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Abstract:

The rotating-convection paradigm for tropical cyclone behaviour is shown to provide an attractive and consistent framework for interpreting
the dynamics of formation and intensification of at least some medicanes. The ideas are illustrated by a case study of the medicane that
formed over the eastern Mediterranean in mid-December 2020. This case study is based on analyses of data from the European Centre
for Medium Range Weather Forecasts (ECMWF), imagery from the European geostationary meteorological satellite, Meteosat Second
Generation, and output from a convection permitting numerical simulation of the event using the United Kingdom (UK) Met Office
regional model with the RAL2 physics configuration. Limitations of the currently widely accepted interpretation of medicanes in terms of
the so-called Wind-Induced Surface Heat Exchange (WISHE) intensification mechanism are discussed.
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1 Introduction

From time to time, about 1.6 times per year, small low
pressure systems develop over the Mediterranean Sea that
have many of the characteristics of tropical cyclones. These
characteristics include a warm core structure, an eye-like
feature around the centre, strong surface winds with the
strongest winds occurring in the eye-wall in the boundary
layer and the fact that such storms frequently undergo a rapid
intensification phase (Moscatello et al. 2008; von Storch and
Gualdi 2014; Cioni et al. 2016). Such systems have acquired
the name medicanes, short for Mediterranean Hurricanes
(Emanuel 2005). Medicanes are often difficult to forecast due
to their relative small size and quick intensification phase
(Picornell et al. 2014), a characteristic shared by other meso-
scale atmospheric vortices such as midget tropical cyclones
(Lander 1994; Harr et al. 1996) and polar lows (e.g., Businger
1991). Excellent up-to-date reviews are given by Michaelides
et al. (2018) and Pytharoulis (2018). A recent study of
the predictability of medicanes is provided by Muzio et al.
(2019).

Typically, the precursor to medicanes is a large-scale low
pressure system that develops first over the Atlantic. This pre-
cursor low has a deep cold-core asymmetric structure, which
transitions progressively to a shallow warm-core structure
once it encounters the warmer waters over the Mediterranean
Sea (Cioni et al. 2016). The thermodynamical disequilib-
rium between the cold core and the warmer waters over the
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Mediterranean Sea leads to the triggering of deep convective
bursts (von Storch and Gualdi 2014).

Like tropical cyclones, the formation of a medicane
requires high values of mid-tropospheric relative humidity,
relatively low vertical wind shear, high low-level relative
vorticity and high values of near surface equivalent potential
temperature maintained by surface fluxes in order to keep the
environment convectively unstable (Tous and Romero 2013;
von Storch and Gualdi 2014). A major difference between the
environmental conditions of tropical cyclones and medicanes
is that the Mediterranean Sea is much colder than tropical
waters. Typically, tropical cyclones do not occur over waters
cooler than 26°C, whereas medicanes have been documented
forming in waters as cold as 15°C (Tous and Romero 2011).
However, in a numerical modelling study, Miglietta et al.
(2015) found that medicanes progressively lost their tropical-
cyclone-like features, the cooler the sea surface temperatures
(SSTs).

Both observational studies (Marra et al. 2019; Miglietta
et al. 2011) and numerical studies (Lagouvardos et al. 1999;
Pytharoulis et al. 2000; Homar et al. 2003; Carrid et al. 2020)
have found persistent deep convection to be a feature of med-
icanes and an analysis of satellite observations by Dafis et al.
(2018) found that medicanes contain deep convective clouds
that penetrate into the lower stratosphere, with peak precip-
itation rates occurring up to 12 hours before the maximum
wind speed occurs. In a more recent study, Dafis et al. (2020)
used infra-red and microwave satellite diagnostics to study
the evolution of deep convection in medicanes that developed
between 2005 and 2018, focussing on the role of vertical wind
shear in organizing deep convection in these cases.
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Notwithstanding the possible effects of vertical wind
shear, following the study by Emanuel (2005), a theme of
many studies of medicanes has been on the need for sur-
face enthalpy fluxes to support such storms and, like tropical
cyclones, the so-called “WISHE intensification mechanism”
has become entrenched to explain their formation. This is
despite the fact that the WISHE mechanism has been long
shown to be non-essential to explain tropical cyclone intensi-
fication (Montgomery et al. 2009, 2015) and that the underly-
ing theory has been shown to suffer a range of issues (see e.g.
Smith et al. 2008, Montgomery and Smith 2017, their Section
5, Montgomery and Smith 2019).

In the last decade, an alternative conceptual model
has emerged to explain how tropical cyclones intensify,
the so-called rotating-convection paradigm. This paradigm
is an extension of the classical axisymmetric theory for
intensification discussed by Ooyama (1969). A review of
the main paradigms to explain the intensification of tropical
cyclones is given by Montgomery and Smith (2014) and a
more recent review of the rotating-convection paradigm is
provided by Montgomery and Smith (2017). The question
then arises as to whether this new paradigm might provide
a more useful conceptual framework for understanding the
formation of medicanes (but not the parent cyclones within
which they develop).

The purpose of the present study is three-fold. The first
is to examine the integrity of the widely accepted WISHE the-
ory as it has been articulated in the recent medicane literature
(Section 2), pointing out why we believe an alternative the-
ory is needed. The second purpose is to review the alternative
conceptual framework to explain how tropical cyclones inten-
sify (Section 3). The third purpose is to present a case study
of the medicane that formed in mid-December 2020 near the
island of Cyprus before it crossed the coast of Lebanon on the
same day, showing that the formation and intensification of
this event is consistent with this alternative framework (Sec-
tions 4 to Section 7). The conclusions are presented in Section
8.

