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Abstract. We investigate rapid intensification of tropical cyclones and transition of Mediterranean subtropical cyclones to
tropical-like cyclones in the context of solar wind-magnetosphere-ionosphere-atmosphere coupling. Using the superposed
epoch analysis of time series of solar wind variables, it is observed that rapid intensification of tropical cyclones and
transition of Mediterranean subtropical cyclones to tropical-like cyclones tend to occur following arrivals of high-speed solar
wind streams from coronal holes or impacts of interplanetary coronal mass ejections. Aurorally generated atmospheric
gravity waves can influence the development of weather. While these gravity waves reach the troposphere with attenuated
amplitudes, they can contribute to the release of conditional symmetric instability leading to latent heat release and
intensification of extratropical and tropical cyclones. We use the meteorological re-analysis to evaluate slantwise convective
available potential energy to assess likelihood of conditional symmetric instability that can be released by over-reflecting

aurorally generated gravity waves leading to slantwise convection and intensification of storms.

1 Introduction

A tendency of significant weather events, including explosive extratropical cyclones (Prikryl et al., 2009a; 2016), rapid
intensification of tropical cyclones (Prikryl et al., 2019), heavy rainfall and flash floods (Prikryl et al., 2018; 2021a,b; Prikryl
and Rusin, 2023; Prikryl, 2024), as well as large tornado outbreaks (Prikryl and Rusin, 2025), to occur following arrivals of
corotating interaction regions (CIRs) at the leading edge of solar wind high-speed streams (HSSs) from coronal holes and
impacts of interplanetary coronal mass ejections (ICMEs), has been documented. Prikryl et al. (2009b) and Prikryl (2024)
proposed that aurorally generated atmospheric gravity waves (AGWs) may play a role in intensification of extratropical
cyclones by contributing to the release of conditional symmetric instability (CSI) (Schultz and Schumacher, 1999; Chen et

al., 2018). Low-level southerly winds and vertical wind shears are favourable conditions for over-reflection of globally
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propagating aurorally excited gravity waves that can reach the troposphere and contribute to conditional symmetric
instability release leading to slantwise convection.

The solar wind coupling to the magnetosphere—ionosphere—atmosphere (MIA) is most impactful when ICMEs (Burlaga et
al., 1981; Gopalswamy, 2016), or HSSs/CIRs from coronal holes (Krieger et al., 1973; Smith and Wolfe, 1976; Tsurutani et
al., 1995), interact with the magnetosphere. It is the southward component of the interplanetary magnetic field, often due to
solar wind Alfvén waves (Tsurutani et al., 2018), that causes magnetic reconnection (Dungey, 1961, 1995) and solar wind
energy input into the magnetosphere and ionosphere. Rather than continuous, the magnetic reconnection is often intermittent
or pulsed (Trattner et al., 2015), and the observed ionospheric signatures are known as pulsed ionospheric flows driven by
electric fields (Milan et al., 2000; McWilliams et al., 2001). Because of the Joule heating and Lorentz forcing in the
ionosphere, a key component of the solar wind coupling to the magnetosphere-ionosphere-atmosphere (MIA) is the
generation of AGWs in the lower thermosphere at high latitudes (Hines, 1965; Chimonas and Hines, 1970; Hocke and
Schlegel, 1996). The global excitation and propagation of these AGWs in the atmosphere, including the lower atmosphere,
where they can be ducted to reach low latitudes, have been demonstrated using a transfer function and raytracing methods
(Mayr et al. 1984a, 1984b, 2013; Prikryl et al. 2018; 2019).

Forecasting rapid intensification of tropical cyclones defined as the maximum sustained wind increase of > 30 kt in 24 hours
remains a major challenge (Kaplan et al., 2010; DeMaria et al., 2014; 2021; Horinouchi et al., 2025). In the subtropical
region of the Mediterranean Sea cyclonic storms occasionally develop into Mediterranean Tropical-Like Cyclones (TLCs),
or medicanes (MEDIterranean hurriCANES; Emanuel, 2005). They have been extensively studied (e.g., Real and Atlas,
2001; Miglietta et al., 2013, 2015, 2017; Borzi et al., 2025; Dafis et al., 2020), because they can have significant, sometimes
catastrophic, impact in this region (Diakakis et al., 2023).

The aim of the present work is to investigate rapid intensification of tropical cyclones and transition of Mediterranean
subtropical cyclones to tropical-like cyclones in the context of solar wind-magnetosphere-ionosphere-atmosphere coupling,

to provide further evidence of the link between space weather and tropospheric weather.

2 Data and methods

The revised HURDAT?2 database (http://www.nhc.noaa.gov/data/) of “best tracks” of tropical and subtropical cyclones for
the Atlantic and East Pacific basins is provided by the National Hurricane Center (NHC) post-storm analyses of the storm
intensity (maximum sustained wind in kt), central pressure in mbars (mb), position, and size for every synoptic time (0000,
0600, 1200, and 1800 UTC) (Landsea and Franklin, 2013). The best tracks are smoothed and do not precisely recreate a
storm's history, and thus variations over periods shorter than about 24h are typically not captured. These data are used to
obtain storm intensity changes in the maximum sustained wind in kt for last 24h. The U.S. government website Joint
Typhoon Warning Center (JTWC) is hosted by several agencies including National Oceanic and Atmospheric
Administration (NOAA) and National Weather Service (NWS). The products and services include the Tropical Cyclone Best
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Track Data http://www.metoc.navy.mil/jtwc/jtwe.html?best-tracks that cover Southern Hemisphere, Northern Indian Ocean

and Western North Pacific Ocean.

