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Abstract	
	

Although	nocturnal	 convection	 is	 frequently	 observed,	 the	mechanisms	 that	 allow	

nocturnal	mesoscale	convective	systems	(MCSs)	to	persist	are	still	not	well	understood.	On	

9	 August	 2014	 at	 approximately	 2000	 UTC,	 a	 regime	 of	 upslope	 flow	 owing	 to	 a	 weak	

shortwave	impulse	in	the	lee	of	the	Rocky	Mountains	spawned	a	convective	complex	near	

the	 Colorado-Kansas	 border.	 Following	 storm	 initiation,	 the	 system	 grew	 upscale	 into	 a	

southeastward-propagating	MCS,	which	became	elevated	as	it	continued	into	the	overnight	

hours,	producing	severe	surface	winds	and	severe	hail.	

This	 study	 investigates	 the	 elevation	 above	 ground	 level	 (AGL)	 from	 which	 air	

parcels	 with	 the	 greatest	 convective	 available	 potential	 energy	 (CAPE)	 originate	 and	

support	 the	 development	 and	 maintenance	 of	 elevated	 convection.	 The	 analysis	 of	 this	

system	uses	WSR-88D	composite	reflectivity	data,	a	short	term	forecast	from	the	Weather	

Research	 and	 Forecasting	 (WRF)	 model,	 and	 back	 trajectories	 produced	 by	 the	 Hybrid	

Single-Particle	 Lagrangian	 Integrated	 Trajectory	 (HYSPLIT)	 model.	 This	 paper	 describes	

the	evolution	of	the	boundary	layer	as	well	as	the	spatial	and	temporal	progression	of	the	

altitude	 of	 the	 most	 unstable	 (MU)	 CAPE	 of	 air	 parcels	 associated	 with	 the	 elevated	

convection	and	the	connection	the	source	air	had	with	the	highest	reflectivity	produced	in	

the	MCS.	The	change	in	the	source	of	these	parcels	over	time	shows	that	this	particular	MCS	

became	elevated	and	sustained	 itself	off	parcels	with	MU	CAPE	residing	between	1.0	and	

1.5	km.	It	was	found	that	these	parcels	originated	in	a	different	air	mass	than	the	parcels	

with	MU	CAPE	feeding	the	storm	from	the	surface	earlier	in	the	system’s	evolution.		
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Chapter	1	
	

Introduction	
	

Mesoscale	 convective	 systems	 (MCSs)	 are	 one	 of	 Earth’s	 most	 prevalent	 rain	

producers	 (Houze	 2004;	 Schumacher	 and	 Johnson	 2006;	 Stevenson	 and	 Schumacher	

2014).	In	the	United	States,	they	are	responsible	for	more	than	half	of	the	extreme	rainfall	

events	 during	 the	 summer	months	 (Fritsch	 et	 al.	 1986;	 Schumacher	 and	 Johnson	 2005).	

Extreme	 rain	 events	 are	 frequently	 observed	 over	 the	 southern	 plains	 due	 to	 their	

proximity	to	the	lee	of	the	Rocky	Mountains	(Bradley	and	Smith	1994).	While	much	of	the	

Earth’s	 most	 intense	 rain-producing	 convective	 systems	 are	 based	 at	 the	 sun-heated	

surface	during	the	day,	many	MCSs	also	occur	at	night	when	solar	radiation	is	no	longer	a	

viable	 energy	 source	 (Colman	 1990a,b;	 Moore	 et	 al.	 2003).	 Such	 nocturnal	 systems	 are	

often	considered	elevated,	since	the	surface	becomes	stable	overnight,	and	the	storms	must	

feed	off	energy	which	originates	aloft	(Trier	et	al.	2006;	Bryan	and	Weisman	2006).	While	

surface-based	MCSs	are	often	indistinguishable	on	radar	from	their	elevated	counterparts,	

the	 most	 common	 severe	 hazards,	 and	 overall	 intensity	 of	 the	 storms,	 can	 vary	 greatly	

depending	on	where	the	storm	receives	 it	energy,	making	hazardous	weather	 forecasting	

for	 these	 events	 difficult	 (Schmidt	 and	 Cotton	 1986;	 Moore	 et	 al.	 2003;	 Atkins	 and	

Cunningham	2006;	Bryan	and	Weisman	2006).		

While	there	are	many	reasons	proposed	to	explain	how	MCSs	evolve	over	a	diurnal	

cycle,	 most	 can	 be	 attributed	 to	 either	 thermodynamic	 processes,	 focusing	 on	 the	 static	

stability	 of	 the	 system,	 or	 dynamical	 processes,	 focusing	 on	 mass	 convergence	 into	 the	

convective	complex	(Wallace	1975).	Moisture	is	arguably	the	most	important	state	variable	

within	 the	 environment	 of	 a	 long–lived	 system	 as	 dry-air	 entrained	 into	 systems	 can	
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reduce	 the	 buoyancy	 of	 convective	 plumes	 by	 enhancing	 evaporative	 cooling	 (Wu	 et	 al.	

2009).	Thermodynamic	processes	 such	as	 radiative	 cooling	 from	cloud	 top	and	 low-level	

warm	 advection	 of	 moist	 air	 have	 been	 proposed	 as	 mechanisms	 enchancing	 nocturnal	

convection	over	the	central	United	States.	The	low-level	jet	can	provide	an	elevated	source	

of	unstable	air	for	systems	to	sustain	themselves	once	the	surface	becomes	stabilized	after	

sunset	and	sustained	convergence	can	occur	along	the	jet’s	leading	edge.	Most	work	on	this	

topic	 has	 investigated	 long-lived	 systems	 in	 the	 presence	 of	 a	 low-level	 jet.	 Additional	

research	on	systems	in	the	absence	of	a	jet	could	help	quantify	the	importance	of	the	jet	in	

nocturnal	systems	(Wallace	1975;	French	and	Parker	2010).		

The	 American	 Meteorological	 Society	 (2016)	 defines	 elevated	 convection	 as	

“convection	that	originates	from	an	atmospheric	layer	above	the	boundary	layer.”	Moore	et	

al.	(2003)	researched	elevated	systems	and	evaluated	convective	available	potential	energy	

(CAPE),	 particularly	 in	 the	 vicinity	 of	 frontal	 boundaries.	 They	 found	 that	 elevated	MCSs	

typically	 are	 located	 to	 the	 north	 of	 an	 east-west	 surface	 front	 over	 the	 cold	 sector	 and	

towards	the	leading	edge	of	 low-level	 jet	 in	elevated	environments.	Further,	Horgan	et	al.	