2 The WISHE mechanism

Two recent examples suffice to illustrate the entrenchment of
the WISHE theory in the context of medicanes. Carri6 et al.
(2017) write

“The accepted conceptual model for the intensi-
fication and maintenance of medicanes is similar
to that of tropical cyclones, being governed by
surface energy fluxes within pre-existing orga-
nized cyclonic environments, although with the
very substantial difference of the requirement for
an upper-level cold trough that contributes to
cool and moisten the low and mid-tropospheric
environment, thus increasing the air-sea gradi-
ent of saturation moist static energy (Emanuel
2005).”

Further, in a very recent paper, Miglietta et al. (2020) write

Copyright © 2022 Meteorological Institute

“Overall, a general consensus had been reached
on how these cyclones intensify in their mature
stage': the so-called wind-induced surface heat
exchange (WISHE) theory (Emanuel 1986;
Rotunno and Emanuel 1987) suggests that these
storms develop in a manner similar to TCs (trop-
ical cyclones, our insertion), as a result of air—sea
interaction, and are maintained against dissi-
pation entirely by the energy input from sea-
surface fluxes. The vertical motion, associated
with atmospheric instability, only redistributes
the heat acquired at low levels, such that the eye-
wall remains close to slantwise moist neutrality
(Rotunno and Emanuel 1987).”

Miglietta et al. go on to note concerns expressed in two recent
papers (Mazza et al. 2017; Fita and Flaounas 2018) about
the importance of sea-surface fluxes in two particular case
studies, but point out that Miglietta and Rotunno (2019) have

“re-analysed the same two cyclones, showing
that their intensification cannot be adequately
explained without considering sea-surface fluxes
and latent heating, in analogy with the WISHE
mechanism typical of TCs.”

It would appear from these papers that the “WISHE mecha-
nism” is alive and well to explain the intensification of med-
icanes. However, as argued below, we have questions about
the integrity of this mechanism.

In view of the fact noted by Montgomery et al. (2015)
that there is confusion in the literature on precisely what
the WISHE mechanism is, it is pertinent to enquire how
the mechanism is articulated in the literature on medicanes.
Miglietta and Rotunno (2019) state that:

“all these categories of hybrid cyclones (medi-
canes: our insertion) share with tropical cyclones
the mechanism of development in the “tropical-
like” part of their lifetime, the so-called
Wind Induced Surface Heat Exchange (WISHE:
Emanuel 1986; Rotunno and Emanuel 1987);
these storms are developed and maintained
against dissipation entirely by self-induced sea-
surface fluxes with virtually no contribution
from pre-existing convective available potential
energy (CAPE), so they result from an air-sea
interaction instability.”

First, we note that Emanuel (1986) presents a theoreti-
cal model for a steady-state tropical cyclone, not a the-
ory for tropical-cyclone intensification. Further, the study
by Rotunno and Emanuel is based on numerical simula-
tions designed to evaluate some of the assumptions made by
Emanuel (1986), but fell short of articulating a complete the-
ory for vortex intensification. Referring to the summary of the
air-sea interaction instability given on page 559 of Rotunno
and Emanuel (1987) we learn that:

IThis is a curious statement because the mature stage is usually considered
to be that in which intensification has ceased.

TCRR 0: 1-16 (2022)
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“We have established, using a numerical model,
that a hurricane-like vortex may grow as a result
of a finite amplitude instability in an atmos-
phere which is neutrally stable to the model’s
moist convection. The mechanism (our empha-
sis), which is a form of air-sea interaction insta-
bility, operates in such a way that wind-induced
latent heat fluxes from the ocean lead to locally
enhanced values of 6. in the boundary layer
which, after being redistributed upward along
angular momentum surfaces, lead to temperature
perturbations aloft. These temperature perturba-
tions enhance the storm’s circulation, which fur-
ther increases the wind-induced surface fluxes,
and so on. The tropical cyclone will continue
to intensify so long as boundary-layer processes
permit steadily increasing values of 6, near the
core or until the boundary layer there becomes
saturated.”

Here,0, refers to the reversible equivalent potential tempera-
ture?.

The explanation above begs a number of questions. First,
how does a redistribution of locally enhanced values of 6,
in the boundary layer along (absolute) angular momentum
surfaces lead to the inward movement of these surfaces above
the boundary layer, which is a necessary requirement for the
tangential velocity component to increase? There must be
some dynamical process involved here that are not explained.
Second, how do the “temperature perturbations enhance the
storm’s circulation”? In the Emanuel theories for tropical
cyclone intensification (Emanuel 1995, 1997, 2012), it is
assumed that there is no local buoyancy associated with
temperature perturbations, i.e., the overturning circulation is
moist neutral. None of the papers on medicanes that we
have studied that use the term WISHE (including that of
Emanuel 2005) have provided a clear articulation of this
mechanism. For these reasons, it is not possible to appraise
the WISHE mechanism in the December 2020 medicane case
to be discussed.

To confuse matters further, Zhang and Emanuel (2016)
appear to have redefined the “WISHE feedback process” as
simply the formula relating the increase of surface enthalpy
flux to the surface wind speed and to the degree of thermo-
dynamic disequilibrium near the surface without explaining
how the increased fluxes lead to an increase in surface wind
speed as in earlier studies (see e.g. Montgomery and Smith
2014, figure 6 and related discussion). Although section 2 of
their paper presents an example of a feedback process, it is
unclear how this example relates to the purported WISHE
process. The issues are discussed here in Appendix 1.

2Although Emanuel (1986) defines 6. to be the reversible equivalent
potential temperature, it was later pointed out by Bryan and Rotunno (2009)
on page 3044 that in fact Emanuel had used the pseudo-equivalent potential
temperature in which all condensate instantaneously rains out.

