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Abstract: Local air-sea interaction over the Mediterranean may amplify the effects of climate change.
This study investigates the sensitivity of simulations of two different high impact weather events to
changes in the specification of sea surface temperature (SST) using a regional atmospheric model.
First we assess the impact of specifying SST from two reanalysis data sets with differing spatial
resolution. The simulated tropical-like cyclone (TLC) is slightly stronger in the case of the lower
resolution SST which is warmer over the formation region, most notably in the maximum rainfall
which is ~7% higher. The differences in the two explosive cyclone simulations are negligible, most
likely due to intensification occurring mainly over land. We then test the sensitivity of the storms
to a range of SST anomalies. The TLC showed a clear trend of increasing storm intensity as SST
rises. These results suggest that SST plays a direct role in determining the intensity of the storm. For
the explosive cyclone there is no clear trend in dynamical intensity except for the highest warming
anomalies. However, the rainfall increases with the magnitude of the SST anomaly. Our results
suggest that extreme weather events over the Mediterranean will become more extreme if SST
increases as the climate warms, assuming that upper air conditions do not change.

Keywords: Mediterranean tropical-like cyclones; medicanes; Mediterranean explosive cyclogenesis;
regional atmospheric model; Mediterranean SST influence on extreme storm development

1. Introduction

Geographically, the Mediterranean region is unique in many ways. It is characterized
by a Mediterranean climate type with hot, dry summers and cool wet winters. It is centered
on a relatively large and warm body of water surrounded by mountain ranges, bounded
by the subtropical deserts to the south and the temperate mid-latitudes to the north. The
semi-enclosed Mediterranean Sea is subjected to excess evaporation (E − P > 0) and limited
connection to the Atlantic Ocean, both of which drive an inverse estuarine circulation
in a sea that is relatively warm and saline compared to the adjacent ocean at the same
latitudes. Consequently, significant air-sea interaction plays a major role in shaping both
the atmospheric and oceanic circulation in this region over a large range of spatial and
temporal scales. While the Mediterranean Sea is small relative to the large ocean basins
where the most intense storms are frequently formed, the unique combination of the
geographical and climate factors leads to the frequent occurrence of high impact weather
events such as intense cyclones, strong winds, heavy precipitation and flooding in the cool
season as well as prolonged heat waves in summer and multiyear droughts [1]. Two such
processes which are the focus of this paper are (1) Mediterranean hurricanes (medicanes),
which are tropical-like cyclones (TLC) and (2) meteorological bombs or bomb cyclones,
which are referred to as explosive cyclogenesis. Both fall under the broad category of
extreme cyclones.
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1.1. Tropical-Like Cyclones (Medicanes)

Some Mediterranean cyclones exhibit features similar to tropical cyclones in their
mature stage with sustained winds over 100 km/h, and due to their resemblance to tropical
cyclones, they are often referred to as medicanes [2]. They are intense low-pressure systems
that exhibit some distinct features of the tropical cyclones, such as a cloud free area at the
center with an eye, spiral cloud bands with deep convection, a warm core and intense
surface winds [3]. Medicanes may occur throughout the year but are most frequent in fall
and winter when the sea surface temperature (SST) is still relatively high (although less
than 26 ◦C) and cold air intrusions occur as a consequence of the weakening of the summer
anticyclone over Europe [2]. They are triggered by upper tropospheric precursors, such as
baroclinic cut-off lows and troughs, similar to polar lows [4], but in contrast to the polar
lows, medicanes develop a warm core and minimal wind shear. In addition, abundant
moisture and vorticity enhance the genesis of medicanes. It is estimated that an average of
about 1.6 medicanes occur each year [5].

Since SST influences the atmosphere through surface fluxes of latent heat and sensible
heat [6], many studies of medicances development have focused on air-sea interactions and
on the resulting diabatic heating [4,7]. Some studies suggest that these fluxes can influence
the storm track and intensification of medicanes, while others suggest that orography,
potential vorticity (PV) or jet streams can influence the formation and evolution of the
storm [2]. Tropical-like cyclones tend to develop within environments of relatively high
diabatic heating [7], but in a range of SST of 15–23 ◦C [7,8], which is below the accepted
cutoff value of 26 ◦C for the development of tropical cyclones [9], but similar to conditions
under which other intense Mediterranean cyclones develop.

1.2. Explosive Cyclones (Meteorological Bombs)

Explosive cyclogenesis, which leads to the development of so-called meteorological
bombs or bomb cyclones, is characterized by exceptionally and unusually large deepening
rates, resulting in heavy rain, gale force winds and high significant wave heights [10]. Such
storms occur mainly during the cold period of the year. The four most active regions where
extratropical explosive cyclogenesis occurs in the world are the Northwest Pacific, the
North Atlantic, the Southwest Pacific and the South Atlantic [11], but they also are known
to occur over the Mediterranean Sea in winter. The change in pressure needed to classify a
case as explosive cyclogenesis is latitude dependent compared to the reference values at
60◦ latitude according to the formula [12]:

∆p/∆t = 24 (sin Φ/sin 60) hPa/24 h (1)

where p is pressure, t is time and Φ is latitude in degrees. Thus, for the central or eastern
Mediterranean region at 35◦ N latitude, a cyclone with a deepening rate of 15.9 hPa or
more in 24 h (sustained deepening rate of more than 0.66 hPa h−1) is classified as a case of
explosive cyclogenesis.

Baroclinic instability is one of the principal mechanisms for the development of
most explosively deepening cyclones especially for the western and central parts of the
Mediterranean basin [13]. Other factors include the relative position of the 500 hPa trough
and associated thickness patterns, or the so called KF and CC mechanisms. The KF
mechanism is characterized by the interaction between a larger scale wave penetrating the
Mediterranean basin from northwest and a small-scale cyclone in the lee of the Alps. The
CC mechanism is characterized by the interaction between a mid-latitude depression of
African origin with a larger-scale cyclone entering the Mediterranean from the north [13].
According to other studies, the SST’s influence on the atmosphere through the latent and
sensible heat fluxes plays an important role [6] and therefore some studies focused on air-
sea interaction and on the resulting diabatic heating [4,7]. Kouroutzoglou et al. [13] showed
that the eastern part of the Mediterranean Sea is a preferred region for the development of
deeper explosive cyclones triggered mainly by orographic effects. They also showed that in
the western and central Mediterranean Sea the potential vorticity plays an important role
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in explosive cyclones with low level cold air penetrations from the north, while to the east
the upper-level forcing appears to interact with a warmer low level environment leading
to significant diabatic forcing [13].

Even though the upper-level circulation is important for the development of the
storm, in most cases the surface low is formed before the 500 hPa trough or low, implying
a preference towards surface development, emphasizing the importance of low-level
forcing [13]. The fact that the eastern Mediterranean basin is warmer than the central and
western Mediterranean [14] could possibly explain why the eastern Mediterranean basin
is the preferred region for deeper explosive cyclogenesis and how the SST values could
influence the storm tracks and intensification.

