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Analysis	and	Discussion	

The	 Mediterranean	 is	 a	 unique	 meteorological	 environment	 and	 a	 weather	 forecas(ng	
challenge,	and	is	recognized	as	one	of	the	major	climate	hot-spots	in	the	world.	Because	of	the	
complex	 orography	 of	 the	 Mediterranean	 coastal	 regions	 and	 of	 the	 need	 to	 improve	 the	
monitoring	 and	 forecas(ng	 of	 severe	 weather	 in	 terms	 of	 (me,	 loca(on,	 and	 strength	
(Panegrossi	et	al.	2016),	conven(onal	ground-based	 instruments	 (e.g.,	 raingauges	and	weather	
radar	networks)	are	oPen	inadequate	to	provide	observa(onal	details	of	severe	weather	on	the	
whole	region.	For	these	reasons,	 the	use	of	satellite	measurements	 is	a	unique	opportunity	to	
study	severe	events	over	the	sea	and	large	part	of	the	coastal	regions.		
	
	
	
	
	
	

In	 this	 study	 the	 GPM-CO	 observa(ons	 of	 a	 violent	 hailstorm,	 that	 developed	 over	 the	
Tyrrhenian	Sea	and	hit	the	Gulf	and	the	city	of	Naples	in	Italy	on	5	September	2015	(hereinaPer	
referred	to	as	the	Naples	hailstorm)	are	thoroughly	analysed	and	discussed,	in	conjunc(on	with	
other	satellite	and	ground-based	measurements.	We	illustrate	the	unprecedented	capabili(es	of	
the	 GPM-CO	 satellite	 for	 characterizing	 the	 structure	 of	 this	 excep(onally	 severe	 storm.	 	We	
show	 that	 the	 combined	 use	 of	measurements	 from	GMI	 and	 DPR	with	 those	 available	 from	
other	 sensors	 provides	 observa(onal	 evidence	 of	 extremely	 rare	 features	 of	 the	 Naples	
hailstorm,	while	demonstra(ng	the	poten(al	of	GPM-CO	to	enhance	the	understanding	of	these	
severe	convec(ve	systems	by	providing	unique	spaceborne	measurements	of	the	3-D	structure	
of	precipita(on.		

MSG,	lightning,	and	ground-radar		
MSG	SEVIRI	IR	and	VIS	images;	
LINET	lightning	ground-based	network	data;	
Ground-based	C-band	polarimetric	radar	at	Monte	il	Monte	(41.94°N,	14.62°E,	710m	ASL),	
130	km	away	from	the	storm.	

GPM	constella6on:	GPM-CO	and	MHS		
GPM-CO	(GMI	and	DPR)	overpass	at	8:47	UTC;	
MetOp-A	and	MetOp-B	(AMSU/MHS)	overpasses	(8:34	UTC	and	9:28	UTC	respec(vely);	

The	purpose	of	this	work	is	to	show	that	the	use	of	advanced	
cross	 cueng	 observa(onal	 tools,	 combining	 data	 from	
different	 plagorms,	 is	 essen(al	 for	 the	 characteriza(on	 of	
such	 severe	 and	 rapidly	 evolving	 convec(ve	 systems,	which	
periodically	 devastate	 the	 Mediterranean	 coastal	 regions,	
and	 to	 document	 how	 the	 GPM	 integrates	 the	 established	
observa(onal	 ground-based	 and	 satellite-borne	 tools	 in	
monitoring,	 understanding,	 and	 characterizing	 severe	
weather.	

Figure	1:	Hailstone	bombing	observed	by	a	boat	2	km	off	the	coast,	north	of	Procida	Island	(40.78°N,	14.02°E)	
around	09:00	UTC	 (le]	panel).	Baseball-size	hailstones	 (right	panel).	Photographs	extracted	 from	 the	videos	
available	 at	 h`p://www.youreporter.it/video_Eccezionale_tempesta_di_grandine_nel_golfo_di_Napoli	
(courtesy	of	Rosario	Chiocca)	and	at	h`ps://www.youtube.com/watch?v=yarARzbkjI4.	