Partial lists of Mediterranean tropical-like cyclones have been published (e.g., Miglietta et al., 2013; Tous and Romero,
2013; Nastos et al. 2018; Avenas et al. 2026), and several websites provide archives of Mediterranean storm events

(http://meteorologia.uib.eu/medicanes/index.html;  https://user.eumetsat.int/resources/case-studies/mediterranean-cyclones-

medicanes-2007-2021; https://zivipotty.hu/tcr.html; http://medicanes.altervista.org/;

https://user.eumetsat.int/resources/case-studies/mediterranean-cyclones-medicanes-2007-202 1 #ID-Other-image-source).

From these resources, a list of medicane storms dates is compiled.

The hourly reanalysis dataset ERAS with spatial resolution of 0.25 x 0.25 degree (Hersbach et al., 2020) is a product of the
European Centre for Medium-Range Weather Forecasts (ECMWF). Following Chen et al. (2018), indices including
convective available potential energy (CAPE), slantwise CAPE (SCAPE), and vertically integrated extent of realizable
symmetric instability (VRS; a measure to quantify the “releasable” CSI) are diagnosed, to assess the likelihood of slantwise

convection during the intensification of tropical cyclones and development of Mediterranean tropical-like cyclones.

The solar wind data are provided by the National Space Science Data Center (NSSDC) OMNIWeb
http://omniweb.gsfc.nasa.gov (King and Papitashvili, 2005). The hourly averages of solar wind velocity, V, the
interplanetary magnetic field (IMF) magnitude, |B|, the standard deviation of IMF B., gg., and the proton density, 7,, are used
to identify CIRs, the stream interfaces between the fast and slow solar wind at the leading edge of HSSs from coronal holes
(Tsurutani et al., 2006). The OMNI data also include geomagnetic indices, e.g., the Dst index that characterize geomagnetic
storms (Gonzalez et al., 1994). A catalogue of near-Earth ICMEs (Richardson and Cane, 2010) has been updated
(http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm).

Measurements of the green coronal emission line intensity at 530.3 nm (Fe XIV) by ground-based coronagraphs from 1939
to 2008 have been merged into a homogeneous coronal dataset (Rybansky, 1975; Rybansky et al., 2001, 2005; Dorotovic et

al., 2014; https://www.kozmos-online.sk/). The coronal intensities are expressed in absolute coronal units (ACU)

representing the intensity of the continuous spectrum from the center of the solar disk with a width of 1 A at the same
wavelength as the observational spectral line (1 ACU =3.89 W m2sr! at 530.3 nm). The coronal intensity depletions, called
coronal holes, are sources of HSSs. The green corona intensity for the solar central meridian is computed by averaging the

intensities measured at the east and west limbs (Prikryl et al. 2009a).

The superposed epoch (SPE) method (e.g., Ambroz, 1979) is used to investigate rapid intensification of tropical cyclones

and the development of Mediterranean tropical-like cyclones relative to solar wind disturbances.

3
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3 Superposed epoch analysis of solar wind variables keyed to the maximum rapid intensification of hurricanes

Prikryl et al. (2019) observed that rapid intensification of tropical cyclones tends to follow arrivals of high-speed solar wind
from coronal holes and/or impacts of ICMEs. These authors used the SPE analysis of time series of solar wind variables (V,
|BJ, np, and op:,) keyed to times of the maximum rapid intensification (RI) of tropical cyclones defined as the first highest
increase in the maximum sustained wind (MSW) over 24 h that reached or exceeded a given threshold value (Prikryl et al.,
2019; their Figures 1 and 2). In Fig. 1, the SPE analysis for hurricanes in East Pacific (EPac), North Atlantic (NAtl), and
combined (EPact+NAtl) is extended by 8 more years to 1995-2024 using the key times defined by RI > 30 kt/24 h. The
results show patterns of the mean solar wind velocity, ¥, increasing from minimum before the key time to maximum later,
with peaks in the mean magnetic field magnitude, [B|, the proton density, #,, and the standard deviation, oz, near the key
time. The patterns that are similar in the cases of EPac and NAtl hurricanes indicate a tendency of RI of hurricanes to occur

following HSS/CIRs or ICMEs. Such patterns become more pronounced for higher RI thresholds (Prikryl et al., 2019).
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Figure 1: The SPE analysis of solar wind parameters keyed to the first maximum of rapid intensification of 30+ kt/24 h of
(a) NAtlL, (b), EPac and (c¢) Natl+EPac hurricanes. Bottom panels show the mean 6-hourly values of the maximum sustained

wind (black lines) and the mean sea level pressure (red lines).