1.3. Sensitivity of Storm Development to the Specification of SST

Due to the confined nature of the Mediterranean, intense storms that develop over
the sea will very likely affect the adjacent land mass and subsequently pose danger to
infrastructure, property and life. The storm tracks and intensification may be sensitive to
smaller scale details of SST which may be misrepresented in coarser resolution models and
data. An effective approach to assessing importance of these details is to run a series of
dynamical downscaling simulations with a regional model that can simulate processes that
are unresolved in coarser resolution reanalysis data sets.

Often these storms are difficult to predict with operational models. This limitation
depends on many factors ranging from the horizontal grid resolution to the subgrid scale
physical parameterization schemes which play an important role in the fidelity of the
simulations. Lateral and lower boundary conditions such as the SST field, are important
and thus coupled ocean-atmosphere modeling systems may be considered as useful for
improving the simulation skill [15], although the main benefit of the coupled model is
most likely realized mainly in longer time period simulations. Similarly, Tiesi et al. [16]
found that specification of initial conditions, with a focus on the addition of high-resolution
satellite derived wind fields, can have a noticeable impact on nowcasts and short-range
forecasts of various categories of severe Mediterranean storms, including TLCs.

Ricchi et al. [15] showed that the air-sea interaction processes are fundamental for
the proper numerical simulation of the storm, and when substituting the real sea surface
temperature with an average field it may dramatically affect the intensity of the storm. They
also showed that a coupled model could increase the accuracy of the simulations even for
short periods of a few days. Nevertheless, they concluded that the choice and combination
of physical parameterization schemes in the model that produce the best simulation for
one case may not be the best for other cases [15]. Similar results were obtained by Miglietta
et al. [17] and Pytharoulis et al. [18]. In contrast to these approaches [15–18] where model
components were swapped and mixed (mainly subgrid scale parameterization schemes),
here our approach is to use a fixed model configuration and to focus on a single factor—the
specification of SST.

The Mediterranean region has been identified as a climate change hotspot, which
may be especially vulnerable to the influence of global change [19]. The effects of air-sea
interaction may be amplified or exaggerated by global warming and the increase of the sea
surface temperature may lead to an increase in the intensity of extreme events. Therefore,
it is important to study the sensitivity of these high impact weather events to potentials
changes in SST. Our goal is to examine the sensitivity of simulations of case studies of a
tropical-like cyclone and an explosive cyclone to the specification of sea surface temperature
(SST) by using regional atmospheric model forced with high spatial resolution SST data as
compared to the lower resolution fields typically included in reanalysis data sets.

This manuscript is structured as follows: Section 2 contains a description of the
synoptic settings of the two test cases that are studied here—the medicane that developed
in December 2005 over the central Mediterranean and the explosive cyclone that developed
over the Aegean Sea in December 2010. In Section 3 we present the regional atmospheric
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model and experimental design. The results are presented in Sections 4 and 5 contains the
discussion and conclusions.

2. Synoptic Summary of the Two Test Cases

In this study we have chosen to assess the influence of SST on the development
and intensification of two extreme cyclones that developed over different regions of the
Mediterranean Sea. The first is a tropical-like cyclone (TLC) that developed over the central
Mediterranean in December 2005. The second is a case of extreme cyclogenesis that
occurred over the Aegean Sea (eastern Mediterranean) in December 2010. These two cases
were chosen to be representative of two types of extreme cyclones that are initiated by
different meteorological processes and therefore have different characteristics as noted
in the introduction. The synoptic summaries presented in this section are based on data
extracted from the ERA5 hourly data [20] which has a spatial resolution of 0.25◦.

2.1. The Tropical-Like Cyclone of December 2005

This TLC was initially identified on 12 December 2005 18 UTC over Libya as a very
weak low-pressure center of about 1009 hPa when the SST was around 18–19 ◦C [9]. The
storm deepened and attained its lowest mean sea level pressure value on 14 December
2005 03 UTC (Figure 1) and remained more or less stationary until 14 December 2005 16:00
UTC. It then moved to the east and crossed nearly the entire Mediterranean basin, while
maintaining a low level, asymmetric warm core [9]. The storm decayed on 16 December
2005 over the Levantine basin [21].
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on 12 December 2005 18:00 UTC with a central mean sea level pressure (MSLP) of 1009 
hPa [4]. As the surface low began to deepen, a low-level warm core began to develop due 
to the warm advection from the south [4]. By 13 December 2005 at 03:00 UTC the cutoff, 
upper air low was well defined (Figure 2a) and the storm exhibited an axisymmetric struc-
ture. As the system moved to the northeast, the 500 hPa low intensified (Figure 2b) as did 
the surface low. The minimum MSLP of 989.6 hPa was attained at 03:00 UTC on 14 De-
cember 2005 (Figure 3). Maximum rainfall occurred during the morning of 13 December 
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Figure 1. Satellite image of the medicane, on 14 December 2005. Terra/Modis imagery, taken from:
https://worldview.earthdata.nasa.gov, (accessed on 27 April 2021) (NASA Worldview, EOSDIS).

At the early stages an upper air, large cutoff low appeared at 500 hPa over northern
Algeria with cold air advected from west Europe to the Mediterranean Sea and drier, warm
air advected from north Africa, which produced a surface low over northern Libya on 12
December 2005 18:00 UTC with a central mean sea level pressure (MSLP) of 1009 hPa [4].
As the surface low began to deepen, a low-level warm core began to develop due to the
warm advection from the south [4]. By 13 December 2005 at 03:00 UTC the cutoff, upper
air low was well defined (Figure 2a) and the storm exhibited an axisymmetric structure.
As the system moved to the northeast, the 500 hPa low intensified (Figure 2b) as did the
surface low. The minimum MSLP of 989.6 hPa was attained at 03:00 UTC on 14 December
2005 (Figure 3). Maximum rainfall occurred during the morning of 13 December 2005
along a north-south cold front extending from Sicily to the coast of Libya (Figure 4) with
maximum hourly values of more than 30 mm h−1 over Sicily [22]. By the evening of 13
December 2005, the rainfall around the storm center decayed significantly.

https://worldview.earthdata.nasa.gov
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The 10 m wind at the time of the peak of the storm is shown in Figure 5 with maximum
sustained wind speeds of 20–22 m s−1 along the southern flank of the low center along the
coat of Libya (Figure 5). The strongest winds of 29 m s−1 (104 km h−1) were observed on 13
December 2005 17 UTC before the MSLP reached its lowest value [9]. On 14 December 2005
00 UTC, the TLC fronts clearly showed a T-bone structure following the Shapiro-Keyser
cyclone model [9], where the cold front moves perpendicular to the warm front without
touching and the gap between the fronts is filled by warmer air masses, thereby leading to
the “hammerhead” T-bone structure [23].