Copyright © 2022 Meteorological Institute

3 The rotating-convection paradigm

The rotating-convection paradigm considers a cluster of deep
convective clouds that persist in a region of sufficient ambi-
ent cyclonic rotation over a warm tropical ocean. Collectively,
these clouds generate a cluster-scale overturning circulation,
the inward branch of which provides an influx of absolute
vorticity in the lower troposphere. By Stokes’ theorem, this
vorticity influx leads to an amplification of the mean tangen-
tial velocity at a given radius from the centre of the cluster.
In the divergent branch of the circulation in the upper tro-
posphere, absolute vorticity is advected away from the centre
whereupon the tangential velocity component spins down and
even reverses sign beyond a certain radius.

The persistence of deep convection over a period of days
requires a sufficient moisture supply from the ocean to main-
tain convective instability and is assisted by a progressive
local moistening of the troposphere within the cluster through
the evaporation of previous clouds (e. g., Montgomery et al.
2006, Figure 8, Nolan 2007, Kilroy et al. 2017b, Figure 8c).
This moistening reduces the strength of convective down-
draughts that would otherwise lead to convective stabilization
(e.g. Emanuel 1986). Moreover, the elevation of near-surface
moisture increases the buoyancy of cloud updraughts, thereby
strengthening the cluster-scale overturning circulation. The
local amplification of vorticity within deep convection is a
prominent feature of vortex evolution also and the stochastic
nature of the convection introduces a stochastic element to
the evolution of the vorticity field.

In an azimuthally-averaged perspective, the rotating-
convection paradigm includes, but extends, the classical
axisymmetric paradigm for vortex intensification articulated
by Ooyama (1969). In this paradigm, inflow in the lower tro-
posphere induced by deep convection within the vortex circu-
lation is argued to draw absolute angular momentum surfaces
inwards. Above the frictional boundary layer, absolute angu-
lar momentum®, M, is approximately materially conserved
so that the inward movement of these surfaces implies a local
spin up of the tangential velocity component. The extension
invokes a boundary-layer spin up mechanism to explain the
observed occurrence of the maximum tangential winds in
the tropical cyclone boundary layer and accounts for both
azimuthal mean and eddy contributions to the dynamics and
thermodynamics of vortex spin up (Persing et al. 2013; Smith
et al. 2017; Montgomery et al. 2020).

There is ample evidence from prior studies of medicanes
to suggest that the rotating-convection paradigm could pro-
vide a useful conceptual framework for understanding their
dynamics, especially for the case to be presented in which
ambient vertical shear appears to be minimal. This concep-
tual framework would be attractive as it would defuse the
intense debate in the medicane literature on the role of sur-
face enthalpy fluxes in medicane formation. Notwithstanding
the fact that some studies have played down the role of sur-
face enthalpy fluxes in medicane formation (e.g. Carri6 et al.

3The absolute angular momentum is defined bu the formula M = rv +
% fr2, where r is the radius, v is the tangential wind component and f is
the Coriolis parameter.

TCRR 0: 1-16 (2022)
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2017), the statement by Homar et al. (2003) that the latent-
heat flux is crucial for cyclogenesis, helping to maintain
the development of deep convection, is worthy of note. The
requirement of some elevated surface enthalpy flux to main-
tain deep convection is in line with the rotating-convection
paradigm, although this flux is not necessarily required to
increase with wind speed as in the original WISHE theory
(see e.g., Montgomery and Smith (2022), Section 3).

Even if, as indicated by the analyses of Dafis et al.
(2020), significant vertical shear is often a prominent feature
of medicanes, the rotating-convection paradigm may still
be applicable with some modification. An example of its
application to the rapid intensification of Atlantic Hurricane
Earl (2010) is presented by Smith et al. (2017).

4 Data sources for the case study

The case study of the December 2020 medicane is based
on three data sets: ECMWF analyses, satellite imagery
and a high-resolution convection-permitting simulation as
described below.

4.1 ECMWEF analyses

The ECMWEF analysis data are available at 6-hourly intervals
on standard vertical pressure surfaces with a horizontal grid
spacing 0.125° longitude x0.125° latitude. The data are
available at 25 pressure levels starting at 1000 mb and ending
at 1 mb.

4.2 Satellite data

Satellite imagery is available from the geostationary Meteosat
Second Generation (MSG) satellite (Schmetz et al. 2002). In
order to highlight the location of deep convection, we use the
Spinning Enhanced Visible and Infra-red Imager (SEVIRI)
instrument on board this satellite. From this instrument, the
brightness temperatures derived from infra-red (IR; centre
wavelength of 10.8 pm) and water vapour (WYV; centre
wavelength of 6.25 pm) measurements are obtained with
3 km pixel resolution. The location of deep convection is
determined by taking the difference between two brightness
temperatures (IR minus WV) using the algorithm employed
by Olander and Velden (2009).

4.3 The Met Office regional model simulation

The forecasts are carried out using the convection-permitting
regional model with the RAL2 physics configuration devel-
oped at the UK Met Office, henceforth known as the Met
Office regional model. A summary of the model with refer-
ences is given in Appendix 2. The model is integrated for
48 hours with the initial condition downscaled from the driv-
ing Met Office global model at 0300 UTC on 15 December
2020. The model nominal horizontal grid spacing is 0.036°
in latitude and longitude and there are 90 vertical levels. The

Copyright © 2022 Meteorological Institute
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main feature to note is that the model is convection permit-
ting: that is, deep convection is represented explicitly and
not parametrized. The horizontal domain runs from approxi-
mately 10°E to 50°E longitude and from 15°N to 55°N lati-
tude with output data stored every hour.

S Analyzed structure

Figure 1 shows the evolution of mean sea level pressure in the
ECMWEF analyses from 00 UTC 14 December to 18 UTC 16
December, focussing mainly on the 18 hour period starting
at 00 UTC 16 December. The precursor disturbance was a
low that was present over the western Mediterranean many
days earlier. From 00 UTC 14 December, the low tracked
east-southeastwards and later on 15 December began tracking
northeastwards. From 00 UTC 15 December, the precursor
disturbance progressively filled. The filling is indicated in
Figure 1 by a shrinking of the region of blue isobars with
values less than 1010 mb. The medicane of interest developed
rapidly on 16 December when the low centre was just to the
east of Cyprus and it decayed later that day as it crossed the
coast of Lebanon.