Overview	 Goal	 Observa(onal	dataset	

	

	

Summary	and	Conclusions	

Fig.	6:	GMI	orbit	8630	on	5	September	
2015.		
Le]	 panel:	 TB	 in	 the	 166	 GHz	 H-
polarizaCon	channel,	with	the	width	of	
Ku	and	Ka	swaths	superimposed	(green	
and	magenta	lines	respecCvely).		
Right	 panel:	 as	 in	 le]	 panel,	 with	 a	
zoom	 over	 the	 area	 of	 interest.	 	 The	
direcCon	of	storm	cross-secCon	“A”	(for	
Ku	ray	21	–	Ka	ray	9)	and	“B”	(for	Ku	ray	
15	 –	 Ka	 ray	 3)	 are	 also	 shown	 (black	
solid	and	dashed	lines	respecCvely).	

Fig.	 2:	Two	 snapshots	 of	 the	 storm	 at	 07:52	UTC	 (le]	 panel)	 and	 08:47	
UTC	 (right	 panel)	 reported	 by	 using	 the	 “sandwich”	 visualizaCon	
technique	to	enhance	the	cloud	top	topography	and	thermal	structure,	by	
merging	the	HRV	and	IR	informaCon.	The	last	one	is	the	Cme	of	the	GPM-
CO	overpass.	

GMI	TB	or	PCT Ranking TRMM	Area	(no	CONUS)	 Mediterranean	Area CONUS Other	regions 
19	GHz	V 1	 -	 1	(100%)	 - 		 -		
23	GHz 2	 -	 1	(50%)	 1	(50%)	 -	

37	GHz	PCT 4	 -	 1	(25%)	 2	(50%)	 1	(25%)	
89	GHz	PCT 98	 80	(81.63%)	 3	(3.06%)	 12	(12.24%)	 3	(3.06%)	
166	GHz	V 1798	 1740	(96.77%)	 6	(0.33%)	 33	(1.83%)	 19	(1.06%)	
183±3	GHz 1745	 1704	(97.65%)	 4	(0.23%)	 23	(1.32%)	 14	(0.80%)	
183±7	GHz 2219	 2161	(97.39%)	 6	(0.27%)	 32	(1.44%)	 20	(0.90%)	

Temporal	evolu6on	of	the	storm	as	inferred	by	MSG	IR,	lightning	and	ground	radar	observa6ons		 GPM	observa6ons	of	the	hailstorm	mature	stage		

PMW	observa6ons:	GMI	and	MHS		 GMI	and	DPR	

Fig.	 3:	 Strokes	 registered	 by	 LINET	
between	06:12	UTC	and	11:00	UTC	over	
the	 area	 swept	 by	 the	 hailstorm	 (lat.:	
40.5°N÷41.5°N;	 lon.:	 12.5°E÷15.5°E),	
with	 colours	 from	 red	 to	 blue	
represenCng	 the	 strokes	 registered	
within	 each	 hour.	 The	 black	 crosses	
represent	 strokes	 registered	 at	 the	
same	Cme	outside	the	area	of	interest.	

Fig.	 4:	 Temporal	
evoluCon	 of	 LINET	
strokes.		

Top	panel:	FracCon	
of	 each	 type	 of	
strokes	 registered	
e v e r y 	 m i n u t e	
between	06:00	UTC	
and	11:00	UTC	over	
the	 area	 swept	 by	
the	hailstorm.		

Bo`om	 panel:	 rate	
and	 mean	 height	
per	 minute	 of	 IC+	
strokes	only.	

F i g . 	 5 :	
Sequence	 of	
r e fl e c C v i t y	
f a c to r	 maps	
(measured	 at	
1 .5°elevaCon	
angle)	collected	
by	the	Monte	il	
Monte	 radar	
from	08:30	UTC	
to	 10:55	 UTC	
highlighCng	 the	
evo luCon	 o f	
the	hailstorm.	

Figure	7:	TBs	from	GMI	overpass	at	08:47	UTC.	From	le]	to	right,	first	row	10.65	GHz	V/H,	18.7	GHz	V/
H,	second	row	36.5	GHz	V/H,	89.0	GHz	V/H,	third	row	166	GHz	V/H,	183.31+3	GHz,	183.31+7	GHz.	

