
Tobias	Becker	

July	16th	2019,	CPPC	Workshop,	Met	Office,	Exeter,	UK

Entrainment	and	its	dependence	on	convective	organization	 
and	large-scale	state	in	convection-permitting	simulations		

in	collaboraCon	with	  
Cathy	Hohenegger,	Bjorn	Stevens	and	Chris	Bretherton	



• convective	aggregation	was	suggested	as	a	new	parameter	in	convective	
parameterizations		[e.g.,	Mapes	and	Neale,	2011;	Tobin	et	al.,	2013]	

• still	lack	of	understanding	how	entrainment	rate	depends	on	the	degree	of	
convective	aggregation	and	how	and	why	entrainment	might	differ	in	different	
tropical	regions	

• I	used	convection-permitting	simulations	and	calculated	bulk	entrainment	rates	
for	deep	convection	to	investigate	these	dependencies 
(i)	in	an	idealized	RCE	setup  
(ii)	applied	the	same	analysis	to	a	realistic	simulation	setup

entrainment
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• Conserved	variable:	 moist	static	energy	(below	freezing	level) 
																																																							 radioactive	tracer	(1	at	surface,	decay	in	atmosphere)	

• Updraft	definition:	 wu	>	1	m	s-1;	saturated	(ql	+	qi		>	0.01	g	kg-1)	
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Bulk entrainment is analyzed using three-hourly output from the last month of each105

simulation, and, to decrease computational cost, the analysis is performed after nearest-106

neighbor remapping (e↵ectively subsampling) to a 3 km grid. Key elements were checked107

with the original output and no dependence on the subsampling was found.108

3. Results

3.1. Aggregated and unaggregated convection in ICON-LEM

Snapshots of the two simulations with unaggregated and aggregated convection109

(Figure 1) illustrate that in the lower troposphere (784 hPa), precipitating and non-110

precipitating regions can be well separated with the radioactive tracer. Convective up-111

drafts often have a very small horizontal extent of only a few grid points, but no grid112

point storms occur, so deep convective updrafts are well resolved. Radioactive tracer113

concentrations, set to 1.0 kg kg�1 at the surface, are about 0.4 kg kg�1 or more in the con-114

vective updrafts. The tracer concentration in non-convective regions strongly depends on115

the degree of aggregation. In unaggregated states, the tracer is in non-convective areas116

homogeneously distributed, with tracer concentrations of 0.1 to 0.2 kg kg�1.117

In aggregated states, non-updraft grid points within the convective cluster have tracer118

concentrations of about 0.3 kg kg�1, but outside the convective cluster, tracer concentra-119

tions are almost zero. The structure of convective updrafts in the aggregated state is120

interesting. The strongest updrafts, associated with highest tracer concentration, occur121

at the edges of the cluster of convection, as in Hohenegger and Stevens [2016]. The rea-122
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• Conserved	variable:	 moist	static	energy	(below	freezing	level) 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Bulk	entrainment	rates

we	already	know:	

• aggregated	updrafts	are	wider	[e.g.,	Mapes	and	Neale,	2011]	

• entrainment	is	antiproportional	to	updraft	size	  
[e.g.,	Morton	et	al.,	1956]	

• 	entrainment	rate	should	decrease	when	aggregating	
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• with	moist	static	energy	as	tracer:	 
bulk	entrainment	rates	are	30	%	higher	when	aggregated	

Reason:		
horizontal	TKE	increases	by	factor	of	6	(in	3	km	distance	to	updraft)	
because	aggregated	updrafts	are	densely	packed	
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No,	updra]	buoyancy	reducCon	
is	28	%	smaller	in	case	of	
aggregated	convecCon!

Does	this	mean	that	updraft	buoyancy	reduction	is	higher	in	case	of	
aggregated	convection?
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When	aggregated,	updrafts	are	surrounded	by	a	shell	of	moist	air
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aggregated	updrafts	are	protected	by	a	moist	
shell,	reducing	entrainment	efficiency
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The	NARVAL	simulations

• in	support	of	the	NARVAL-South	flight	campaigns	
in	Dec.	2013	and	Aug.	2016	[Klepp	et	al.,	2015;	
Stevens	et	al.,	2016]	

• 2.5	km	grid	spacing,	but	nested	box	with	1.25	km	
grid	spacing:	 
similar	resolution	as	in	RCE	simulations	

• entrainment	analysis	in	subdomains	to	

• focus	on	areas	with	active	deep	convection	

• ensure	homogenous	conditions	

• estimate	uncertainties	

• analyze	regional	differences

[Klocke	et	al.,	2017]
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Over	the	West	Atlantic,	RCE	results	can	be	reproduced: 
Entrainment	increases	with	aggregation,	but	moist	shell	compensates
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In	other	regions,	entrainment	dependencies	are	more	complex
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Thermodynamic	control	of	convection	over	ocean	and	Amazonia,	
but	dynamic	control	over	West	Africa
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West	Africa: 
High	updraft	velocity	at	negative	
buoyancy	indicates	that	
convection	is	dynamically	forced
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For	large	updrafts	over	West	Africa,	updraft	velocity	decreases	above	
750	hPa	because	of	a	lack	of	forcing	(no	organized	entrainment)
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Summary
• against	expectation,	bulk	entrainment	rate	increases	when	convection	aggregates	