Because of the progressive filling of the broader-scale
parent low, the development of the medicane is barely notice-
able in a time-series of minimum surface pressure, being
merely a brief flattening out of the curve. On the other hand,
the development is more pronounced in sequences of zonal
(and meridional) cross sections of pressure through the tem-
porally varying location of the minimum pressure. As an
alternative to plotting a whole sequence of such curves, we
show in Figure 2 a Hovmoller diagram constructed from these
Cross sections.

The development of the medicane is seen as an upward-
pointing nose of relatively low pressure, below 1010 mb,
at longitudes between about 33°E and 36°E that begins to
develop at about 21 UTC 15 December and lasts for about a
day. Despite the generally rising pressures at all longitudes,
the medicane is highlighted by a local strengthening of
the zonal pressure gradient on either side of the pressure
minimum.

5.1 Track and intensity

Figure 3 shows the location of minimum surface pressure
from the ECMWEF analyses and from the Met Office regional
model simulation. The centre locations on 16 December at
00, 06, 12 and 18 UTC are listed in Table 1. There is a good
agreement between the two sets of centre locations on 16
December with the development of the medicane with errors
being mostly within half a degree or less.

As a simple measure of intensity, we show in Fig. 4 the
time evolution of maximum near-surface (10 m) wind speed
(Vinaz) within a radius of 150 km from the minimum wind
speed,4 and the radial distance of this maximum (ry,,qz)

4The minimum wind speed was arbitrarily constrained to lie within about
0.5 deg latitude of the location of minimum geopotential height at 850 mb.
These locations converged as the storm intensified.

TCRR 0: 1-16 (2022)
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Figure 1. ECMWF mean sea level pressure analyses for 00 UTC on (a) 14 December, (b) 15 December, (c) 16 December and at (d) 06 UTC, (e)
12 UTC and (f) 18 UTC on 16 December 2020. Contour interval 1 mb. Blue isobars for pressures < 1010 mb, red isobars for higher pressures.
The vertical line at 30°E is just the meridion.

Table I. Comparison of centre locations (minimum mean sea level pressure) in the ECMWF analyses and in the Met Office regional model
simulation on 16 December 2020 at times indicated.

00 UTC 06 UTC 12 UTC 18 UTC
lon lat lon lat lon lat lon lat
ECMWF | 34.875 | 35.000 | 35.000 | 35.000 | 35.375 | 34.875 | 35.750 | 34.625
Met Office | 34.570 | 35.000 | 34.970 | 34.530 | 35.440 | 34.680 | 36.050 | 34.750

from the centre of circulation in the ECMWEF analyses and
the Met Office regional model simulation. In the ECMWF
analyses, the medicane just reached tropical storm strength
at 00 UTC 16 December, but the strongest 10 m wind speed
at this time occurred at a radius of about 70 km (Fig. 4b)
while the vortex was still contracting. In the higher-resolution
Met Office regional model simulation, the 10 m maximum
wind speed increased rapidly from about 15 m s~ ! at the
initial time (03 UTC 15 December) to 23 m s~! at 18 UTC
15 December. Thereafter, the intensity remained above 20
m s~ !, i.e., above tropical storm strength, until 21 UTC 16
December. The systematic vortex contraction in the forecast
is more easily seen in the azimuthally averaged tangential

Copyright © 2022 Meteorological Institute

wind speed shown in Fig, 7b because the radial location of
maximum 10 m wind speed fluctuates each hour on account
of local outbreaks of deep convection.

5.2 Vorticity and vertical velocity structure

The upper panels of Figures 5 and 6 show longitude-latitude
cross sections of winds, geopotential and absolute vorticity
at 850 mb from the ECMWF analyses at six hour intervals
starting from 00 UTC 16 December. Super-imposed on these
cross sections are contours of 20 cm s~! vertical velocity
at 500 mb, which provide an indication of the location of
regions of deep convection in the analyses. Recall that deep

TCRR 0: 1-16 (2022)
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Figure 2. Hovmoller diagram of zonal cross sections of mean sea level

pressure through the minimum pressure in the ECMWF analyses for the

period 00 UTC 13 December to 00 UTC 17 December 2020. Contour
interval 2 mb. Colour shading levels indicated on the side bar.
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Figure 3. Locations of minimum mean sea level pressure of the low
between 00 UTC 15 December and 00 UTC 18 December in the
ECMWF analyses (red cyclone symbols) and from the Met Office
regional model simulation (blue symbols) that will be discussed in
Section 6. The track of the simulation is based on 1 hourly output data.
Dates and times every 12 hours for each data set are indicated.

convection in the analyses is based on parametrized convec-
tion in the underlying ECMWF forecast-analysis system and
is not expected to correspond accurately with the location of
deep convection that was observed. Nor, of course, does the
magnitude of vertical motion in the analyses reflect the actual
vertical velocities in deep convective updraughts, which are
much larger.

Copyright © 2022 Meteorological Institute

CHANG, R. K. SMITH

The middle panels of these Figures 5 and 6 show
the corresponding infra-red satellite imagery and will be
discussed in the next subsection. The lower panels of these
figures show similar fields to those in the upper panels, but
taken from the Met Office regional model simulation. These
panels will be discussed in detail in Section 6.

The ECMWEF analyses show a core of cyclonic absolute
vorticity centred on the location of minimum surface pressure
(marked by a cyclone symbol) and between 1 and 2 degrees
in diameter’. This vorticity core is the remnant of a much
broader core that was associated with the precursor low
(not shown) and the medicane forms within this region of
enhanced vorticity.

