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Abstract: Waterspout outbreaks are very impressive phenomena defined as multiple waterspouts
successively forming in a specific area. This study presents the twelve largest waterspout outbreak
cases that have occurred in the last two decades (2000-May 2023) in Greece. Synoptic data indicated
a closed low (CLOSED) pattern prevailed during waterspout outbreaks over the Aegean and Ionian
Seas. A variety of convective parameters were examined, including most unstable CAPE (MUCAPE),
mixed-layer lifting condensation level (MLLCL), low-layer shear (LLS) and 0-1 storm-relative helicity
(SRH). The Szilagyi Waterspout Index (SWI) is applied successfully and is suggested for further
consideration and application in waterspout operational forecasting.
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1. Introduction

Waterspouts are tornadoes over the water surface of a sea or lake and develop as
intense columnar vortices [1,2]. Waterspout wind speeds typically reach 55-85 knots (FO
on the Fujita scale), with much stronger winds for waterspouts associated with supercell
thunderstorms that can pose a threat to boats, shipping, recreational water activities and
to people and infrastructures [3-5]. Waterspout outbreaks are impressive phenomena
defined as multiple waterspouts forming in a specific area. Hagemeyer defined waterspout
outbreaks on the Florida peninsula, USA, as multiple waterspouts of four or more [6].

Sioutas et al. [7] defined waterspout outbreaks as multiple successive waterspout
occurrences on a single calendar day, 00:00 through 23:59 UTC, and generally produced by
the same weather system. The International Centre for Waterspout Research (ICWR) has
been conducting research on waterspouts from around the world as part of their Global
Waterspout Mapping Project [8]. The European Severe Weather Database (ESWD) is a
source of severe weather data, including waterspouts, over Europe [9]. Also, active tornado
waterspout research over the last years for the Mediterranean has been developed, focusing
on meteorological conditions, outbreaks and forecasting [10-15].

The studied areas of the Ionian and Aegean Seas are characterized by irregular coast-
lines combined with numerous small and larger islands. These geographic configurations
can often create low-level differential heating and local wind convergence, which tends to
initiate waterspout occurrences [10,13,16,17]. In this study, the twelve greatest waterspout
outbreak cases occurred in the Greek Seas over the last two decades (2000-May 2023)
with 10 or more individual waterspouts observed are investigated and their synoptic and
mesoscale environments and a forecasting method are presented.

2. Materials and Methods

The largest waterspout outbreaks occurred in the Greek Seas within the period
2000-2023 (until May 2023) and included 10 or more individual waterspouts, constituted a
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total of 12 cases in the Greek tornado database [12]. As seen in Figure 1a and in Table 1, it is
interesting to note that 9 out of the 12 cases occurred in southern Greece, north offshore of
Crete Isl. and northeastern offshore of Rhodes Isl. In Figure 1b, a snapshot is displayed of
3 simultaneous waterspouts of a total of 11 waterspouts that occurred during the 1 January
2021 outbreak in Rhodes Isl., Greece.
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Figure 1. (a) Largest waterspout outbreak locations in the 23-year period 2000-May 2023. (b) Water-
spout outbreak in Rhodes Isl. on 1 January 2021 (photo by Stavros Kesedakis).

Table 1. Waterspout outbreak dates and locations in Greece in the 23-year period 2000-May 2023.

Waterspout Outbreak Event Place Date/Duration Time (UTC) Number of Waterspouts Observed
1 Rethymno, Crete Isl. 5 Sep 2002/06:30-09:30 13
2 Iraklio, Crete Isl. 21 Sep 2006/05:45-08:00 25
3 Iraklio, Crete Isl. 19 Dec 2012/15:03-15:34 11
4 Siteia, Crete Isl. 2 Oct 2013/09:30-10:00 15
5 Iraklio, Crete Isl. 6 Jan 2015/14:00-14:30 11
6 Iraklio, Crete Isl. 29 Sep 2015/04:15-06.15 16
7 Corfu (Kerkyra) IsL. 21 Jan 2018/07:45-09:20 32
8 Glossa, Skopelos Isl. 15 Jun 2018/21:30-22:30 10
9 Rhodes Isl. 1 Jan 2021/06:17-07:02 11
10 Corfu (Kerkyra) IsL 5 Dec 2022/07:00-14:24 20
11 Rhodes Isl. 21 Jan 2023/07:36-08:36 11
12 Rhodes Isl. 3 Feb 2023/05:25-13.54 14