• aggregated	updrafts	are	densely	packed,	generating	a	lot	of	turbulence	

• aggregated	updrafts	are	protected	by	a	moist	shell,	and	thus	experience	less	buoyancy	reduction	

• in	line	with	RCE	simulations,	bulk	entrainment	rate	increases	when	convection	aggregates	over	the	
West	Atlantic	(but	updraft	buoyancy	is	independent	of	aggregation	because	of	moist	shell)	

• these	results	can	only	be	reproduced	in	regions	where	deep	convection	is	thermodynamically	
controlled	and	sparse	enough	to	allow	for	unaggregated	convection

Becker	et	al.	(2018):	Geophys.	Res.	Lett.,	45(1),	455–462.

Becker	and	Hohenegger	(2019,	in	prep.)
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Additional slides



horizontal	TKE	increases	by	factor	of	6	(in	3	km	distance	to	updraft)	because	updrafts	densely	packed	 
➔		only	process	that	can	explain	increase	of	entrainment	with	aggregation

Why	does	entrainment	increase	with	aggregation?



The	deeper	the	convec^on	grows,	the	smaller	the	entrainment	rate

[de	Rooy	et	al.,	2013]	



Upward	and	downward	mass	flux

BECKER ET AL.: ORGANIZATON AFFECTS ENTRAINMENT X - 7

estimated following Betts [1975]:103

✏ =
�@�̂u / @z

�̂u � �e

. (1)104

Bulk entrainment is analyzed using three-hourly output from the last month of each105

simulation, and, to decrease computational cost, the analysis is performed after nearest-106

neighbor remapping (e↵ectively subsampling) to a 3 km grid. Key elements were checked107

with the original output and no dependence on the subsampling was found.108

3. Results

3.1. Aggregated and unaggregated convection in ICON-LEM

Snapshots of the two simulations with unaggregated and aggregated convection109

(Figure 1) illustrate that in the lower troposphere (784 hPa), precipitating and non-110

precipitating regions can be well separated with the radioactive tracer. Convective up-111

drafts often have a very small horizontal extent of only a few grid points, but no grid112

point storms occur, so deep convective updrafts are well resolved. Radioactive tracer113

concentrations, set to 1.0 kg kg�1 at the surface, are about 0.4 kg kg�1 or more in the con-114

vective updrafts. The tracer concentration in non-convective regions strongly depends on115

the degree of aggregation. In unaggregated states, the tracer is in non-convective areas116

homogeneously distributed, with tracer concentrations of 0.1 to 0.2 kg kg�1.117

In aggregated states, non-updraft grid points within the convective cluster have tracer118

concentrations of about 0.3 kg kg�1, but outside the convective cluster, tracer concentra-119

tions are almost zero. The structure of convective updrafts in the aggregated state is120

interesting. The strongest updrafts, associated with highest tracer concentration, occur121

at the edges of the cluster of convection, as in Hohenegger and Stevens [2016]. The rea-122
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Upward	and	downward	mass	flux



In	subdomains	that	are	dominated	by	shallow	convection,	the	bulk	
mean	MSE	can	increase	with	height	(negative	entrainment	estimate)



Moist	static	energy	can	be	used	as	a	tracer	below	the	freezing	level



How	does	updraft	mass	flux	change	with	height?



Bulk	detrainment	estimation

Detrainment	is	similar	with	
unaggregated	and	aggregated	
convection,	except	for	the	secondary	
maximum	of	detrainment	at	800	hPa,	
which	can	be	associated	with	the	
shallow	overturning	circulation	



Vertical	domain-mean	profiles



Why	does	the	unaggregated	run	not	aggregate,	but	when	
starting	from	aggregated,	the	simulation	stays	aggregated?

• 1km	unaggregated	simulation	does	not	
aggregate	because	less	shallow	clouds,	
which	means	not	enough	low-level	
cooling,	and	no	shallow	overturning	
circulation	

• 1	km	aggregated	simulation	stays	
aggregated	because	clear-sky	region	
cools	very	efficiently,	sustaining	the	
aggregation



In	the	aggregated	case,	a	shallow	overturning	circulation	induces	an 
up-gradient	transport	of	moist	static	energy,	sustaining	the	aggregation



Vertical	profiles	show	that	West	Atlantic	is	most	similar	to	RCE



Highest	updraft	velocities	over	West	Africa



Entrainment	increases	with	environmental	humidity	
and	decreases	with	stability	over	land	(ocean	opposite)



Entrainment	is	minimum	at	that	time	of	day	when	
deep	convection	is	most	active




