
Treatment of surface spectral emissivity: 
towards a more faithful longwave radia8ve 

coupling in the CESM

Xianglei	Huang	
University	of	Michigan	

CESM	Polar	Modeling	Workshop,	August	14,	2019	

Acknowledgement:	DoE	BER	ESMD/Sci-DAC	programs	and	NASA	ROSES	programs		



What to get at the end of this 
lecture?
•  In	addiFon	to	dynamical	coupling,	atmosphere	and	
land/ocean/ice	are	radiaFvely	coupled	together.	

•  Spectral	dependence	of	such	radiaFve	coupling	
needs	to	be	represented.	

• Why?	Because	the	atmosphere	absorpFon	and	emission	
is	featured	with	strong	spectral	dependence.	

• Above	two	issues	can	be	manifested	in	the	polar	
regions	much	more	than	in	the	rest	of	globe.		

Key	reference:	Huang,	X.L.,	et	al.,	Improved	representaFon	of	surface	spectral	
emissivity	in	a	global	climate	model	and	its	impact	on	simulated	climate,	J.	Climate,	
31(9),	3711-3727,	doi:10.1175/JCLI-D-17-0125,	2018.	



Roadmap
• Atmospheric	RadiaFve	Transfer	101	
•  Surface	emissivity	and	how	it	has	been	treated	in	
the	model	

• When	does	the	tradiFonal	wisdom	break	down?	

• How	to	incorporate	realisFc	surface	emissivity	into	
the	CESM	(a	bit	more	detailed	illustraFon)	

• Understand	the	simulaFons	
• Outlooks	and	perspecFves	

• What	can	be	done	the	next?	

Alert:	there	will	be	some	simple	math	to	help	making	the	arguments	



Radia8ve transfer: relevant background 
knowledge 

•  First	get	concepts/jargons	clearly	defined	
• Blackbody:	an	object	absorbs	all	the	incident	
radiaFon	at	all	frequencies	

•  Idealized	definiFon		
•  Planck	Law:	describes	the	emission	of	blackbody		
•  In	reality	

•  An	object	can	be	deemed	as		blackbody	at	certain	frequencies,	
but	not	at	other	frequencies	

•  It’s	a	“reference”	when	we	talk	about	absorpFon	and	
emission	and	when	we	make	radiometric	
measurements.	



Radia8ve transfer: relevant background 
knowledge 

•  Broadband	flux	(F)		
•  One	type	of	energy	flux	
•  Energy	budget,	radiaFve	
forcing/feedback	

•  Spectral	flux	&	band	flux	(Fv)	
•  Integrand	of	broadband	flux	
•  Band	flux	computed	in	the	
radiaFon	scheme	then	sum	up	

•  Spectral	radiance	(Iv)	
•  Directly	observed	(ground/
space)	

•  Not	computed	in	the	climate	
model	

	

F = dE
dAdt

,  unit :  J
s ⋅m2 =

W
m2

Fv =
dE

dAdtdv
,  unit :  W

m2 ⋅cm−1 (cm−1  is a unit for freq.)

F(Δv) = Fv dvΔv∫ ;F = F(Δvi )
i
∑

Iv =
dEv

cosθdΩ⋅dv ⋅dA ⋅dt
   unit :Wm−2sr−1 / cm−1

Fv = dφ Iv cosθ sin∫ θ dθ∫ dθ  (dΩ = sinθdθdφ)

A blackbody, Iv = Bv (T );Fv = πBv (T )

Note:	spectral	flux	can	be	defined	with	
respect	to	wavelength	as	well	(c/λ=v)	



• A	few	key	concepts	

Radia8ve transfer: relevant background 
knowledge 

Absorptivity A(v)= Fabs (v)
Fincident (v)

Emissivity ε(v)= Femis (v)
πBv (T )

;Bv (T ) Radiance of blackbody radiation at temperature T of the object

Kirchhoff's Law A(v) = ε(v)
Thus, for a semi-infinite surface, r(v)=1-A(v)=1-ε(v); reflectivity is linked to emissivity.

Fê	
Fé=?	