A small re-intensification of the upper-level system occurred around mid-day on 14
December 2005, that was followed by rain and convection [21] and a clearly defined eye
was observed. At this time the storm remained nearly stationary, located east of Tunis and
south of Sicily. Late that day the TLC propagated to the east, maintaining its warm core
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and the axisymmetric structure until it weakened and decayed over the eastern Levantine
basin on the morning of 16 December 2005 [21].
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2.2. The Explosive Cyclone of December 2010

In December 2010 an explosive cyclone developed over the eastern Mediterranean. The
surface low developed from a trough that extended from the northeast to the Aegean Sea.
A closed isobar of 1002 hPa first appeared over the northern Aegean Sea on 10 December
2010 03UTC.The system tracked southeastward into southern Turkey and then eastward
along the coast, attaining meteorological bomb status as it intensified over the Gulf of
Antalya during 10–11 December 2010 (Figure 6). It then moved to the northeast while a
secondary explosive cyclone formed over the same area [13]. The storm caused extremely
high waves along the eastern coast of the Mediterranean with maximum significant wave
heights of more than 7.5 m recorded off the coast of Haifa, Israel, which were the highest
values measured over the past 30 years. SSTs off the coast of Turkey at that time were in
the range of 20–22 ◦C suggesting that cold air advection from the north over the warm sea
significantly contributed to the rapid intensification of the storm [10].
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The storm became explosive as the sea level pressure dropped rapidly from 995.1 to
986.5 hPa between 10 December 2010 18 UTC and 11 December 2010 03 UTC, initially as
it remained over the sea and then as the surface low moved over land to the northeast
as shown in Figure 7a. The pressure drop of 8.6 hPa over 9 h was above the cutoff for
explosive cyclogenesis at this latitude (8.1 hPa/12 h−1) with the primary low pressure
center over Turkey. Subsequently the low-pressure center over land weakened and a
secondary low developed over the 9 h over the Gulf of Antalya as shown by the MSLP
map for 11 December 2010 12 UTC in Figure 7b with a minimum MSLP of 986.7 hPa.
The transition from the primary low to the secondary low becoming dominant occurred
between 09–12 UTC on 11 December 2010. Both low pressure centers were located within a
large elliptical band that stretched northeastward from the gulf towards the Black Sea.
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The 12 h accumulated rainfall during the explosive cyclogenesis phase is shown in
Figure 8. The region of maximum rainfall appears in the northeast corner of the eastern
Mediterranean, along the coast of Turkey to the north of Cyprus with a band extending
southward along the eastern coast of the Mediterranean and a hint of some bands extending
across the sea to the southwest. The 10 m winds at the time of the minimum MSLP of the
secondary low, on 11 December 2010 12 UTC, are shown in Figure 9. Maximum sustained
winds of 20–22 m s−1 occurred over the eastern Aegean Sea. The winds across the central
Levantine basin with speeds over 18 m s−1 were responsible for the extremely high waves
along the eastern coast of the basin.
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3. Model Configuration and Experimental Design

In this study we use the limited area Regional Spectral Model (RSM) which was
developed at the National Centers for Environmental Prediction (NCEP) [24–26] based
on the structure of the NCEP Global Spectral Model (GSM), which was the operational
forecast model at that time. The GSM was also the model used to generate the NCEP
Reanalysis-1 (R1) and Reanalysis-2 (R2) [27] global data sets and therefore the RSM has a
nearly seamless interface with R1 and R2 for downscaling.

The RSM uses the primitive equations consisting of the momentum equation, hydro-
static equation, thermodynamic equation and mass continuity equation. The dependent
variables are zonal and meridional component of winds, virtual temperature, specific
humidity and the log of surface pressure. In the vertical it uses a terrain following sigma
coordinate [24]. The horizontal discretization applies sine and cosine transformations to
the deviations of the full fields from the global base fields (i.e., perturbation method) which
implicitly functions as scale selective bias correction or spectral nudging method, thereby
allowing us to avoid multiple nestings when forcing the model with a relatively coarse
global reanalysis [24,28]. This method also reduces the tendency for model climate drift [28].
This approach together with the similarity in structure to the global model improves the
consistency between the global reanalysis and the downscaled regional climate [25,26]

While the RSM has been used for daily forecasting, most applications have focused
on long-term, regional downscaling of the current climate for various regions around
the world such as the southeastern United States [28], the monsoons of Indochina [29],
West Africa [30], eastern China [31] and Brazil [32]. Many of the more recent studies
have emphasized the RSM’s success in simulating diurnal precipitation cycles as well
as precipitation extremes [28–31]. The latter factor is important for the simulations of
extreme cyclones presented in this study.

In this study we used the default configuration of the RSM. The main subgrid scale
processes include the Chou schemes for shortwave [33] and longwave radiation [34],
the Hong and Pan (1996) planetary boundary layer scheme [35], the NOAH land surface
scheme [36] and the relaxed Arakawa Schubert (RAS) cumulus convection scheme [37]. The
model is configured with a horizontal resolution of 10 km and 28 unequally spaced vertical
sigma levels. The top of the model is located at the pressure level 2 hPa. Initial condition
and boundary conditions are extracted from the NCEP R2 reanalysis [38] once every 6 h.
The vertical levels are identical to the reanalysis levels, thereby eliminating any errors that
might be introduced from vertical interpolation. All simulations are started 33–36 h before
the respective low achieves its minimum sea level pressure. The full model domains are
shown in the respective SST maps—(Figure 10a for the TLC case; see Section 4.2 below for
the explosive cyclone case).

The main goal of this study was to assess the influence of the specified SST field on the
development at intensification of each storm. For this purpose we used two different SST
analysis fields—(1) the SST included in the R2 reanalysis which has a spatial resolution of
one degree [38], and (2) the SST extracted from a high resolution Mediterranean Sea ocean
reanalysis which has a spatial resolution of 1/16◦ (~6.25 km) [39] smoothed to a grid of
0.25◦. The first simulation is referred to as the control (R2 or CNTL), since it is the default
configuration of the RSM, while the second is referred to as Mediterranean Forecasting
System (MFS), indicating the origin of the SST field used. The MFS field contains more
details due to both the higher resolution and the assimilation of in situ data in addition
to satellite data. Our hypothesis is that a higher resolution, more detailed SST field could
impact the intensification, the track and the effects (heavy precipitation and intense winds)
of the storm which develops mainly over the sea [14]. In fact, in a recent study of a heavy
precipitation event over the northern Adriatic Sea Ricchi et al. [40] demonstrated that with
a very high resolution (1 km grid) coupled atmosphere-ocean wave model a more accurate
SST field resulted in a better representation of the surface heat fluxes and consequently
a more accurate simulation of the storm. A second goal of this study was to assess the
potential impact of sea surface warming due to global climate change on the development
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of these extreme cyclones. For this purpose, we ran 10 additional simulations for each storm
in which the MFS SST field was decreased and increased in 1 ◦C increments ranging from
−5 ◦C to +5 ◦C. Details of the 12 experiments for each of the two test cases are summarized
in Table 1.
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Table 1. Summary of all model runs and specified SST. SST values are daily means and are updated
once every 24 h during each simulation.