(2007)	 found	 that	 all	 of	 the	 elevated	 severe	 cases	 they	 analyzed	 were	 associated	 with	

elevated	 CAPE,	 weak	 surface	 easteries,	 and	 shallow	 surface	 stable	 layers.	 	 	 Trier	 et	 al.	

(2014)		simulated	several	convective	systems	and	showed	that	the	“vertical	structure	of	the	

mesoscale	environment	plays	a	key	role	in	the	evolution	and	sustenance	of	convection	long	

after	 convection	 initiation	and	 internal	MCS	circulations	develop,	particularly	 in	 elevated	

systems.”	Although	many	previous	studies	have	also	examined	MCSs,	most	have	focused	on	

their	 impacts	 rather	 than	 their	 development	 and	 transition	 from	 surface-based	 to	 long-

lived	 elevated	 systems	 	 (e.g.,	Kincer	1916;	Rochette	 and	Moore	1996;	Moore	 et	 al.	 2003;	
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Weisman	1993;	Schumacher	and	Johnson	2006;	Trapp	et	al.	2005;	Bryan	2005;	Wakimoto	

et	al.	2006;	Horgan	et	al.	2007;	Billings	and	Parker	2012;	French	and	Parker	2010;	Du	and	

Rotunno	2014;	Erlingis	and	Barros	2014;	Schumacher	2015).		

The	 characteristics	 of	 the	 air	 mass	 feeding	 into	 a	 system	 affect	 its	 lifetime.	 For	

example,	 a	 dry	 airmass	 can	 enhance	 evaporative	 cooling,	 leading	 to	 more	 intense	

downdrafts	and	systems	dominated	by	outflow.	A	stronger	cold	pool,	which	can	serve	as	an	

enhanced	source	of	lift,	can	in	turn	become	too	strong	such	that	it	spreads	too	far	ahead	of	

the	 convection	 so	 that	 new	 convective	 cells	 are	 not	 triggered	 along	 the	 line	 (James	 and	

Markowski	 2010).	 Because	 dry	 air	 can	 also	 be	 entrained	 into	 updrafts,	 James	 and	

Markowski	 (2010)	 showed	 that	 dry	 air	 aloft	 can	 weaken	 systems,	 reducing	 the	 total	

condensation	 and	 rainfall	 within	 quasi-linear	 convective	 systems.	 These	 effects	 were	

enhanced	in	low	CAPE	environments.		

CAPE	is	a	fundamental	parameter	that	determines	the	likelihood	of	convection	and	

its	intensity	(Doswell	and	Rasmussen	1994).	Since	CAPE	is	a	vertically	integrated	quantity,	

the	potential	energy	available	for	lifting	parcels	from	different	levels	of	the	atmosphere	can	

be	determined	by	 changing	 the	 level	 from	which	 the	 integration	 is	 initiated.	McCaul	 and	

Weisman	(1996)	and	Blanchard	(1998)	showed	that	separating	CAPE	into	multiple	layers	

can	 provide	 insight	 into	 the	 development	 and	 evolution	 of	 convective	 systems	 since	 the	

distribution	 of	 CAPE,	 and	 the	 location	 of	 the	 layer	 with	 the	 largest	 CAPE,	 can	 strongly	

impact	the	maximum	vertical	velocities	achieved.		

This	study	analyzes	characteristics	of	the	pre-storm	environment	of	MCS	convection	

that	 transitions	 from	 surface-based	 to	 elevated	 during	 the	 evening	 hours	 on	 9	 and	 10	

August	2014.	For	the	entirety	of	 this	study,	“pre-storm”	environment	refers	to	the	region	



	 4	

ahead	 of	 the	 convective	 system,	 which	 provides	 source	 air	 to	 the	 storm.	 Data	 from	 the	

WSR-88D	 (Weather	 Surveillance	 Radar-1988	 Doppler)	 network,	 Hybrid	 Single-Particle	

Lagrangian	 Integrated	 Trajectory	 model	 (HYSPLIT),	 and	 a	 simulation	 of	 the	 Weather	

Research	 and	 Forecasting	 Model	 (WRF)	 are	 combined	 to	 determine	 where	 source	 air	

feeding	 elevated	 convection	 originated	 24	 hours	 earlier	 for	 this	 MCS.	 In	 particular,	 the	

trajectories	are	used	to	determine	where	the	air	arriving	at	the	level	with	the	most	unstable	

parcels	resided	24	hours	before	the	MCS	convection	was	active.	Through	this	analysis,	the	

evolution	of	source	air	in	relation	to	the	distribution	of	CAPE	during	the	transition	from	a	

surface-based	 convective	 system	 to	 an	 elevated	 convective	 system	 can	 be	 better	

understood.	This	storm	was	analyzed	because	it	transitioned	from	a	surface-based	system	

to	an	elevated	system	in	the	absence	of	a	distinct	low-level	jet.		
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Chapter	2	

Data	and	Methodology	

	 WSR	 88D	 radar	 reflectivity	 factor	 (hereafter,	 reflectivity)	 data	 from	 sites	 within	

range	of	 the	9	and	10	August	2014	MCS	were	composited	 to	produce	reflectivity	 images.	

The	 lowest	 four	 sweeps	 of	 reflectivity	 data	 were	 included	 to	 characterize	 the	 shape,	

location,	 intensity,	 and	 evolution	 of	 the	 MCS	 every	 5	 minutes	 starting	 at	 the	 time	 of	

initiation,	 2000	UTC,	 9	 August.	 Radar	 locations	 at	 any	 given	 time	were	 chosen	 based	 on	

proximity	to	the	convection.	Four	or	five	sites	were	used	in	a	composite.	The	center	of	the	

domain	 around	 the	 MCS	 shifted	 eastward	 as	 the	 storm	 evolved,	 while	 the	 size	 of	 the	

analysis	domain	remained	constant.	 	Domain	centers,	 radar	 locations,	and	 times	 for	each	

domain	shift	are	given	in	Table	1.		

	 A	WRF	Model	(version	3.5.1)	simulation	was	used	in	conjunction	with	the	observed	

reflectivity	 to	 provide	 information	 on	 the	 MCS’s	 thermodynamic	 environment.	 The	

simulation	was	initialized	with	the	3-h	North	American	Mesoscale	Model	(NAM)	centered	

at	38.5N	and	98W	with	9-km	grid	spacing	and	60	vertical	 levels.	Thompson	microphysics		

(Thompson	 et	 al.	 2008)	 and	 Rapid	 Radiative	 Transfer	 Model	 for	 Global	 Climate	 Models	

(RRTMG,	 	 Iacono	 et	 al.	 2008)	 shortwave/longwave	 radiation	were	 used.	 Convection	was	

parameterized	using	the	Betts-Miller-Janjic	parameterization		(Janjic	1994).	The	simulation	

was	 initialized	 on	 0000	 UTC	 9	 August	 2014	 and	 was	 used	 to	 analyze	 the	 pre-storm	

environmental	CAPE	distribution	for	parcels	originating	at	the	surface,	0.5	km,	1.0	km,	1.5	

km,	and	2.0	km.		

