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High Biases in Radar ReflecBvity

Varble	et	al.,	2014	

Cloud	models	can	help	to	explain	the	ways	that	high	IWC	regions	form	and	how	they	
evolve	in	different	situaNons.	However,	radar	reflecNvity	biases	are	common	in	deep	
convecNve	simulaNons	and	result	from:	
1)  Overly	large	and	intense	convecNve	updraOs	that	loO	excessive	condensate	above	the	

freezing	level	(Varble	et	al.	2014	–	TWP-ICE	results	shown	below)	
2)  Biases	in	the	parameterizaNon	of	microphysics		



Hydrometeor Size ContribuBon to Bias
Controlling	for	TWC	and	w,	are	simulated	sizes	larger	than	observed?	
•  TWC	–	IKP2	(Strapp	et	al.,	2016)	
•  PSD	(MSD)	–	2D-S	&	PIP	(Leroy	et	al.,	2016a)	
•  Linearly	weighted	composite	PSD	using	both	OAPs	
•  Constrained	mass-size	distribuNons	using	IKP2	

•  w	–	calculated	by	SAFIRE	
	

M
(D

) 

Diameter (D) 
MMD 

50% 50% 

90% MD 10% MD 

Hydrometeor	size	comparisons	are	performed	by	way	
of	percenRles	of	the	MSD	for	observaRons	and	can	be	
calculated	for	microphysics	schemes	
•  MMD	
•  90%	MD	
•  10%	MD	

See	Leroy	et	al.,	2016a,b	for	further	detail	on	
MD	computa6ons	from	HAIC-HIWC	



Models

Falcon	20	
•  WRF-ARW	V3.6.1	
•  9:3:1-km	two	way	
nesRng	(1-km	control)	

•  Forced	with	ACCESS-R	
(BoM)	12	km	analyses	

•  Simulated	from	00Z	on	
18th	to	06Z	on	19th	

•  Embedded	333-m	grid	
spacing	domain	using	
one	scheme	

Focus	is	on	18	Feb.	2014	(Flight	23)	simulaRon.	Similar	results	in	TWC-w-T-MD	space	
from	simulaRons	of	23.	Jan	(Flight	6),	2-3	Feb.	(Flights	12	&13	),	and	7	Feb.	(Flight	16).		

MTSAT	18	Feb.	IR	Imagery	 Flight	23	Domain	Setup	



Microphysics Schemes

Thompson:	1M	-	snow,	graupel,	cloud	water;	2M	-	rain	&	cloud	ice	
Morrison:	1M	-	cloud	water;	2M	-	snow,	graupel,	cloud	ice,	&	rain	

FSBM:	33	mass	(size)	doubling	bins	for	vapor-grown	ice/aggregates,	graupel,	liquid,	and	
aerosols	

Bulk	Schemes	
Assume	PSD	funcNonal	form	(typically	Gamma)	and	predict	integral	moments	of	PSD	

1M:	prognosNc	mass	mixing	raNo	(q)	
2M:	prognosNc	q	&	number	concentraNon	(N)		

	
Bin	Schemes	

Predicts	N	for	discrete	size	bins—assumes	no	funcNonal	form	(advantage)	
Much	more	computaNonally	expensive	than	bulk	schemes	(disadvantage)	



Intercomparison Methodology

•  Controlling for temperature, condensate mass, and ver5cal velocity, are 
simulated hydrometeor sizes larger than observed?

SimulaNon	Dataset	 ObservaNonal	Dataset	
1. 6-hour	acNve	Nme	period	
2. 1000-m	grid	spacing	(also	
have	333-m	domain	for	18	
February	event	w/
Thompson	scheme)	

1. All	Darwin	flights	
2. ~750-m	grid	spacing	



Establishing the reflecBvity bias for this case
90th Percentile Reflectivity 99th Percentile Reflectivity •  Observed	reflecNvity	

from	C-POL	
	
•  Simulated	reflecNvity	
interpolated	to	C-POL	
levels	and	evaluated	for	
12	hours	when	MCS	
passed	through	Darwin	

	
•  Simulated	reflecRvity	
exceeds	observed	
reflecRvity	across	most	
of	the	free	troposphere	
for	all	Rmes	from	12Z	
on	18th	to	00Z	on	19th	



Observed MMD-T-w-TWC RelaBonships
Avg.	TWC-w-T	 Avg.	MMD-w-T	 Avg.	MMD-TWC-T	

•  TWC	generally	between	1	
and	3	g	m-3	

•  TWC	increases	with	
increasing	w	

	

•  MMDs	decrease	with	
increasing	w	for	T	<	-25	°C	

•  MMDs	decrease	with	
decreasing	T	

	

•  MMDs	decrease	with	increasing	
T	and	TWC	
•  Also	reported	by	Leroy	et	al.	