Another way to show this is by defining the key times for the SPE analysis as the actual arrival times of major HSS/CIRs
(maximum velocity VMAX > 500 km/s) that were associated with intensifying hurricanes. Fig. 2 shows SPE analysis of
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green corona intensity (top panels) and solar wind variables (middle panels) keyed to arrivals of HSS/CIRs that were
followed within 3 days by hurricane RI > 30 kt/24h, separately for EPac (Fig. 2a) and NAtl (Fig. 2b) hurricanes, and
combined (NAtlI+EPac; Fig. 2c). As expected, the superposition of major HSS/CIRs results in clear patterns of the mean
velocity V and peaks in [B|, n,, and o3, at the leading edge of the HSSs from coronal holes. The bottom panels in Fig. 2 show
the mean values of the 6-hourly maximum sustained wind (black lines) and sea level pressure (red lines) averaged over the
superposed intensifying hurricanes, with histograms showing the number of superposed storms. Some of the superposed
HSS/CIRs were followed by RlIs of more than one hurricane (EPac or NAtl). These results indicate that about 24% of
Natl+EPac hurricanes (87 out of 363) underwent RI > 30 kt/24h (Fig. 1¢) following arrivals of major HSSs from coronal
holes. This is why the SPE analysis of solar wind variables keyed to times of intensification RI > 30 kt/24h (Fig. 1) reveals

the characteristic patterns discussed above.
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Figure 2: The SPE analysis of time series of green corona intensity, solar wind plasma variables (top and middle panels),
and the mean of the 6-hourly values of the maximum sustained wind (black lines) and the mean sea level pressure (red lines)
(bottom panels) keyed to arrivals of major HSSs with the maximum velocity VMAX > 500 km/s that were followed within 3
days by RI > 30 kt/24h of (a) EPac, (b) NAtl, and (c) Natl+EPac hurricanes. In the bottom panels, the histograms show the
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Figure 3: The SPE analysis of time series of (top panels) solar wind plasma variables and (bottom panels) the mean of the 6-
hourly values of the maximum sustained wind (black lines) and the mean sea level pressure (red lines) keyed to (a) arrivals
of minor to moderate HSSs (300 < VMAX < 500 km/s) and (b) impacts of ICMEs, that were followed within 3 days by RI >

30 kt/24h of NAtl+EPac hurricanes. In the bottom panels, the histograms show the number of hurricanes.

Furthermore, Fig. 3a shows that another 18% of Natl+EPac hurricanes (64 out of 363) rapidly intensified following minor to
moderate HSSs (300 < VMAX < 500 km/s), and Fig. 3b shows that about 16% of Natl+EPac hurricanes (57 out of 363)
rapidly intensified following impacts of ICMEs that caused geomagnetic storms (Dst < —30 nT). As expected for
interplanetary shocks ahead of ICMEs, the mean values of all four solar wind variables sharply increase at the key time. The
results in Figs. 2 and 3 support the conclusion that RIs of hurricanes often occur following arrivals of HSSs from coronal
holes or impacts of ICMEs (Prikryl et al., 2019). Similar results of the SPE analysis for typhoons can be viewed in the
Supplement (Figures S1 and S2).

4 Cases of RI of tropical cyclones in the context of solar wind
Fig. 4 shows the hourly OMNI solar wind data (V, |B|, n,, and o) along with the geomagnetic storm index Ds¢. The red
asterisks and orange triangles on the time axis indicate arrivals of HSS/CIRs and impacts of ICMEs, respectively. The

maximum sustained wind (MSW) (scaled symbols) and RI in 24 h (thin solid lines) from the best track data of major tropical

cyclones are shown at the top of each panel.
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4.1 Hurricanes Oho, Olaf and Patricia in October 2015

In October 2015, the East Pacific hurricanes Oho, Olaf and Patricia (Fig. 4a) intensified following HSS/CIR arrivals.
Hurricane Oho reached the maximum RI > 25 kt/24 h which coincided with a major HSS/CIR that triggered a moderate
geomagnetic storm on October 7 as indicated by Dst index. Hurricane Olaf reached the maximum RI >30 kt/24h on October
19, following the arrival of HSS/CIR on October 18 that triggered a weak geomagnetic storm. Hurricane Patricia was an
extraordinary tropical cyclone that broke many records, including maximum RI = 105 kt/24h on October 23 (Rogers et al.,
2017). It formed and started to intensify with the arrival of HSS/CIR on October 21. This was a structured HSS that
originated from multiple coronal holes, with another steep increase in solar wind velocity by the end of October 22 and

followed by an ICME 2 days later.
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Figure 4: In the bottom half of each panel, the hourly OMNI solar wind data of V' (black), B (red), n, (broken light blue) and
op: (dotted purple) are shown with the left y-axis scale factors printed. The geomagnetic storm index Dst is also shown
(orange line). Red asterisks and orange triangles on the time axis indicate CIRs and ICMEs, respectively. In the top half of
each panel, the “best track” data of (a) East Pacific hurricanes, (b) West Pacific typhoons, and (¢) North Atlantic hurricanes,
with the maximum sustained wind (MSW) (scaled symbols) and RI in 24 h (thin solid lines) are shown. The tropical cyclone

names are printed at the initiation time marked with symbols used for each tropical cyclone.
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4.2 Typhoons Mangkhut, Trami and Kong-Rey in September-October 2018

In Fig. 4b, the “best track™ data of West Pacific typhoons Mangkhut, Trami and Kong-Rey. Super Typhoon Mangkhut had a
long lifespan and attained high intensity becoming the most impactful typhoon in 2018 (Huang et al., 2020; Lo et al., 2020).
The operational track forecasts showed a great uncertainty, and the forecast landing points varied with different lead times
(Huang et al., 2020). Typhon Mangkhut rapidly intensified following the impact of HSS/CIR that triggered a weak
geomagnetic storm on September 10. It maintained very high intensity (category 5) for at least 3 days as the Earth was
impacted by another strong HSS. It lost some of its power after landing on the northern tip of Philippines but still caused an
extraordinary rain event in the Yangtze River Delta region on 16 September (Yu et al., 2020).

