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Abstract	21	

The	authors	analyze	how	modifications	of	the	convective	scheme	modify	the	initiation	of	tropical	22	

depression	vortices	(TDVs)	and	their	 intensification	 into	stronger,	warm-cored	tropical	cyclone-23	

like	 vortices	 (TCs)	 in	 simulations	 with	 global	 climate	 model	 (GCM).	 The	 model’s	 original	24	

convection	 scheme	 has	 entrainment	 and	 cloud-base	 mass	 flux	 closures	 based	 on	 moisture	25	

convergence.	 Two	 modifications	 are	 considered:	 one	 in	 which	 entrainment	 is	 dependent	 on	26	

relative	 humidity,	 and	 another	 in	 which	 the	 cloud-base	 mass	 flux	 closure	 is	 based	 on	 the	27	

convective	available	potential	energy	(CAPE).		28	

Compared	 to	 reanalysis,	 simulated	 TDVs	 are	 more	 numerous	 and	 intense	 in	 all	 three	 GCM	29	

simulations,	 probably	 due	 to	 excessive	 parameterized	 deep	 convection	 at	 the	 expense	 of	30	

convection	 detraining	 at	 midlevel.	 While	 some	 observed	 TC	 intensification	 processes	 are	 not	31	

represented	 in	 either	 GCM	 or	 reanalysis,	 seasonal	 and	 interannual	 variations	 of	 TDVs	 are	well	32	

simulated.		33	

The	 relative	 humidity-dependent	 entrainment	 increases	 both	 TDV	 initiation	 and	 intensification	34	

relative	 to	 the	 control,	 consistent	 with	 greater	 convective	 activity	 in	 the	 moist	 center	 of	 the	35	

simulated	TDVs	and	also	with	a	moister	low-level	environment.	However,	the	maximum	intensity	36	

reached	by	a	TDV	is	similar	in	the	three	simulations.	The	CAPE	closure	inhibits	the	parameterized	37	

convection	 in	 strong	 TDVs,	 thus	 limiting	 their	 development	 despite	 a	 slight	 increase	 in	 the	38	

resolved	convection.	The	TCs	in	the	GCM	develop	from	TDVs	with	different	dynamical	origins	than	39	

those	observed.	For	instance,	too	many	TDVs	and	TCs	initiate	near	or	over	southern	West	Africa	in	40	

the	 GCM,	 collocated	with	 the	maximum	 in	 easterly	wave	 activity,	 whose	 amplitude	 and	 spatial	41	

extent	are	also	dependent	on	the	convection	scheme	considered.	42	
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1. Introduction	43	

Variations	 in	 the	 large-scale	environment	may	have	 important	 impacts	on	 tropical	 cyclone	 (TC)	44	

activity,	whether	 those	 variations	 occur	 on	 intraseasonal	 (Madden-Julian	Oscillation	or	MJO)	 or	45	

interannual	 (El	 Niño-Southern	 Oscillation	 or	 ENSO)	 time-scales,	 or	 in	 response	 to	 longer-term	46	

global	climate	change.	The	sensitivity	of	TCs	 to	 the	 large-scale	environment	can	now	be	studied	47	

using	 global	 climate	 models	 (GCMs;	 see	 e.g.	 Walsh	 et	 al.	 2015;	 Camargo	 and	 Wing	 2016).	48	

Cyclogenesis	 is	 a	 complex	 process,	 however,	 and	 it	 is	 not	 trivial	 to	 determine	 the	 causes	 of	49	

variations	 in	TC	activity,	 either	 in	nature	or	 in	a	GCM.	Considering	early	vortices'	 initiation	and	50	

intensification	processes	 separately	 can	potentially	 lead	 to	 a	 better	 assessment	 of	 the	 ability	 of	51	

GCMs	 to	 correctly	 reproduce	 the	 origins	 of	 TC	 activity	 and	 its	 sensitivity	 to	 the	 large-scale	52	

environment.	53	

A	tropical	cyclone	may	indeed	form	locally	by	convective	aggregation	processes	(not	necessarily	54	

well	 represented	 in	 a	 GCM)	 or	 can	 be	 triggered	 dynamically	 by	 pre-existing	 disturbances	 or	55	

vortices.	In	the	"vortex	view"	of	TC	genesis	(Davis	et	al.	2008),	the	vortices	are	seen	as	possible	TC	56	

seeds	 that	 can	 be	 initiated	 by	 tropical	 waves	 or	 by	 other	 mechanisms,	 related	 for	 example	 to	57	

orography	 (Mozer	 and	Zehnder	1996)	well	 before	 their	 intensification	 to	TC	 strength.	 If	 a	 high	58	

percentage	of	TCs	in	a	basin	are	initiated	from	these	vortices,	the	physical	source	of	these	vortices	59	

becomes	an	 important	TC	assessment	criterion.	By	using	either	GCM	outputs,	or	meteorological	60	

analysis	 combined	 with	 TC	 observation	 databases,	 it	 is	 possible	 to	 study	 the	 environmental	61	

conditions	during	 the	 formation	of	 vortices	 –	 referred	 to	 here	 as	 “Tropical	Depression	Vortices	62	

(TDVs)”	-	which	can	serve	as	TC	seeds.	For	example,	previous	studies	(Liebmann	at	al.	1994,	Duvel	63	

2015)	have	shown	that	the	MJO’s	modulation	of	TC	frequency	over	the	Indian	Ocean	is	mainly	due	64	
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to	its	modulation	of	the	number	of	TDVs	and	only	marginally	to	its	modulation	of	intensification	65	

processes.	We	 are	 interested	here	 in	 applying	 the	 same	approach	 to	understand	 the	 sources	 of	66	

variability	in	TC	characteristics	simulated	by	different	GCM	formulations.	Over	the	North	Atlantic,	67	

African	 Easterly	 Waves	 (AEWs)	 are	 known	 to	 be	 sources	 of	 cyclogenetic	 TDVs	 near	 the	 West	68	

African	 coast	 (e.g.	 Landsea	1993,	Dunkerton	 et	 al.	 2009)	 and	 can	be	 an	 important	 factor	 in	 the	69	

ability	of	GCMs	to	simulate	TC	activity	(Daloz	et	al.	2012).	These	waves	have	long	been	studied	(i.e.	70	

Carlson	1969,	Burpee	1972,	1975,	Reed	et	al.	1977),	but	GCMs	still	have	difficulty	 in	simulating	71	

AEWs,	 and	 there	 are	 still	 large	 uncertainties	 regarding	 possible	 modifications	 of	 AEWs	 due	 to	72	

global	 climate	 change	 (Martin	 and	 Thorncroft	 2015).	 It	 is	 thus	 likely	 that	 part	 of	 the	73	

misrepresentation	of	TCs	in	a	GCM	over	the	North	Atlantic	can	be	potentially	related	to	the	TDVs	74	

associated	with	AEWs.		75	

With	horizontal	resolutions	in	the	range	of	0.1°	to	1°,	a	GCM	is	able	to	simulate	the	initiation	and	76	

intensification	 of	 TDVs.	 Some	 TDVs	 may	 become	 very	 intense	 for	 part	 of	 their	 path	 and	 have	77	

characteristics	similar	to	observed	tropical	cyclones,	even	if	the	cyclone	mesoscale	structure	is	not	78	

well	 represented.	 It	 is	possible	 to	 track	 the	TDVs	 in	 a	GCM	and	also	 to	 select	only	TDVs	with	a	79	

tropical	cyclone-like	vertical	structure,	as	is	done	by	the	Camargo	and	Zebiak	(2002;	hereinafter	80	

CZO2)	algorithm	that	detects	and	tracks	warm	core	vortices.	Previous	studies	have	analyzed	the	81	

influence	 of	 the	 convection	 scheme	 on	 the	 TC	 characteristics	 in	 GCM	 with	 various	 spatial	82	

resolutions	(e.g.	Vitart	et	al.	2001;	Zhao	et	al.	2012,	Murakami	et	al.	2012b;	Stan	2012;	Kim	et	al.	83	

2012).	In	particular,	Murakami	et	al.	(2012a)	reported	significant	differences	in	TC	characteristics	84	

in	 a	 20km-mesh	 model	 with	 two	 different	 versions	 of	 the	 convection	 scheme	 (an	 Arakawa-85	

Schubert	scheme	and	one	based	on	the	Tiedtke	scheme).	The	greater	TC	intensity	in	the	Tiedtke-86	

based	scheme	was	attributed	mostly	to	its	stronger	inhibition	of	the	convection,	which	increased	87	
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the	grid-scale	resolved	convection	(larger	upward	motion	and	large-scale	condensation)	and	the	88	

associated	moisture	 supply	 at	 low	 levels.	 A	 previous	 study	 by	 Vitart	 et	 al.	 (2001)	 in	 a	 coarser	89	

model	(T42)	also	showed	that	the	inhibition	of	the	convection	enhanced	the	TC	frequency,	but	this	90	

was	attributed	mostly	to	the	effect	of	this	inhibition	on	the	increase	of	the	background	CAPE.	As	91	

noted	 in	 Vitart	 et	 al.	 (2001),	 it	 is	 possible	 that	 larger	 CAPE	 is	 necessary	 to	 produce	 TCs	when	92	

resolution	is	 lower,	to	compensate	for	the	inhibition	of	vertical	motion	by	the	coarse	resolution.	93	