(2016b)	

	



Simulated MMD-T-w-TWC RelaBonships
•  All	schemes	produce	

increasing	TWC	with	
increasing	w	and	T,	
similar	to	observaNons	

•  Thompson	&	Morrison	
produce	increasing	
MMD	with	increasing	w	
and	T.	

•  FSBM	is	only	scheme	
able	to	produce	
decreasing	MMD	with	
increasing	w,	similar	to	
the	observed	
relaNonship	

•  Very	large	differences	in	
average	MMDs	as	a	
funcRon	of	w	and	T	
exist	between	schemes	

Max	~	1	cm	 Max	~	2-3	mm	 Max	~	2	mm	



Simulated vs. Observed T-w-TWC

•  All	schemes	produce	lesser	TWC	than	observed	for	-30	°C	<	T	<	-50	°C	and	w	<	8	m	s-1	
with	greater	than	observed	TWC	for	larger	w	and	warmer	T.		

•  Some	of	this	difference	could	be	caused	by	biased	observaNonal	sampling,	but	some	of	it	
is	also	likely	related	to	overproducNon	of	fast-falling,	large	rimed	ice	in	simulaNons.	



Simulated vs. Observed MMD-T-w

•  Morrison	&	FSBM	produce	much	larger	than	observed	MMDs	for	most	w-T	bins.	
•  Thompson	produces	smaller	MMDs	for	-30°C	<	T	<	-50°C	and	w		<	10	m	s-1,	but	larger	MMDs	
at	warmer	T	and	higher	w.	



Simulated vs. Observed MMD-T-TWC

•  For	a	given	w-T	or	TWC-T	bin,	both	Morrison	&	FSBM	schemes	produce	larger	than	observed	
MMDs.	

•  Thompson	produces	a	smaller	size	mode	for	colder	T,	smaller	w,	and	smaller	TWC,	but	sNll	
exaggerates	ice	sizes	for	larger	TWC	and	w	condiNons.	



DefiniBve Model Bias – Minimum 90% MDs

•  Simulated	sample	sizes	are	~	103	larger	than	observed	and	the	most	intense	cells	were	
avoided	during	flights;	thus,	we	expect	simulaNon	phase	space	to	be	greater	than	
observaNons	phase	space.	

•  Instead,	TWC-T	bins	exist	where	no	single	scheme	produces	90%	MDs	as	small	as	those	
observed	(everywhere	there	are	blue	bins).	



Composite MD(w) for -32 °C < T < -40 °C
10	%	MD	 MMD	 90%	MD	

•  Morrison	&	FSBM	exceed	observaNons	across	all	MSD	percenNles	
•  Thompson	10%	MDs	are	smaller	than	observed	and	MMDs	are	remarkably	similar	for	w	<	

10	m	s-1,	but	very	large	size	mode	exists	at	larger	w	for	MMD	and	for	all	w	for	90%	MD.	

Large	graupel/hail	



Composite MD(w) for -8 °C < T < -16 °C
10	%	MD	 MMD	 90%	MD	

•  Few	samples	for	these	temperatures,	so	conclusions	are	difficult	(Cayenne	data	will	help)	
•  Differing	slopes	in	90%	MD-w	profiles	suggest	far	different	proporNoning	of	ice	size	and/

or	mass	between	graupel	and	snow	parNcles	in	different	schemes	

Different	species	for	each	
scheme	control	the	90%	
MD-w	slope	



ReflecBvity ImplicaBons
-32	°C	to	-40	°C	

2	g	m-3	≤	TWC	≤	2.5	g	m-3		
•  ObservaNonal	size	

mode	at	~300	µm	
•  Only	Thompson	is	able	

to	reproduce	this;	
other	schemes	shiO	
mode	to	larger	sizes	

•  All	schemes	distribute	
too	much	mass	at	
diameters	between	1.5	
and	6	mm	

•  Despite	90%	of	mass	at	
sub-3mm	sizes,	larger	
sizes	strongly	influence	
the	reflecNvity	and	
result	in	large	model-
obs.	discrepancies	

MSD	 ZSD	



ReflecBvity ImplicaBons
-8	°C	to	-16	°C	

2	g	m-3	≤	TWC	≤	2.5	g	m-3		
•  ObservaNonal	size	

mode	sNll	at	~300	µm	
•  All	schemes	fail	to	

produce	observed	size	
mode	at	this	
temperature	range	and	
place	too	much	mass	in	
larger	diameters;	only	
FSBM	has	the	peak	
mode	below	1	mm	

