-mesocyclonic waterspouts and mesocy-
clonic supercell tornado structures. Consequently, it may also be claimed that the ampli-
tude of the EMEDO perturbations may have been either small or too large for a severe 
weather warning, and that the EMEDO spatial variability (noisy patterns) may have dimin-
ished the signal.

The key results of the study are as follows:

• 86% of the events in the train list demonstrated that the EMEDO-Oper index was in 
negative phase at the time a tornado was reported, regardless of whether the events 
involved by a supercell mesoscale convective storm or a frontal movement. At the time 
of the tornado, the values of consisting of a small portion of the train cluster can only 
qualify as neutral phase. However, a turning point may take place at the local lowest 
point of the negative phase just before or around the hours that tornado events happen. 
This includes non-mesocyclonic waterspouts that are induced by the sea.

Fig. 22  During the 72 h preceding the tornado (the horizontal axis), all members of EMEDOi (top) and 
EMEDO-Oper index (bottom) were analyzed for 19.04.2022 event of verification (the vertical axis) from 
Table 4. The lightly colored regions reflect the sixth to forty-second hours following the local minimum 
peak of the EMEDO-Oper index. The opaque inner regions indicate the 12th to 30th hours following the 
local minimum peak of the same index. The vertical black line depicts the instant the tornado occurred
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• Each tornado incident in the western region of Türkiye occurred at a different time of 
day, but the daytime is more favorable.

• The EMEDO reflects the variations in atmospheric pressure in the Eastern Medi-
terranean. When it’s strongly negative, it signals notable low-pressure areas within 
the defined triangle region. This creates a sharper difference between low and high-
pressure regions, influencing their relative altitudes. Hence, the greater the negative 
EMEDO phase, the deeper the geopotential gradient between the trough over Italy, 
Greece, and Albania and the ridge in the vicinity of Israel; as a result, the environ-
mental conditions in the Eastern Mediterranean are more favorable for the formation 
of a frontogenesis. Besides, the strength of fronts was generally observed as strong 
classification which is defined as more than 8 K per 110 km. In a few cases of events 
which are reported as waterspout, the strength of the fronts can be considered mod-
erate classification (4 K/110 km).

• The amount of time needed to reach the local minimum perpetually varies depend-
ing on the event. This timescale is estimated to be 31.3 h on average based on the 
tornadic storm environment in the train cluster; however, when the tornado activity 
in 2022 is taken into account, this time frame is estimated to be 33.2 h instead.

• Between 6 and 42 h after the EMEDO-Oper index reaches its local minimum, a tor-
nado can be expected with a 79% probability in western Türkiye. More specifically, 
the probability for this period is predicted to be 63% between 12 and 30 h after the 

Fig. 23  During the 72 h preceding the tornado (the horizontal axis), all members of EMEDOi (top) and 
EMEDO-Oper index (bottom) were analyzed for 15.10.2022 event of verification (the vertical axis) from 
Table 4. The lightly colored regions reflect the sixth to forty-second hours following the local minimum 
peak of the EMEDO-Oper index. The opaque inner regions indicate the 12th to 30th hours following the 
local minimum peak of the same index. The vertical black line depicts the instant the tornado occurred
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local minimum has been determined. Once the local minimum has been reached, the 
remaining events typically occur within the next couple of hours.

• Based on the EMEDO-Oper values of the analyzed events, the majority of the events 
had index values below − 0.75. It is therefore possible to expect a risky period in Tür-
kiye with a 79% probability after an EMEDO-Oper index value drops below − 0.75 and 
the local minimum point needs to be determined.

• When local minimum values are reached, a tornado is likely to occur after the tendency 
to move to the neutral phase. For instance, as can be seen in the event of January 09, 
2022, there were three local minimum attempts toward neutral phase. There have been 
reports of tornadoes in other provinces that were not included in the sample list in 
related dates.

Moreover, one of the challenges for the study was the temporal resolution of analysis 
data. Although interpolating analysis data seems like a solution, 1-h forecast data, which 
is preferred for ecole models in operational use today, will be more useful to follow the 
EMEDO index.