Significantly, at each time shown, there are areas of
deep convection over the core of enhanced vorticity, some
of which are close to, or straddle, the location of minimum
surface pressure. In turn, this centre is close to the centre of
vortex circulation. These features are similar to those found
in developing tropical lows in the Australian region (Smith
et al. 2015; Kilroy et al. 2016b, 2017a; Zhu and Smith 2020)
and of some medicanes (Dafis et al. 2020, e.g., section 5).
As explained in Section 3, the presence of deep convection
near the centre of a pre-existing circulation is a central feature
of the rotating-convection paradigm, which calls for the
overturning circulation associated with the collective effects
of deep convection to provide an influx of absolute vorticity to
increase the vortex circulation. We explore the azimuthally-
averaged aspects of this basic intensification process using
the Met Office simulation in Section 6.1.

5.3 Satellite imagery

The middle panels of Figures 5 and 6 show the processed
satellite imagery from the MSG satellite described in Section
4.2, which provide the main observational data for the med-
icane as there appear to be no in situ observations over the
sea.

At 00 UTC 16 December (Figure 5c), the main features
are the patch of cirrus clouds extending approximately north-
eastwards from the island of Cyprus, the smaller patch just
west of Cyprus and the more linear band extending southwest
to northeast mostly over land, covering most of Lebanon and
a part of western Syria. Overall, the pattern of this cirrus indi-
cates a cyclonic circulation with its centre roughly coinciding
with the minimum sea-level pressure in the ECMWF anal-
ysis. The region of cirrus cloud northeast of Cyprus shows
some small patches of deep convective cells (the pink areas)
with one patch just to the northeast of the minimum sea-level
pressure in the ECMWF analysis. As expected, these cells do
not coincide with the localized updraughts in the ECMWF
analysis, but the analyses do show updraught cells in the
vicinity of the cells observed.

5Note at latitude 35°N, the central latitude shown in Figures 5 and 6, 1
degree of longitude is only 91 km, whereas 1 degree of latitude is 111 km
so that purely circular features would be distorted in a longitude-latitude
depiction.

TCRR 0: 1-16 (2022)
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Figure 4. Time evolution of (a) maximum near-surface (10 m) wind speed (V;,q2) within a radius of 150 km from the minimum wind speed, and
(b) the radial distance of this maximum (7vma<) from the centre of circulation in the ECMWEF analyses (marked EC) and the Met Office regional
model simulation (marked MO).

At 06 UTC 16 December (Figure 5d), there is an almost
circular cirrus shield to the east of Cyprus with deep con-
vection at its centre. There are some updraught cells in the
ECMWEF analysis on the periphery of the circular cirrus
shield in the south to west sector, but the linear band just
west of the coast remains a feature of the analysis. This band
would need to be displaced 1-2 degrees eastwards to line up
approximately with regions of observed cirrus (Figure 5b).
Nevertheless, the circular cirrus shield closely coincides with
the low seen in the geopotential height contours and the deep
convection at its centre is just to the north of the minimum
geopotential height at 850 mb, which in turn is the location
of minimum sea-level pressure in the ECMWF analysis. As
shown later, the vortex axis is close to vertical through much
of the troposphere, an indication that vertical wind shear is
not appreciable.

At both 12 UTC and 18 UTC 16 December (Figures
6¢c and 6d, respectively), the cirrus shield remains centred
close to the location of minimum sea-level pressure in the
ECMWEF analysis. Deep convection persists within the shield,
but is now located a little to the east of the minimum sea-level
pressure in the ECMWF analysis.

In summary, the satellite observations show that deep
convection persists within the area of cirrus overcast during
the 18 hour period of the medicane and some of this con-
vection is located well within the circulation found in the
ECMWEF analyses. In particular, there are times when the
observed convection is at or relatively close to the analysed
circulation centre.

5.4 Vertical structure

Figure 7 shows vertical cross sections of the medicane rel-
ative meridional wind component as a function of longitude
and height, and the medicane relative zonal wind component
as a function of latitude and height, together with the isen-
tropes of potential temperature from the ECMWEF analysis at
06 UTC 16 December. At this time, the medicane was mov-
ing relatively slowly with velocity components 1.35 m s~ to
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the east and 0.58 m s~! to the south. Three features are par-
ticularly noteworthy. First, the relative vortical flow normal
to the cross section is a maximum at a height below the 900
mb pressure level, i.e., below 1 km, but only on the north-
ern and western sides of the vortex. Second, the rotation axis
has little tilt with height, particularly at heights below the 700
mb pressure level, which, as noted earlier, is an indication
that vertical wind shear is not a major factor of the devel-
opment. Third, the isentropes dip down at along the vortex
axis indicating that the vortex is warm cored. Moreover, the
warming is largest where the vortical winds are strongest. The
situation is similar at other times during the evolution on 16
December (not shown) and such features are similar to those
found in tropical cyclones, although in these generally more
intense systems, the warming tends to be largest in the upper
troposphere.

6 The Met Office regional model simu-
lation

The lower panels of Figures 5 and 6 show the same fields as
in the upper panels, but for the Met Office regional model
simulation. Because of the somewhat finer grid spacing
(0.036° compared with 0.125° for the ECMWEF analyses), the
fields exhibit more fine structure, but the principal features are
much the same as in the ECMWF analyses. The geopotential
height fields are quite similar as is the location of minimum
surface pressure (see Table I for details), but the minimum
geopotential height is slightly lower in the forecast, again
presumably because of the finer horizontal resolution.