Figure	8:	TB	difference	between	verCcal	and	
horizontal	polarizaCon	channels	(V-H)	at	166	
GHz	from	GMI	overpass	at	08:47	UTC.	

Figure	9:	TBs	from	MHS	overpasses	at	08:34	UTC	(MetOp-A,	first	row)	and	09:28	UTC	(MetOp-
B,	second	row).	From	le]	to	right,	89	GHz,	157	GHz,	183+1	GHz,	183+3	GHz,	183+7	GHz.	

Figure	 10:	 DPR	 along-track	 secCon	 A	 (le]	 column)	 and	 secCon	 B	 (right	 column)	 of	
measured	reflecCvity	 (Zm)	at	Ku	(first	row),	Ka	(matched	scan,	MS)	 (second	row)	and	of	
DWR	 (third	 row).	 GMI	 TBs	 for	 5	 window	 channels	 (V-Pol)	 and	 183.31	 GHz	 channels,	
corrected	for	parallax	effects,	are	superimposed.	V-H	TB	differences	at	89	GHz	and	166	
GHz	are	shown	over	DWR.	 	On	top	of	each	panel	the	GMI	scan	number	along	the	cross-
secCon	is	indicated.	See	Fig.	8	as	reference	for	the	posiCon	of	secCon	A	and	B.	

Lightning	ac6vity	and	GMI/DPR	observa6ons		

Figure	11:	Map	of	LINET	strokes	(IC	
and	 CG)	 during	 a	 4	 min	 Cme	
interva l	 a round	 08 :47	 UTC	
superimposed	 over	 GMI	 TB	 at	 19	
GHz	V-Pol	(top	panel),	over	DPR	Ku-
band	median	Zm	(bo`om	le]	panel)	
and	 over	 GR	 reflecCvity	 at	 2.5°	
elevaCon	 at	 nominal	 08:45	 UTC	
(bo`om	 right	 panel).	 The	 DPR-Ku	
ray	 21	 (cross-secCon	 A)	 and	 scan	
4941	(cross-secCon	C)	are	shown	in	
pink.	

Figure	12:	DPR	and	GR	cross-secCon	
A	 (le]	 panels)	 and	 C	 (right	 panels)	
with	 LINET	 strokes	 (IC+	 and	 IC-)	
registered	 in	 4	 min	 around	 08:47	
UTC	within	a	circular	area	of	2.5	km	
radius	around	each	radar	pixel.	

Top	panels:	Ku	measured	reflecCvity	
Zm	(dBZ).		

M i dd l e	 p ane l s :	 GR	 C - band	
reflecCvity	Zh	(dBZ).	

Bo`om	 Panels:	 GR	 measured	 C-
band	differenCal	reflecCvity	Zdr	(dB).	

Event	characteriza6on	at	global	scale		

Table	 3:	 Analysis	 of	 PrecipitaCon	 Features	 (PFs)	 found	 in	 26	 months	 of	 global	
observaCons	 (03/2014-04/2016,	 h`p://atmos.tamucc.edu/trmm/data/gpm)	 based	 on	
minimum	TB	and	PCT	values.	Second	column	shows	the	ranking	of	Naples	hailstorm	(for	
each	TB	or	PCT)	with	respect	to	over	15	millions	(15,274,291)	global	PFs.	Third	to	sixth	
column	show	the	geographical	distribuCon	(in	terms	of	number	and	%)	of	the	PFs	with	
TB	 and	 PCT	 minimum	 values	 equal	 	 to	 or	 lower	 than	 those	 found	 for	 the	 Naples		
hailstorm.		