Typhoon Trami grew from a tropical storm that rapidly intensified into a typhoon on September 22 following the arrival of
HSS/CIR that triggered weak geomagnetic storm. It then briefly reached intensity of a super typhoon category 5 on
September 24.

Another super typhoon developed from a tropical depression upgraded to tropical storm on September 28 that intensified to
typhoon Kong-Rey following the arrival of a moderate HSS/CIR on September 29. On October 1, Kong-Rey rapidly
intensified into a super typhoon with the arrival of a second HSS/CIR.

4.3 Hurricanes Fiona and Ian in September 2022

Fig. 4c shows the “best track™ data of the North Atlantic hurricanes Fiona, Ian and Julia. All three hurricanes intensified
following HSS/CIR arrivals.

Tropical storm Fiona formed and intensified following the impact of a strong CIR on September 14-15 at the leading edge of
an initially relatively slow HSS. With the arrival of a much faster and structured HSS on September 18 Fiona rapidly
intensified into a hurricane that continued to intensify as it was passing over the Caribbean Islands. It interacted with a cold
front on September 24 and transitioned into an intense extratropical cyclone.

The first RI > 30 kt/24 h of hurricane Ian coincided with a major HSS/CIR that triggered a weak geomagnetic storm on
September 26-27. After the second RI it landed in Florida and later transitioned into an extratropical cyclone affecting the
eastern U.S. and Canada. Tropical storm Julia formed and intensified into a hurricane following a moderate HSS/CIR on

October 7.

5 Convective bursts and tropical cyclone rapid intensification

The role of deep convective processes, including vortical hot towers, contributing to tropical cyclone formation and
intensification has been recognized (Hendricks et al., 2004; Sanders and Montgomery, 2004; Montgomery et al., 2006;
Hendricks, 2012; Callaghan, 2024). Convective bursts (CBs) preceding, or coinciding with, the onset of RI of TCs have been
observed and are considered important in the development of TCs (Steranka et al., 1986; Rodgers et al. 1998, 2000; Price et
al. 2009; Guimond et al. 2010; Chen and Zhang, 2013). Fig. 5 shows the GOES-16 infrared (IR) images extracted from

9
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SLIDER by RAMMB/CIRA @ CSU (https://rammb-slider.cira.colostate.edu/) during intensifications of hurricanes Fiona

and Ian that displayed CBs in September 2022. Hurricane Fiona showed a series of CBs, particularly when it intensified on
September 18 as it was passing over the Caribbean Islands (Figs, 5a, b). The IR images (Figs. 5c, d) of hurricane Ian also
displayed a series of CBs, while it was intensifying on September 26 and 28.

Fiona 2022-09-18 00 9-18 23:59:24 UTC
© T i

lan 2022-09-26 08:59:25 UT an 2022-09-28 09:02:55 U
Figure 5: The GOES-16 IR images (Band 13: 10.4 um) of hurricane (a, b) Fiona and (¢, d) Ian extracted from SLIDER by
RAMMB/CIRA @ CSU animations.

In the context of solar wind, Prikryl et al. (2019) considered cases of TCs that displayed CBs and used SPE analysis of solar
wind parameters keyed to intensifications of TCs with CB episodes to show a tendency that Rls of these storms followed
arrivals of HSS/ CIRs or ICMEs (see, their Figure 19). Using an extended list of TCs with CBs from 1995 to 2022, the SPE
analysis further confirms those results. Fig. 6 shows a clear pattern of the mean solar wind parameters that is consistent with
Figs. 1-3, indicating that RIs of many of these storms followed, or coincided with, arrivals of HSS/ CIRs or ICMEs. This is
supported by histograms of the occurrence distributions of major HSSs/CIRs and ICMEs that peak just before the key time

(Fig. 6¢). Similar results for hurricanes and typhoons separately can be viewed in the Supplement Figure S3.
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Figure 6: The SPE analysis of (a) green corona intensity, (b) solar wind plasma parameters and (c) SLP and RI keyed to the
maximum intensification (RI = 20+ kt) of tropical cyclones with convective bursts (CBs). The histograms of occurrence

distributions of major HSSs/CIRs (light blue) and ICMEs (orange) are shown.

Callaghan (2017) investigated cases of TCs, in which asymmetric inner core convection led to intensification. In the case of
hurricane Hermine (2016) the storm rapidly transformed from a storm with a band of convection along its eastern side to a
circular hurricane in around nine hours (Callaghan, 2017; their Section 6). Hurricane Hermine formed and intensified
following arrivals of HSS/CIRs on August 30 and September 1 from two coronal holes (Fig. 7a). The intensification started
with deep convection developing on the eastern side of the hurricane where the IR images showed cold cloud tops and “there
was no strong indication of intensification at that time” (Callaghan, 2017; their Figure 20). This is further discussed in the
next section.