The area enclosed by the 20 cm s~ contours of vertical
velocity is considerably more extensive than in the two
analyses, a feature that is attributable to the higher horizontal
resolution of the forecast and the fact that convection is
determined explicitly and not based on a parametrization
as in the analyses. The absolute vorticity field is broadly
similar except that cyclonic vorticity is punctuated more by
fine-scale negative absolute vorticity, presumably a result of
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Figure 5. Longitude-latitude cross sections of wind vectors, geopotential (Z, units m) and absolute vorticity (shaded) at 850 mb from the ECMWF
analyses (upper panels) and the Met Office regional model simulation (lower panels) at 00 UTC 16 December (left panels) and 06 UTC 16
December (right panels). Super-imposed on these cross-sections are contour of 20 cm s~ * vertical velocity at 500 mb. The middle panels show the
corresponding Meteosat brightness temperature difference between the infra-red and water vapour channels (shadings, K) at this time. Locations
of minimum mean sea level pressure of the low in the ECMWF analyses (red cyclone symbols) are shown in this panel. Contour intervals in the
upper and lower panels: 10 m for Z; 1 x 10~ for ¢, positive contours solid, negative contours dashed, colour shading levels on the side bar.
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Figure 6. Legend as for Figure 5, but for 12 UTC 16 December (left panels) and 18 UTC 16 December (right panels).

the finer structures of deep convection (Chagnon and Gray magnitude vorticity tendency from tilting.

2009; Kilroy et al. 2014; Weijenborg et al. 2017). The better Note that the forecast for 00 UTC on 16 December has
resolved vertical velocity gradients lead also to a higher a line of convective cells just offshore of the Mediterranean
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Figure 7. Vertical cross sections of (a) the relative meridional wind component, v.., as a function of longitude and height, and (b) the relative zonal

wind component, u,, as a function of latitude and height from the ECMWF analysis at 06 UTC 16 December. Superimposed on both panels are

the isentropes, 6. Contour interval 3 m s~! for u and v, positive values red, solid, negative values blue, dashed. Contour interval is 5 K for 6.
Shading levels on the side bar.

east coast (Figure 5e), much as in the ECMWF analysis
(Figure 5a). However, it has also several deep convective cells
close to the vortex centre to the east and north. At both 06
UTC (Figure 6¢) and 12 UTC (Figure 7c), deep convection
continues to prevail at and surrounding the vortex centre and
it is present at the centre and in the northern half of the
vortex even at 18 UTC when the centre has just moved over
land (Figure 8c). Of course, because deep convective cells
have lifetimes much less than the 6 hour interval between
the foregoing analyses times and because of their stochastic
nature, a more detailed temporal analysis of deep convection
in relation to the circulation centre is called for. Such an
analysis will be a topic for Section 6.1.

6.1 Azimuthally averaged fields

Because the features of deep convection in the regional model
are likely to be more realistic (at least in a statistical sense)
than those of the two analysis systems, we use the Met Office
regional model simulation to demonstrate the applicability
of the rotating-convection paradigm to understanding the
dynamics of the December 2020 medicane. To this end
we show in Figure 8 selected azimuthally averaged fields
centred at the location of minimum wind speed® within the
low circulation at 850 mb. These averages, calculated from
hourly model output from 03 UTC 15 December to 00
UTC 17 December, are constructed as follows. Data from
the latitude-longitude grid-points in the model are mapped
on to a Cartesian grid (x,y) with the origin at (0,0) using
distances and angles calculated along great circles on the
approximately spherical earth. The new grid is irregular and
rather than interpolating to a regular grid, we assign the data
points to annular regions with 10 km in radial extent to a
radius of 150 km. The data in each annulus are then averaged
to provide an azimuthal average nominally at points from 5
km to 145 km at intervals of 10 km. Hovmoller diagrams
of the average fields shown in Figure 8 include the vertical
velocity at 500 mb, the radial and tangential velocity at 850

6These locations are within 0.25° latitude of the location of minimum
geopotential.

Copyright © 2022 Meteorological Institute

mb, which is a little above the frictional boundary layer,
the absolute angular momentum, M, at this level, and the
radial velocity at 950 mb, which is within the boundary
layer. The absolute angular momentum is constructed from
the tangential velocity with the assumption of a mean value
of Coriolis parameter corresponding to a latitude of 35°, close
to the latitude of the low centre.

Figure 8a shows the vertical velocity at 500 mb. For
much of the time period shown, there is mostly ascent within
the circle of radius 150 km with bursts of deep convection
evident even in the azimuthal mean from about midday on 15
December until about 18 UTC on 16 December, several of
them occurring in the innermost 10 km region. Over much
of the period after 06 UTC 15 December there is inflow
at 850 mb at most radii beyond about 50 km, with a few
pulses of weak outward flow at specific times (Figure 8b).
Such outward pulses are to be expected when, at a particular
time, the inflow in the boundary layer is too strong to be
fully ventilated by inner-core deep convection (Kilroy et al.
2016a; Smith et al. 2021). The movement of the M -surfaces
is generally inwards between 12 UTC on the 15th to 12 UTC
on the 16th, except in regions of radial outflow, consistent
with the approximate’ conservation of M at this level.

Figure 8c shows the evolution of the azimuthally aver-
aged tangential velocity at 850 mb. While there is a general
increase at all radii until about 10 UTC 16 December, the
maximum tangential wind at that time is 13.9 m s=! and it
occurs at radius of about 24 km, indicating a much weaker
vortex than a typical tropical cyclone. This may be a reflection
of the relatively short time period available for growth before
the vortex became strongly influenced by the east coast of the
Mediterranean.

Figure 8d shows the evolution of the azimuthally aver-
aged radial velocity at 950 mb. The inflow is much stronger
and more extensive than at 850 mb with maximum values in
excess of 4 m s~!, reflecting the dominance of frictionally-
induced inflow.