This	 large	 CAPE	 can	 increase	 the	 number	 of	 TCs,	 but	 the	 most	 important	 driver	 for	 the	 TC	94	

intensity	appears	to	be	the	horizontal	resolution.	Kim	et	al.	(2012)	showed	that	in	a	low	resolution	95	

(2°x2.5°)	GCM,	the	TC	frequency	was	reduced	with	a	larger	entrainment,	while	another	factor,	the	96	

rain	 re-evaporation,	 was	 found	 to	 increase	 the	 TC	 frequency.	 This	 ambiguous	 influence	 of	 the	97	

entrainment	 on	 the	 TC	 number	 is	 perhaps	 consistent	 with	 the	 results	 of	 Zhao	 et	 al.	 (2012)	98	

showing	that	the	inhibition	of	the	convection	first	favors	TC	genesis	up	to	certain	point,	but	then	99	

begins	 to	reduce	TC	genesis	when	the	entrainment	 is	 too	strong.	This	was	attributed	to	 the	 fact	100	

that	 the	 resolved	 convection	 at	 first	 enhances	 the	 TC	 activity,	 but	 then	 can	 also	 counteract	 the	101	

formation	of	coherent	vortices	by	favoring	spatial	noisiness	of	the	convection.		102	

Other	 factors	 can	 also	 play	 a	 role	 in	 the	 TC	 frequency	 and	 intensity.	 For	 example,	 Stan	 (2012)	103	

showed	 that	 an	 explicit	 representation	 (the	 so-called	 "super-parameterization")	 of	 cloud	104	

processes	 in	 a	 low-resolution	 T42	 GCM	 increases	 the	 TC	 activity	 compared	 to	 a	 conventional	105	

parameterization,	by	increasing	the	moistening	of	the	 lower	troposphere	(850	to	700hPa).	Reed	106	

and	 Jablownowski	 (2011)	 showed	 that	 the	 growth	 of	 an	 idealized	 vortex	 (early	 stage	 TDV)	107	

depends	 both	 on	 the	 spatial	 resolution	 and,	 surprisingly,	 on	 relatively	 small	 differences	 in	 the	108	

manner	in	which	the	CAPE	(defining	the	closure	of	the	convection	scheme)	is	calculated.	Using	the	109	
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same	 approach,	 He	 and	 Posselt	 (2015)	 showed	 that,	 among	 24	 different	 parameters,	 the	110	

convective	entrainment	rate	has	the	largest	role	in	TC	intensity.		111	

Here	we	use	 the	LMDZ	GCM	of	 the	Laboratoire	de	Météorologie	Dynamique	(LMD)	 to	study	 the	112	

sensitivity	 of	 TDV	 characteristics	 to	 different	 entrainment	 and	 closure	 formulations	 of	 the	113	

convection	scheme.	This	study	uses	the	“zoom”	capability	of	LMDZ	GCM	(the	Z	standing	for	Zoom	114	

capability)	with	 a	 resolution	 of	 about	 0.75°	 over	 a	 large	 region	 of	 the	North	Atlantic	 and	West	115	

Africa.	We	use	 the	Tiedtke	 convection	 scheme	 either	with	 entrainment	 formulation	 and	overall	116	

closure	 both	 based	 on	 moisture	 convergence,	 or	 with	 an	 entrainment	 based	 on	 the	 relative	117	

humidity	of	the	environment,	as	well	as	a	closure	based	on	CAPE.	Each	configuration	is	run	for	10	118	

years	 between	 2000	 and	 2009	with	 prescribed	 observed	 SST.	 Considering	 the	 previous	 results	119	

discussed	 above,	 we	 might	 expect	 a	 larger	 rate	 of	 intensification	 of	 the	 TDVs	 with	 the	 new	120	

entrainment	that	tends	to	inhibit	the	convection	in	dry	environments.	The	aim	is	also	to	analyze	121	

the	 impact	of	 the	 convection	 scheme,	not	only	on	developed	TCs,	 but	 also	on	 the	TDVs	 in	 their	122	

early	stages.	To	this	end,	we	emphasize	the	 influence	of	the	convection	scheme	on	the	 initiation	123	

stage	of	 the	TDVs	and	on	 their	probability	of	 surviving	and	 intensifying	over	 the	ocean	and	 the	124	

African	continent.	The	assessment	of	the	different	GCM	configurations	is	done	by	first	comparing	125	

TDV	 characteristics	 (such	 as	 initiation,	 duration,	 strength)	 to	 those	 extracted	 from	 the	 interim	126	

ECMWF	Re-Analyses	(ERA-Interim	or	ERA-I,	Dee	et	al.	2011).	The	approach	introduced	in	Duvel	127	

(2015)	 is	used	 to	define	TDV	characteristics	at	 the	same	horizontal	 resolution	of	0.75°	 for	both	128	

LMDZ	 and	 ERA-I.	 In	 parallel,	 the	 Camargo	 and	 Zebiak	 (2002)	 (hereinafter	 CZ02)	 tracking	129	

algorithm	is	used	to	assess	more	specifically	the	activity	of	mature	tropical	cyclone-like	storms	in	130	

the	GCM	in	comparison	with	IBTrACS	observations	(Knapp	et	al.	2010).		131	
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Section	2	presents	succinctly	 the	LMDZ	model,	 the	zoom	configuration	and	the	different	closure	132	

and	entrainment	 formulations	of	 the	convection	scheme.	The	two	tracking	algorithms	and	some	133	

metrics	 are	 presented	 in	 section	3.	 The	distributions	 of	 TDV	 and	TC	 characteristics	 (frequency,	134	

duration,	intensity)	are	analyzed	in	section	4.	The	initiation	locations,	the	tracks	and	the	intensity	135	

distributions	are	analyzed	 in	section	5	and	the	seasonal	and	 interannual	variations	 in	section	7.	136	

Potential	 physical	 sources	 of	 the	 differences	 between	 the	 simulations	 are	 analyzed	 in	 section	7	137	

and	section	8	contains	a	summary.	138	

2. Model	simulations	139	

The	simulations	are	performed	using	version	4	of	the	LMDZ	global	climate	model,	as	described	in	140	

Hourdin	 et	 al.	 (2006).	We	 use	 the	 Tiedtke	 (1989)	 bulk	mass	 flux	 scheme	 for	moist	 convection	141	

instead	 of	 the	 Emanuel	 (1991)	 convection	 scheme	 used	 in	 the	 standard	 LMDZ	 v.4	 because	 it	142	

allows	us	more	flexibility	in	modifying	the	closure	(i.e.	the	cloud-base	mass	flux)	and	entrainment	143	

formulation.	We	use	 the	 zoom	capability	 of	 LMDZ	with	 a	 resolution	of	 about	0.75°	over	 a	wide	144	

area	covering	the	North	Atlantic	and	part	of	West	Africa.	The	domain	encompasses	West	Africa,	145	

since	this	region	has	been	shown	to	be	important	for	TC	simulations	(Caron	and	Jones,	2012).	The	146	

model	is	free	to	run	in	a	large	central	part	of	the	zoomed	region,	while	it	is	totally	constrained	to	147	

remain	 close	 to	 the	 ERA-I	 meteorological	 re-analyses	 outside	 of	 this	 region.	 There	 are	148	

intermediate	 relaxation	 times	 in	 the	 buffer	 zone	 around	 the	 zoom	 region	 (Fig.1).	 This	 nudging	149	

ensures	realistic	and	identical	conditions	on	the	lateral	boundaries	of	a	large	region	of	the	North	150	

Atlantic	and	nearby	Africa	 for	all	 simulations	and	 thus	reduces	differences	between	simulations	151	

due	to	different	large-scale	environmental	fields	outside	this	region	of	interest.		152	
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The	guidance	from	ERA-I	is	applied	to	the	wind,	temperature	and	humidity	fields	with	a	specified	153	

relaxation	time.	For	a	field	x,	the	time	evolution	is	thus	given	by:	154	

!𝒙
!"
= !𝒙

!" !"#
+ 𝒙𝒆𝒓𝒂!𝒙

!!
,	 	 Eq.1	155	

where	the	first	right	hand	side	term	is	the	tendency	given	by	the	GCM	and	the	second	right	hand	156	

side	term	is	the	relaxation	toward	its	value	in	ERA-I	(xera)	with	a	relaxation	time	τx.	Based	on	this	157	

principle,	 a	 relaxation	 increment	𝑑𝑢 = −𝛼! 𝑢 − 𝑢!"# 	is	 applied	 every	 5	 dynamical	 time	 steps.	158	