Sources	of	the	pre-storm	environmental	air	feeding	into	the	convective	system	were	

determined	by	computing	back-trajectories	of	air	parcels	along	and	ahead	of	the	convective	
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line	using	the	HYSPLIT	model	(Stein	et	al.	2015).	The	HYSPLIT	model	was	initially	designed	

and	 used	 to	 determine	 the	 transport	 of	 dust,	 aerosols,	 or	 gaseous	 toxins	 and	 chemicals		

(e.g.,	Han	et	al.	2005;	McGowan	and	Clark	2008;	Dreher	2009;	Alam	et	al.	2011;	Yerramilli	

et	al.	2012).	More	recent	studies	have	used	it	to	investigate	larger	storm	environments	and	

the	 origin	 of	 air	 parcels	 	 (e.g.,	Dreher	2009;	Rauber	 et	 al.	 2014,	 2015,	 Stein	 et	 al.	 2015).	

Archived	data	from	NAM	12-km	runs	were	used	to	initialize	the	HYSPLIT	model.	Backward	

24-hr	 trajectories	 were	 calculated	 every	 hour	 at	 locations	 along	 and	 ahead	 of	 the	

convective	line.	Trajectories	were	computed	every	hour	from	2000	UTC	9	August	2014	to	

0600	UTC	10	August	2014	for	parcels	originating	at	the	surface	and	aloft	at	500	m,	1.0	km,	

1.5	km	,	and	2.0	km.		
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Chapter	3	

9	and	10	August	2014	Storm	System	

On	9	August	2014	at	approximately	2100	UTC,	upslope	flow	associated	with	a	weak	

shortwave	 at	 700	mb	 passing	 to	 the	 lee	 of	 the	 Rocky	 Mountains	 spawned	 a	 convective	

complex	 in	 eastern	 Colorado.	 A	 weak	 north-south	 oriented	 dryline	 extended	 southward	

from	 a	 low	 in	west-central	 Nebraska	with	 a	 stationary	 front	 aligned	 from	 central	 South	

Dakota	 through	Oklahoma	 (Figure	1).	 Figure	2	 shows	 storm	evolution	every	 three	hours	

from	2100	UTC	through	0600	UTC,	the	time	period	that	is	the	focus	of	this	study.	Following	

storm	 initiation,	 the	 system	 grew	 upscale	 into	 a	 southeastward-propagating	MCS,	which	

became	elevated	as	 it	continued	into	the	overnight	hours.	A	gust	 front	appeared	as	a	 fine	

line	in	the	WSR-88D	reflectivity	field	at	roughly	0130	UTC	on	10	August	and	persisted	for	

several	hours	 (Figure	2).	The	disorganized	northern	convection	began	 to	merge	with	 the	

main	convective	line	about	0400	UTC,	increasing	the	size	and	further	expanding	the	MCS.	A	

strong	convective	 line	persisted	 through	sunrise	on	10	August.	Over	 its	 lifetime,	 the	MCS	

produced	a	defined	and	persistent	outflow	boundary,	with	severe	conditions	such	as	severe	

hail	reaching	2.75	inches	and	wind	gusts	of	80	miles	per	hour	after	0100	UTC.	
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Chapter	4	

WRF	Reflectivity	Evolution	

	 The	WRF	simulation	is	used	herein	for	thermodynamic	analysis	in	the	environment	

ahead	 of	 the	 convective	 line	 since	 there	 was	 insufficient	 data	 available	 from	 standard	

National	Weather	Service	soundings.	Thus,	it	was	necessary	that	the	simulated	reflectivity	

evolve	in	a	spatially	and	temporally	comparable	way	to	the	observed	system	such	that	the	

simulated	 analysis	 had	 the	 correct	 context	 with	 the	 observations.	 Figure	 3	 provides	 a	

comparison	between	the	reflectivity	 field	 from	the	WSR-88D	network	and	the	reflectivity	

from	WRF	for	four	times	starting	shortly	after	initiation	through	several	hours	after	sunset.		

Figure	3a	shows	the	WRF	reflectivity	shortly	after	initiation	at	2100	UTC.		Simulated	

reflectivities	were	weaker	than	the	observed	reflectivities,	which	are	contoured	in	black	in	

Figure	3.	The	center	of	western	cell	 in	 the	 simulation	was	displaced	 to	 the	northwest	by	

about	65	km	while	the	eastern	cell	was	positioned	between	two	observed	clusters	with	the	

highest	reflectivity	to	the	south	of	the	northeast	cell	by	approximately	25	km.	The	shape	of	

the	WRF	reflectivity	 field	was	 smoother	 than	 the	observed	data,	which	 is	expected	given	

the	 coarser	 resolution	 of	 the	WRF	 simulation	 compared	 to	 that	 of	 the	 radar	 data.	 Three	

hours	 later,	 and	roughly	an	hour	and	a	half	before	 sunset	 (0000	UTC;	Fig.	3b),	 the	WRF-

simulated	 MCS	 organized	 and	 grew	 upscale	 more	 rapidly	 than	 the	 observed	 storm	 and	

moved	 faster	 to	 the	east	and	north.	The	western	convection	was	displaced	 too	 far	 to	 the	

west	 but	 had	 the	 same	 “notched”	 shape.	 Maximum	 reflectivities	 in	 the	 simulation	 were	

within	approximately	within	5	dBZ	of	 those	observed,	with	 the	 convective	area	 larger	 in	

the	simulation.	The	simulated	storm	already	began	to	develop	a	stratiform	region	by	0000	

UTC.	Sunset	occurred	at	0139	UTC.	Figure	3c	depicts	 the	system	81	minutes	after	sunset	
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(0300	UTC).	The	simulation	reproduced	the	bowing	shape	of	the	main	convective	line.	The	

simulated	convective	line	was	displaced	to	the	east	relative	to	the	observations	by	roughly	