Fé=Emijed	+	Reflected	
							
							

F↑(v) = ε(v)πBv (T )+ 1−ε(v)[ ]F↓(v) (Spectral version)

F↑ = εσT 4 + (1−ε)F↓  (Broadband version)



•  OpFcal	depth	

•  τ can	be	used	as	a	verFcal	coordinate	
	
•  in	LW:	stronger	absorpFon	implies	stronger	emission	in	the	
atmosphere	

•  Strong	non-linearity	rises	from	exp[-τ(v)]	

Radia8ve transfer: relevant background 
knowledge 

dτ (v) = −ρ(z)   k(v;z)   dz
Change	in	
opFcal	depth	

Density	of	
the	ac,ve	
substance	

ExFncFon	
coefficient	

τ(v)=0;	z=+∞		(TOA)	

τs(v)>0;	z=0		(surface)	

ρ(z);	k(v;z)	 dz	dτ

Transmissitivty T (v)= exp −τ (v)[ ]
Without scattering, A(v)=1-T (v)

τ(v)∼ρ T(v)	

0.1	 0.90	

1	 0.37	

10	 0.000045	



Radia8ve transfer: relevant 
background knowledge 

•  How	deep	(high)	you	can	look	down	(up)	?	
•  Which	al,tude	contribute	the	most	to	the	flux	

at	any	given	z0,		
Rule	of	thumb:	|dτ| ~	1	

	 dτ (v) = −ρ(z)k(v;z)dz

τ(v)=0;	z=+∞		

τs(v)/z=0		

τ(v;z)=τs(v)-1	

τ(v;z)=1	

Quiz:	what	if	ρ	is	reduced	by	a	factor	of	
10	while	nothing	else	changes?	

(Not	in	scale!)	



Synthe8c clear-sky spectral flux
5um	25um	
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ImplicaFons	

(Courtesy of John Dykema) 

•  Atmosphere	absorpFon	and	
emission	are	strongly	varying	
with	frequency.		

•  Thus,	each	absorpFon	band	has	
to	be	parameterized	separately.	
No	broadband	approach.		

•  Therefore,	the	lower	B.C.	for	
atmospheric	RT,	Fé@sfc,	
should	have	correct	spectral	
parFFoning	as	well.	This	is	
parFcularly	important	for	LW.	
•  Think	about	two	extreme	

cases	
•  All	in	H2O	band	
•  All	in	window	band	



A few facts of surface 
spectral emissivity



•  Surface	emissivity	

•  A	funcFon	of	frequency	and	solid	angle	
• RouFne	retrieval	products	from	hyperspectral	
soundings	(e.g.	AIRS,	IASI,	CrIS)	but	only	in	mid-IR	

• Also	measureable	in-situ	or	in	the	lab	(ASTER	Spectral	
Library)		

• But	Few	measurements	in	the	far-IR	(<650cm-1)	
•  TradiFonal	thoughts:	

•  Far-IR	water	vapor	absorpFon	is	strong	
•  Atmosphere	is	opaque	
•  Surface	emissivity	is	lijle	of	important	

εv (θ ) =
I(θ )sv

↑

Bv (Ts )
;  εv =

Fv_ emis

πBv (Ts )
(flux form)



(Chen	et	al.	2013)	From	ASTER	Spectral	Library	
No	far-IR	(>15µm)	measurements	



(Huang	et	al.,	2016,	JAS)	
(Huang	et	al.,	2018,	J	Climate)	

Fsfc
↓ << Bv (Ts )

Far-IR	spectral	emissivity	is	calculated	using	suitable	
compact	medium	radiaFve	transfer	model.	



Next …
• How	Fé@sfc	has	been	represented	in	current	
models?	

• What’s	the	tradiFonal	wisdom	behind	it?	
• When	the	tradiFonal	wisdom	can	break	down…	
•  If	it	breaks	down,	how	large	the	impact	could	be?	



Atmosphere	module	
•  Lower	B.C.	for	radiaFon	scheme	

is		

•  The	input	to	radiaFon	scheme	is	
not	lower	B.C.,	but	Tskin	

•  All	GCMs	always	assume	
blackbody	(except	GISS	model)	

Surface	modules	
•  Some	module	assumes	blackbody	(ε=1)	
•  Some	assumes	graybody	(ε<1)	
•  Either	way,	ε does	not	vary	from	band	

to	band	

εσT
ground

4 + (1−ε)Fsfc
↓ = FLW _ sfc

↑

Emission	 Reflec,on	

FLW _ sfc
↑ =σTskin

4

An	example:	CLM	in	the	CESM	
•  0.97	for	snow	and	nonurban	ground	
• 	0.96	for	urban	ground

Coupling:		 FLW _SFC
↑

Issues:	1.	Broadband	flux	is	passed	through	correctly.		But	inconsistent	in	the	spectral	
decomposiFon.	Right	for	broadband,	but	could	be	wrong	each	spectral	band.	
2.	This	can	be	an	issue,	because	atmospheric	absorpFon	and	emission	is	VERY	spectrally	
dependent.	When	a	wrong	lower	B.C.	is	provided	……	

FLW _SFC
↑ (Δv)



)( sv

s
v TB

F
v

π
ε

↑

=

Models:	what’s	the	tradi,onal	wisdom	to	assume	BB	in	AGCM?	