Run Name SST Data Resolution Remarks

R2 (CNTL) 1◦ × 1◦ (~100 km) Data from NCEP R2
MFS 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ Data from CMEMS
P1 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS + 1 ◦C
P2 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS + 2 ◦C
P3 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS + 3 ◦C
P4 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS + 4 ◦C
P5 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS + 5 ◦C
M1 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS − 1 ◦C
M2 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS − 2 ◦C
M3 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS − 3 ◦C
M4 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS − 4 ◦C
M5 1/16◦ × 1/16◦ (~6.25 km) smoothed to 1/4◦ MFS − 5 ◦C

To assess the simulations, we compare the model results to the MSLP and 10 m winds
extracted from the ECMWF ERA5 reanalysis [20] and the precipitation extracted from the
TRMM 3-hourly gridded data [22], both of which were presented above in Section 2.

4. Results

Results for each case are presented in two subsections. First, we present the results
from the control (R2) and the MFS runs in which the impact of the specified reanalysis SST
field on the storm development is assessed. Then we present the results from the “climate
change” scenarios in which the more detailed MFS SST field is used as the reference run and
10 sensitivity simulations with the SST across the Mediterranean changed in increments
of 1 ◦C ranging from −5 ◦C to +5 ◦C. We note than the average difference between the
R2 and MFS SST fields is on the order of 0.5–1.0 ◦C so that the −/+1 ◦C sensitivity runs
are expected to be comparable or typical of the variability that might be introduced by
differences in the choice of the specified SST analysis. All simulations were initialized
33–36 h before the minimum MSLP was attained at the center of the storm and run for 72 h.

4.1. Results for the TLC of December 2005
4.1.1. The TLC R2 and MFS Simulations

Both the R2 and MFS simulations were initialized on 12 December 2005 18 UTC. The
lowest surface pressure in the center of the storm was reached 33 h later at 03 UTC on
14 December 2005. The R2 and MFS SST fields for 13 December 2005 over the full model
domain are shown in Figure 10a,b, respectively. The most noticeable difference is the
smooth appearance of the R2 field due to its much lower resolution. The average SST south
of Sicily and up to the coasts of Tunisia and Libya is 0.15 ◦C warmer in the R2 data as
compared to MFS. Over the Gulf of Gabès (off the coast of Tunisia) where the TLC initially
intensifies, the MFS SST is as much as 2 ◦C cooler than R2. This also occurs along the
southern coast of Sicily.

A comparison of the evolution of the central MSLP in the TLC for the ERA5 reanalysis
and the two simulations is shown in Figure 11. The pattern of intensification and weakening
of the storm as well as the timing of the peak of storm were properly captured in both
model runs. The simulated minimum MSLP in both model runs was deeper than the
reanalysis values throughout the entire period, probably due to the higher resolution of the
model (10 km compared to ~25 km for the reanalysis). Most of the time the R2 minimum
MSLP was slightly lower than the MFS value, suggesting that the higher SST in R2 led to
a somewhat more intense storm. The central MSLP values at the peak of the storm were
989.6, 985.2 and 986.1 hPa for ERA5, R2 and MFS, respectively.
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Figure 11. Time series of the minimum MSLP (hPa) for the ERA5 reanalysis (blue), R2 run (red) and
MFS run (black).

The storm tracks from both simulations for the period from 13 December 2005 00
UTC to 15 December 2005 00 UTC are shown in Figure 12. Since the shape of the TLC
is fairly well defined, the track was determined by scanning for the lowest MSLP within
a predefined ~600 km × 500 km box at each time step. The storm initially formed and
remained nearly stationary over the southern Gulf of Gabès. It then moved northwestward
towards the center of the Sicily channel where rapidly intensified and reached its peak
between 03–06 UTC on 14 December 2005. As the storm slowly weakened it tracked
southward back towards the Gulf of Gabès and then turned eastward towards the central
Mediterranean. For comparison the track computed from the (coarser resolution) ERA5
reanalysis is shown. The main difference between the simulated and the reanalysis tracks
occur during the early stage of intensification when the simulated TLCs move further north
than observed. During the weakening phase the two simulated tracks are located slightly
south of the reanalysis track. The mean track errors during the 18 h prior to the peak of
the storm are 100 km and 103 km, respectively for the R2 and MFS runs. These values
are somewhat higher than the mean values, but within the range of errors, obtained in
other studies of TLCs which focused on better initialization of nowcasts [16] or various
combinations of subgrid scale parameterizations [17,18]. During the intensification phase,
the two simulated tracks were very similar with a mean difference of 13 km. They start to
diverge after the peak of the storm with the R2 track generally located to the east-northeast
of the MFS track. The largest difference between the tracks appeared during the six hours
following the peak with values of up to 45 km.

The MSLP maps for the R2 and MFS simulations at the peak of the TLC on 14 December
2005 03 UTC are shown in Figure 13. At this time the center of the TLC in the MFS run
was located about 10 km to the east of the R2 center while the R2 central pressure was
0.9 hPa lower.
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The most intense rainfall occurred the day before the peak of the storm, between
06–12 UTC 13 December 2005 as shown in the TRMM data in Figure 4. The corresponding
model results (3 h accumulated rainfall expressed in units of mm h−1) for both model runs
are shown in Figure 14. The general pattern, location and maximum rainfall rates over
Sicily are reproduced reasonably well by the model although the precipitation appears is
narrower bands as compared to the TRMM data. This may be partially due to the higher
resolution of the model (10 km) compared to the TRMM fields (25 km).
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At the peak of the storm, the simulated 10m winds from the R2 and MFS results (Fig-
ure 15) show the most intense winds of more than 20 m s−1 along the southern flank of the 
low, in agreement with the reanalysis field shown above in Figure 5. 
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At the peak of the storm, the simulated 10m winds from the R2 and MFS results
(Figure 15) show the most intense winds of more than 20 m s−1 along the southern flank of
the low, in agreement with the reanalysis field shown above in Figure 5.
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Figure 15. Maps were prepared with GrADS which does not allow control over axis labels. To replot
would require extensive manual editing. 10 m winds (ms-) on 14 December 2005 03:00 UTC from
(a) the R2 run and (b) the MFS run.

Figure 16 shows the latent and sensible heat flux at the peak of the storm. The highest
value appears in the south corner of the basin along the coat of Libya. The R2 values in this
area are ~15% higher than MFS values due to the higher R2 SST and slightly stronger winds
in this region. This together with the lower MSLP in the R2 run suggest that the air-sea
interaction through the surface turbulent heat flux is important for the intensification of
the TLC.



Atmosphere 2021, 12, 921 17 of 31

Atmosphere 2021, 12, 921 18 of 34 
 

 

 
(b) 

Figure 15. Maps were prepared with GrADS which does not allow control over axis labels. To replot 
would require extensive manual editing. 10 m winds (ms-) on 14 December 2005 03:00 UTC from (a) 
the R2 run and (b) the MFS run. 