Numerous studies by Callaghan (2024; and references therein) of strong asymmetric convection leading to rapid
intensification of tropical cyclones investigated the role of a certain wind structures producing the vortical hot towers. “We
have shown how winds turning anticyclonic from the 850 hPa level up to the 500 hPa level are associated with tropical

11



240

245

https://doi.org/10.5194/egusphere-2026-2327
Preprint. Discussion started: 1 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

cyclone intensification” (Callaghan, 2024). The author called this wind structure Warm Air Advection (WAA) and listed
their published studies, which include hurricanes, typhoons and southern hemisphere cyclones. We use this list of TCs in the
SPE analysis of solar wind parameters keyed to the first maximum of RI of 20+ kt/24 h (Fig. 8). This result is very similar to
cases of TCs with CBs (Fig. 6) and indicates that the WAA cases of TCs tend to intensify following HSS/CIRs.

(a) : .TC. M‘SWI (k’t} & RI (.ki’.,24h}.

50
100
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Figure 7: (a) The hourly OMNI solar wind data of V' (green), B (red), n, (broken light blue) and op. (dotted purple) are
shown with the left y-axis scale factors printed. The geomagnetic storm index Dst is shown (orange line). Red asterisks on
the time axis indicate CIRs. At the top, the “best track™ data of hurricane Hermine. (b) The GOES-13 infrared image in
September 2016 (https://www.ncde.noaa.gov/gibbs/).
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Figure 8: The same as Fig. 6 but for TCs that were identified as WAA events by Callaghan (2024).
250
Price et al. (2009) suggested that increased lightning activity in tropical cyclones are related to enhanced convection, which
in turn leads to the intensification of TCs. They investigated the evolution of maximum winds and total lightning frequency
during the lifetime of 56 TCs around the globe from 2005 to 2007 and found that in all cases, “lightning frequency and
maximum sustained winds are significantly correlated (mean correlation coefficient of 0.82), where the maximum sustained
255 winds and minimum pressures in hurricanes (sic) are preceded by increases in lightning activity approximately one day
before the peak winds” (Price et al., 2009). We used these cases of TCs that included hurricanes, typhoons and cyclones in
the SPE analysis of solar wind parameters keyed to the first maximum of RI of 30+ kt/24 h. The results that can be viewed in
the Supplement Figure S4 reveal similar patterns discussed in Figs. 6 and 8 thus further supporting the conclusions that RIs

of TCs with CB episodes show a tendency to follow arrivals of HSS/CIRs.
260
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6 Assessment of CSI and slantwise convection in tropical cyclones

Prikryl et al. (2009b) and Prikryl (2024) suggested that down-going aurorally generated AGWs that can over-reflect in the
warm frontal zone of extratropical cyclones contribute to CSI release, resulting in slantwise convection, series of cloud/rain
bands and intensification of the storm.

In tropical cyclones, Méller and Shapiro (2002) and Bui et al. (2009) found small regions of symmetric instability in the
mature tropical cyclone outflow layer. Molinari et al. (2012) calculated convective available potential energy (CAPE) and
the vertical distribution of buoyancy using many dropsonde soundings collected by an aircraft. Although “upright buoyancy
is less than slantwise buoyancy owing to upper-tropospheric warming in the storm core”, slantwise convection could not be
calculated in their study (Molinari et al., 2012). In a similar dropsonde study of a major hurricane Ivan (2004) conditions for
both dry and moist symmetric instability were observed over a wider region than inertial instability (Molinari and Vollaro,
2014).

Chen et al. (2018) assessed CSI and slantwise convection in frontal zones of extratropical cyclones using ERA-Interim
reanalysis data. We use this method with the ERAS reanalysis to investigate the presence of CSI and likelihood of slantwise
convection in the cases of tropical cyclones. SCAPE, SCAPE-CAPE residual, and vertically integrated extent of realizable
symmetric instability (VRS) (e.g., Glinton et al., 2017; Chen et al., 2018) are calculated.

For the case of hurricane Hermine discussed in the previous section, Fig. 9a shows high SCAPE, with SCAPE sometimes
exceeding CAPE (SCAPE-CAPE shown in red contours). This indicates convective available potential energy for a
slantwise ascending air parcel from the low levels. Although, unlike the cases of frontal zones of extratropical cyclones
(Chen et al., 2018; Prikryl, 2024), CAPE and SCAPE values are similar in tropical cyclones, both upright and slantwise
buoyancy is possible. Fig. 9b shows 1-h accumulated precipitation, and in Figure 9c, VRS shows the thickness of air layer
(measured in pressure) where conditional symmetric instability (CSI), high relative humidity, and vertical motion coexist
(Chen et al., 2018).

In Fig. 9d, high vertical wind shear combined with strong low-level southerly winds are favorable conditions for over-
reflection of down-going AGWSs encountering opposing wind and vertical wind shears, and may be amplified (Prikryl and
Rusin, 2023; their Section 6). The AGWs could have contributed to the release of CSI leading to the band of convection

along the eastern side of hurricane Hermine.
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Figure 9: (a) SCAPE (shaded), SCAPE-CAPE (red contours; 100, 300, 500 J/kg), (b) 1-h accumulated precipitation
(shaded), (¢) VRS (shaded), precipitation (yellow contours; 0.5, 5.5 mm/h), (d) low-level wind shear (yellow contour; 12, 18
290 m/s/km). In all panels, the wind vectors (m/s) and the geopotential height (black contours at intervals of 50 m) at 950 hPa,

are shown.
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Figure 10: The same as Fig. 9 but for hurricane Patricia.