εv  =  Av

rv =1− Av =  1-εv

Upward flux at surface
 F↑(z = 0) = εvπBv (Ts )+ (1−εv )Fv

↓(z = 0)
if  εv ~ 1 or  Fv

↓(z = 0) ≈ πBv (Ts ) (e.g. H2O and CO2  band)
F↑(z = 0) ≅ πBv (Ts )

Fv↓	(z=0)		 εv	πBv(Ts)	

Surface	(εv)		

(1-εv)Fv↓	(z=0)		

Where	does	this	wisdom	break	down?	
1.   IR	window	region		(Chen	et	al.,	2019)							
2.   High	al,tude/High	la,tude	(Chen	et	al.,	2014;	where	TCWV	~0.1	or	less	than	

mid-la,tude)	

τv>>1	

Fv↓	(z=0)		 εv	πBv(Ts)	

Surface	(εv)		

(1-εv)Fv↓	(z=0)		

τv<	or	τv	~1	

•  Chen	et	al.,	2014,	GRL,	doi:
10.1002/2014GL061216	



Incorporate surface spectral 
emissivity into the CESM v1.1.1

From	surface	modules	 From	CAM	

Solve	for	Tskin	

εi:	emissivity	in	each	RRTMG_LW	band	

•  This	treatment	ensures	FéLW	being	the	same	across	different	
modules.	



IniFal		surface	
temperature	

Radia,ve	transfer	scheme	
(modify	RRTMG_LW	surface	condiFon)	

Original:	
New:	

	

	Transla,on	layer	
(modify	Tskin)	

Original:	
New:	

	
Fsfc
↑ = εiπ Bv (Tskin )dvΔvi

∫
i
∑ + (1−εi )Fi_ sfc

↓

i
∑

Land	

Sea	
ice	

Ocean	

Fi_ sfc
↓

Tskin	

4/1)/( σ↑= sfcskin FT

Coupler	

∑ ∫Δ
↑ =

i
v skinv dvTBF )(π

↓

Δ

↑ ⋅−+= ∑∑ ∫ sfci
i

i
i

v skinvi FdvTBF _)1()( επε

Atmosphere	

Fi_ sfc
↓Restart	

Current	Fme	step	

icesfc fF ,↑

watericeiceiceicesea ff εεε ⋅−+⋅=− )1(

Reference:	
hjp://www.cesm.ucar.edu/models/
cesm1.2/cpl7/coupler_flow.pdf	



How could we know that we get it 
right?

•  A	sanity	check:	if	we	set	εi	=1,	the	simulaFon	
should	be	the	same	as	the	standard	CESM	
simulaFon	(up	to	numerical	errors	in	solving	the	
equaFon	above)		



Differences	between	εi=1	run	and	standard	CESM	run	
Ader	3	hours	of	integra,on	



Simula8on set-up
•  Land	surface	spectral	emissivity	prescribed	for	each	
calendar	month.	

•  Spectral	emissivity	over	oceans	is	prognosFc,	
weighFng	sum	of	εwater	and	εice	.	

•  Slab-ocean	and	fully-coupled	run	both	used.	30-year	
output	analyzed	for	each.		



Another	sanity	check:	TOA	imbalance/No	need	of	“retune”	of	the	model	

(Huang	et	al.,	2018)	



(Huang	et	al.,	2018)	

Global-mean	



Slab	Ocean	run	
Modified	-	Control	

Fully-coupled	run	
Modified	-	Control	

Control	– Obs	climatology	

30-year	average	

All	CESM1.1.1	results	
(Huang	et	al.,	2018)	



Understand the simula8ons (based on 
CESM 1.1.1)

Compared	to	the	standard	CESM,	in	polar	regions	

Lower	surface	emissivity	in	certain	LW	spectral	bands	

Reduced	upward	LW	flux	@sfc	

SurfaceTsfc		goes	up	

Atmospheric	T	adjusts	to	the	change	of	Tsfc	

Increased	heat	residue	into	the	surface	

Increased	downward	LW	flux	@sfc	

At	polar	region	
•  Surface	energy	rebalance	is	achieved	primarily	by	upward	and	downward	LW	offset	
•  Note	that	this	might	not	be	the	case	in	other	regions	(e.g.	Sahara	desert;	Chen	et	

al.,	2019,	J.	Climate)		
•  Globally,	LW	upward/LW	downward/latent	heat	flux	are	leading	three	terms	for	

changes.	