A number of 9 out of the total 12 cases occurred over southern Greece: 6 in the Cretan
Sea and 3 in the northeast offshore of Rhodes Isl. Of the remaining 3 cases, 2 occurred in
Kerkyra (Corfu) Isl. and 1 in Skopelos Isl. Regarding monthly occurrences, 4 cases occurred
in January, 3 in September, 2 in December and 1 in each of February, June and October.
Regarding time of the day, the vast majority, 9 out of 12 cases occurred in the morning
hours 04:00-10:00 UTC, 2 at noon 14:00-15:34 UTC and 1 in the evening 21:00-22:00 UTC.
In Table 1, a list of the waterspout outbreaks with geographical locations, day and time of
occurrence is provided.

Synoptic patterns leading to waterspout formation were identified and classified
according to a four-synoptic-type scheme, namely: southwest flow (SW), shortwave trough
(SWT), closed low (CLOSED) and longwave trough (LW). This classification is based on
the 500 hPa level and the position of trough and ridge axes in conjunction with surface
features [10]. Synoptic maps were extracted using the NOAA-Global Data Assimilation
System (last accessed May 2023). Radiosonde data close in space and time to waterspout
outbreaks, preferably upwind to the outbreak location, were gathered by the University of
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Wyoming (www.uwyo.edu, accessed on 30 May 2023). The data were analyzed using the
SHARPpy program [18] and the thermodynamic, dynamic, wind parameters and instability
indices were extracted.

3. Results
3.1. Synoptic Types on Waterspout Outbreak Days

Waterspouts occur during specific synoptic patterns that have been identified and
categorized in various research focusing on common and dominant characteristics and
targeting the improvement of analysis and increasing of forecast skills [7,14]. According to
the four-synoptic-type scheme described in the previous session, the examined sample of
waterspout outbreak cases mostly occurred on days with prevailing conditions of SWT and
CLOSED types, followed by LW and SW types (Figure 2).
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Figure 2. Synoptic pattern types on waterspout outbreak days in Greece (2000-May 2023).

3.2. Mesoscale Environment

A total of 15 thermodynamic, wind parameters and instability indices based on
radiosonde data are examined and presented in Table 2. Mean values of most parameters
indicated a weak to moderate unstable environment for waterspout outbreaks. MUCAPE,
defining the vertically integrated positive buoyancy of an adiabatically rising parcel, was
averaged at 274 J/kg, with MLLCL averaged at 699 m, indicative of a thunderstorm
potential with a small likelihood for tornado occurrence [19-21].

Table 2. Thermodynamic, wind parameters and instability indices for large waterspout outbreak
environments in Greece.

Parameters/Indices Mean Min. Max. Std. Dew.
1. MUCAPE (/kg) 274 0 1775 491
2. CIN (J/kg) —53.5 —276 0 80
3. MLLCL (m) 699 245 1425 288
4. EL(km) 6.7 - 11 3.9
5. Helicity 0-1 km (m?/s?) 62 -9 153 45
6. Wind shear 0-3 km (m/s) 9.9 2.3 17.2 45
7. Wind 0-2 km (m/s) 6.4 1.8 12.5 3.8
8. WMAX Shear (m?/s?) 359 0 1142 328.4
9. Lapse rate 0-1 km (K/km) 7.1 3.1 9.5 22
10.  SWEAT 123 42 184 49
11.  KI 19.2 9 32 7.2
12. LI 0.5 -6 4 29
13.  SW 44 2 7 1.7
4. TT 457 38 55 5.7
15. MU Mixing Ratio (g/kg) 8.7 3.4 13 3.3

Conventional instability indices were also indicative of a weak to moderate unstable
environment. A steep temperature-lapse rate between the water surface and lowest atmo-
spheric layers, along with positive buoyancy, proved to be a primary factor for waterspout
outbreak occurrences.
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3.3. Waterspout Forecasting—The Szilagyi Waterspout Index (SWI)

The SWI has been developed to determine the potential for waterspout develop-
ment. It is based on the Szilagyi Waterspout Nomogram (SWN). It uses a data set of over
1000 waterspout events that occurred over the Great Lakes of North America from 1994
to the present (May 2023). The SWN and SWI have been tested with success in other
temperate regions such as the Mediterranean Sea and the Adriatic Sea [7,14,15].