7 And the fact that the vertical advection of M is small at this level compared
with the radial advection of M.
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Figure 8. Hovmoller diagrams of selected azimuthally averaged velocity components at selected levels based on the Met Office regional model

forecast. These averages are constructed in annular regions each of width 10 km: (a) vertical velocity at S00 mb, (b) radial velocity u (shaded)

and absolute angular momentum M (contours) at 850 mb, (c) tangential velocity at 850 mb, and (d) radial velocity at 950 mb from 03 UTC 15

December to 00 UTC 17 December 2020. Contour intervals: (a) 0.1 m s L (b)foru > —1m s~ ! the interval is 1 ms %, foru < —1 m s~ ! the

interval is 2 m s 1, for M 5 x 10° m? s™1; (c) 5 m s~ ! with one extra contour of 12.5 m s~ 1, (d) for w > 0 m s~ 1, the interval is 1 m s, for

u < 0ms™', the interval is 2 m s~ *. Positive contours red solid curves, negative contours blue dashed curves. Shading values on the side bar.
The small blue circle in panel (c) indicates the time and location of the maximum tangential wind.

Figure 9 shows the evolution of the azimuthally aver-
aged radial and tangential velocity components at 1000 mb,
typically a few 10’s of metres above the surface. The radial
inflow is mostly a little larger than at 950 mb consistent with
boundary layer theory. The maximum tangential wind speed
at 1000 mb is larger than that at 850 mb, but occurs at a sim-
ilar radius, around 25 km (Figure 9b) indicating strong spin
up in the friction layer. In fact, the tangential wind speeds
are a larger still at 950 mb (not shown). This seemingly para-
doxical result is a consequence of the boundary layer spin up
mechanism articulated by Smith et al. (2009) in the context
of tropical cyclones. This mechanism may be understood as

Copyright © 2022 Meteorological Institute

follows.

Above the boundary layer, absolute angular momentum
is approximately materially conserved and since v = M /r —
%r f, as the radius of an inward-moving air parcel decreases,
v must increase. In the boundary layer, M is reduced by
friction so that for an inward-moving air parcel, both M and
r decrease, but if M decreases less rapidly than r, v will
still increase. Now M decreases because of the frictional
torque on the tangential wind speed. At large radii, air
parcels trajectories have a large circular component and radial
inflow velocities are comparatively small so that the rate
of decrease of M per unit radial displacement of the air
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Figure 9. Hovmoller diagrams of azimuthally averaged (a) radial velocity v and (b) tangential velocity v components at 1000 mb from 03 UTC

15 December to 00 UTC 17 December 2020 based on the Met Office regional model simulation. Contour intervals: for v > 0 m s~ the interval is

I ms™*, foru < 0m s~ the interval is 2 m s ~*; for v 5 m s . Positive contours red solid curves, negative contours blue dashed curves. Colour
shading values on the side bar. The small blue circle in panel (b) indicates the time and location of the maximum tangential wind.

parcel is comparatively large. On the other hand, at smaller
radii where inflow velocities tend to be larger and parcel
trajectories smaller in circumference, the rate of decrease of
M per unit radial displacement might conceivably be less
than the rate of decrease in r. In essence, the boundary
layer spin up mechanism refers to this scenario and provides
an explanation for the finding that the maximum tangential
wind speed observed in a tropical cyclone occurs within
the frictional boundary layer. It provides also an explanation
for the observed occurrence of supergradient winds in the
tropical cyclone boundary layer and in numerical simulations
of tropical cyclones.

7 Interpretations

Taken together, the evolution of vorticity and deep convec-
tion discussed in Sections 5.2 and the azimuthally-averaged
fields presented in Section 6.1 support the applicability of the
rotating-convection paradigm as a framework for understand-
ing the dynamics of the December 2020 medicane. The inten-
sification of the medicane is similar to that in the idealized
tropical cyclogenesis simulations of Kilroy et al. (2017b) and
Kilroy et al. (2018), whereby deep convection forms near the
centre of a weaker existing circulation and generates an over-
turning circulation that provides an influx of absolute vortic-
ity in the lower troposphere, thereby increasing the circula-
tion around fixed closed circuits surrounding the axis. This is
essentially the classical mechanism for tropical cyclone inten-
sification articulated by Ooyama (1969), but phrased in terms
of vertical vorticity. In an axisymmetric vortex such as used
by Ooyama, the analogy would be of the overturning circula-
tion drawing the surfaces of absolute angular momentum, M,

Copyright © 2022 Meteorological Institute

inwards with M being materially conserved above a shallow
frictional boundary layer®.

Imagine an isolated deep convective cell at some dis-
tance from the rotation axis. Clearly, the closer the cell to
the circulation centre, the more geometrically favourable is
its location for concentrating absolute vorticity (Smith and
Montgomery 2016), since the cell will produce the low-level
inflow only at radii larger than the radius of the cell. At
smaller radii, the cell will produce low-level outflow. This
idea is supported by statistical analyses of airborne Doppler
radar observations of Atlantic hurricanes by Rogers et al.
(2013), who found that in rapidly intensifying storms, there is
a tendency for vigorous deep convective busts to occur inside
the radius of maximum tangential winds.

The azumuthally averaged fields provide a zero order
picture of the dynamics of formation of this medicane. The
results show that the dynamics are consistent with Ooyama’s
classical theory for tropical cyclone intensification and its
extensions that are part of the rotating-convection paradigm.
In particular, they support the role of the boundary layer spin
up mechanism in generating the maximum tangential wind
speed in the near-surface friction layer.

8 Summary and Conclusions

We have presented a case study of a medicane that formed
in mid-December 2020 near the island of Cyprus. The study

8Since the tangential wind vy and M are related by the formulav = M/r —
% fr, r being the radius and isf the Coriolis parameter, the materially
conservation of M implies that vg will increase as r decreases.
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is based on several data sets including ECMWEF analy-
ses, Meteosat satellite imagery and a convection-permitting
numerical simulation using the Met Office regional model.