•  ReflecNvity	is	
controlled	most	by	
large	parNcles,	whereas	
mass	is	controlled	by	
smaller	parNcles	

MSD	 ZSD	



Context from Cayenne Falcon 20 Measurements
-8	°C	to	-16	°C	

2	g	m-3	≤	TWC	≤	2.5	g	m-3		
MSD	 ZSD	PSD	

For	high	TWC	at	warm	T,	Cayenne	&	Darwin	
PSDs	&	MSDs	are	similar.	

Cayenne	&	
Darwin	MDs	
are	similar	for	
high	TWC	

Caused	by	low	
sample	size?	

Models	N	>	100	μm	
range	from	19	to	58	L-1	

Models	range	from	
40	to	46	dBZ	

Although	not	shown,	updrams	have	
significantly	more	parRcles	than	all	regions	

for	this	TWC	and	T	range.	



Context from Cayenne Falcon 20 Measurements
-32	°C	to	-40°C	

2	g	m-3	≤	TWC	≤	2.5	g	m-3		
MSD	 ZSD	PSD	

More	parRcles	at	
colder	temperatures	

Cayenne	observaRons	have	fewer	large	
parRcles	and	mass	at	larger	diameters,	

perhaps	because	of	smaller,	weaker	updrams.	
Sample	size	differences	could	also	play	a	role.	

Models	range	from	
35	to	41	dBZ	

Although	not	shown,	updrams	don’t	have	
significantly	more	parRcles	than	all	regions	

for	this	TWC	and	T	range.	

Models	N	>	100	μm	
range	from	59	to	259	L-1	

Cayenne	&	Darwin	
MDs	are	similar	for	
high	TWC	



Conclusions
•  Simulated	hydrometeor	sizes	are	larger	than	observed,	and	the	contribuNon	of	different	ice	species	to	the	

high	bias	varies	by	scheme	and	temperature	range	

•  This	results	from	assumed	hydrometeor	properNes	(m-D	relaNonships,	Gamma	PSD	parameters)	as	
shown	by	the	large	differences	between	schemes,	but	also	likely	results	from	key	errors	in	mixed-phase	
microphysical	process	parameterizaNons	that	favor	large	rimed	ice	over	small	vapor-grown	ice	as	shown	
by	similar	biases	in	all	schemes	

•  2M	schemes	do	not	appear	to	perform	be@er	than	diagnosNc	1M	schemes,	even	though	they	more	
realisNcally	represent	physical	processes;	the	bin	scheme	should	be	able	to	perform	the	best,	but	only	
performs	be@er	in	select	metrics	

•  All	schemes	place	too	much	mass	in	larger	parNcle	sizes	than	observed,	which	high	biases	radar	reflecNvity	
for	a	given	T-w-TWC	condiNon	

•  Although	not	shown,	increasing	grid	spacing	to	333	m	only	slightly	improves	results	and	does	not	significantly	
reduce	model	bias	

•  Also	not	shown,	simulated	hydrometeor	sizes	in	a	T-w-TWC	phase	space	are	largely	the	same	for	bulk	
simulaNons	of	several	other	HAIC-HIWC	Darwin	events	varying	in	thermodynamic	and	kinemaNc	structure	



Future Work
•  UNlize	addiNonal	TWC	and	MSD	data	from	NRC	Convair	580	(w/Alexei)	

•  Falcon	20	&	Convair	during	Cayenne	phase	provide	much	more	informaNon	around	-10	to	-15	
°C	than	was	collected	during	the	Darwin	campaign	

•  UNlize	X-band	airborne	radar	data	for	select	Cayenne	cases	(w/Mengistu)	

•  Simulate	select	Cayenne	cases	

•  Possibly	test	novel	new	microphysics	schemes	in	WRF	

•  Explore	microphysical	pathways	to	increase	ice	number	concentraNons	in	microphysics	schemes	

•  Explore	the	life	cycle	of	high	ice	water	content	regions	and	their	relaNonship	with	convecNve	and	
mesoscale	circulaNons	(w/anyone	interested)	
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Thompson 333-m simulaBon, 18 Feb. 2014

ReducRon	in	
lomed	IWC,	but	
primarily	a	

result	of	smaller	
updram	cores	

•  Largest	reducNon	in	MMD	results	from	a	reducNon	in	GWC	(and	consequently	graupel	
MMDs)	since	GWC	largely	controls	TWC	in	this	temperature	region	