The	mesoscale	storm	under	study	developed	off	shore	and	moved	 inland	 in	 its	mature	phase	dropping	7-10	cm	sized	hailstones	along	 its	path	over	 the	sea	and	over	 land.	 It	 consisted	of	a	
supercell	followed	by	secondary	cells.	The		supercell	structure	is	clearly	revealed	by	the	presence	of	cloud	top	plumes	observed	by	MSG	SEVIRI	(Fig.	2)	and	of	a	strong	hook-echo		in	the	C-band	
polarimetric	ground	radar	(GR)	measurements	(Fig.	5).	MSG	SEVIRI	analysis	shows	cooling	rate	of	the	updra]	top	around	1	K	min-1	at	the	beginning,	reaching	its	maximum	of	4.5	K	min-1	around	
06:07	UTC.	The	peak	updra]	speed	is	esCmated	compaCble	with	8-10	cm	sized	hailstones	at	the	ground.	The	coldest	cloud-top	IR	brightness	temperature	was	197.9	K	at	07:22	UTC.	

A	 total	 of	 20846	 LINET	 strokes	 were	 registered	 in	 two	 hours	 (07:00-09:00	 UTC)	
during	 the	most	 intense	phase	of	 the	storm,	with	a	maximum	stroke	 rate	around	
300	 min-1	 (Fig.	 3).	 The	 Cme	 series	 of	 posiCve	 and	 negaCve	 IC	 and	 CG	 strokes	
provides	 an	 indicaCon	 of	 the	 variable	 electrical	 structure	 of	 the	 storm,	
characterized	 by	 an	 increased	 IC+	 fracCon	 and	 emission	 height	 during	 its	 most	
intense	phases	and	by	the	highest	IC+	stroke	rates	when	very	large	hailstones	were	
reported	at	the	surface	(Fig.4).		

The	available	measurements	from	the	GPM	constellaCon	of	radiometers	(especially	GMI	and	
DPR	onboard	GPM-CO	(Fig.	6),	but	also	by	the	MHS	onboard	MetOp-A	and	MetOp-B	(Fig.	9))	
integrate	 the	 other	 observaCons	 available,	 and	 help	 overcoming	 many	 of	 the	 limitaCons	
suffered	by	ground	based	instruments	and	VIS-IR	sensors	on	geosynchronous	satellites.		
Specifically,	 	GMI	measurements	(Fig.	7)	provide	useful	informaCon	on	the	different	nature	
of	 the	 ice	 hydrometeors	 in	 the	 ouxlow	 region	 (low-density	 ice	 hydrometeors	 such	 as	
snowflakes	and	aggregates)	and	 in	 the	convecCve	core	 (graupel	or	hail),	while	delineaCng	
well	the	structure	of	the	storm	because	of	their	higher	spaCal	resoluCon	with	respect	to	the	
other	PMW	radiometers	of	the	GPM	constellaCon	(Fig.	9)	.		
	
	
	
	

In	parCcular,	the	fact	that	the	convecCve	core	of	the	storm	shows	a	deep	GMI	TB	depression	
at	 19	 GHz	 and	 that	 the	minimum	 TBs	 at	 166	 GHz	 are	 20	 K	 higher	 than	 at	 89	 GHz	 is	 an	
indicaCon	of	the	presence	of	large,	high-density	ice	parCcles	at	different	levels	of	the	updra]	
region.		
Finally,	the	newly	available	166	GHz	polarizaCon	differences	(Fig.	8)	show	pa`erns	indicaCng	
a	complex	physical	 structure	and	different	hydrometeor	characterisCcs	 in	 the	upper	cloud	
layers:	 randomly	oriented/tumbling	 ice	parCcles	brought	to	the	upper	 levels	by	the	strong	
updra]	in	the	convecCve	core,	and	non-spherical	ice	crystals	with	preferenCal	orientaCon	in	
the	convecCve	ouxlow	region	(likely	horizontally	oriented	oblate	ice	parCcles).	
DPR	measurements	(Fig.	10)	provide	further	support	to	the	GMI	analyses	and	findings,	while	
highlighCng	 the	 slanted	 structure	 of	 the	 main	 updra]	 and	 its	 verCcal	 structure,	 and	
measuring	 the	 overshooCng	 top	 height	 at	 16.25	 km	 a.s.l.,	 with	 the	 presence	 of	 large	 ice	
parCcles	in	highest	cloud	layers	(i.e.	Z	≥	45	dBZ	at	14	km	a.s.l.).	