The method is based on three parameters which are strongly correlated with water-
spout events: surface water—850 mb temperature difference AT, convective cloud depth
AZ = EL — LCL and 850 mb wind speed. The values of the SWI ranged from —10 to +10,
with waterspouts most likely to occur when SWI > 0. The larger the value of SWI, the
higher the potential for waterspout development.

SWI values for the examined waterspout outbreak cases were determined by using the
nearest upper air sounding data to the outbreak event, and then the airmass was modified
over the sea surface; the results are given in Table 3. As illustrated on the Szilagyi Water-
spout Nomogram (Figure 3), there is a strong correlation between waterspout outbreaks for
SWI values of >0 with all waterspout cases of the study, except one. Also, most waterspout
outbreaks were associated with moderate convection, likely thunderstorms, with rather
moderate convective cloud depth. During the winter season, outbreaks were associated
with shallower convection and higher water —850 mb temperature difference values.

Table 3. Waterspout outbreak forecasting data using the Szilagyi Waterspout Index (SWI).

Sea Surface

WatersEl:‘),(;lrlli (l\)Iz‘tbreak Place Date Temg}e(l;;)iture T(l(}gd To}olzjfl)o d (ﬁfzt) SWI
1 Rethymno, Crete Isl. 5 Sep 2002 25 26 21 36 8
2 Iraklio, Crete Isl. 21 Sep 2006 24 26 20 32.8 7
3 Iraklio, Crete Isl. 19 Dec 2012 19 15 13 27 7
4 Siteia, Crete Isl. 2 Oct 2013 25 23 16 24.6 4
5 Iraklio, Crete Isl. 6 Jan 2015 18 11 5 19 9
6 Iraklio, Crete Isl. 29 Sep 2015 25 25 20 33.3 8
7 Corfu (Kerkyra) Isl. 21 Jan 2018 17 16 12 23 2
8 Glossa, Skopelos Isl. 15 June 2018 21 26 19 32.1 2
9 Rhodes Isl. 1 Jan 2021 17 16 14 27.7 5
10 Corfu (Kerkyra) Isl. 5 Dec 2022 17 17 14 20.2 -1
11 Rhodes Isl. 21 Jan 2023 17 18 12 29.5 5
12 Rhodes Isl. 3 Feb 2023 17 11 8 21 6
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Figure 3. Large waterspout outbreaks in Greece: sea surface water-850 mb temperature difference,
convective cloud depth and dots represent Szilagyi Waterspout Index (SWI) values.



Environ. Sci. Proc. 2023, 26, 126 50f6

4. Summary and Conclusions

The greatest waterspout outbreak cases recorded in the Greek Seas during the 23-year
period of 2000-May 2023 were examined in terms of synoptic, mesoscale and thermody-
namic environments and forecasting. Sea surface temperatures with the superimposed
atmospheric airmass lapse rates play a fundamental role in waterspout occurrence. The
analysis showed fundamental synoptic and mesoscale thermodynamic elements that can
create a supportive environment even with limited instability and weak to moderate wind
shear magnitudes. Climatic localities and geographical features can play a significant role
in concentrating multiple waterspout occurrences.

The data sample examined indicated most thermodynamic parameters, including
CAPE, LLS and 0-1 km storm-relative helicity, indicated low likelihood of tornadoes based
on the threshold values in the literature. The probability for waterspout occurrence seems
maximized in weak vertical wind shear and steep low-level lapse rates. The parameter
WMAXSHEAR, representing the square root of 2 CAPE (WMAX) and DLS having a mean
value of 359 m?/s?, seems a good indicator for the assessment of convective phenomena,
including waterspouts.

Regarding waterspout predictability based on the SWI method, the majority of out-
breaks examined were strongly correlated with SWI values > 0, with values ranging from
—1 to 8. Combined with knowledge of waterspout climatology and local climatic back-
grounds, the Szilagyi Waterspout Index (SWI) can be a very useful tool and is suggested
for further testing and operational application in waterspout forecasting.
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