•  Increasing	resoluNon	decreases	updraO	size,	allowing	easier	sedimentaNon	of	large	ice,	but	
MMDs	for	a	given	TWC-T	changes	li@le	(TWC	decreases	rather	than	MMD	for	a	given	TWC)	

ReducRon	in	graupel	condensate	
leads	to	reducRon	in	MMDs	

For	a	given	TWC	and	T,	there	is	
not	much	change	in	MMD,	which	

remains	biased	large	



Composite DistribuBons in Updra_s
Al
l	w

	
w
	≥
	1
	

-8	°C	to	-16	°C	
•  Number	of	parNcles	

increases	in	updraOs	
only	–	decreased	
aggregaNon	
efficiency/secondary	
ice	producNon?	

•  More	mass	is	
distributed	at	larger	
diameters	in	updraOs	

•  ReflecNviNes		
increase	in	updraOs	



Composite DistribuBons in Updra_s
Al
l	w

	
w
	≥
	1
	

-32	°C	to	-40	°C	
•  At	colder	temperatures,	

total	number	of	parNcles	
in	updraOs	are	only	
slightly	higher	than	for	no	
w	constraint	
•  Slight	increase	in	

number	
concentraNon	is	
mostly	from	large	
parNcles	

•  More	mass	is	distributed	
at	larger	parNcles	in	
updraOs	

•  ReflecNviNes	slightly	
increase	in	updraOs	



Context from Cayenne Falcon 20 Measurements
-8	°C	to	-16	°C	

0.5	g	m-3	≤	TWC	≤	1.0	g	m-3		
MSD	 ZSD	PSD	

Cayenne	distributes	more	parRcles,	
mass,	and	reflecRvity	at	larger	
diameters	compared	to	Darwin	for	
these	TWC-T	constraints.	

Cayenne	MDs	
are	larger	than	
Darwin	MDs	
for	low	TWC	



Context from Cayenne Falcon 20 Measurements
-32	°C	to	-40°C	

0.5	g	m-3	≤	TWC	≤	1.0	g	m-3		
MSD	 ZSD	PSD	

Both	campaigns	
produce	more	parRcles	
at	colder	temperatures	

For	“small”	TWC,	Cayenne	
generally	distributes	less	
mass	at	larger	diameters.	

Very	small	amount	of	
mass	at	large	
diameters	significantly	
affects	reflecRvity	



Species ParBBoning - Snow

>	0.5	cm	

<	1	g	m-3	

•  FSBM	&	Thompson	
produce	much	more	
snow	than	Morrison—
smaller	MMDs	à	
slower	fall	speeds	

•  Morrison	snow	
aggregates	get	very	
large	near	melNng	level
—contribute	to	
reflecNvity	bias	

•  Unique	Thompson	
snow	parameterizaNon	
(temperature	
dependent	double	
gamma)	&	non-
spherical	m-D	
relaNonship	is	more	
agreeable	with	obs	

RelaRvely	large	SWC,	but	
small	snow	MMDs	



Species ParBBoning - Graupel
•  Thompson	graupel-hail	

hybrid	species	forces	
parNcles	to	larger	sizes	
with	increasing	mass	

•  Morrison	graupel	
MMDs	are	smaller	than	
snow—2M	graupel	may	
reduce	size	biases	
compared	to	1M	
diagnosNc	relaNonships	

•  FSBM	graupel	is	
smallest	of	all	schemes	
and	smaller	than	FSBM	
snow	–	small	graupel	
may	be	linked	to	size	of	
loOed	raindrops	&	
amount	of	available	
supercooled	liquid	

≥1	cm	

Smaller	MMDs	+	
slower	terminal	
velociRes	=	more	
GWC	

Max	~	2	mm	–	
smallest	
graupel	

Smallest	GWC:	
Hail-like	fall	
speeds	for	larger	
parRcles	



Species ParBBoning - Liquid

•  Thompson	&	Morrison	
schemes	produce	much	
more	supercooled	liquid	
than	FSBM	

•  Less	supercooled	liquid	
and	smaller	raindrops	in	
FSBM	may	be	a	cause	
for	smaller	graupel	sizes	
•  PotenNally	caused	

by	explicit	CCN	
nucleaNon	and	
maintenance	of	
supersaturaNon	
over	liquid	Cloud	droplets	 Cloud	droplets	 Drizzle	

Cloud	droplets	 Cloud	droplets	

Lesser	
supercooled	
liquid	