35	km.	The	northern	ends	of	both	the	simulated	and	observed	systems	were	less	organized,	

with	 the	WRF	reflectivity	again	smoother	 than	the	observed	data.	Maximum	reflectivities	

along	 the	 simulated	 convective	 line	 remain	within	 approximately	 5	 dBZ	 of	 the	 observed	

values.	Figure	3d	shows	the	line	4	hours	and	21	minutes	after	sunset	(0600	UTC).	At	this	

time,	the	model	reflectivity	has	a	more	defined	northern	convective	line	with	a	continued	

bowing	shape	while	 the	observed	system	has	a	more	 linear	 leading	edge,	which	was	 less	

well	defined.	The	simulation	had	a	wider	stratiform	region	on	 its	southern	end,	about	85	

km	larger	than	the	observed	stratiform	region.	The	simulation	is	used	only	for	analysis	of	

the	 environment	 ahead	 of	 the	 convective	 line.	 	 The	 fact	 that	 the	 simulated	 reflectivity	

evolved	analogously	or	slightly	to	the	east	of	the	observed	system	lends	confidence	that	the	

model	 environment	 ahead	of	 the	 system	 is	 representative	 of	 the	 pre-storm	environment	

and	 can	 be	 used	 to	 understand	 characteristics	 of	 the	 pre-storm	 environment	 and	 its	

evolution	 through	 the	 evening.	 In	 the	 following	 section,	 24	 hr	 air	 parcel	 trajectories	 are	

calculated	 at	 locations	 along	 and	 ahead	 of	 the	 convective	 line.	 First,	 the	 environment	 is	

examined	 to	 determine	 how	 the	 simulated	 mixed-layer	 and	 the	 distribution	 of	 CAPE	

evolved	during	the	transition	from	daytime	to	night.		
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Chapter	5	

Results	

a)	Thermodynamic	Analysis	

	 WRF	soundings	were	calculated	at	seven	locations	along	the	convective	line	at	0000	

UTC,	0300	UTC,	and	0600	UTC.	The	analysis	herein	will	focus	on	these	times,	which	depict	

three	stages	of	evolution:	the	surface-based	storm,	the	transition	period,	and	the	elevated	

system.	Figure	4	 shows	 the	 lowest	4.0	km	of	 the	atmosphere	at	each	of	 the	seven	points	

depicted	in	Figure	4a	at	0000	UTC.	Figures	4(b-h)	show	a	conditionally	unstable	pre-storm	

environment	 with	 a	 well	 defined	 mixed-layer	 and	 wind	 shift	 at	 approximately	 2.0	 km,	

depicting	the	surface-based	storm	environment.	

Figure	 5	 shows	 the	 pre-storm	 environment	 at	 0300	 UTC.	 The	 storm	 has	 grown	

upscale	(Fig.	5a)	and	the	mixed-layer	depth	has	shrunk	from	0000	UTC	(Figs.	5(b-h))	with	a	

stabilizing	inversion	developing	in	several	locations	(Figs.	5(b,c,	and	d),	Figure	5(b-h)	also	

has	a	defined	wind	shift,	similar	to	what	is	seen	at	0000	UTC,	but	the	majority	of	locations	

see	 this	 shift	 at	 a	 slightly	 lower	 level,	 now	 between	 1.0	 km	 and	 2.0	 km,	 reflecting	 the	

decreasing	 depth	 of	 the	 mixed	 layer.	 These	 sounding	 show	 the	 beginning	 of	 the	

stabilization	of	 the	 environment	 and	 the	 transition	 to	 elevated	 convection	 as	 the	 surface	

begins	to	lose	potential	to	sustain	convection.			

Figures	6(b-h)	shows	a	stable	surfaced	based	 inversion,	of	various	strength,	 	at	all	

locations	 suggesting	 the	 completion	 of	 a	 transition	 to	 elevated	 convection.	 Of	 note,	 the	

wind	 shift	 in	 figure	 6(b-h)	 occurs	 at	 lower	 altitudes	 between	 1.0	 km	 and	 1.5	 km	 as	 the	

mixed	 layer	 continues	 to	 weaken.	 Figures	 4-6	 do	 not	 show	 evidence	 of	 a	 low-level	 jet	

during	 the	 transition	 to	 elevated	 convection.	 Only	 weak	 southerly	 flow	 of	 5-10	 kts,	 not	
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characteristic	of	a	strong	jet,	was	present	just	east	of	the	convective	line.		

	

b)	CAPE	Distribution	

WRF	simulated	CAPE	was	calculated	 for	parcels	originating	at	 the	 surface,	500	m,	

1.0	km,	1.5	km,	and	2.0	km.	Herein,	the	term	“near	surface	layer”	will	be	used	to	describe	

the	 environment	 in	 the	 lowest	 levels	 of	 the	 surface	 and	 500	 m.	 Figure	 7	 shows	 the	

distribution	of	CAPE	spatially,	temporally,	and	vertically	across	the	MCS	at	0000	UTC,	0300	

UTC,	 and	 0600	 UTC.	 From	 this	 figure,	 the	 CAPE	 distribution	 along	 and	 east	 of	 the	

convective	 line,	 through	 the	 lowest	 two	 kilometers	 of	 the	 atmosphere,	 and	 how	 the	

distribution	evolves	with	time	can	be	analyzed.	Figure	7a	shows	the	CAPE	distribution	at	

0000	UTC.	At	this	point,	it	is	known	from	the	soundings	that	there	is	a	well-defined	mixed	

layer	 extending	 to	 near	 2.0	 km	 and	 that	 the	 convection	 is	 surface-based	 (Fig.	 4).	 This	 is	

consistent	with	the	distribution	of	CAPE	along	the	convective	 line	 in	 figure	7a,	where	the	

soundings	were	plotted.	There	is	little	visual	difference	in	CAPE	values	through	the	lowest	

2.0	 km	 along	 the	 convective	 line.	 As	 distance	 increased	 to	 the	 east	 of	 the	 line,	 there	 are	

larger	differences	in	the	CAPE	field	between	levels	as	CAPE	approaches	zero	at	1.5	km	and	

2.0	km.		