Figure 16 shows the latent and sensible heat flux at the peak of the storm. The highest 
value appears in the south corner of the basin along the coat of Libya. The R2 values in 
this area are ~15% higher than MFS values due to the higher R2 SST and slightly stronger 
winds in this region. This together with the lower MSLP in the R2 run suggest that the air-
sea interaction through the surface turbulent heat flux is important for the intensification 
of the TLC. 

 
(a) (b) 

Figure 16. Latent heat + sensible heat fluxes (W/m*2) from (a) the R2 run and (b) the MFS run on 14 December 2005 03 
UTC. 

4.1.2. Sensitivity of the TLC to SST Anomalies  
In response to global climate change, it is also likely that the temperature of the upper 

layer of the Mediterranean Sea will change accordingly. Under present conditions the SST 
has warmed since the early 1980′s [13] and this trend is expected to continue. The SST 
anomaly sensitivity experiments were therefore intended to assess the impact of this 
warming trend on the intensity of the TLC. We therefore ran a series of simulations with 

Figure 16. Latent heat + sensible heat fluxes (W/m*2) from (a) the R2 run and (b) the MFS run on 14
December 2005 03 UTC.

4.1.2. Sensitivity of the TLC to SST Anomalies

In response to global climate change, it is also likely that the temperature of the upper
layer of the Mediterranean Sea will change accordingly. Under present conditions the
SST has warmed since the early 1980’s [13] and this trend is expected to continue. The
SST anomaly sensitivity experiments were therefore intended to assess the impact of this
warming trend on the intensity of the TLC. We therefore ran a series of simulations with
the MFS SST field increased by 1 ◦C increments up to a maximum increase of 5 ◦C. For
completeness we ran an additional set of simulations for comparable SST cooling scenarios.

The time series of the minimum MSLP for the MFS and 10 SST anomaly experiments
are shown in Figure 17. As expected, for warmer SSTs the storm intensifies (minimum
MSLP is lower) while for cooler SSTs the storm weakens (higher minimum MSLP). We note
that throughout the intensification and weakening phases the surface cooling has less of
an impact, per degree change, on the intensity of the storm than for surface warming, as
seen in the smaller spread of the cooling runs (dashed lines) compared to the spread of the
warming runs (solid lines). The decrease in the lowest MSLP ranges from 981.2 hPa for
+1 ◦C to 973.1 hPa for +5 ◦C. For the cooling runs, the increase in the lowest MSLP ranges
from 986.5–990.1 hPa for −2 ◦C and −5 ◦C, respectively. The timing of the peak of the storm
is not affected by warming SSTs but it is slightly delayed by up to 3 h in the cooling cases.
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The storm tracks for the MFS run and for selected cool and warm SST anomalies (−5,
−1, +1, +3, +5) are shown in Figure 18. During the intensification and dissipation phases
there is very little difference between the MFS track and the warm anomaly simulations.
During the early phases of the cyclone development, the TLC tracks further to the east and
north (gray and purple tracks) in the cool anomaly runs as compared to the other runs.
The most noticeable difference is in track for the most extreme cool anomaly (SST-5, purple
track). In this case, the radius of the loop that the cyclone center follows during the early
development and intensification phases is smaller than for the other anomalies. In addition,
during the dissipation phase, as the TLC moves to the east, this track is located as much as
20–40 km north of the other tracks.
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Figure 19 shows the minimum MSLP and the maximum 10 m wind speed plot at the
peak of the storm (14 December 2005 03 UTC) for the MFS and all of the SST anomaly ex-
periments. The strongest winds occur along the southern flank of the medicane (Figure 15)
with the maximum wind located ~150 km from the center of the low. The MSLP curve
emphasizes that the impact of SST change per degree on the intensity of the storm is
significantly larger for warming (2.6 hPa/◦C) than for cooling (0.7 hPa/◦C). A similar trend
can be seen in the maximum wind speed with changes of 1.0 m s−1/◦C and 0.5 m s−1/◦C
for warming and cooling, respectively.

Figure 20 shows the 24 h accumulated precipitation ending at the time of the peak of
the storm (14 December 2005 03 UTC) for all of the SST anomaly experiments. The black
line is the spatial mean over the box bounded by 10◦E–20◦E and 30◦N–39◦N, while the
blue line is the maximum value in the same domain. The trend of the increase in the area
mean precipitation is nearly linear with a slope of 2.98 mm/◦C. However, the impact on the
maximum accumulated rainfall is quite different. The maximum rainfall for all of the cooler
SST experiments is insensitive to the SST anomaly. Similarly for the warming experiments
up to +2 ◦C the change in the maximum rainfall is negligible. There is a noticeable increase
in the maximum rainfall only for SST anomalies of +3 ◦C or more.
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lowest central MSLP for all SST anomalies.
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Figure 20. 24 h area mean accumulated (black) and maximum accumulated rainfall (blues) in mm
for all sensitivity experiments.

The 24 h mean surface turbulent heat flux (latent + sensible) centered at the peak of the
storm, averaged over the Gulf of Gabès and the Sicily channel, for all experiments as shown
in Figure 21 together with the minimum MSLP indicates the importance of the heat flux
for storm intensification. The linear trend (61 Wm−2/◦C) together with the trend seen in
the area mean rainfall suggests that the combined effects of local evaporation and heating
from below over the sea contribute directly to the precipitation, although the evaporation
is the dominant effect since the sensible heat flux never exceeds 30% of the latent heat flux
over this region.
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Figure 21. 24 h mean turbulent heat flux over the Gulf of Gabès and Sicily channel and the minimum 
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4.2. Results for the Explosive Cyclone of December 2010 
4.2.1. The Explosive Cyclone R2 and MFS Simulations 

Both the R2 and MFS simulations were initialized on 10 December 2010 00 UTC. The 
lowest surface pressure in the center of the storm was reached 33–36 h later. The R2 and 
MFS SST fields for 11 December 2010 are shown in Figure 22a,b, respectively. A very no-
ticeable patch of warm SST, referred to as the Ierapetra gyre, appears to the south/south-
east of Crete in the MFS field. This feature is absent in the R2 SST field. With the exception 
of this region, the rest of the Levantine and Aegean seas are cooler in the MFS field. The 
average SST difference over the entire domain is −0.68 °C. Over the Aegean were the storm 
initially forms, the difference is only −0.08 °C. 
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Figure 21. 24 h mean turbulent heat flux over the Gulf of Gabès and Sicily channel and the minimum
MSLP for all sensitivity experiments.

4.2. Results for the Explosive Cyclone of December 2010
4.2.1. The Explosive Cyclone R2 and MFS Simulations

Both the R2 and MFS simulations were initialized on 10 December 2010 00 UTC.
The lowest surface pressure in the center of the storm was reached 33–36 h later. The
R2 and MFS SST fields for 11 December 2010 are shown in Figure 22a,b, respectively.
A very noticeable patch of warm SST, referred to as the Ierapetra gyre, appears to the
south/southeast of Crete in the MFS field. This feature is absent in the R2 SST field. With
the exception of this region, the rest of the Levantine and Aegean seas are cooler in the
MFS field. The average SST difference over the entire domain is −0.68 ◦C. Over the Aegean
were the storm initially forms, the difference is only −0.08 ◦C.
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Figure 22. SST (°C) fields on 11 December 2010: (a) from the R2 reanalysis and (b) the MFS reanalysis 
for the full model domain. 