The	relaxation	factor	𝛼!	is	defined	as:	159	

𝛼! = 1− 𝑒!
!∗!"
!! ,	 	 Eq.2	160	

where	τu	 is	 the	relaxation	 time	and	dt=45s	 is	 the	model	 time	step	 for	dynamical	processes.	The	161	

relaxation	time	is	set	to	a	very	large	value	in	the	heart	of	the	zoomed	region	and	is	at	a	minimum	162	

of	30	minutes	outside	the	zoomed	region.	This	leads	to	a	relaxation	factor	near	zero	in	the	zoomed	163	

region	and	around	0.12	outside.	The	 same	process	 is	 applied	 to	 temperature	and	humidity,	but	164	

with	larger	values	of	the	minimum	relaxation	time	(respectively	6	hours	and	3	days)	in	order	to	165	

avoid	model	instabilities	outside	the	zoomed	region.		166	

The	vertical	redistribution	of	water	and	energy	in	the	Tiedtke	convection	scheme	is	based	on	one	167	

single	saturated	updraft	profile	and	one	single	downdraft	profile	extending	from	the	free	sinking	168	

level	to	the	cloud	base.	The	mass	flux	at	the	top	of	the	downdraft	is	a	constant	fraction	(0.3)	of	the	169	

convective	 mass	 flux	 at	 the	 cloud	 base.	 The	 downdraft	 remains	 saturated	 by	 evaporating	170	

precipitation.	The	activation	of	the	moist	convection	scheme	depends	on	the	buoyancy	of	the	lifted	171	

parcel	at	 the	 first	grid	 level	above	 the	condensation	 level.	 In	 its	original	 formulation	(noted	TIE	172	

here),	both	the	closure	(i.e.	 the	value	of	the	mass	flux	at	the	cloud	base)	and	the	entrainment	of	173	
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environmental	 air	 above	 the	 cloud	 base	 depend	 on	 the	 moisture	 divergence	 profile.	 Here,	 the	174	

scheme	 was	 modified	 progressively	 by	 first	 considering	 an	 entrainment	 that	 depends	 on	 the	175	

environmental	 relative	 humidity	 following	 the	 formulation	 described	 in	 Bechtold	 et	 al.	 (2008).	176	

With	 this	 new	 entrainment	 (noted	 ENT),	 the	 entrainment	 rate	 is	 larger	 in	 drier	 environments,	177	

inhibiting	the	convection,	and	smaller	in	humid	environments,	favoring	the	convection.	ENT	thus	178	

increases	 the	 contrast	 between	 dry	 and	 wet	 environment	 and	 the	 variability	 of	 the	179	

convective/precipitation	rate	compared	to	TIE.		An	additional	modification	(noted	CAPENT)	uses	180	

a	 closure	based	on	CAPE,	as	described	 in	Bechtold	et	al.	 (2014),	but	without	accounting	 for	 the	181	

imbalance	 between	 boundary	 layer	 heating	 and	 deep	 convective	 overturning.	 With	 this	 new	182	

closure,	 the	primary	 convective	 strength	 (i.e.	prior	 to	 the	modulation	due	 to	entrainment)	does	183	

not	depend	on	the	low-level	moisture	convergence	(as	for	TIE	and	ENT),	but	on	the	static	stability	184	

of	the	column.		185	

When	active	within	a	TDV	or	TC,	the	convective	scheme	dries	and	warms	the	atmospheric	column	186	

reinforcing	 the	 vortex	 intensity.	 The	 surface	 friction	 under	 the	 vortex	 generates	 a	 low-level	187	

convergence	that	plays	an	ambiguous	role	in	the	original	Tiedtke	scheme	(TIE)	by	increasing	both	188	

entrainment	above	the	cloud	base	(convection	weakening	by	mixing	with	the	drier	environment)	189	

and	the	mass	flux	at	the	cloud	base	(convection	strengthening).	With	the	new	entrainment	(ENT)	190	

the	convection	will	be	at	the	first	order	inhibited	in	dry	vortices	and	favored	in	wet	vortices,	one	191	

may	 thus	 anticipate	 stronger	 convection	 and	 vortex	 intensity	 with	 ENT	 for	 strong	 vortices	192	

(associated	with	 large	 low-level	moisture	 convergence)	with	 nearly	 saturated	 centers	 over	 the	193	

ocean.	 With	 the	 new	 closure	 (CAPENT),	 there	 is	 a	 disconnect	 between	 the	 low-level	 moisture	194	

convergence	 and	 the	 primary	 convective	 intensity.	 This	 disconnect	 is	 far	 from	 total,	 however,	195	

since	 in	 a	 vortex,	 the	 low-level	 convergence	 is	 associated	 with	 upward	 motion	 that	 tends	 to	196	
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increase	 the	 temperature	 gradient	 and	 the	 CAPE.	 After	 strong	 convective	 episodes,	 one	 may	197	

expect	that	smaller	CAPE	tends	to	inhibit	the	convection	for	the	following	time	steps	in	CAPENT.	If	198	

the	 inhibition	 of	 the	 convection	 is	 too	 large,	 the	 center	 of	 the	 vortex	 is	 not	 dried	 out	 and	may	199	

become	saturated.	This	can	lead	to	an	unexpected	resolved	convection	in	the	center	of	the	vortex	200	

with	 excessive	 upward	 motion	 and	 low-level	 moisture	 convergence	 compared	 to	 the	201	

parameterized	convection.		202	

The	three	versions	of	the	convection	scheme	described	above	-	the	original	Tiedtke	scheme	(TIE),	203	

the	modified	entrainment	(ENT)	and	the	modified	entrainment	and	closure	(CAPENT)	-	are	used	204	

for	three	AMIP-type	simulations	with	the	zoomed	grid	and	with	39	vertical	levels	(only	22	levels	205	

bellow	 20km).	 We	 performed	 10-year	 simulations	 between	 2000	 and	 2009	 forced	 with	 ERA-I	206	

fields	and	observed	SST.	It	is	thus	possible	to	study	the	interannual	variability	of	the	TDV	activity	207	

related	to	interannual	variability	of	SST	and	of	large-scale	lateral	conditions.	As	shown	below,	it	is	208	

not	trivial	to	identify	the	convective	scheme	giving	the	best	TDV/TC	simulation	since	the	score	can	209	

depend	on	what	criteria	are	used	to	evaluate	 the	statistics	of	 the	TDVs	and	TCs	detected	by	the	210	

two	tracking	algorithms.		211	

3. Tracking	algorithms	212	

Tracking	and	characteristics	of	tropical	depressions	vortices	(TDVs)	213	

The	TDV	tracking	is	based	on	the	approach	described	in	Duvel	(2015).	For	each	time	step	(here,	214	

every	6	hours),	a	TDV	area	 is	defined	as	a	set	of	continuous	gridpoints	with	geopotential	height	215	

anomaly	(Δφ)	at	850	hPa	lower	than	a	given	threshold.	Δφ	is	defined	as	the	difference	between	φ	216	

and	the	average	φ	over	a	region	of	±7.5°	(here	±10	gridpoints).	As	in	Duvel	(2015),	an	empirical	217	



	 11	

threshold	Δφ0=	-80m2s-2	is	set	as	the	minimal	geopotential	perturbation	considered.	This	relatively	218	

weak	threshold	allows	the	detection	of	TDVs	at	an	early	stage,	but	stronger	TC-like	systems	have	a	219	

too	 large	 TDV	 area	 at	Δφ0	with	 ill-defined	 characteristics.	 The	TDV	area	 is	 thus	 computed	 for	 a	220	

series	of	deeper	thresholds	(i.e.,	<	-80m2s-2)	and	the	first	threshold	giving	an	equivalent	radius	of	221	

the	 TDV	 area	 lower	 than	 3°	 of	 latitude-longitude	 is	 retained.	 For	 developed	 cyclones,	 this	222	

threshold	may	be	less	than	-1200m2s-2.	223	

The	tracking	of	a	given	TDV	is	performed	by	considering	the	overlap	between	TDV	areas	in	two	224	

consecutive	time	steps.	If	several	TDVs	are	overlapping,	only	the	TDV	with	the	largest	overlap	is	225	

considered	for	the	continuity	of	the	tracking.	Each	TDV	is	thus	represented	by	time	series	for	its	226	

location	and	for	other	characteristics	of	the	TDV	area	(maximum	surface	wind,	maximum	vorticity	227	

at	850hPa,	maximum	geopotential	perturbation	Δφ,	minimum	surface	pressure,	etc.).		228	

Here,	since	we	are	mostly	interested	in	simulation	of	the	TC	activity	over	the	North	Atlantic	Ocean,	229	

we	only	consider	TDVs	that	are	initiated	south	of	40°N	and	that	spend	at	least	two	days	over	the	230	

tropical	North	Atlantic	waters.	 These	TDVs	 are	 called	Atlantic	TDVs,	 or	 simply	TDVs	here.	 This	231	

means	that	TDVs	that	initiate	over	West	Africa	but	dissipate	before	reaching	the	Atlantic	are	not	232	

considered.	In	fact,	some	TDVs	initiated	over	West	Africa	near	the	eastern	side	of	the	zoom	(see	233	