GPM	measurements	are	useful	to	classify	the	severity	of	the	Naples	storm	at	global	scale.		The	storm	was	excepConally	intense	since	it	was	characterized	by	the	deepest	19V	GHz	TB	depression	
(158	K)	over	a	26-months	period	of	GMI	global	observaCon,	and	since	 it	shared	extremely	 low	TBs	(and	PCTs)	records	at	23	and	37	GHz	with	only	two	storms	 in	the	CONUS,	and	also	with	
tropical	storms	at	higher	frequencies.	MetOp-A	and	MetOp-B	MHS	measurements	confirm	these	findings	because	of	the	extremely	low	TBs	(Table	2)	as	compared	to	a	12-year	MHS	hailstorm	
climatology	over	the	U.S.	(Ferraro	et	al.,	2015),	which	are	compaCble	with	hailstone	size	larger	than	7.5	cm.	

Most	 of	 the	 LINET	 strokes	 registered	 around	 the	 Cme	 of	 the	 GPM-CO	 overpass	 are	
concentrated	 within	 the	 main	 cell.	 The	 area	 of	 minimum	 TB	 at	 19	 GHz	 (V-polarizaCon),	
idenCfying	the	presence	of	large	hailstones	or	graupel,	is	in	proximity	of	the	region	of	lightning	
acCvity.	 This	 happens	 also	when	we	 look	 at	 the	 Ku-band	 radar	 reflecCvity	 and	 ground	 radar	
reflecCvity,	 where	 lightning	 acCvity	 is	 mostly	 located	 over	 the	 area	 of	 maximum	 radar	
reflecCvity	(Fig.	11).		
The	 verCcal	 distribuCon	 of	 IC	 lightning	 according	 to	 verCcal	 DPR	 reflecCvity	 Zm	and	 ground-
radar	reflecCvity	Zh	and	differenCal	reflecCvity	Zdr	(Fig.	12)	reveals	that	the	complex	mulC-polar	
electrical	structure	of	the	storm	was	connected	to	the	presence	of	a	very	strong	updra]	(with	
more	 IC+	 at	 higher	 levels	 than	 IC-,	 while	 in	 other	 regions	 of	 the	 storm	 the	 IC	 polarity	
distribuCon	changes).	The	verCcal	cross-secCons	of	the	ground	radar	Zh,	with	values	around	60	

dBZ	up	to	12-14	km,	along	the	same	direcCons	of	DPR	show	a	really	good	agreement	with	Zm,	
apart	from	the	underesCmaCon	of	the	storm	height	and	extension	along	the	range	direcCon	in	
the	ground	radar	observaCons.	The	analysis	of	Zdr	verCcal	cross-secCons	 indicate	that	the	 IC+	
are	mostly	 located	over	regions	of	 increased	Zdr	alo],	associated	to	the	updra],	while	 IC-	are	
mostly	located	in	regions	of	high	Zh	found	at	the	lower	levels,	and	associated	to	precipitaCon.		
	
	
	
	
	