Surface	air	temp.	difference	(K);	CESM	2.1.1;	slab	ocean;	6-35-year	mean	

Mean=0.96K	
RMSE=0.96K	

Mean=1.44K	
RMSE=1.48K	

Modified	–	Standard	 Standard	–	Obs.	

Mean=-0.41K	
RMSE=3.65K	

Mean=-0.25K	
RMSE=2.32K	



Sea-ice	fracFon	diff.;	CESM	version	2.1.1;	slab	ocean	run;	6-35-year	mean	
Modified	–	Standard	 Standard	–	Obs.	



Globe	(all	SOM	runs)	
CESM	2.1.1	(6-35-yr	mean)	 CESM	1.1.1	(6-35-yr	mean)	

		 Control	run	 	Modified	–control	 Control	run	 	Modified-control	

Surface	energy	budget	
LW	flux↑	(Wm-2)	 398.3	 3.5	 401.2	 2.3	
LW	flux↓(Wm-2)	 343.8	 4.4	 344.6	 3.2	
SW	flux↑(Wm-2)	 23.4	 -0.5	 22.9	 -0.4	
SW	flux↓(Wm-2)	 184.9	 -0.08	 181.4	 -0.4	
Latent	flux	(Wm-2)	 84.5	 1.6	 83.4	 1.0	
Sensible	flux	(Wm-2)	 21.4	 -0.2	 17.8	 -0.2	
Imbalance	(Wm-2)	 -1.1	 -0.01	 -0.56	 -0.03	

TOA	energy	budget	
LW	flux↑(Wm-2)	 238.2	 0.9	 235.2	 0.2	
SW	flux↑(Wm-2)	 103.0	 -0.9	 106.7	 -0.3	
Imbalance	(W	m-2)	 -0.31	 -0.05	 0.03	 -0.06	

Others	
Net	 column	 radia,ve	
cooling	(Wm-2)	

108.2	 1.3	 103.4	 0.8	

Tskin	(K)	 288.2	 1.0	 288.7	 0.8	
Surface	air	temp.	(K)	 288.0	 0.9	 288.5	 0.5	
Precipita,on	(mm/day)	 2.92	 0.05	 2.88	 0.03	



ArcFc	DJF	
CESM	2.1.1	(6-35-yr	mean)	 CESM	1.1.1	(6-35-yr	mean)	

		 Control	run	 	Modified	–control	 Control	run	 	Modified	–control	

Surface	energy	budget	
LW	flux↑	(Wm-2)	 226.8	 6.5	 223.3	 3.6	
LW	flux↓(Wm-2)	 198.2	 6.4	 186.6	 3.7	
SW	flux↑(Wm-2)	 4.6	 -0.1	 4.8	 -0.1	
SW	flux↓(Wm-2)	 7.1	 -0.1	 7.6	 -0.1	
Latent	flux	(Wm-2)	 11.0	 1.3	 11.4	 0.7	
Sensible	flux	(Wm-2)	 9.2	 0.9	 -0.4	 -0.3	
Imbalance	(Wm-2)	 46.3	 2.3	 44.9	 0.3	

TOA	energy	budget	
LW	flux↑(Wm-2)	 170.7	 1.9	 168.7	 0.6	
SW	flux↑(Wm-2)	 10.5	 -0.02	 10.3	 -0.03	
Imbalance	(W	m-2)	 163.0	 1.9	 160.9	 0.5	

Others	
Net	 column	 radia,ve	
cooling	(Wm-2)	

137.8	 1.8	 127.8	 0.6	

Tskin	(K)	 250.5	 2.0	 249.4	 1.2	
Surface	air	temp.	(K)	 250.5	 1.9	 249.9	 1.0	

Precipita,on	(mm/day)	 1.10	 0.06	 1.21	 0.07	



ArcFc	JJA	
CESM	2.1.1	(6-35-yr	mean)	 CESM	1.1.1	(6-35-yr	mean)	