Fig.1)	are	partly	forced	by	the	nudging	toward	ERA-I.	However,	the	dissipation	or	maintenance	of	234	

these	TDVs	as	 they	propagate	westward	 toward	 the	African	west	 coast	 and	over	 the	Atlantic	 is	235	

fully	determined	by	the	LMDZ	model.			236	

The	strength	of	a	given	TDV	is	characterized	by	Accumulated	Cyclone	Energy	(ACE)	computed	on	237	

the	basis	of	the	maximum	surface	wind	vmax	in	the	TDV	area	at	each	time	step.	The	values	in	the	238	

model	 are	 not	 directly	 comparable	 to	 the	 observed	 ACE	 since	 the	 maximum	 surface	 wind	239	
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perturbations	 in	 the	 simulation	 and	 in	 the	 re-analyses	 are	 far	 weaker	 than	 the	 maximum	240	

sustained	winds	in	real	observed	TCs.	The	formulation	is	however	the	same,		241	

𝐴𝐶𝐸 = 10!! 𝑣!"#! ,		 	 Eq.3	242	

where	 the	sum	is	defined	over	every	6	hours	during	 the	TDV	 lifetime	and	𝑣!"#	is	 the	maximum	243	

surface	 (10m)	wind	 speed	 in	 the	 TDV	 area	 expressed	 in	 knots.	 Note	 that	 this	 definition	 differs	244	

from	the	standard	ACE	 in	 that	 the	 latter	only	considers	steps	with	storm	 intensities	 larger	 than	245	

35kt	(Bell	et	al.	2000;	Maue	2009),	whereas	we	include	all	steps	in	which	the	TDV	is	defined	by	246	

the	 tracking	 scheme.	 The	 strongest	 TDVs	will	 be	 defined	 using	 this	ACE	metric	 on	 a	 per	 storm	247	

basis.	In	order	to	inspect	the	TDV	spatial	distribution,	we	will	also	sum	the	ACE	over	all	the	TDVs	248	

crossing	a	particular	region.		249	

TC	tracking	250	

Tropical	 cyclone-like	 vortices	 are	detected	 and	 tracked	using	 the	CZ02	algorithm.	This	 tracking	251	

algorithm	 first	 identifies	 TC-like	 features	 with	 a	 maximum	 local	 relative	 vorticity	 (850hPa),	252	

minimum	surface	pressure	and	a	warm	core	(defined	by	 the	 local	 temperature	anomaly).	To	be	253	

considered	as	a	possible	TC-like	storm,	these	features	must	last	at	least	2	days	(non-consecutive).	254	

Once	these	potential	TCs	are	identified,	in	the	2nd	part	of	the	algorithm,	these	storms	are	tracked	255	

using	a	relaxed	vorticity	threshold	(i.e.,	lower	than	in	the	1st	part	of	the	algorithm)	by	connecting	256	

the	vorticity	centroid	every	6-hours.	This	algorithm	has	been	extensively	used	in	global	(Camargo	257	

et	al.	2005;	Camargo	and	Barnston	2009;	Camargo	2013;	Shaevitz	et	al.	2014)	and	regional	climate	258	

models	(Landman	et	al.	2005;	Camargo	et	al.	2007a).	Here,	we	considered	the	same	thresholds	in	259	

all	LMDZ	simulations,	namely	a	minimum	of	7.5x10-5	s-1	(vorticity),	8.5	ms-1	(wind	speed)	and	1.5K	260	
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(temperature	anomaly	over	5x5	grid	points	box)	 for	detection,	 and	4.5x10-5	 s-1	 vorticity	 for	 the	261	

tracking	part	of	the	algorithm.		262	

The	 CZ02	 scheme	was	 initially	 developed	 to	 identify	 TC-like	 vortices	 in	 low-resolution	models,	263	

recognizing	 that	 the	 simulated	 interannual	 variations	 of	 the	 activity	 in	 such	 models	 could	 be	264	

simulated	well	enough	to	be	useful	 for	prediction	and	some	research	purposes	even	when	their	265	

intensities	are	well	below	those	observed	in	real	TCs.	At	the	resolution	considered	here,	many	of	266	

the	systems	detected	by	the	CZ02	algorithm	are	weaker	than	observed	TCs	and	so	the	phrase	“TC-267	

like	vortices”	 is	still	 to	some	extent	appropriate.	We	nonetheless	denote	them	as	“TCs”	here,	 for	268	

brevity.	The	distinction	we	make	between	TCs	and	TDVs	 is	 that	 the	 former	are	defined	using	a	269	

wider	 range	of	 criteria	 appropriate	 (qualitatively	 if	not	quantitatively)	 to	 real	 tropical	 cyclones,	270	

including	 a	warm	 core,	 while	 TDVs	 here	 are	 defined	 using	 simpler	 and	 less	 restrictive	 criteria	271	

which	allow,	for	example,	cold-core	systems.	272	

4. TDV	and	TC	statistics	273	

LMDZ	tends	to	generate	more	TDVs	than	does	ERA-I	with	a	maximum	obtained	for	ENT	(Table	1).	274	

Considering	the	same	constraints	(systems	lasting	more	than	two	days	over	ocean	south	of	40°N),	275	

there	are	139	TCs	in	IBTrACS	between	2000	and	2009.	The	CZ02	approach	tracks	fewer	TCs	than	276	

observed	 for	 TIE	 and	more	 than	 observed	 for	 CAPENT	 and	 ENT.	Despite	 the	 different	 tracking	277	

algorithms	and/or	the	different	data	sources	for	observations,	the	agreement	between	the	TC	and	278	

the	TDV	tracking	is	fairly	good.	TC	tracks	with	at	least	half	of	the	points	in	common	with	a	given	279	

TDV	 track	 represent	 more	 than	 89%	 of	 the	 TC	 tracks	 for	 the	 simulations	 and	 92%	 for	280	

observations	(despite	the	very	different	tracking	process	for	TDVs	in	ERA-I	and	TCs	in	IBTrACS).	281	

The	TC	duration	varies	between	69%	of	the	TDV	duration	for	CAPENT	and	80%	for	TIE	compared	282	
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to	77%	in	observations.	This	variability	is	partly	related	to	the	duration	of	the	pre-TC	phase	and	283	

thus	also	depends	on	the	genesis	location	for	both	TDVs	and	TCs.		284	

Since	the	number	of	systems	diagnosed	by	the	tracking	schemes	can	increase	dramatically	if	some	285	

thresholds	are	relaxed	(for	example,	 if	 the	minimum	duration	 is	reduced	 from	2	days	 to	1	day),	286	

average	TDV	characteristics	tend	to	be	biased	towards	the	more	numerous	weaker	systems.	It	is	287	

therefore	 interesting	 to	 examine	 how	 average	 TDV	 characteristics	 change	 as	 the	 ensemble	 N	288	

(20≤N≤200)	 of	 strongest	 TDV	 (largest	 ACE)	 increases.	 The	 ACE	 is	 overestimated	 in	 LMDZ	289	

compared	 to	ERA-I	and	 is	 three	 times	 larger	 for	ENT	 for	N=20	(figure	2a).	This	 is	partly	due	 to	290	

overestimated	maximum	wind	speed	(fig.	2c)	and	duration	(fig.	2f).	For	N<100,	the	strongest	ACE	291	

is	obtained	for	ENT	and	TIE	(figure	2a).	The	duration,	the	distance	covered	by	the	TDVs	and	the	292	

ACE	decrease,	however,	faster	with	N	in	TIE	compared	to	ENT	and	CAPENT.	This	is	mostly	related	293	

to	a	longer	(shorter)	life	cycle	for	strong	(weak)	TDVs	in	TIE	(fig.	2d	and	2f).	The	ACE	also	decays	294	

much	more	 rapidly	 with	 N	 in	 IBTrACS	 than	 in	 ERA-I	 or	 LMDZ	 (fig.	 2a),	 mostly	 because	 of	 the	295	

strong	TC	intensity	contrast	(fig.	2c).	The	relatively	 low	horizontal	resolution	used	in	LMDZ	and	296	

ERA-I	does	not	lead	to	such	large	intensity	contrast	between	the	strongest	TDVs	and	the	others,	297	

even	for	those	TDVs	selected	by	the	CZ02	algorithm.	In	fact,	as	shown	in	figure	2b,	the	first	60	TCs	298	

detected	by	the	CZ02	algorithm	in	LMDZ	are	almost	identical	to	the	first	60	TDVs.		299	

The	average	TDV	 speed	 is	 larger	 for	ERA-I	 compared	 to	LMDZ	 simulations	 (fig.	 2e).	This	 speed	300	

reflects	both	the	average	large-scale	steering	flow	and	the	ß-effect	that	gives	a	displacement	speed	301	

proportional	 to	 the	 square	 root	 of	 the	 vortex	 surface	wind	 (e.g.,	 Smith	1993).	 Figure	2e	 shows,	302	

interestingly,	that	this	speed	is	quite	comparable	in	ERA-I	and	IBTrACS	despite	the	very	different	303	

vortex	wind	speeds	in	the	two	data	sets.	This	suggests	that	this	speed	is	probably	nudged	by	the	304	

assimilation	procedure	in	ERA-I.		305	



	 15	

The	 larger	 number	 of	 TDVs	 for	 ENT	 and	 CAPENT	 (Table	 1)	 means	 that	 the	 new	 entrainment	306	

enhanced	 the	 initiation	 of	 Atlantic	 TDVs,	 due	 either	 to	 a	 modification	 of	 the	 atmospheric	307	

background	conditions	(i.e.	average	moisture	profiles,	average	steering	flow	and	wind	shear,	etc.)	308	

or	to	local	processes	within	early	stage	vortices.	The	proportion	of	TCs	is	also	larger	for	ENT	and	309	