The MSLP maps at the peak of the simulated storm (lowest MSLP over Turkey) on 
11 December 2010 12 UTC, are shown in Figure 23 with R2 (Figure 23a) and MFS (Figure 
23b). In both cases the model successfully reproduces the surface low as an elongated 
band stretching from the Gulf of Antalya to the northeast over Turkey, almost reaching 
the Black Sea. The two low centers in this band, one over the Gulf of Antalya and one to 
the northeast over Turkey were also reproduced by the model, although the model main-
tained the latter low (primary) as the deeper of the two. The minimum MSLP values for 
the primary low over Turkey were 978.8 and 979.2 for MFS and R2, respectively. At this 
hour, however, the ERA reanalysis showed the secondary low as the deeper of the two 
with a minimum MSLP of 986.7 hPa. The ERA reanalysis showed the low over Turkey as 
having reached is lowest value of 986.5 hPa nine hours earlier. During the following six 
hours the low over Turkey weakens in the RSM and the secondary low becomes the dom-
inant system. Interestingly, an additional, short-lived secondary low appeared between 
northeast Cyprus and the Gulf of Iskenderun three hours earlier (11 December 2010 09 
UTC) with a closed 986 hPa isobar in the R2 run and as a narrow trough in the MFS run 
(maps not shown).  

Figure 22. SST (◦C) fields on 11 December 2010: (a) from the R2 reanalysis and (b) the MFS reanalysis
for the full model domain.

The MSLP maps at the peak of the simulated storm (lowest MSLP over Turkey) on 11
December 2010 12 UTC, are shown in Figure 23 with R2 (Figure 23a) and MFS (Figure 23b).
In both cases the model successfully reproduces the surface low as an elongated band
stretching from the Gulf of Antalya to the northeast over Turkey, almost reaching the Black
Sea. The two low centers in this band, one over the Gulf of Antalya and one to the northeast
over Turkey were also reproduced by the model, although the model maintained the latter
low (primary) as the deeper of the two. The minimum MSLP values for the primary low
over Turkey were 978.8 and 979.2 for MFS and R2, respectively. At this hour, however, the
ERA reanalysis showed the secondary low as the deeper of the two with a minimum MSLP
of 986.7 hPa. The ERA reanalysis showed the low over Turkey as having reached is lowest
value of 986.5 hPa nine hours earlier. During the following six hours the low over Turkey
weakens in the RSM and the secondary low becomes the dominant system. Interestingly,
an additional, short-lived secondary low appeared between northeast Cyprus and the Gulf
of Iskenderun three hours earlier (11 December 2010 09 UTC) with a closed 986 hPa isobar
in the R2 run and as a narrow trough in the MFS run (maps not shown).

The time series plots of MSLP accounting for both the primary and secondary lows
(over the Gulf of Antalya and near the Gulf of Iskenderun) for the ERA5 reanalysis, the R2
and the MFS runs from the storm’s formation to decay are shown in Figure 24. The model
clearly favored the development of the primary low over Turkey while the ERA5 reanalysis
showed that the intensities of the land based low and the secondary low over the Gulf of
Antanlya were comparable (minimum MSLPs of 986.5 and 986.7 hPa, respectively) with
the secondary low appearing 9 h later than the primary low. These two lows appear as
relative minima in blue line of Figure 24 at 27 and 36 h, respectively. In both model runs,
however, the low over Turkey is the main center of action. The difference of only 0.4 hPa
between the two model simulations does not appear to be significant.
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Figure 23. MSLP (hPa) at 11 December 2010 12 UTC (a) from the R2 run and (b) from the MFS run. 
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reanalysis showed that the intensities of the land based low and the secondary low over 
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Figure 23. MSLP (hPa) at 11 December 2010 12 UTC (a) from the R2 run and (b) from the MFS run.

The 12 h accumulated rainfall maps during the explosive cyclogenesis phase are
shown in Figure 25 for the R2 (left panel) and the MFS (right) simulations. The patterns
and amounts are very similar in both the R2 and MFS runs. The maximum R2 rainfall
is only 1 mm more than the MFS value. The region of the heaviest rainfall appears over
the northeast corner of the Levantine basin. This location and the amounts are consistent
with the analyzed TRMM values shown above in Figure 8. However, in contrast to the
TRMM data, the rainfall in the model is separated into several narrower, elongated bands
that extend to the west and to the south. This is most likely due to the higher resolution
of the model (10 km as compared to ~25 km for TRMM). This was confirmed by a single
model run with a 25 km horizontal grid in which the elongated, narrow precipitation bands
merged into a larger patch, more similar in appearance to the TRMM rainfall map shown
above in Figure 8 (results not shown).



Atmosphere 2021, 12, 921 23 of 31Atmosphere 2021, 12, 921 25 of 34 
 

 

 
Figure 24. Time series of MSLP for the reanalysis (blue), R2 run (red) and MFS run (black). 

The 12 h accumulated rainfall maps during the explosive cyclogenesis phase are 
shown in Figure 25 for the R2 (left panel) and the MFS (right) simulations. The patterns 
and amounts are very similar in both the R2 and MFS runs. The maximum R2 rainfall is 
only 1 mm more than the MFS value. The region of the heaviest rainfall appears over the 
northeast corner of the Levantine basin. This location and the amounts are consistent with 
the analyzed TRMM values shown above in Figure 8. However, in contrast to the TRMM 
data, the rainfall in the model is separated into several narrower, elongated bands that 
extend to the west and to the south. This is most likely due to the higher resolution of the 
model (10 km as compared to ~25 km for TRMM). This was confirmed by a single model 
run with a 25 km horizontal grid in which the elongated, narrow precipitation bands 
merged into a larger patch, more similar in appearance to the TRMM rainfall map shown 
above in Figure 8 (results not shown). 

 

(a) 

Figure 24. Time series of MSLP for the reanalysis (blue), R2 run (red) and MFS run (black).

Atmosphere 2021, 12, 921 25 of 34 
 

 

 
Figure 24. Time series of MSLP for the reanalysis (blue), R2 run (red) and MFS run (black). 

The 12 h accumulated rainfall maps during the explosive cyclogenesis phase are 
shown in Figure 25 for the R2 (left panel) and the MFS (right) simulations. The patterns 
and amounts are very similar in both the R2 and MFS runs. The maximum R2 rainfall is 
only 1 mm more than the MFS value. The region of the heaviest rainfall appears over the 
northeast corner of the Levantine basin. This location and the amounts are consistent with 
the analyzed TRMM values shown above in Figure 8. However, in contrast to the TRMM 
data, the rainfall in the model is separated into several narrower, elongated bands that 
extend to the west and to the south. This is most likely due to the higher resolution of the 
model (10 km as compared to ~25 km for TRMM). This was confirmed by a single model 
run with a 25 km horizontal grid in which the elongated, narrow precipitation bands 
merged into a larger patch, more similar in appearance to the TRMM rainfall map shown 
above in Figure 8 (results not shown). 