295
Similar argument can be made in the case of hurricane Patricia (one of the WAA cases; Callaghan, 2017) during the time of
the major RI. Hurricane Patricia reached the maximum intensity at 1200 UT on October 23 (Fig. 4a). In Fig. 10, the ERAS
reanalysis at 1000 UT shows high SCAPE, VRS, as well as low-level vertical wind shear and low-level southerly winds
along the eastern side of the hurricane Patricia. Similar results for typhoon Mangkhut and hurricane Ian can be viewed in the

300 Supplement Figure S5.
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In summary, the evaluation of SCAPE, SCAPE-CAPE residuals, and vertically integrated extent of realizable symmetric
instability along with low-level wind and vertical wind shears in cases of tropical cyclones support the proposed mechanism
that over-reflecting aurorally generated gravity waves could contribute to the release of CSI leading to slantwise convection

and intensification of TCs.
7 AGWs generated in the lower thermosphere at high latitudes

As suggested by Prikryl et al. (2009b) and further discussed by Prikryl et al. (2025; and references therein), solar wind
coupling to magnetosphere-ionosphere-atmosphere modulates ionospheric currents at high latitudes, which are a source of
AGWs that propagate globally from auroral sources in the lower thermosphere both upward and downward. They can reach
the troposphere with attenuated amplitudes and contribute to CSI release (Prikryl, 2024).

Prikryl et al. (2019) suggested that the aurorally generated AGWs that are ducted in the lower atmosphere to low latitudes
(Mayr at al., 2013) can play a role in triggering convective bursts in tropical cyclones. Using a ray tracing method in a model
atmosphere (Prikryl et al., 2005) in cases of tropical cyclones, Prikryl et al. (2019) showed that AGWs from high-latitude
sources at altitudes of ~110km ducted to low latitudes can reach troposphere. These AGWs, subject to amplification upon
over-reflection, could interact with the tropical cyclone vortex when encountering strong wind in the vortex and contribute to

CSI release as discussed in Section 6.
7.1 Ray tracing of AGWs prior to intensification of hurricane Ian in September 2022

In the case of hurricane lan, we consider a possible source of AGWSs launched by quasiperiodic intensifications of
ionospheric currents observed by a magnetometer in Qaanaaq (Thule), Greenland. Figure 11 shows time series of the X
component of ground magnetic field perturbations and the normalized FFT power spectrum of the detrended time series
indicating a peak at a period of ~40 min. Similar to cases of raytracing of AGWs using the MSIS90 model atmosphere
discussed by Prikryl et al. (2018; their Figure 15), Fig. 12 shows possible group paths of AGWs with a period of 40 min
from a source at 110 km altitude including a ducted wave in the lower atmosphere reaching the troposphere beyond 4000 km
in about 5.4 hours. Hypothetically, such AGWs could have contributed to the release of CIS and slantwise convection in the

case of hurricane Ian as discussed in Section 6.
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8 Mediterranean tropical-like cyclones

Emanuel (2005) who introduced the term “Mediterranean hurricane” that has since been abbreviated to “medicane”, a
Mediterranean Tropical-Like Cyclones (TLCs), showed that “standard baroclinic processes need not be called on to explain
the final development, though they are probably necessary in the early stages” of TLC development. Most recently, Miglietta
et al. (2025) proposed a definition of a medicane: “A medicane is a mesoscale cyclone that develops over the Mediterranean
Sea and displays tropical-like cyclone characteristics: a warm core extending into the upper troposphere, an eye-like feature
in its center with spiral cloud bands around, an almost windless center surrounded by nearly-symmetric sea surface wind
circulation with maximum wind speed within a few tens of km from the center.”

Davis and Bosart (2003) investigated baroclinically induced tropical cyclogenesis in the transition of subtropical cyclones
into late season tropical storms and hurricanes during the 2000 and 2001 Atlantic tropical cyclone seasons. All transitioning
cases initially started with the wind shear near, or more than, the upper limit of vertical shear deemed suitable for tropical
cyclogenesis. In all cases, the shear eventually decreased during, or just prior to, the transition to tropical storms. Medicanes
can also have a well-defined baroclinic precursor or remnant baroclinic structure. As Mazza et al. (2017) pointed out: “There
is increasing evidence that the genesis of several medicanes or tropical-like cyclones in the Mediterranean basin can be
interpreted as the result of the tropical transition of originally baroclinic cyclones (McTaggart-Cowan et al. 2010a,b;
Chaboureau et al. 2012; Cioni et al. 2016)”.

In Sections 3-5 we used the SPE analysis of solar wind variables to show that rapid intensification of tropical cyclones tends
to follow arrivals of HSS/CIRs from coronal holes and/or impacts of ICMEs. We now use the SPE method in cases of
medicanes compiled from published sources (Section 2). Figure 13 shows the SPE analysis of green corona intensity and the
solar wind variables keyed to start dates of medicane storms. The mean green corona intensity depletions in Figure 13a are
due to superposed coronal holes. Solar wind HSSs originating from these coronal holes are then superposed in Figure 13b
that shows the mean solar wind velocity increasing from a minimum to a maximum after the key time. The mean solar wind
density, the magnetic field and the standard deviation op. all peak just before the key time, which is mostly due to
superposition of CIRs at the leading edge of HSSs from coronal holes. This pattern suggests that medicanes tend to develop

following arrivals of HSSs.
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Fig. 13. The SPE analysis of (a) green corona intensity and (b) solar wind plasma parameters keyed to starting dates of

medicane storm events.