CAPENT	compared	to	TIE	(Table	1)	showing	that	the	intensification	of	these	TDVs	is	also	favored	310	

by	the	new	entrainment.	However,	the	maximum	intensity	reached	by	a	TDV	is	very	similar	in	the	311	

three	 simulations,	 as	 shown	 by	 average	 ACE	 and	 MSW	 (figure	 2),	 suggesting	 that	 the	 new	312	

entrainment	mostly	favors	the	intensification	of	early	stage	vortices.	313	

Some	 of	 the	 strongest	 TDVs	 are	 initiated	 in	 the	 heart	 of	 West	 Africa,	 in	 relation	 with	 African	314	

Easterly	Waves	(Martin	and	Thorncroft	2015)	or	to	depressions	due	to	the	orography	(figure	3).	315	

There	are	large	differences	in	the	TDV	genesis	density	between	ERA-I	and	LMDZ	and	between	the	316	

different	 versions	 of	 the	 convective	 scheme.	 As	 expected,	 the	 primary	 region	 of	 TDV	 genesis	 is	317	

near	the	African	coast	around	10°N.	For	LMDZ,	this	region	concentrates	the	genesis	of	many	of	the	318	

140	 strongest	 TDVs	 and	 even	 the	 20	 strongest	 TDVs	 (Figure	 4).	 For	 TIE,	 the	 majority	 of	 the	319	

strongest	TDVs	 forms	 inland	near	 the	 coast	 and	 further	 east	over	 the	Guinean	 region.	With	 the	320	

new	entrainment,	TDV	and	TC	initiation	near	the	African	coast	is	also	exaggerated,	but	more	TDVs	321	

and	TCs	are	initiated	over	the	Ocean	in	better	agreement	with	observations.	 In	LMDZ,	there	is	a	322	

general	 lack	 of	 TDV	 and	 TC	 initiations	 in	 the	 western	 part	 of	 the	 domain,	 except	 for	 TDVs	323	

generated	north	of	Panama.	324	

In	ERA-I,	 there	 is	a	 secondary	genesis	density	maximum,	 including	some	of	 the	strongest	TDVs,	325	

downwind	 of	 the	 Hoggar	 Mountains	 (Figure	 3),	 prolonged	 southwestward	 by	 an	 "initiation	326	

corridor"	until	 the	African	 coast.	 It	 is	 outside	of	 the	 scope	of	 this	 study	 to	 analyze	 in	detail	 the	327	

genesis	 process	 for	 these	 TDVs,	 but	 it	 could	 be	 potentially	 related	 to	 the	 low-pressure	 area	328	
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downwind	 of	 the	 Hoggar	 Mountains	 and	 thus	 to	 the	 strength	 of	 the	 Harmattan	 (a	 dry	329	

northeasterly	wind	blowing	at	low	levels	over	the	Sahara).	In	LMDZ,	there	are	fewer	TDVs	forming	330	

over	 this	 region	despite	 the	 relatively	 strong	nudging	near	 the	Hoggar.	This	 could	 indicate	 that	331	

TDVs	generated	in	this	region	dissipate	rapidly	in	the	dry	environment	of	the	Sahel	region	and	are	332	

thus	not	detected	in	our	analysis	due	to	the	criterion	requiring	that	the	TDVs	exist	 for	two	days	333	

over	the	ocean.	In	ERA-I,	seven	of	the	20	strongest	TDVs	are	initiated	over	continental	regions	of	334	

West	Africa,	including	five	in	the	initiation	corridor	between	the	Hoggar	Mountains	and	the	coast	335	

(figure	4).	For	ENT	and	CAPENT,	most	of	the	20	strongest	TDVs	are	initiated	over	the	ocean,	but	336	

for	TIE,	the	20	strongest	TDVs	all	form	over	the	continental	Guinean	regions	around	10°N.	This	is	337	

a	noticeable	difference	due	to	the	entrainment	of	the	convective	scheme.		338	

The	TDV	ACE	(figure	4)	is	maximum	over	the	West	Atlantic	Ocean	and	larger	for	LMDZ	(around	339	

0.12)	than	for	ERA-I	(around	0.07).	In	ERA-I,	the	maximum	is	obtained	over	the	Gulf	of	Mexico	and	340	

north	of	35°N	toward	mid-latitudes.	The	maximum	TDV	energy	 is	obtained	near	Florida	 for	TIE	341	

and	 is	 shifted	 northeastward	 in	 ENT	 and	 CAPENT,	 in	 better	 agreement	 with	 ERA-I.	 Near	 the	342	

African	 coast,	 the	 TDVs	 are	 moving	 northwestward	 in	 TIE	 and	 more	 westward	 in	 ERA-I	 and	343	

CAPENT	(even	southwestward	 for	some	TDV	generated	 in	 the	"initiation	corridor"	 in	ERA-I).	 In	344	

TIE,	TDVs	are	 thus	driven	away	 from	regions	of	highest	SST,	which	may	 limit	 their	growth	and	345	

thus	their	number.	The	observed	TC	energy	is	an	order	of	magnitude	larger	than	the	TDV	energy	346	

in	ERA-I	and	also	maximizes	over	the	Gulf	of	Mexico	(around	0.6)	and	around	60°W,	south	of	the	347	

TDV	energy	maximum.	The	TC	energy	is	stronger	than	the	TDV	energy	in	LMD-Z,	but	the	spatial	348	

distributions	are	very	similar.	This	is	expected	since	the	TCs	detected	by	the	CZ02	algorithm	are	349	

indeed	mostly	the	strongest	TDVs,	as	shown	in	figure	2d.	The	TC	energy	is	 locally	 larger	for	TIE	350	

compared	to	ENT	and	CAPENT,	confirming	that	the	small	TDV	and	TC	numbers	 in	TIE	 is	mostly	351	
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due	to	initiation	and	intensification	of	early	stage	TDVs	and	not	to	the	intensification	of	developed	352	

TDVs.			353	

The	 seasonal	 distribution	 of	 occurrence	 and	 intensity	 of	 the	 140	TDVs	with	 the	 largest	ACE	 	 is	354	

quite	well	 reproduced	by	LMDZ	with	 a	 largest	 genesis	 occurrence	 in	 September	 (figure	5).	The	355	

results	are	similar	considering	TCs	detected	with	the	CZ02	approach.	Such	a	good	agreement	has	356	

been	noted	in	previous	studies,	even	in	 low-resolution	models	 in	some	basins	(see	e.g.	Camargo	357	

and	Sobel	2004	for	the	western	North	Pacific	region).	In	LMDZ,	the	number	of	TDV	initiations	is	358	

overestimated	 in	October,	 but	 these	TDVs	have	 a	 relatively	 small	ACE	 compared	 to	August	 and	359	

September.	The	 interannual	 correlation	coefficients	with	observations	are	highest	 for	TIE	 (even	360	

larger	 than	 ERA-I).	 These	 coefficients	 are	 not	 significant	 at	 the	 0.95	 confidence	 level	 for	 the	361	

number	of	systems	(except	TIE),	but	they	are	significant	for	the	ACE.	The	interannual	distribution	362	

of	 the	 TDV	 occurrence	 in	 LMDZ	 shows	 some	 agreement	with	 the	 observed	 IBTrACS	 and	 ERA-I	363	

distributions.	LMDZ	reproduces	in	particular	the	maxima	in	2005	and	2008.	Skill	in	reproducing	364	

aspects	of	Atlantic	TC	interannual	variability	in	SST-forced	AGCMs	has	already	been	noted	in	many	365	

studies	(see	e.g.	Roberts	et	al.	2015).	However,	the	relatively	large	observed	TC	ACE	in	2003	and	366	

2004	are	not	depicted	in	either	ERA-I	or	LMDZ.	Some	intensification	processes,	responsible	for	the	367	

strong	TC	ACE	values	in	September	and	for	years	2003-2005,	are	clearly	not	represented	in	LMDZ	368	

and	ERA-I.	This	suggests	that	TC	intensification	related	to	seasonal	and	interannual	forcing	is	not	369	

taken	 into	 account	 in	 the	 simulations,	 possibly	 because	 of	 the	 absence	 of	 particular	mesoscale	370	

processes.	371	
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5. Potential	physical	sources	of	the	differences	between	the	simulations	372	

Analysis	 of	 the	 relative	 humidity	 (RH)	 profiles	 is	 interesting	 to	 diagnose	 how	 the	 different	373	

configurations	 of	 the	 convective	 scheme	 redistribute	 the	 water	 in	 the	 TDV	 column	 and	 in	 the	374	

environment.	 For	 three	 large	 regions	 (delineated	by	 the	boxes	 on	 the	TIE	 field	 in	 figure	3),	RH	375	

profiles	 in	 the	 TDVs	 are	 estimated	 by	 computing	 the	 average	 RH	 in	 squares	 of	 ±3	 grid	 points	376	

around	 the	 TDV	 center.	 The	 associated	 background	 profile	 is	 computed	 by	 averaging	 the	377	

corresponding	monthly	mean	profiles	on	the	same	grid	points,	giving	a	basic	state	weighted	by	the	378	

geographical	and	seasonal	TDV	occurrence.	In	Figure	6,	the	TDV	profiles	are	computed	for	TDVs	379	

with	vmax	between:	24	and	27	ms-1	for	the	western	Atlantic	region;	12	and	15	ms-1	for	the	eastern	380	