 
(a) 

Atmosphere 2021, 12, 921 26 of 34 
 

 

 
(b) 

Figure 25. 12 Hour accumulated rainfall (mm) from 10 December 2010 18 UTC to 11 December 2010 06 UTC for (a) the R2 
run (b) the MFS run. 

The strongest 10 m winds, which occur 3 h before the peak of the storm, are shown 
in Figure 26. A broad zone of strong winds with speeds over 18 m s−1 appears along the 
southern flank of the storm, across the southern half of the Levantine basin with maxi-
mum values of over 20 m s−1 off the coast of Egypt. However, the strongest winds occur 
in the northeastern corner of the Levantine basin in a narrow band extending southward 
along the coasts of Syria and Lebanon. The speeds exceed 24 m s−1. The differences be-
tween the R2 and MFS simulated winds were minimal. 
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Figure 25. 12 Hour accumulated rainfall (mm) from 10 December 2010 18 UTC to 11 December 2010
06 UTC for (a) the R2 run (b) the MFS run.
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The strongest 10 m winds, which occur 3 h before the peak of the storm, are shown
in Figure 26. A broad zone of strong winds with speeds over 18 m s−1 appears along the
southern flank of the storm, across the southern half of the Levantine basin with maximum
values of over 20 m s−1 off the coast of Egypt. However, the strongest winds occur in the
northeastern corner of the Levantine basin in a narrow band extending southward along
the coasts of Syria and Lebanon. The speeds exceed 24 m s−1. The differences between the
R2 and MFS simulated winds were minimal.
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Figure 26. 10 m winds on 11 December 2010 09 UTC from (a) the R2 run and (b) the MFS run. 
Speeds in ms−1. 

Finally, the turbulent heat flux (latent + sensible) over the sea at the peak of the sim-
ulated storm is shown in Figure 27. The highest values of over 1000 Wm−2 appear in the 
western Levantine basin covering the area between Crete and the coasts of Egypt and 
Libya. There are also several patches of high heat flux over the southern and northeastern 
Aegean Sea. The sensible heat flux accounts for less than 30% of the total turbulent heat 
flux across the Levantine basin, and for 30–40% of the total flux across the Aegean Sea. 
The R2 run shows slightly higher values than MFS run with a larger area covered by val-
ues over 1100 Wm−2. 
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Figure 26. 10 m winds on 11 December 2010 09 UTC from (a) the R2 run and (b) the MFS run. Speeds
in ms−1.

Finally, the turbulent heat flux (latent + sensible) over the sea at the peak of the
simulated storm is shown in Figure 27. The highest values of over 1000 Wm−2 appear in
the western Levantine basin covering the area between Crete and the coasts of Egypt and
Libya. There are also several patches of high heat flux over the southern and northeastern
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Aegean Sea. The sensible heat flux accounts for less than 30% of the total turbulent heat
flux across the Levantine basin, and for 30–40% of the total flux across the Aegean Sea. The
R2 run shows slightly higher values than MFS run with a larger area covered by values
over 1100 Wm−2.
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Figure 27. Latent heat + sensible heat flux (W/m−2) on 11 Dec 2010 12 UTC from: (a) the R2 run and (b) the MFS run. 
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MFS SST field increased by 1 °C increments up to a maximum increase of 5 °C, and for 
completeness we ran an additional set of simulations for comparable SST cooling scenar-
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The sensitivity of the storm’s intensity, as indicated by the minimum MSLP time se-
ries plot in Figure 28, is quite different than for the TLC case. Here the impact of increasing 
SST appears to have only a minimal effect as indicated by the small spread of the five 
positive SST anomaly experiments (solid lines). For the cooling experiments there is some 
intensification of the storm, but this is mainly seen for the −2 °C and −3 °C experiments. 
The lack of a consistent or significant trend in the minimum MSLP as a function of the SST 
anomaly is further emphasized by the black line shown in Figure 29. If we consider the 
maximum wind speed over the entire extent of the low at 3 h before the peak of the storm 
(lowest MSLP) as an indication of the storm’s intensity, as shown by the blue line in Figure 
29, we find negligible sensitivity for the cooling experiments but an increasing trend of 
+0.74 m s−1/°C for the warm SST anomalies up to 4 °C which is less than TLC case (+1 m 
s−1/°C). One interesting is a shift in the location of the secondary low for SST anomalies of 
3 °C or more. For these experiments, a short-lived (<12 h duration) secondary low devel-
ops between northeast Cyprus and the Gulf of Iskenderun, with minimum MSLP values 
lower than the Gulf of Antalya low, which appears as a weak trough. As an example, the 
MSLP field for the +5 °C SST anomaly is shown in Figure 30 where the noticeable eastward 
shift in the location of this short-lived secondary can be seen. In fact, it disappeared three 
hours later with the primary low over Turkey being the dominant low-pressure center. 

Figure 27. Latent heat + sensible heat flux (W/m−2) on 11 December 2010 12 UTC from: (a) the R2
run and (b) the MFS run.