Another limitation was that the narrow presence of photos of tornadic storms in media. 
Although the tornado events that have been analyzed are the ones that have taken place in 
the last years and have photographs, as much as possible, more photographs are needed 
to understand the structure of the tornado. It would be beneficial to determine whether 
they are mesocyclonic or not. This is because, although too many small and harmless 

Fig. 24  During the 72 h preceding the tornado (the horizontal axis), all members of EMEDOi (top) and 
EMEDO-Oper index (bottom) were analyzed for 07.11.2022 event of verification (the vertical axis) from 
Table 4. The lightly colored regions reflect the sixth to forty-second hours following the local minimum 
peak of the EMEDO-Oper index. The opaque inner regions indicate the 12th to 30th hours following the 
local minimum peak of the same index. The vertical black line depicts the instant the tornado occurred
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(non-mesocyclonic) waterspouts have been reported, the tornado events reported within 
the scope of this study are considered independent of mesocyclonic features. The reason 
for this is that the development process of each frontal or convective precipitation system 
should be examined through radar/satellite data tracking and whether the storm structure is 
mesocyclonic or not. Sometimes these meteorological systems intensify as they approach 
Türkiye and can take on a super-cellular structure. As stated in study’s purpose of shed-
ding light, the EMEDO index can be a guide; however, these systems should be analyzed 
by modeling them operationally with high resolution for the limited period determined by 
EMEDO.

The further research step would be using EMEDOi to detect an ULL that is expected 
to influence Türkiye. According to the researches, it is argued that polar arctic or Icelan-
dic cold strikes will affect Eastern Europe more frequently as a result of the widening of 
high-pressure belts around subtropics within the scope of climate change. According to 
the researches made by some articles, in parallel, the Azores high-pressure center gain-
ing a more stable and vertically moving structure to become Arc-tic Ridge (AR) and 
BLO + through the high latitudes in the north. This may make the indicators of EMEDO 
negative phases more frequent in the future. If it would be delved deeper into the subject 
by utilizing weather research and forecasting model (WRF), which is one of the prominent 
models on mesoscale numerical weather prediction, the major aspects of numerically sim-
ulating a tornado and its formation might be reviewed. In this way, the dynamics of tornado 
formation and structure based on both observations and laboratory and numerical weather 
prediction modeling experiments could be described in detail.

These storms contain secondary circulation and front inclination with the advection in 
the cold front transition should be thoroughly examined. In this way, it is possible to pre-
dict the convective trigger mechanisms and weather phases and ultimately have a forecast-
ing approach for them. Besides, vertical layers should be resolved and elaborately modeled 
to obtain the features of thunderstorms such as storm motion speed/direction, critical angle, 
convection energy and relative winds. These opportunities contribute to geospatial point-
based tornado forecasts however operating the model of high-resolution numerical weather 
prediction computational costs very huge amount for the institutes and national weather 
services. Consequently, there is a need to examine severe weather events in the Eastern 
Mediterranean region, including Türkiye and to reveal the clues that the events will take 
place a few days in advance. At this point, there is a necessity for a composite index show-
ing that the Mediterranean atmospheric conditions expected to influence the Eastern will 
trigger the formation of severe convective storms.

Besides, a more convincing relationship analysis could be improved in the near future, 
using the point reporting of the tornado events and the probability of triggering negative 
EMEDO index. At this point, Brier scores can provide information about how accurate a 
forecast was because a brier score is a way to verify the accuracy of a probability forecast. 
A forecast probability can refer to a specific event, such as there is a 25% probability of it 
occurs a tornado in the next 24 h. In addition to that, Brier Skill Score also can be consid-
ered as a follow-up analysis. Although this index is not only considered within the scope of 
tornadic storms, but also it is estimated that it can be used for most extreme weather events 
(blizzards, hailstorms, wind damages, and so forth). In particular, institutions may have the 
opportunity to examine in more detail with the help of this index in terms of hailstorms, 
snowstorms or any other severe weather events affecting Türkiye all the year round.

To sum up, the study discussed how the ULL transport conditions into the Eastern 
Mediterranean are influenced in associated with lower and upper-level geopotential height 
changes over the Euro-Mediterranean sector. The findings may contribute to studies for 
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numerical weather prediction modeling in terms of low-level moisture, instability, lifting 
trigger mechanism and wind shear transport sensitivity into the Euro-Mediterranean, and 
its relationship with the tornadic storm activities over the Eastern Mediterranean region.
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