In	this	study	GMI	and	DPR	measurements	of	an	excepConally	severe	hailstorm	occurred	in	central	Mediterranean	on	5	September,	2015,	taken	when	the	main	convecCve	core	was	approaching	the	coast	of	Naples,	are	used	in	
parallel	with	MSG	SEVIRI	IR	observaCons,	LINET	strokes	data,	and	ground-based	C-band	radar	polarimetric	measurements.			
Unique	spaceborne	measurements	available	from	GPM-CO	provide	observaConal	evidence	of	extremely	rare	features	of	the	Naples	hailstorm,	and,	in	combinaCon	with	more	established	observaConal	data,	contribute	towards	our	
understanding	of	such	severe	and	rapidly	evolving	convecCve	systems.		
In	this	regard,	it	is	worth	noCng	that	operaConal	and	research	Numerical	Weather	PredicCon	(NPW)	models	completely	missed	the	forecast	of	this	storm,	thus	fostering	deeper	research	to	increase	knowledge	of	these	events	which	
o]en	severely	impact	ground	structures	and	human	acCviCes.		The	extremely	rapid	development	over	the	sea	(with	no	orographic	forcing)	of	such	localized	and	intense	convecCve	systems,	together	with	the	fact	that	o]en	the	local	
forcing	is	not	represented	in	the	data	used	as	iniCal	condiCons	in	an	operaConal	seyng,	poses	great	challenges	to	a	correct	simulaCon	of	the	dynamical	and	microphysical	processes	leading	to	their	development.	Nevertheless,	we	
leave	to	future	and	dedicated	studies	the	invesCgaCon	of	the	mechanisms	that	have	lead	to	the	development	and	evoluCon	of	such	excepConal	hailstorm,	as	well	as	the	quanCtaCve	retrieval	of	the	storm	microphysical	structure	
using	 the	GPM-CO	GMI	 and	DPR	measurements	 (accounCng	 for	 a`enuaCon	 correcCon	 and	mulCple	 sca`ering).	 	We	 anCcipate	 that	 to	 this	 end,	 it	will	 be	 necessary	 to	 combine	 cloud-resolving	model	 and	 radiaCve	 transfer	
simulaCons	with	the	observaConal	dataset	that	has	been	analyzed	in	the	present	study.		
Finally,	this	observaConal	study	indicates	that	the	quanCtaCve	exploitaCon	of	the	unprecedented	tools	available	from	GPM	should	be	oriented	not	only	to	the	retrieval	of	precipitaCon	rates,	but	also	to	the	understanding	of	cloud	
structure	and	dynamics	of	extreme	events	which	periodically	devastate	the	Mediterranean	coastal	regions;	moreover,	the	use	of	GPM	data	would	help	assessing	climate	change	signatures	in	the	Mediterranean	area,	where	such	
severe	events	are	becoming	more	and	more	frequent,	while	the	available	observaCon	networks	based	only	on	raingauge	and	weather	radar	are	unlikely	to	provide	measurements	with	the	needed	space	cover,	detail	and	accuracy.	
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Table	 1:	 Minimum	 values	 of	
TBs	and	PolarizaCon	Corrected	
Temperature	 (PCTs)	 for	 the	
GMI	 overpass	 of	 Naples	
hailstorm	 at	 08:47	 UTC.	 The	
corresponding	 instantaneous	
field	of	view	(IFOV)	size	is	also	
indicated.	 TB	 thresholds	 for	
hail	 detecCon	 based	 on	 TMI	
climatology	 are	 70	 K	 at	 85	
GHz,	180	K	at	37	GHz,	or	230	K	
at	19	GHz	(PCTs)	(Cecil,	2009).	

Satellite	
Min	
89	
GHz	

Min	
157	
GHz	

Min	
183±1	
GHz	

Min	
183±3	
GHz	

Min	
183±7	
GHz	

IFOV	
(km2)	

MetOp-A	 121	K	 111	K	 146	K	 123	K	 118	K	 34.4x21.4	

MetOp-B	 151	K	 129	K	 156	K	 137	K	 134	K	 28.9x19.7	
	1 

Table	 2:	 Minimum	 values	 of	 TBs	 for	 the	 MHS	
overpasses	of	Naples	hailstorm	at	08:34	UTC	and	09:28	
UTC.	The	corresponding	IFOV	size	is	also	indicated.		TB	
values	are	well	below	the	mean	TB	thresholds	for	large	
hail	 (7.5	 cm)	occurrence	 found	 for	2000-2011	AMSU/
MHS	U.S.	climatology	(Ferraro	et	al.	2015).		

GMI		channels	 min	TB	value	
(K)	

IFOV	
(km^2)	

19	GHz	V	 158	 11x18	

23	GHz		 138	 9.2x15	

37	GHz	PCT	 100	 8.6x14	

89	GHz	PCT	 68	 4.4x7.2	

166	GHz	H	 86	 4.4x7.2	

166	GHz	V	 87	 4.4x7.2	

183+3	GHz		 94	 4.4x7.2	

183+7	GHz		 92	 4.4x7.2	
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