Atlantic	region;	and	3	and	6	ms-1	for	the	Guinean	region	(the	surface	drag	coefficient	is	larger	for	381	

this	 continental	 region	 compared	 to	 ocean).	 These	 thresholds	 correspond	 to	 the	 largest	 vmax	382	

interval	of	3ms-1	with	at	least	10	TDVs	for	each	simulation	and	for	ERA-I.		383	

For	western	Atlantic,	which	is	the	region	with	the	strongest	simulated	TDVs,	many	strengthening	384	

into	TCs	 (Figure	4),	 the	 average	moisture	profiles	 for	ENT	and	CAPENT	are	 in	 good	 agreement	385	

with	ERA-I,	 but	 the	TIE	profile	 is	 drier	between	850hPa	and	400hPa	 (Figure	6a).	This	 suggests	386	

that	the	smaller	number	of	TDV	genesis	events	over	the	western	Atlantic	Ocean	for	TIE	could	be	387	

related	in	part	to	the	drier	environment	that	inhibits	convection,	as	discussed	in	Stan	(2012)	in	a	388	

comparison	 between	 a	 model	 with	 a	 convective	 parameterization	 and	 one	 using	 "super	389	

parameterization".	A	limitation	on	such	interpretations	is	that	when	the	large-scale	environment	390	

changes	in	response	to	a	model	physics	change,	 it	also	results	in	changes	to	the	dynamics	of	the	391	

disturbances	(i.e.,	TDVs	or	TCs)	and	their	sensitivities	to	the	environment.	One	cannot	necessarily	392	

assume	that	model-model	environmental	differences	translate	straightforwardly	to	differences	in	393	
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TDV	 or	 TC	 statistics,	 and	 environmental	 differences	 between	 low-resolution	 models	 has	 been	394	

previously	 found	 not	 to	 be	 predictive	 of	 differences	 in	 the	 statistics	 of	 TC-like	 disturbances	395	

(Camargo	 et	 al.	 2007b).	 	 That	 said,	 convective	 inhibition	 associated	 with	 drier	 air	 in	 TIE	 may	396	

prevent	 the	deepening	of	 some	 early-stage	TDVs	 and	 thus	 limit	 their	 duration	 to	 less	 than	 two	397	

days,	so	that	they	do	not	enter	our	sample.	For	developed	TDVs	(24≤vmax≤27ms-1),	the	TDV	RH	is	398	

too	strong	above	250hPa	for	the	three	LMDZ	simulations	compared	to	ERA-I.	This	shows	that	the	399	

altitude	 and	 the	 strength	 of	 the	 convective	moisture	 detrainment	 in	 the	 central	 part	 of	 strong	400	

TDVs	 are	 overestimated	 by	 all	 three	 versions	 of	 the	 model	 (due	 either	 to	 resolved	 or	401	

parameterized	 convection).	 The	 TDV	 RH	 between	 700hPa	 and	 300hPa	 is	 larger	 in	 ERA-I,	402	

especially	 compared	 to	TIE.	 The	TDV	moistening	 (i.e.	 the	RH	 contrast	 between	 the	 background	403	

and	the	TDV)	in	the	lower	troposphere	has	maximum	near	600hPa	for	ENT,	CAPENT	and	ERA-I,	404	

and	below	700hPa	for	TIE.	The	larger	TDV	moistening	at	low	levels	in	TIE	is	consistent	with	the	405	

fact	that	some	"pre-moistening"	is	probably	necessary	for	the	disturbance	to	become	sufficiently	406	

moist	 to	 prevent	 the	 convective	 entrainment	 (related	 to	 the	moisture	 divergence	 in	 TIE)	 from	407	

inhibiting	the	deep	convection	and	the	TDV	growth.		408	

Over	the	eastern	Atlantic	Ocean,	developed	TDVs	come	from	the	Guinean	region	in	TIE	(Figures	3	409	

and	5).	Here,	the	average	TIE	moisture	profile	is	closer	to	that	of	ERA-I	with	a	relatively	dry	layer	410	

between	700hPa	and	900hPa	(figure	6b)	that	presumably	inhibits	convective	development	in	this	411	

region.	For	developed	TDVs	 (12≤vmax≤15ms-1),	 the	moistening	has	a	maximum	near	850hPa	 for	412	

the	three	simulations	and	for	ERA-I	with	the	largest	moistening	occurring	for	ERA-I	and	TIE.	The	413	

TDV	RH	is	too	large	above	300hPa	in	all	three	simulations	compared	to	ERA-I,	suggesting	again	an	414	

excessive	 moisture	 detrainment	 at	 these	 levels	 in	 LMDZ	 at	 the	 expense	 of	 lower	 levels	 for	415	
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equivalent	 surface	 winds,	 and	 thus	 excessive	 deep	 convection	 at	 the	 expense	 of	 convection	416	

detraining	at	midlevel.		417	

Over	the	Guinean	region,	TIE	generates	more	Atlantic	TDVs	compared	to	ERA-I,	ENT	and	CAPENT.	418	

The	 lower	 troposphere	 is	 slightly	 moister	 in	 LMDZ	 compared	 to	 ERA-I,	 but	 not	 significantly	419	

different	in	the	TIE	case.	For	developed	TDVs	(3≤vmax≤6ms-1),	the	RH	profiles	below	600hPa	are	420	

also	very	similar	among	the	3	simulations	and	ERA-I	(Figure	6c).	For	TIE,	the	RH	excess	in	TDVs	421	

compared	 to	 the	environment	 is	 larger	above	700hPa	despite	similar	vmax	values.	This	excess	 is	422	

larger	 in	 ERA-I	 than	 in	 TIE	 between	 700hPa	 and	 300hPa,	 but	 smaller	 above,	 suggesting	 again	423	

excessive	moisture	detrainment	at	high	levels	in	LMDZ	at	the	expense	of	middle	levels.	In	TIE,	the	424	

TDVs	are	sustained	from	their	genesis	over	the	Guinean	region	up	to	the	Atlantic	Ocean	(where	425	

they	 spend	 at	 least	 2	 days	 based	 on	 the	 definition	 of	 the	 TDVs).	 It	 is	 possible	 that	 the	 new	426	

entrainment,	 based	 on	 the	 environmental	 RH	 instead	 of	 the	moisture	 divergence	 profile,	 quite	427	

realistically	(Figure	3)	inhibits	the	convection	because	it	is	not	able	to	maintain	these	TDVs	over	428	

the	Guinean	region,	as	the	latter	is	much	drier	below	850hPa	compared	to	ocean	regions.		429	

One	 hypothesis	 is	 that	 the	 inhibition	 of	 the	 parameterized	 convection	 favors	 the	 triggering	 of	430	

resolved	convection	that	gives	higher	TDV	occurrence	and	intensity.	This	is	analyzed	in	Figure	7	431	

by	looking	at	the	TDV	occurrence	and	rainfall	as	a	function	of	the	maximum	surface	wind	(vmax)	432	

over	the	western	Atlantic	region.	Compared	to	TIE,	there	are	more	TDV	occurrences	in	ENT	and	433	

CAPENT	for	vmax	<	20ms-1	(Figure	7a).	For	vmax	>	20ms-1,	the	occurrences	are	however	similar	for	434	

TIE	 and	 CAPENT	 and	 slightly	 larger	 for	 ENT.	 This	 shows	 that	 the	 new	 entrainment	 increases	435	

mostly	 the	number	 of	 TDV	 initiations	 over	 this	 region,	 but	 not	 the	 intensification	 into	 stronger	436	

systems	 (forming	 in	 or	 outside	 the	 region).	 For	 the	 three	 simulations,	 the	 TDV	 number	 ratio	437	

between	LMDZ	and	ERA-I	tends	to	increase	exponentially	with	vmax	confirming	the	overestimation	438	
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of	TDV	intensification	in	LMDZ.	Despite	its	lower	TDV	number,	TIE	is	not	in	better	agreement	with	439	

ERA-I	 since	 it	 also	 gives	 too	 many	 strong	 TDVs	 (vmax	 >20	 ms-1)	 at	 the	 expense	 of	 weak	 and	440	

moderate	TDVs.	441	

The	comparison	between	the	rainfall	rate	due	to	the	convective	parameterization	(CP)	and	to	the	442	

large-scale	 condensation	 process	 (LSP)	 gives	 information	 about	 the	 potential	 impact	 of	 the	443	

resolved	convection	on	the	TDV	intensification	(the	hypothesis	is	that	LSP	rainfall	results	mostly	444	

from	 the	 resolved	 deep	 convective	 overturning	 in	 the	 heart	 of	 a	 TDV	 and	 not	 from	 low-level	445	

stratiform	 cloudiness).	 Figure	 7b	 shows	 that	 the	 LSP	 remains	 weak	 for	 the	 three	 LMDZ	446	

simulations	for	TDV	with	vmax	<	20ms-1.	The	LSP	then	increases	more	sharply	and	reaches	a	level	447	

comparable	to	that	of	the	CP	for	vmax	>	30ms-1.	The	new	entrainment	formulation	is	not	associated	448	

with	larger	LSP,	showing	that	the	difference	in	TDV	numbers	is	not	related	to	a	higher	occurrence	449	

of	resolved	convection.	On	the	other	hand,	CP	is	larger	for	the	new	entrainment	(ENT	and	CAPENT	450	

compared	 to	 TIE),	 especially	 for	weak	TDVs	 (vmax	 <20ms-1).	 This	 could	 potentially	 explain	why	451	

more	TDVs	can	be	sustained	and	reach	the	2-day	threshold	with	the	new	entrainment,	with	the	452	

larger	CP	favoring	the	deepening	of	weak	TDVs.	For	CAPENT,	CP	tends	to	saturate	for	vmax	>	20ms-453	