To show this another way, Fig. 14a shows the SPE analysis of solar wind variables keyed to arrivals of HSS/CIRs that were
associated with medicane storms. The results support the conclusion that most medicanes developed following arrivals of
HSS/CIRs. The bottom panel shows the histograms of the number of such storms. On the other hand, eight medicanes
developed following impacts of ICMEs, as shown in Fig. 14b. Start dates of few medicane storms were associated with high-
density plasma ahead of HCSs that typically closely precede HSS/CIRs. The rest of medicanes from the list used in Fig. 13

could not be associated with any specific solar wind disturbances, mostly because of data gaps.

19



375

380

385

390

395

https://doi.org/10.5194/egusphere-2026-2327
Preprint. Discussion started: 1 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

oo © SOLAR WIND 1969-2023 co. O SOLAR WIND f969—2023
©S, - o Rl . ©Q = 4 S RS SRS
nNN 1 (O) : V n:63 |nNN :
gEz® | I R
282 Z5e
o 1 o
En>|:-E ] §£>°ﬁ
AN ES 1 gl
e 1 \|B o
A \ '
g AN
=SE, | M ™ e E,
B e Peifin o ol B ol R Ry e HoPe [ b = v
vgm_ L e L —r ﬂ'gm.- e b S .
-6-5-4-3-2-10 1 2 3 4 5 6 =6=5=-4-3-2-101 2 3 4 5 6
DAYS FROM HSS/CIR DAYS FROM ICME
) MEQICANES ‘1969—292f§ ‘ MEDICANES 1969-2023
_- ‘ n=63 - n=8

0 ] F 0 1

E 20; B storms E £y B sterms

o 1 o

w151 w15

b ] s

g 10': E 101

E ] E :

z 5 Z 51 1 r
0] L 'FEE—— PR
-6-5-4-3-2-10 1 2 3 4 5 6 -6-5-4-3-2-10 1 2 3 4 5 6

DAYS FROM HSS/CIR DAYS FROM ICME

Fig. 14. The SPE analysis of solar wind plasma parameters keyed to (a) arrivals of HSS/CIRs and (b) impacts of ICMEs that

were associated with starting dates of medicane storm events shown in the histograms in the bottom panels.

8.1 Cases of tropical-like cyclones in the context of solar wind

For cases of medicanes discussed in this section, Fig. 15 shows the hourly OMNI solar wind data (V, |B|, n,, and o3.) along
with the geomagnetic storm index Dsz. The red asterisks on the time axis indicate arrivals of HSS/CIRs. The minimum sea
level pressure (MSLP) and the maximum wind speed at altitude of 10 m in the area +5° latitude/longitude from the center of
the storm are derived from the ERAS reanalysis dataset are shown at the top of each panel. The Meteosat IR images of
subtropical cyclones that developed into TLCs are shown at the bottom of Fig 15.

Reale and Atlas (2001) analyzed two anomalous Mediterranean cyclones that transitioned into TLCs between 3 and 10
October 1996. Both Samir (4—6 October) and Cornelia (7-9 October) developed following HSS/CIR arrivals (Figure 15a)
from precursors baroclinic waves that crossed the Alps.

Pytharoulis (2018) studied an intense Mediterranean tropical-like cyclone Qendresa (7-9 November 2014), which formed
south of Sicily from a low-pressure system that emerged from northern Libya on November 6, interacting with the front and
transitioned into a TLC following arrival of a moderate HSS/CIR (Fig. 15b).

Medicane Lucia (13-14 April 2012) developed from a subtropical cyclone moving in the Mediterranean Sea from Atlantic
while transitioning into tropical-like cyclone. The subtropical cyclone intensified as it developed a series of convective bands
in the warm frontal zone following arrival of a strong HSS/CIR (above) that triggered a geomagnetic storm on April 12. This

was very similar to cases of extratropical cyclones discussed by Prikryl (2024; their Figures 3 and 4).
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In the next subsection, we use the ERAS reanalysis to assess the presence of CSI and likelihood of slantwise convection in

the transition of medicanes from their baroclinic precursors.
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Figure 15. In the bottom half of each panel, the 1-hour OMNI solar wind data of ¥ (green), B (red), n, (broken light blue)
and op. (dotted purple) are shown with the left y-axis scale factors printed. The geomagnetic storm index Dst is shown
(orange line). Red asterisks on the time axis indicate arrivals of HSS/CIRs. In the top half of each panel, the ERAS derived
minimum MSLP and the maximum wind speed at 10 m in the area +5° latitude/longitude from the center of the storm (a)
405 Samir and Cornelia, (b) Qendresa, and (¢) Lucia. The Meteosat IR images of subtropical cyclones that developed into TLCs

are shown at the bottom.
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8.2 Assessment of CSI and slantwise convection in the baroclinic precursors of medicanes