The medicane developed within a precursor larger-scale
low that was active over the western Mediterranean many
days earlier, but which was filling at the time of medicane for-
mation. On 16 December the medicane developed rapidly just
to the east of Cyprus, and decayed rapidly within 24 hours
of formation as it made landfall on the coast of Lebanon.
The medicane was captured consistently by the analyses and
by the Met Office regional model simulation with the loca-
tion of minimum surface pressure differing by no more than
about 0.25° degrees latitude at any particular time. This loca-
tion was close to the location that might be inferred from the
satellite images. Of course, with higher horizontal resolution,
the features become progressively less smooth with those in
the ECMWF analyses being much smoother than those in the
Met Office simulation. Overall, these findings add a degree
of confidence to using the analysis data set or the forecast for
investigating the medicane structure.

In its mature stage, the vortex had a warm core structure
with maximum relative tangential flow below the 900 mb
pressure level, i.e. below 1 km. The rotation axis had little tilt
with height, particularly at heights below the 700 mb pressure
level, an indication that vertical wind shear is not appreciable.
These are features in common with tropical cyclones in a
weakly vertically-sheared environment.

Analyses of the various data indicate that the formation
and intensification of this event may be understood in the con-
text of the rotating-convection paradigm. Satellite observa-
tions and both analysis and forecast data indicate that during
the formation and intensification stages, areas of deep con-
vection are located close to the existing core of enhanced
vorticity around the vortex centre, as is the case with tropi-
cal cyclones. This location of convection is optimum for the
accompanying overturning circulation to concentrate abso-
lute vorticity.

Azimuthal averaged fields derived from the Met Office
regional model simulation show that the dynamics of this
medicane are consistent with Ooyama’s classical theory for
tropical cyclone intensification and its extensions that are part
of the rotating-convection paradigm. In particular, the inflow
is much stronger and more extensive at 1000 mb than at 850
mb, reflecting the dominance of frictionally-induced inflow.
The tangential wind maximum is slightly larger also at 1000
mb, with the location of the maximum occurring at a smaller
radius closer to the surface, indicating strong spin up in the
friction layer, which is a consequence of the boundary layer
spin up mechanism. The flow structure in the boundary layer
is consistent with that described for tropical cyclones.

In summary, the rotating-convection paradigm for trop-
ical cyclone behaviour provides an attractive framework for
interpreting the dynamics of formation and intensification of
this particular medicane. An alternative and currently widely
accepted explanation for the intensification of medicanes, the
so-called “Wind-Induced Surface Heat Exchange (WISHE)
mechanism” is argued to be incomplete making it untestable.
Like the proposed WISHE theory, the rotating-convection
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paradigm has not been fully developed to account for vortex
evolution in situations where vertical wind shear is apprecia-
ble. For this reason, it may not apply to all observed cases of
medicanes, especially to the many cases in which baroclinic
processes appear to play a major role.
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10 Appendix 1: Interpretation of Zhang
and Emanuel’s example of feedback

Zhang and Emanuel discuss in section 2 of their paper
an equation of a purported feedback problem, which is
presumably intended to be an analogy to their envisaged
WISHE feedback. In this example, they consider an air parcel
is rising under its buoyancy force, B, in an unstable density
stratified fluid and resisted by a quadratic drag proportional
to the parcel’s vertical velocity, w. The dimensional form of
the equations is

dw

— =B- 1
7 alw|w, (1
dB
= — _N? 2
7 w, (2)

where « is some positive constant and N2 is the Brunt-
Viisild frequency squared, which is assumed to be negative
constant. Zhang and Emanuel offer the interpretation that
(1) says that “convection is driven by buoyancy” and (2)
that “convective instability results from a feedback between
vertical velocity and buoyancy”. However, in this problem,
“convective instability” resides in the static stability N2 and
the fact that N2 is negative. The energy equation related to
this system is

d |1

dt {2“’
where the first term on the left is the kinetic energy of the air
parcel and the second term is its available potential energy.
The term on the right of Equation (3) is negative definite
and the only “source term” for the total energy: there is no
obvious source analogous to surface enthalpy fluxes in the
tropical cyclone problem, at least to us, and the instability

residing in the negative N? would seem more analogous
to Conditional Instability of the Second Kind (CISK) than

1
2 4 BQ} = —alw|w?, 3)

2N?
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to WISHE. While the intention of this section of Zhang
and Emanuel’s paper might be to legitimize the use of the
word “feedback” in the WISHE context, an articulation of
the actual feedback explaining how the increase in surface
enthalpy fluxes feeds back to increase in the surface wind
speed is missing.

11 Appendix 2: The Met Office regional
model

The forecasts are carried out using the Met Office regional
model with the RAL2 middle latitude configuration devel-
oped at the Met Office (Steptoe et al. 2021). The details of the
science configuration in the first Regional Atmosphere and
Land model (RALT1) are described in Zhu and Smith (2020).
Starting from RALI, the main improvements of the model
physics in RAL2 are as follows:

* Improvements to the treatment of lying snow, which
allows the reintroduction of graupel into the precipi-
tation reaching the surface;

* Reducing convective gustiness contribution to surface
exchange (Redelsperger et al. 2000);

* Limiting drag over the ocean at high wind speeds by
imposing a cap on the drag;

* Implementing the Leonard term fluxes (Moeng et al.
2010);

» Improved ice cloud fraction in mixed phase clouds
(Abel et al. 2017).

The forecast model is integrated for two days with the
initial condition downscaled from a global model, the Met
Office Unified Model at 0300 UTC on 15 December 2020.
The model has 90 vertical levels and the horizontal grid
spacing is 0.036 degrees in both latitude and longitude, which
is approximately 4 km in the meridional direction and a little
less in the zonal direction. The forecast domain runs from
approximately 15°N to 55°N and 10°E to 50°E and is covered
by 1110 grid points in both horizontal directions.
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