4.2.2. Sensitivity of the Explosive Cyclone to SST Anomalies

As in the case of the TLC, here too we were interested in the sensitivity of explosive
cyclogenesis to the warming trend observed in the SST of the Mediterranean [13] and the
projected continued warming [31]. We therefore also ran a series of simulations with the
MFS SST field increased by 1 ◦C increments up to a maximum increase of 5 ◦C, and for
completeness we ran an additional set of simulations for comparable SST cooling scenarios.
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The sensitivity of the storm’s intensity, as indicated by the minimum MSLP time series
plot in Figure 28, is quite different than for the TLC case. Here the impact of increasing
SST appears to have only a minimal effect as indicated by the small spread of the five
positive SST anomaly experiments (solid lines). For the cooling experiments there is some
intensification of the storm, but this is mainly seen for the −2 ◦C and −3 ◦C experiments.
The lack of a consistent or significant trend in the minimum MSLP as a function of the
SST anomaly is further emphasized by the black line shown in Figure 29. If we consider
the maximum wind speed over the entire extent of the low at 3 h before the peak of the
storm (lowest MSLP) as an indication of the storm’s intensity, as shown by the blue line
in Figure 29, we find negligible sensitivity for the cooling experiments but an increasing
trend of +0.74 m s−1/◦C for the warm SST anomalies up to 4 ◦C which is less than TLC
case (+1 m s−1/◦C). One interesting is a shift in the location of the secondary low for SST
anomalies of 3 ◦C or more. For these experiments, a short-lived (<12 h duration) secondary
low develops between northeast Cyprus and the Gulf of Iskenderun, with minimum
MSLP values lower than the Gulf of Antalya low, which appears as a weak trough. As
an example, the MSLP field for the +5 ◦C SST anomaly is shown in Figure 30 where the
noticeable eastward shift in the location of this short-lived secondary can be seen. In fact,
it disappeared three hours later with the primary low over Turkey being the dominant
low-pressure center.
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Figure 31 shows the 12 h accumulated precipitation during the explosive cyclogenesis
phase from 10 December 2010 18 UTC until 11 December 2010 06 UTC. The black line is the
area mean over the box bounded by 26–36◦E and 33–38◦N, while the blue line shows the
maximum. The area mean rainfall increases over the entire range of SST anomalies with
a slope of 1.15 mm/◦C. In contrast to this, the response of the maximum rainfall for the
cool anomalies is variable with no consistent trend. However, for the warm anomalies it
increases at a rate of 18.6 mm/◦C.
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We conclude with Figure 32 which shows the sensitivity of the turbulent heat flux
(latent + sensible) at the sea surface averaged over the Levantine basin at the peak of the
storm (blue line), and the sensitivity of the minimum MSLP (black line) which accounts for
the location shift of the secondary low to the northeastern corner of the basin for the highest
SST anomalies, as noted above. Not surprisingly, the turbulent heat flux shows a smooth
nearly linear increase across the entire range of SST anomalies. As for the minimum MSLP,
we now see that by accounting for the significant shift in the location of the development
of secondary low from the Gulf of Antalya eastward to the Gulf of Iskenderun, the low
over the sea does indeed intensify and deepen for SST anomalies greater than 2 ◦C.
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5. Discussion and Conclusions

In this study, our goal was to examine the sensitivity of simulations of a TLC (De-
cember 2005) and an explosive cyclone (December 2010) over the Mediterranean to the
specification of sea surface temperature (SST) by using a regional atmospheric model (RSM)
with high spatial resolution SST data (MFS) compared to lower resolution data (R2). In
addition, we ran a series of sensitivity experiments to assess the response of the two storms
to warming and cooling of SST, the former indicative of projected changes due to global
warming and the latter for completeness. The intensity of each storm was assessed by
the minimum MSLP and the maximum wind speed attained, while the direct effect of sea
forcing was assessed through changes in the precipitation and the surface turbulent heat
fluxes over the sea.

The storm first appeared as a weak surface low over Libya on the evening of 12
December 2005. During the night it moved northward over the Gulf of Gabès and Sicily
channel (SST ~19 ◦C) where it remained and rapidly intensified, reaching its maximum
intensity (lowest MSLP) in the early morning of 14 December 2005, and by that evening
it began to move to the east towards the Levantine basin where it finally dissipate on 16
December 2005. Throughout the day of 13 December 2005, a cutoff upper-level low was
present over north Algeria and the adjacent sea, bringing cold air from Western Europe to
the Mediterranean Sea while at lower levels warm, dry air was advected from North Africa,
thereby supporting the rapid intensification of the TLC. The higher SSTs off the coasts of
Tunisia and Libya in the R2 data as compared to the MFS data led to a slightly stronger
TLC in the R2 simulation with a minimum MSLP that was ~1 hPa lower. Similarly, the
maximum rainfall was 7% higher and the maximum turbulent heat flux was 15% higher in
the R2 run as compared to the MFS run. The simulated track errors of the cyclone center
compared to the ERA reanalysis were within the ranges of TLC track errors found in other,
more detailed studies [17,18]. Slight differences between the R2 and MFS tracks, especially
in the hours following the peak of the storm, suggest that the additional spatial details in
the MFS SST contribute to the motion of the storm although when considering the overall
structure of the cyclone the effect is probably minimal. In the SST anomaly experiments,
the impact on the TLC was clear and consistent with all parameters (MSLP, maximum
wind speed, precipitation and turbulent heat flux) pointing to an increase in the storm’s
intensity as the surface temperature rises, although the effect was much more noticeable
for the warm anomaly cases than for the cool anomaly cases. We also note that the peak
of the storm occurs slightly earlier (~3 h) in the warm SST anomaly cases. Interestingly
though, the warm SST anomalies had a minimal effect on the track of the center of the
cyclone. In fact, the most pronounced effect on the track was seen in the most extreme cool
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anomaly case (SST-5) where the radius of the loop followed by the TLC during the early
development an intensification phases was noticeably smaller than for all other tracks.
Overall, these results suggest that SST plays a direct role in determining the intensity of
the storm.

The explosive cyclone case of December 2010 initially formed on the night of 9–10
December 2010 as a cold trough extending southwestward from Russia over the Aegean
Sea. As the storm intensified it followed an eastward/southeastward path with the cyclone
center moving across Turkey and the southern flank of the storm moving across the
relatively warm Levantine basin with SSTs of 20–21 ◦C. The development of the storm was
supported by the intrusion of a cold, upper-level trough. While the storm center continued
to move eastward across mainland Turkey, a secondary low developed over the Gulf of
Antalya thus creating an elongated band of low pressure that extended northeastward from
the Gulf of Antalya reaching almost to the Black Sea. The storm reached its peak intensity
mid-day on 11 December 2010. The differences between the intensity of the cyclone in
the R2 and MFS were minimal in terms of all parameters considered—minimum MSLP,
maximum wind speed, rainfall and surface turbulent heat flux over the sea, even though
the R2 SSTs were warmer than MFS across most of the Levantine basin. The minimal
impact of the differences in the SST fields suggests that since the storm developed mainly
over land, the upper-level dynamical processes such as potential vorticity anomalies and
the intrusion of cold stratospheric air [13,41] are more important than direct sea surface
forcing. This suggestion is further supported by the SST anomaly experiments where no
clear and consistent trend is seen in the storm intensity as measured by the minimum
MSLP and maximum wind speed. However, we did notice that an additional short-lived,
secondary low developed in the model simulations between northeast Cyprus and the
Gulf of Iskenderun. For the warm SST anomalies of +3 ◦C or more, this secondary low
intensified significantly, but it was of limited duration (<12 h) so that the peak of the
storm, as measured by the lowest MSLP attained, was still associated with the low-pressure
center over Turkey. Nevertheless, the rainfall (area mean and maximum) and the turbulent
surface heat flux exhibit a clear upward trend across all SST anomalies, thereby suggesting
that local evaporation from the sea and destabilization due to surface warming contribute
significantly to the rainfall.

The potential influence of the climate change on Mediterranean Sea SST over the
coming decades is projected to warm the by 1.73–2.97 ◦C relative to the 1961–1990 climatol-
ogy [42]. The results of our SST anomaly experiments suggest that extreme storms in the
Mediterranean region will be stronger as the sea surface warms, consistently leading to
increased rainfall and the potential for severe flooding. Maximum wind speeds may also
be expected to increase as the SST warms, especially in storms such as TLCs that develop
mainly over the sea, assuming that upper air conditions remain unchanged.
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