The Mediterranean subtropical cyclones that are baroclinic precursors of medicanes are subject to development similar to
extratropical cyclones leading to their intensification and potential transition to tropical-like cyclones. Using ERAS
reanalysis (Prikryl, 2024) the presence of CSI and likelihood of slantwise convection can be assessed in the cases of tropical-
like cyclones that transitioned from intensifying subtropical cyclones. For storms Samir, Cornelia, Qendresa, and Lucia
before their transition to TCLs, Fig. 16a shows high SCAPE, with SCAPE exceeding CAPE (SCAPE-CAPE shown in red
contours) in the frontal zones of their baroclinic precursors. This indicates convective available potential energy for a
slantwise ascending air parcel from the low levels. Fig. 16b shows 1-h accumulated precipitation with red contours showing
the fractional SCAPE residual f; = (SCAPE-CAPE)/SCAPE. A closer-to-one f; indicates the relative dominance of slantwise
over upright convection. In Fig. 16¢c, VRS shows the thickness of air layer (measured in pressure) where conditional
symmetric instability (CSI), high relative humidity, and vertical motion coexist (Chen et al., 2018). In Fig. 16d, vertical wind
shear combined with low-level southerly winds are the conditions conducive to over-reflection of down-going AGWs
encountering opposing wind and vertical wind shears (Prikryl and Rusin, 2023; 2025) that can potentially contribute to CSI
release, slantwise convection, cloud bands and high-rate precipitation.

It is found that the highest values of SCAPE, fs and VRS are associated with noteworthy features of the intensifying
cyclones. In the case of Qendresa, a baroclinic leaf, a comma head and the cloud hook

(https://user.eumetsat.int/resources/case-studies/mediterranean-cyclones-medicanes-2007-202 1#1D-Qendresa-7-8-Nov).  As

it extends in length with time, the baroclinic leaf is structured by a series of rain bands, series of convection cells, resulting in
“back building” mesoscale convective lines (Bluestein and Jain, 1985). This is in the region where CSI exists, and the
slantwise convection can be initiated by incoming equatorward propagating AGWs even though their amplitudes are
significantly attenuated. In the case Lucia, a striated delta cloud (Fig. 15c¢) is co-located with low-level southerly winds and
wind shears evaluated between 900 and 1000hPa levels (Fig. 16d) - the conditions favourable for over-reflection of
equatorward propagating down-going AGWs. It has been shown that such features, including comma heads and striated delta
clouds, which often characterize rapidly intensifying extratropical cyclones, tend to occur following arrivals HSS/CIRs when
large amplitude of AGWs are generated at high latitudes ((Prikryl and Rusin, 2023).

Other cases of medicanes Rolf, Ruven (also known as Cleopatra), Isabela, and Trudy and their baroclinic precursors in the

context of solar wind are shown in the Supplement Figures S6 and S7.
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Figure 16. (a) SCAPE (shaded), SCAPE-CAPE (red contours; 100, 300, 500 J/kg), (b) 1-h accumulated precipitation
(shaded) and f; (red contours; thin for 0.5 and thick for 0.8), (¢) VRS (shaded), precipitation (yellow contours; 0.5, 5.5
mm/h), (d) low-level wind shear (yellow contour; 12, 18 m/s/km). In all panels, the wind vectors (m/s) and the geopotential

height (black contours at intervals of 50 m) at 950 hPa are shown.

9 Summary and Conclusions

Using the superposed epoch analysis method, it is found that rapid intensification of a large percentage of tropical cyclones
follow arrivals of solar wind high-speed streams from coronal holes and impacts of interplanetary coronal mass ejections.
Similarly, the superposed epoch analysis of solar wind variables keyed to start dates of medicane storms indicates that
Mediterranean tropical-like cyclones tend to develop from their baroclinic precursors following arrivals of HSSs or ICMEs.
It is suggested that aurorally generated atmospheric gravity waves can contribute to the development of tropical cyclones and
Mediterranean tropical-like cyclones. While these gravity waves reach the troposphere with attenuated amplitudes, they can
contribute to the release of conditional symmetric instability. We use the ERAS meteorological re-analysis to evaluate
slantwise convective available potential energy (SCAPE) and show cases of tropical cyclones and Mediterranean tropical-
like cyclones displaying high values of SCAPE, SCAPE-CAPE residuals, and vertically integrated extent of realizable
symmetric instability that can be released by over-reflecting aurorally generated gravity waves encountering low-level

opposing wind and vertical wind shears leading to slantwise convection and intensification of the storms.

Data availability

The revised HURDAT?2 database (http://www.nhc.noaa.gov/data/) of “best tracks™ of tropical and subtropical cyclones for
the Atlantic and East Pacific basins is provided by the National Hurricane Center (NHC). The U.S. government website Joint
Typhoon Warning Center (JTWC) is hosted by several agencies including National Oceanic and Atmospheric
Administration (NOAA) and National Weather Service (NWS). The products and services include the Tropical Cyclone Best
Track Data http://www.metoc.navy.mil/jtwc/jtwe.html?best-tracks that cover Southern Hemisphere, Northern Indian Ocean
and Western North Pacific Ocean. The ERAS reanalysis dataset is available at https://doi.org/10.24381/cds.bd0915c6
(Hersbach et al., 2020, 2023). The National Space Science Data Center (NSSDC) OMNIWeb at
http://omniweb.gsfc.nasa.gov provides the solar wind data (King and Papitashvili, 2005). The Modified Homogeneous Data
Set of Coronal Intensities (Dorotovi¢ et al., 2014) is accessible at https://www.kozmos-online.sk/slnko/modifikovany-

homogenny-rad-modified-homogeneous-data-set/ (KOZMOS, 2025).
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The supplement related to this article will be available online.
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