Figure	7b	shows	the	CAPE	distribution	at	0300	UTC.	At	this	time,	most	points	along	

the	 convective	 line	 have	 begun	 to	 stabilize	 at	 the	 surface	 (Fig.	 5).	 CAPE	 has	 noticeably	

decreased	from	figure	7a	at	all	 five	 levels.	Larger	values	(depicted	by	yellow	colors)	than	

the	 surrounding	 areas	 along	 the	 line	 are	 seen	near	 the	 southern	bowing	 segment.	 These	

correspond	with	 figures	 5(e-g),	 which	 show	 the	 surface	 remaining	 unstable	 at	 this	 time	

compared	to	the	other	soundings	further	north	in	figure	5	which	have	begun	to	stabilize	at	



	12	

the	 surface.	 Although	 the	 surface	 is	 unstable	 along	 the	 southern	 bow,	 the	 largest	 CAPE	

(seen	 in	 the	 lime	 green	 area)	 occurs	 at	 1.0	 km,	 suggesting	 the	 transition	 to	 elevated	

convection	had	begun.	The	wind	shift	(occurring	between	1.0	and	2.0	km)	seen	in	figures	

5(e-g)	 corresponds	 to	 this	 level	 of	 higher	CAPE.	The	northern	half	 of	 the	MCS	had	CAPE	

values	approach	zero	to	the	east	at	all	five	levels.	The	opposite	is	seen	to	the	south.	South	of	

the	bow,	values	along	the	line	are	near	zero	but	increase	to	the	east	of	the	line.	This	makes	

it	appear	as	if	there	is	a	northwest-southeast	oriented	area	of	locally	higher	CAPE	starting	

from	 approximately	 40N,98W	 to	 37N,95W	 (Fig.	 7b).	 This	will	 be	 examined	 closer	 in	 the	

next	section.		

CAPE	at	0600	UTC	decreased	from	previous	times	(figure	7c).	The	surface	stabilized	

at	all	points	along	the	convective	line	(Fig.	6)	with	CAPE	in	the	surface	layers	less	than	1000	

J kg!!	anywhere	 along	 the	 line	 (purples,	 Fig.	 7c).	 Locally	 increased	 values	 (yellows)	 are	

seen	 at	 1.0	 and	 1.5	 km,	 showing	 the	 most	 unstable	 environment	 is	 located	 above	 the	

surface.	This	is	also	where	the	wind	shift	occurs	in	figure	6	between	1.0	and	1.5	km.	Moving	

further	 east	 from	 the	 line,	 a	 northwest-southeast	 oriented	 line	 of	 locally	 higher	 CAPE	 is	

seen	(Fig.	7c),	similar	to	what	was	discussed	in	figure	7b.		

Figure	 8	 shows	 the	 points	 where	WRF	 CAPE	 values	 were	 calculated	 at	 the	 same	

three	 times	 as	 figure	 7	 and	 at	 7	 latitudes	 along	 the	 MCS.	 Longitudes	 where	 the	 CAPE	

calculations	 were	 performed	 changed	 with	 the	 evolving	 system	 but	 latitudes	 stayed	

consistent	for	all	times.	Each	latitude	coincides	with	data	in	panels	in	Figs.	9-	11.		

Figure	9	shows	the	maximum	CAPE	at	all	levels	was	closest	to	the	convective	line,	as	

seen	in	figure	7.	The	highest	values	of	CAPE	were	the	surface-based	CAPE	(below	500	m)	

with	 values	 decreasing	 as	 height	 AGL	 increases.	 Surface-based	 CAPE	 along	 the	
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northernmost	 section	 (Fig.	 9a)	 reached	1500	 J	kg!!,	while	 surface-based	CAPE	along	 the	

rest	of	the	convective	line	was	between	2500	and	3500	J	kg!!.	This	is	consistent	with	figure	

4a,	which	has	the	shallowest	mixed	layer.	There	is	a	significant	drop	in	CAPE	following	the	

maximum	values	in	all	panels.	But,	moving	approximately	two	to	three	longitudinal	points	

(~222-333	km)	away	 from	the	convective	 line	(dashed	gray	 lines)	 in	each	panel,	 there	 is	

another	slight	increase	in	CAPE	in	all	latitudinal	panels	(Fig.	9).		

The	 distribution	 of	 CAPE	 at	 0300	 UTC	 (10	 PM	 CDT)	 suggests	 the	 transition	 from	

surface-based	 to	 elevated	 convection	 had	 mostly	 occurred	 (Fig.	 7b).	 	 The	 CAPE	 is	

maximized	at	1.0	km	AGL	along	the	storm’s	bowing	segment,	in	excess	of	2000	J	kg!!	(Figs.	

10e,f),	 corresponding	 to	 the	 locally	enhanced	values	seen	 in	 figure	7b.	Figures	10c	and	d	

show	1.5	km	and	2.0	km	AGL	levels	having	the	largest	CAPE	in	those	latitudes	with	1.5	km	

CAPE	exceeding	 the	surface-based	CAPE	by	approximately	700	 J	kg!!	(Fig.	10d).	CAPE	 to	

the	 east	 of	 these	maxima	decreases,	 similar	 to	what	 is	 seen	 at	 0000	UTC	 (Fig.	 9).	Unlike	

figure	9,	a	secondary	increase	in	CAPE	(to	the	east	of	the	convective	line	where	maximum	

CAPE	is	location)	is	less	defined,	but	still	noticeable	approximately	two	longitudinal	points	

(~222	km)	ahead	of	the	maxima	in	each	panel,	particularly	in	figures	10(c-f).	This	agrees	

with	the	“northwest-southeast	oriented	area	of	locally	higher	CAPE“	discussed	in	figure	7b.	

CAPE	continued	to	decrease	at	all	levels	by	0600	UTC	(1	AM	CDT),	as	seen	in	figure	

7c.	 Figures	 11a-e	 show	 all	 CAPE	 values	 had	 decreases	 to	 below	 750	 J	kg!!	at	 all	 points	

along	and	north	of	39	degrees	latitude.	Just	to	the	south,	at	38N,	CAPE	spikes	to	1750	J	kg!!	

at	 1.0	 km	 and	1.5	 km,	 exceeding	 surface-based	CAPE	by	 approximately	 1000	 J	kg!!	(Fig.	

11f),	matching	 the	 local	maxima	 seen	 in	 figure	 7c	 at	 those	 levels.	 Figure	 11g	 shows	 the	

largest	differences	 in	CAPE	among	 levels	by	approximately	1700	 J kg!!,	with	 the	highest	
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values	at	1.0	km.	This	suggests	the	energy	for	convection	at	this	point	 in	storm	evolution	

was	 being	 provided	 between	 1.0	 km	 and	 1.5	 km,	 implying	 the	 system	 is	 elevated.	 The	

distribution	of	CAPE	is	consistent	with	the	completion	of	the	transition	from	surface-based	

to	elevated	convection	seen	in	figures	4-6.		

	

c)	Air	Parcel	Trajectories		

	 Back	trajectories	were	run	for	24	hours	using	HYSPLIT	to	determine	where	parcels	

feeding	 the	MCS	 convective	 line	 originated	 and	 the	 path	 they	 took	 during	 the	 evolution	

from	 surface-based	 to	 elevated	 convection.	 Figure	 12(a-e)	 shows	 the	 trajectory	 parcels	

took	ending	at	0000	UTC.	It	is	important	to	note	that	the	trajectories	represent	travel	over	

24	hours	while	 the	reflectivity	 represents	a	 static	 image	of	 the	MCS	at	one	point	 in	 time.	