1	and	the	rainfall	rate	intensification	is	mostly	due	to	LSP.	This	suggests	that	the	CAPE	closure,	in	454	

contrast	 to	 the	 low-level	 moisture	 convergence	 closure,	 gives	 more	 convective	 inhibition	 for	455	

intense	TDVs	and	TC.	For	ENT,	 this	 saturation	of	 the	 convective	 rain	also	 occurs,	 but	 for	 larger	456	

values	of	vmax.	Therefore,	the	resolved	convection	is	probably	not	the	main	reason	for	the	larger	457	

TC	 and	TDV	numbers	with	 the	new	entrainment.	On	 the	 other	hand,	 the	new	entrainment	 rate	458	

decreases	when	 RH	 increases,	 leading	 to	 less	 diluted	 updrafts,	 larger	 CP	 and	 larger	 convective	459	

heating,	which	could	deepen	the	TDVs.	The	moisture	confinement	effects	of	the	TDVs	leads	indeed	460	

to	large	RH	values	close	to	the	TDV	center.	In	summary,	the	dry	low-level	troposphere	in	TIE	may	461	
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inhibit	 the	convection	and	 limit	 the	deepening	of	early	TDVs	over	 the	Atlantic	Ocean.	When	 the	462	

TDV	 is	 already	 developed,	 the	 entrainment	 rate	 based	 on	 the	moisture	 convergence	 limits	 the	463	

convective	precipitation	and	thus	the	convective	heating	compared	to	the	entrainment	rate	based	464	

on	RH	(Figure	7b).		465	

The	 difference	 between	 the	 TDV	 genesis	 and	maintenance	 over	 the	Guinean	 region	 for	 the	 TIE	466	

simulation	could	potentially	be	due	to	the	representation	of	AEWs	in	the	model.	The	AEWs	in	the	467	

simulations	 are	 analyzed	 using	 a	 Local	 Mode	 Analysis	 (Goulet	 and	 Duvel,	 2000)	 with	 the	468	

multivariate	 approach	 (Duvel	 and	 Vialard,	 2007)	 that	 makes	 it	 possible	 to	 determine	 the	469	

perturbation	 pattern	 of	 a	 secondary	 parameter	 in	 regard	 to	 a	 reference	 parameter.	 The	 LMA	470	

analysis	is	done	considering	running	time	windows	of	30	days	and	spectral	harmonics	3	to	15	(i.e.	471	

periods	of	2	to	10	days).	The	aim	here	is	not	to	inspect	in	detail	the	LMA	results	but	just	to	extract	472	

the	 average	 pattern	 of	 the	 AEWs	 by	 considering	 the	meridional	wind	 at	 700hPa	 (V700)	 as	 the	473	

reference	parameter	and	precipitation	as	the	secondary	parameter.	Each	average	pattern	shown	474	

on	Figure	8	is	obtained	from	around	30	AEW	events	with	an	average	period	around	4.5	days	and	a	475	

westward	 propagation	 speed	 around	 9ms-1,	 which	 well	 corresponds	 to	 observations.	 Figure	 8	476	

shows	average	amplitude	patterns	for	the	three	LMDZ	simulations	and	for	ERA-I	(precipitations	477	

from	GPCP).	The	wind	pattern	is	quite	realistic	in	the	three	simulations	with	a	maximum	near	the	478	

African	coast	around	15°N.	The	AEW	signal	 is	overestimated	over	 the	ocean	 for	TIE	and	ENT	in	479	

both	V700	and	precipitation,	and	is	closer	to	ERA-I	for	CAPENT.	In	LMDZ,	the	AEW	precipitation	480	

near	the	east	African	coast	is	overestimated	compared	to	that	in	GPCP.	The	most	important	point	481	

is	that	the	AEW	patterns	for	wind	and	precipitation	are	stronger	over	the	Guinean	region	for	TIE	482	

than	for	ENT	and	CAPENT.	Compared	to	ERA-I	and	GPCP,	the	amplitudes	of	the	AEW	patterns	for	483	

wind	 and	 precipitation	 are	 underestimated	 in	 both	 ENT	 and	 CAPENT	 over	 the	 Guinean	 region.	484	
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This	suggests	that	the	larger	number	of	TDVs	generated	in	the	Guinean	region	in	TIE	is	related	to	485	

the	 larger	 AEW	 signal,	 possibly	 because	 of	 a	 better	 phasing	 between	 the	 AEW	 dynamical	 and	486	

convective	perturbations	that	deepen	the	vortices	associated	with	the	AEWs.	Further	studies	are	487	

required	to	determine	how	this	could	be	related	to	the	TIE	entrainment.	An	intriguing	point	is	that	488	

there	are	fewer	TDVs	generated	over	the	Guinean	region	for	ERA-I	than	for	TIE	(Figure	3)	despite	489	

equivalent	 V700	 and	 precipitation	 AEW	 perturbations.	 A	 possible	 explanation	 is	 that	 the	490	

continuity	 of	 the	TDVs	between	 the	 continent	 and	 the	 ocean	 is	 stronger	 for	TIE	because	 of	 the	491	

larger	AEW	amplitude	near	the	coast.	Note	that	for	ERA-I,	a	larger	number	of	TDVs	are	generated	492	

near	the	Hoggar	Mountains,	possibly	related	to	AEWs,	but	this	is	beyond	the	scope	of	the	present	493	

study.		494	

6. Summary	and	concluding	remarks	495	

We	used	 the	zoom	capability	of	 the	LMDZ	model,	with	a	 typical	 resolution	of	0.75°	over	a	 large	496	

region	of	the	north	Atlantic	and	west	Africa,	to	analyze	the	sensitivity	of	simulated	tropical	cyclone	497	

activity	 to	 entrainment	 and	 closure	 formulations	 used	 in	 the	 convection	 scheme.	 Two	 tracking	498	

approaches	were	used,	one	which	detects	tropical	depression	vortices	(TDVs)	(Duvel,	2015)	and	499	

another	 which	 detects	 vortices	 exhibiting	 a	 more	 complete	 set	 of	 tropical	 cyclone	 (TC)	500	

characteristics	 including	 a	 warm	 core	 (CZ02).	 The	 main	 advantage	 of	 the	 first	 approach	 is	 to	501	

provide	continuous	tracking	of	each	TDV	from	a	very	early	stage	(over	the	ocean	as	well	as	over	502	

the	 African	 continent)	 up	 to	 its	 eventual	 extra-tropical	 transition,	 with	 very	 few	 a	 priori	503	

requirements	on	the	TDV	characteristics.	From	a	methodological	point	of	view,	the	TDV	tracking	504	

technique	 is	 thus	 quite	 different	 from	 those	 used	 more	 traditionally	 for	 TC	 tracking	 and	 it	 is	505	

interesting	 to	 note	 the	 good	 agreement	 between	 the	 two	 approaches	 (Table	 1).	 To	 a	 first	506	
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approximation,	 the	 TCs	 detected	 by	 the	 CZ02	 tracking	 scheme	 are	 also	 detected	 by	 the	 TDV	507	

tracking.	 A	 future	 possible	 development	 could	 be	 to	 join	 both	 approaches	 by	 adding	 structural	508	

criteria	to	detect	TC	in	the	TDV	tracks.		509	

In	 most	 of	 the	 statistics	 evaluated	 from	 the	 distributions	 of	 simulated	 TDVs,	 the	 differences	510	

between	LMDZ	and	ERA-I	 are	 larger	 than	 the	differences	between	 the	 three	LMDZ	 simulations.	511	

The	 main	 difference	 among	 the	 three	 LMDZ	 simulations	 is	 the	 number	 of	 TDVs	 and	 TCs.	 In	512	

particular,	 the	TIE	simulation	generates	 fewer	TDVs	and	many	fewer	TCs	compared	to	ENT	and	513	

CAPENT.	 In	 the	 western	 Atlantic,	 the	 region	 of	 largest	 observed	 ACE,	 the	 TDV	 intensity	514	

distributions	is	however	clearly	shifted	toward	intense	TDVs	in	TIE	(Figure	7a).	More	generally,	515	

LMDZ	 clearly	 overestimates	 the	 number	 of	 intense	 TDVs	 compared	 to	 ERA-I.	 In	 the	 western	516	

Atlantic,	for	example,	the	numbers	of	TDV	occurrences	are	the	same	in	ENT	and	ERA-I	for	vmax	=	517	

10ms-1,	but	there	is	a	factor	of	13	difference	for	vmax	=	25ms-1.	This	exaggerated	deepening	of	the	518	

TDVs	 in	 LMDZ	 is	 probably	 related	 in	 part	 to	 excessive	 deep	 convection	 at	 the	 expense	 of	519	

convection	detraining	at	mid-levels	(Figure	6).	A	striking	result	is	that	the	weaker	TDV	intensity	in	520	

ERA-I	is	associated	with	a	larger	propagation	speed.	Considering	only	the	ß-effect,	weak	TDVs	in	521	