The	trajectories	coming	from	the	west	are	not	traveling	over	the	storm	system,	but	rather	

are	moving	towards	the	east	ahead	of	the	storm	system.	When	referencing	the	location	of	

parcel	initiation	24	hours	prior	it	should	be	understood	that	this	direction	is	relative	to	the	

ending	 location	 of	 the	 parcels	 being	 discussed.	 All	 ending	 locations	 are	 marked	 with	 a	

symbol	ahead	of	 the	 convective	 line.	All	parcels	ending	at	 the	 surface	and	500m	at	0000	

UTC	(Figures	12a	and	12b)	originated	from	the	east	or	southeast	of	 their	ending	 location	

(IN,	IL,	IA,	MO,	KS,	and	OK).	At	this	time,	the	surface	is	conditionally	unstable,	as	seen	in	the	

soundings	 (Fig.	 4),	 and	 surface	 parcels	 had	 the	 largest	 CAPE	 (Fig.	 9).	 The	 majority	 of	

trajectories	 ending	 at	 levels	 higher	 AGL	 at	 0000	 UTC	 originated	 from	 the	 west	 and	

southwest	 (CO,	NM,	 and	TX)	at	1.0	 and	1.5	km	 (Fig.	12c-d),	 instead	of	 the	east,	 as	 at	 the	

surface	and	500	m	 (Fig.	12a-b).	The	1.0	and	1.5	km	northernmost	parcels	were	 the	only	

ones	 still	 originating	 from	 the	 east	 (IL	 and	 IN),	 where	 soundings	 show	 there	 is	 the	
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shallowest	mixed	layer	compared	to	other	locations	(Fig.	4b)	and	the	lowest	CAPE	(Fig.	9a).	

The	largest	shift	 in	origination	of	parcel	trajectories,	 from	the	other	levels	AGL,	 is	seen	at	

2.0	km	(Fig.	12e),	which	 is	consistent	with	the	 location	of	 the	wind	shift	seen	 in	 figure	4.	

The	majority	of	parcels	at	this	level	originated	in	NM,	CO,	and	WY.		

	 At	0300	UTC,	parcels	ending	at	the	surface	and	500	m	originated	from	the	east	and	

southeast	(Fig.	13a-b),	similar	to	what	was	seen	at	0000	UTC	(Fig.	12a-b).	For	trajectories	

ending	at	higher	levels	AGL	at	0300	UTC,	parcels	took	a	path	from	the	southwest	of	their	

ending	 location,	originating	 in	NE,	CO,	NM,	and	TX	(Fig.	13c-e),	 similar	 to	0000	UTC	(Fig.	

12c-e).	 Comparing	 the	 parcel	 trajectories	 at	 1.0,	 1.5,	 and	 2.0	 km	 (panels	 c,	 d,	 and	 e,	

respectively)	at	0000	UTC	and	0300	UTC	(Figs.	12	and	13),	more	parcels	origniated	to	the	

west-southwest	 of	 their	 ending	 locations	 at	 0300	 UTC	 than	 at	 0000	 UTC.	 The	 few	

trajectories	 traveling	 from	the	east	at	0300	UTC	ended	at	 locations	 futher	away	 from	the	

convective	line	than	the	trajectories	arriving	from	the	east	at	0000	UTC.	Although	parcels	

traveling	 from	 the	 east	 at	 0300	UTC	 ended	 further	 away	 from	 the	 convection,	 they	 also	

ended	further	to	the	south.	Instead	of	just	red	trajectories	(43N)	originating	in	the	east	at	

higher	 levels	 AGL,	 like	 at	 0000	 UTC,	 at	 0300	 UTC	 there	 were	 also	 orange	 and	 yellow	

trajectories	from	the	east	(42N	and	41N,	respectively;	Fig.	13(c-e)).	These	parcels	also	have	

the	lowest	CAPE	(Fig.	10a-c).	The	remaining	parcels	coming	from	the	westsouthwest	at	1.0-

2.0	km	match	the	wind	shift	occuring	at	lower	levels	in	figure	5.		Also	of	note,	figures	10e	

and	10f	show	the	areas	with	highest	CAPE	come	from	parcels	at	1.0	km.	Those	parcels	at	

1.0	 km	 (corresponding	 to	 latitudes	 with	 blue	 stars	 or	 purple	 diamonds,	 39N	 and	 38N,	

respectively)	have	taken	a	path	from	the	south	of	their	ending	location	(Fig.	13c).	

	 Back-trajectories	 ending	 at	 0600	UTC	 follow	 the	 same	 pattern	 at	 low	 levels	 as	 at	
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0000	UTC	and	0300	UTC	with	the	majority	of	parcels	originating	from	the	east	(IL,	IN,	IA;	

Figs.	14a-b).	At	higher	altitude	more	parcels	have	traveled	from	the	west-southwest	(Figs.	

14c-d).	This	also	agrees	with	figure	6,	where	the	wind	shift	occurs	between	1.0	km	and	1.5	

km.	 The	 2.0	 km	back-trajectories	 show	 the	 largest	 change	 in	 parcel	 travel	within	 the	 24	

hours	 prior	 (Fig.	 14e).	 Four	 trajectories	maintain	 their	 eastward	 path	 (Fig.	 14e)	with	 all	

four	 of	 those	 parcels	 ending	 furthest	 from	 the	 convective	 line	 than	 any	 other	 parcel	

trajectory	at	the	same	latitude.	Similar	to	what	was	seen	in	0300	UTC,	more	parcels	ending	

further	to	the	south	originated	from	the	east	than	the	previous	time.	At	 levels	1.0-2.0	km	

AGL,	0000	UTC	parcels	originating	from	the	east	only	ended	at	43N;	at	0300	UTC	parcels	

origniating	 from	 the	 east	 ended	 at	 43N,	 42N,	 and	 41N;	 at	 0600	 UTC	 parcels	 originating	

from	the	east	ended	at	43N	south	to	40N.	All	seventeen	remaining	trajectories	at	0600	UTC	

have	 originated	 from	 the	 west	 or	 northwest	 of	 their	 ending	 location	 with	 the	 majority	

originating	in	NE.	Recalling	figure	11f,	there	was	a	noticeable	difference	in	CAPE	at	1.0	km	

and	1.5	km	compared	to	the	other	three	levels	and	the	other	locations	to	the	north	of	38N.	

In	figure	11f,	1.0	and	1.5	km	would	correspond	to	the	purple	diamond		(38N)	trajectories	in	

figure	14c	and	d,	respectively.	The	other	levels	with	lower	CAPE	in	figure	11f	correspond	to	

the	purple	diamond	trajectories	in	figure	14a,	b,	and	e.	The	parcels	with	the	MU	CAPE	at	1.0	

and	 1.5	 km	 (Fig.	 11f)	 originated	 in	 KS,	 traveling	 mostly	 from	 the	 west	 of	 their	 ending	

location	(Figs.14c-d).	The	parcels	with	less	CAPE	at	the	other	three	heights	AGL	(Fig.	11f)	

originated	 from	OK	 and	MO,	 taking	 a	 path	 from	 the	 south	 of	 their	 ending	 location	 (Figs.	

14a-b),	or	they	originated	in	NE,	taking	a	path	from	the	northwest	of	their	ending	location	

(Fig.	 14e).	 This	 suggests	 that	 the	 parcels	 originating	 in	 the	 airmass	 to	 the	 west	 of	 the	

convection	 was	 able	 to	 sustain	 the	 MCS	 at	 0600	 UTC	 while	 parcels	 originating	 in	 the	
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airmass	 to	 the	 south,	 northwest,	 or	 east	 could	 not	 sustain	 elevated	 convection.	 	 With	

decreasing	CAPE	through	the	overnight	hours	and	lack	of	support	from	a	low-level	jet,	the	

structure	of	the	MCS	weakens	although	convection	persists	post-sunrise	on	10	August	(not	

shown)	 with	 the	 airmass	 with	 parcels	 originating	 from	 the	 west	 (purple	 diamonds)	

sustained	convection	the	longest.		
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Chapter	6	

Summary	and	Conclusions	

	 On	9	August	at	approximately	2100	UTC,	convection	initiated	in	the	lee	of	the	Rocky	

Mountains.	 This	 convection	 grew	 upscale	 into	 a	 severe	MCS	 traveling	 through	 the	 Great	

Plains	during	the	overnight	hours.	Once	the	sun	set,	surface	stabilization	began,	owing	to	

radiational	 cooling	 as	 the	 pre-storm	 environment	 remained	 dry.	 	 CAPE	 at	 all	 levels	

decreased	after	sunset	shifting	the	distribution	of	the	most	unstable	CAPE	from	the	surface	

to	aloft.	As	the	storm	persisted,	low-level	mixing	ceased,	as	evidenced	by	the	stabilization	

of	 the	boundary	 layer.	This	 resulted	 in	air	parcels	 feeding	 the	MCS	 to	 shift	 from	surface-

based	to	elevated.	The	elevated	parcels	were	more	unstable	than	the	surface-based	parcels	

but	they	also	originated	from	a	different	air	mass.	While	the	system	was	surface-based,	air	

parcels	being	ingested	arrives	at	the	convective	line	from	the	east	and	southeast	(IL,	IN,	IA).	

As	 the	 system	 transitioned	 to	 elevated,	 the	 most	 unstable	 air	 parcels	 in	 the	 pre-storm	

environment	 arrived	 at	 the	 convective	 line	 from	 the	 west	 and	 southwest	 (NE,	 CO,	 NM).	

With	a	weak	to	non-existent	low-level	jet,	this	MCS	was	able	to	sustain	itself	after	surface	

stabilizaton	 by	 tapping	 CAPE	 from	 elevated	 air	 parcels	 ahead	 of	 the	 line,	 but	 moving	

eastward	aloft	ahead	of,	and	slower	than	the	convective	line.		

	 The	main	findings	from	this	study	are:	

1) The	convective	system	was	able	to	sustain	convection	from	air	parcels	aloft	with	

maximum	MU	CAPE	 in	 the	 absence	 of	 a	 low-level	 jet	 even	 after	 after	 the	 gust	

front	 surged	 far	 enough	 from	 the	 main	 convective	 line	 to	 no	 longer	 provide	

support	 for	new	 initation.	The	air	parcels	providing	 the	MU	CAPE	were	 from	a	

different	 airmass	 compared	 to	 those	 when	 the	 surface	 was	 the	 source	 air	 for	
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convection.		

2) The	 location	AGL	of	MU	CAPE	transitioned	 from	the	surface	 to	elevated	during	

MCS	evolution.			

a. CAPE	at	all	heights	AGL	decreased	as	the	surface	stabilized.		

b. The	 surface	 was	 always	 the	 location	 of	 MU	 CAPE	 at	 0000	 UTC,	 before	

stablization	and	before	sunset.	

c. Once	the	surface	began	to	stabilize	after	sunset	(0300	UTC),	the	location	

of	MU	CAPE	varied	along	the	convective	line.		

d. After	 surface	 stabilization	 (0600	 UTC),	 MU	 CAPE	 was	 always	 located	

above	the	surface.	At	the	majority	of	locations	it	was	located	at	1.0	km.		

3) Parcels	along	the	convective	line	(at	the	same	height)	varied	substantially	along	

the	line,	specifically	between	1.0	and	2.0	km.	

a. 	Starting	at	the	north	end	of	the	convective	line	(43N),	parcels	are	found	

orginating	from	the	east.		

b. The	middle	section	of	 the	convective	 line	(~42N-39N,	depending	on	the	

time	 of	 evolution)	 parcels	 originated	 from	 all	 directions	 including	

northwest,	west,	southwest,	and	south	of	their	ending	locations.		

c. Parcels	ending	at	38N	and	37N	originated	 from	the	southeast,	 south,	or	

southwest	of	their	ending	location.		

4) Parcels	along	and	ahead	of	the	convective	line	originated	in	different	airmasses	

depending	on	their	height	AGL.	

a. 	The	majority	of	parcels	ending	at	the	surface	and	500	m	originated	from	

the	east	or	southeast	of	their	ending	locations	at	all	three	times.		
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b. At	 1.0	 and	 1.5	 km,	 parcels	 originated	 to	 the	 southeast	 of	 their	 ending	

location	at	0000	UTC,	 	 they	originated	 from	the	south	at	0300	UTC,	and	

from	the	southwest	and	west	at	0600	UTC.		

c. At	2.0	km	parcels	originated	 from	the	southwest	and	west	at	0000	UTC	

and	0300	UTC	and	originated	from	the	northwest	of	their	ending	location	

at	0600	UTC.		