ERA-I	should	have	smaller	propagation	speed	compared	to	LMDZ	and	to	observations.	The	large	522	

and	realistic	propagation	speed	 in	ERA-I	 could	 thus	be	due	either	 to	 the	more	realistic	 steering	523	

flow	or	to	the	assimilation	procedure	that	tends	to	rectify	the	ERA-I	TDV	speed	to	the	observed	524	

speed.	525	

Our	 analysis	 suggests	 two	 factors	 that	 may	 explain	 the	 difference	 between	 the	 TDV	 intensity	526	

distributions	 in	 the	different	LMDZ	simulations.	First,	 the	TIE	simulation	tends	 to	dry	 the	 lower	527	

troposphere	compared	to	the	new	entrainment.	This	dry	lower	troposphere,	in	better	agreement	528	

with	ERA-I	over	the	eastern	Atlantic,	is	likely	to	inhibit	the	convection	in	early	stages	of	the	TDV	529	
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lifecycle	 and	 thus	decrease	 the	number	of	TDVs	 reaching	 the	2-day	duration	 threshold	 that	 are	530	

able	 to	 further	 intensify	 over	 the	 North	 Atlantic.	 Second,	 the	 parameterized	 convection	 in	531	

developed	 TDVs	 is	 stronger	with	 the	 new	 entrainment	 for	 all	 TDV	 intensities,	 because	 it	 gives	532	

smaller	 entrainment	 rates	 for	 the	 high	 RH	 values	 that	 characterize	 the	 heart	 of	 the	 TDV.	 This	533	

parameterized	convection	"saturates"	for	relatively	strong	TDVs	(20ms-1	for	CAPENT	and	around	534	

25ms-1	 for	ENT),	but	 is	still	more	active	 than	the	resolved	convection.	The	higher	TDV	 intensity	535	

with	the	new	entrainment	is	thus	not	due	to	the	inhibition	of	the	parameterized	convection.		536	

The	TDV	tracking	also	gives	an	estimate	of	the	different	potential	sources	of	TCs	over	the	North	537	

Atlantic	and	the	sensitivity	of	these	sources	to	the	convective	parameterization.	The	TDV	sources	538	

are	 very	 different	 between	 TIE	 and	 the	 two	 other	 simulations.	 The	 genesis	 of	 TDVs	 over	 the	539	

Atlantic	is	very	rare	in	TIE,	while	the	number	of	TDVs	generated	over	West	Africa	is	much	larger	540	

in	 that	 simulation	 than	 in	 the	 others	 (or	 in	 ERA-I);	 interestingly,	 the	 20	 strongest	 TDVs	 are	 all	541	

generated	 over	West	 Africa	 in	 TIE.	 This	 appears	 to	 be	 related	 to	 a	 larger	 AEW	 activity	 in	 TIE,	542	

which	could	be	related	to	a	better	phasing	between	the	convective	activity	and	the	wave.		543	

Our	analysis	shows	the	complexity	involved	in	diagnosing	the	differences	in	the	TDV	distribution	544	

among	 different	 versions	 of	 a	 model.	 Differences	 arise	 not	 only	 from	 the	 modification	 of	 the	545	

physical	 processes	 in	 the	 TDVs	 and	 TCs	 themselves,	 but	 also	 from	 differences	 in	 the	 average	546	

thermodynamic	and	dynamic	 structure	of	 the	atmosphere.	These	differences	may	play	a	 role	 in	547	

the	TDV	and	TC	genesis	location	and	frequency,	as	well	as	in	the	intensification	and	maintenance	548	

processes.	 This	 demonstrates	 that	 the	 separation	 between	 TC	 initiation	 and	 intensification	549	

processes	may	help	to	understand	the	sources	of	TC	activity	biases	in	a	model	and	to	interpret	the	550	

differences	among	models.		551	
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	661	

	662	

	 ERA/IBTrACS	 TIE	 ENT	 CAPENT	
Number	of	TDVs	(NTDV)	 616	 693	 988	 871	
Number	of	TCs	(NTC)	 139	 96	 241	 152	
TC	ratio	(NTC/NTDV)	 .23	 .14	 .24	 .17	
Number	of	matching	TC	tracks	(MTC)	 128	 92	 219	 136	
Match	ratio	(MTC/NTC)	 .92	 .96	 .91	 .89	
Duration	TC	/	Duration	TDV	 .77	 .80	 .74	 .69	
Pre-TC	duration	(days)	 2.3	 2.6	 3.4	 4.4	

Table	1:	Statistics	on	the	number	of	TDVs	and	TCs	in	observations	and	for	the	3	LMDZ	simulations.	663	

A	match	 between	 a	 TC	 and	 a	 TDV	 track	means	 that	 at	 least	 50%	 of	 the	 TC	 locations	 are	 at	 a	664	

distance	smaller	than	3°	from	a	given	TDV.	665	

	666	

667	
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	668	

	669	

	 	670	

Figure	 1:	Model	 grid	 points	 in	 the	 zoomed	 region	 (dots)	 and	 relaxation	 time	𝜏!	in	 days	 for	 the	671	

wind	(contours).	672	
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	674	

	675	

Figure	2:	TDV	characteristics	averaged	or	integrated	over	the	N	systems	with	the	largest	ACE	as	a	676	

function	of	N	for	MSW	(maximum	10m-wind	along	the	track)	for:	(a)	ACE,	(b)	number	of	TC,	(c)	677	

maximum	wind	speed,	(d)	distance,	(e)	TDV	speed	and	(f)	duration.	The	results	are	also	shown	for	678	

the	observed	TCs	(with	ordinates	on	the	right	axis	for	MSW).	679	

680	
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	681	

682	

683	

684	

	685	

Figure	3:	Genesis	density	(#/2.5°	region)	of	(left)	Atlantic	TDVs	for	ERA-I	and	LMDZ	simulations	686	

and	(right)	TCs	for	IBTrACS	and	LMDZ	simulations	for	June	to	November	2000-2009	(colors).	The	687	

fields	are	smoothed	by	a	3x3	average	filter	for	a	better	legibility.	The	genesis	locations	for	the	140	688	

TDVs	with	the	largest	ACE	are	shown	(black	dots).	689	

690	
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	691	

	692	

		693	

		694	

	695	
Figure	4:	Average	ACE	in	2.5°	regions	of	(left)	Atlantic	TDVs	for	ERA-I	and	LMDZ	simulations	and	696	

(right)	 TCs	 for	 IBTrACS	 and	 LMDZ	 simulations	 for	 June	 to	 November	 2000-2009	 (colors).	 The	697	

scale	is	threefold	for	IBTrACS	and	fields	are	smoothed	by	a	3x3	average	filter	for	a	better	legibility.	698	

Also	shown	are	trajectories	(black	lines)	and	genesis	locations	(white	circles)	for	the	20	TDVs	with	699	

the	largest	ACE.	700	

	701	
702	
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	703	
	704	

	705	

Figure	5:	Interannual	and	seasonal	variations	of	the	140	strongest	Atlantic	TDVs	and	IBTrACS	TCs	706	
for:	(Top)	the	number	of	storms	in	IBTrACS,	ERA-I	and	LMDZ	simulations;	(Bottom)	the	ACE	of	707	
these	systems.	The	numbers	in	parenthesis	are	the	linear	interannual	correlation	coefficients	708	
between	ERA-I/LMDZ	and	IBTrACS	for	the	number	of	TCs	and	ACE.		709	
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	711	

								(a)				Western	Atlantic																			(b)				Eastern	Atlantic	 																(c)			Guinean	region	712	

	713	

Figure	6:	Background	and	TDV	relative	humidity	profiles	for	the	three	regions	defined	on	Figure	4	714	
and	for	the	three	simulations	(TIE,	ENT	and	CAPENT)	and	ERAI.	Perturbed	profiles	(dotted	lines	715	
and	solid	markers)	are	calculated	by	averaging	the	RH	profiles	over	a	square	of	±2.25°	(±3	grid	716	
points)	around	the	TDV	center	for	TDVs	with	vmax	between:	24	and	27ms-1	for	the	western	717	
Atlantic;	12	and	15ms-1	for	the	eastern	Atlantic;	3	and	6ms-1	for	the	Guinean	region.	Background	718	
RH	profiles	are	calculated	by	averaging	monthly	mean	profiles	for	the	same	grid	points	(solid	lines	719	
and	open	markers)	for	all	TDVs.	720	

721	
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	722	

	723	

	724	

Figure	7:	(a)	TDV	occurrence	as	a	function	of	vmax,	for	the	western	Atlantic	region	for	the	three	725	
simulations.	(b)	Same	as	(a),	but	for	the	rainfall	rate	from	the	convective	parameterization	(CP;	726	
line	and	marker)	and	from	the	large-scale	condensation	process	(LSP;	line).	The	rainfall	rate	is	727	
averaged	in	a	square	of	±2.25°	(±3	grid	points)	around	the	TDV	center.	728	

729	
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	730	

	731	

Figure	8:	Amplitude	of	the	AEW	signal	for	the	three	10	year	LMDZ	simulations	between	June	and	732	
August	for	the	meridional	wind	at	700	hPa	(contours)	and	for	the	rainfall	rate	(grey	levels).		733	

	734	
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