5) Parcels	 feeding	 the	 convective	 system	 originated	 in	 different	 airmasses	

depending	on	the	point	of	MCS	evolution.		

a. Parcels	originating	from	the	east	were	the	most	unstable	at	0000	UTC	and	

resided	at	the	surface.	

b. Most	unstable	parcels	at	0300	UTC	resided	at	different	heights	along	the	

line	with	the	highest	values	of	CAPE	along	the	line	associated	with	parcels	

originating	south	of	their	ending	location.		

c. CAPE	 at	 all	 points	 and	 levels	 weakened	 at	 0600	 UTC	 except	 in	 parcels	

originating	 from	 the	 west	 of	 their	 ending	 location.	 These	 parcels	 were	

feeding	the	portion	of	the	MCS	that	was	strongest,	based	on	reflectivity.		

Although	 this	 analysis	 is	 applicable	 to	 the	MCS	 that	 occurred	on	9	 and	10	August	

2014,	further	studies	of	the	transition	from	surface-based	convection	to	nocturnal,	elevated	

MCS	 are	 needed	 to	 discern	whether	 or	 not	 these	 results	 are	 unique	 to	 this	 case,	 or	 are	

applicable	to	the	numerous	similar	events	observed	each	year	across	the	Great	Plains.		
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Table	

	
Table	1:	Columns	Right	to	left-	1)	times	where	compositing	was	done	on	the	same	
grid;	2)	latitudes	and	longitudes	of	the	center	of	each	grid	that	88D	reflectivity	was	
composited;	3)	88D	identifier	for	radars	used	in	the	composite;	4)	Location	of	88D	
radar	site.	
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Figures	

	
Figure	1:	Surface	analysis	of	pressure	systems	and	fronts	is	plotted	from	data	at	2100	
UTC	9	August	2014.	Thick	red	box	is	the	analysis	domain	during	the	MCS	lifetime.	
Reflectivity	is	plotted	from	WSR-88D	data	at	2100	UTC	9	August	2014.	



	23	

	
Figure	2:	Observed	WSR-88D	reflectivity	composites	every	three	hours	at	2100	UTC	
(a),	0000	UTC	(b),	0300	UCT	(c),	and	0600	UTC	(d).	Note	the	domain	shift	from	(b)	to	
(c)	and	from	(c)	to	(d).	
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Figure	3:	Simulated	WRF	reflectivity	contoured	every	three	hours	at	2100	UTC	(a),	
0000	UTC	(b),	0300	UTC	(c),	and	0600	UTC	(d),	times	corresponding	to	the	data	on	
Fig.	2.	The	thick	black	contour	in	each	frame	is	observed	20	dBZ	reflectivity	and	the	
thin	black	contour	is	observed	40	dBZ	reflectivity	at	the	same	time	as	simulated	
reflectivity.	Note	the	domain	shift	from	(b)	to	(c)	and	from	(c)	to	(d).		
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Figure	4:	(a)	WRF	reflectivity	at	0000	UTC	with	the	symbols	representing	the	
location	of	the	model	soundings	in	(b-h).	(b-h):	the	lowest	4.0	km	of	WRF	model	
soundings	at	the	location	of	the	symbols	on	Figure	4a.	The	red	line	is	temperature	
and	the	blue	line	dew	point	temperature.		Temperature	is	in	Celsius.	Red	dashed	
lines	represent	parcel	pseudo-adiabatic	ascent	above	the	level	of	free	convection	for	
parcels	originating	at	the	surface.	The	left	axis	is	pressure	in	millibars,	while	the	
right	axis	is	height	in	kilometers.	
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Figure	5:	As	in	Fig.	4	but	at	0300	UTC.	
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Figure	6:	As	in	Fig.	4	but	at	0600	UTC.		
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Figure	7:	CAPE	color	contoured	for	parcels	originating	at	five	levels	and	three	times.	
Columns	go	from	the	surface	to	2.0	km	above	ground	level	(AGL).	The	thick	black	
contour	is	1	dBZ	WRF	reflectivity	and	the	thin	contours	are	20	dBZ	and	40	dBZ,	
respectively.	Column	a)	is	at	0000	UTC.	Column	b)	is	at	0300	UTC.	Column	c)	is	at	
0600	UTC.	
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Figure	8:	Black	points	on	Fig.	8	a-c	show	the	locations	where	CAPE	was	calculated	at	
different	levels	relative	to	the	MCS.	CAPE	values	are	displayed	in	Figs.	9-11	(a-g).	
Letters	on	the	right	y-axis	correspond	to	panels	a-g	in	Figs.	9-11.	Fig.	8a	is	at	0000	
UTC.	Fig.	8b	is	at	0300	UTC.	Fig.	8c	is	at	0600	UTC.			
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Figure	9:	Figs.	9	(a-g)	show	CAPE	and	reflectivity	at	each	point	across	the	domain	in	
Fig.	8a.	Gray	dotted	lines	are	reflectivity.	Reflectivity	scale	is	on	the	right	y-axis.	
Colored	lines	show	CAPE	at	each	level	according	to	the	legend	located	to	the	left	of	
Fig.	9g.		The	CAPE	scale	is	on	the	left	y-axis.	Horizontal	colored	lines	show	the	
maximum	CAPE	value	of	each	level.	
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Figure	10:	All	figures	as	in	Figure	9	but	at	0300	UTC.		
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Figure	11:	All	figures	follow	the	same	description	as	Figure	9	but	at	0600	UTC.		
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Figure	12:	Symbols	in	each	panel	denote	the	ending	point	of	the	back-trajectory.	The	
opposite	end	of	the	line	is	where	the	parcel	was	located	24	hours	prior.	In	these	
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images,	the	symbols	are	the	locations	of	the	parcels	at	0000	UTC	10	August	2014.	The	
opposite	end	of	each	trajectory	is	the	location	of	the	parcel	at	0000	UTC	9	August	
2014.	Solid	lines	are	the	trajectories	closest	to	the	convective	line.	Dashed	and	
dotted	lines	end	one	and	two	longitudinal	points	(111km	and	222	km,	respectively)	
away	from	the	solid	line’s	end	point,	respectively.	Figure	12a	represents	trajectories	
ending	at	the	surface.	Trajectories	in	12b,	12c,	12d,	and	12e	end	at	500	m,	1.0	km,	1.5	
km,	and	2.0	km,	respectively.	WRF	reflectivity	at	0000	UTC	is	plotted	under	the	
trajectories.		
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Figure	13:	Figure	13(a-e)	same	as	Figure	12	but	with	back-trajectories	released	at	
0300	UTC.	



	36	

	
Figure	14:	Figure	14(a-e)	same	as	Figure	12	but	with	back-trajectories	released	at	
0600	UTC.	
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