		 Control	run	 	Modified	–	control	 Control	run	 	Modified	-control	

Surface	energy	budget	
LW	flux↑	(Wm-2)	 330.3	 3.1	 338.8	 1.3	
LW	flux↓(Wm-2)	 302.4	 3.5	 302.5	 2.0	
SW	flux↑(Wm-2)	 68.7	 -7.0	 60.5	 -2.5	
SW	flux↓(Wm-2)	 172.6	 -4.2	 178.3	 -2.7	
Latent	flux	(Wm-2)	 20.8	 0.6	 23.1	 0.4	
Sensible	flux	(Wm-2)	 11.2	 0.2	 15.4	 -0.4	
Imbalance	(Wm-2)	 -44.1	 -2.4	 -43.0	 -0.4	

TOA	energy	budget	
LW	flux↑(Wm-2)	 220.4	 1.3	 224.4	 -0.07	
SW	flux↑(Wm-2)	 219.3	 -3.4	 207.5	 -0.04	
Imbalance	(W	m-2)	 14.9	 -2.1	 7.3	 -0.1	

Others	
Net	 column	 radia,ve	
cooling	(Wm-2)	

92.9	 1.1	 90.6	 0.3	

Tskin	(K)	 276.1	 0.7	 277.7	 0.4	
Surface	air	temp.	(K)	 275.9	 0.7	 277.7	 0.3	
Precipita,on	(mm/day)	 1.45	 0.04	 1.59	 0.04	



Possible Impact on simulated current climate change?

Tsé	 Sea	ice	coverageê	
Far-IR	Emissivity@sfcê	

Window	Emissivity@sfcé	

ReflecFvity@sfcé	

ReflecFvity@sfc	ê	

εσT
ground

4 + (1−ε)Fsfc
↓ = FLW _ sfc

↑

Emission	 ReflecFon	 Upward	LW	flux	from	surface	

Far-IR	
Window	

Mid-IR	



FSW
↑ =αFSW

↓ ,                         δFSW
↑ = δα •FSW

↓ ,  ice ↔  ocean, δα ~ 0.8

FLW
↑ = εvBv (Ts )+ (1−εv )FLW

↓ ,δFLW
↑ = δε • Bv (Ts )−FLW

↓⎡⎣ ⎤⎦, ice ↔  ocean,δε ~ 0.1 or less

                                                                               moreover, Bv (Ts )−FLW
↓⎡⎣ ⎤⎦ ~ 0.1FSW

↓

Therefore, δFLW
↑ ~ 0.01δFSW

↑ ,

Sea	ice	emissivity	feedback	
Clear-sky:	[-0.007,	0.003]	Wm-2/K	
All-sky:	[-0.003,	0.002]	Wm-2/K	

Sea	ice	shortwave	albedo	
feedback:	0.3	Wm-2/K	

Sea-ice	emissivity	feedback:	a	back-envelope	calculaFon		

The	CESM	calcula,on	(Huang	et	al.,	2018)	

How	about	snowball	earth	and	ice	age?	The	paleoclimate	implicaEon?	



Outlooks and Opportuni8es (I)

(Chen	et	al.,	2014,	GRL)	

•  The	less	water	vapor,	the	model	the	IR	scakering	makers	here.	
•  Scakering	will	lead	to	more	atmosphere	absorp,on,	thus	more	downward	LW	flux	
•  Only	3	out	of	20+	GCMs	consider	LW	scakering	now	
•  Cloud	scakering	plus	surface	emissivity	can	change	the	delicate	surface	energy	

balance	around	mel,ng	season…	
•  Current	CESM	(with	RRTMG_LW)	cannot	handle	scakering	

•  We	have	a	modified	version	with	LW	scakering/new	ice	op,cs…	

When	surface	spectral	emissivity	and	cloud	scakering	are	both	enabled….	



Outlooks and Opportuni8es (II)
• What	we	modified	is	only	for	the	CAM	component	
• We	“re-interpreted”	the	radiaFve	flux	from	all	
surface	modules	

•  Ideally,	radiaFve	flux	from	all	surface	modules	
should	be	band-by-band	

•  Spectral	consistency	across	models	
•  Take	spectral	dependence	into	account	for	ocean/sea	
ice/land	ice/lands	

•  UCI	on	CICE/	Edinburgh	on	JULES	(land	model	for	
HadCM)		

•  Together	with	(I),	these	will	improve	the	radiaFve	
coupling	in	the	model	

• ApplicaFons	in	paleoclimate	modeling?	
	



Outlooks and Opportuni8es: far-IR

Revealing	fluctuaEons	in	Earth’s	thermostat	by	capturing		
the	full	spectrum	of	ArcEc	radiant	energy	

Polar Radiant Energy in the Far InfraRed Experiment (PREFIRE) 

•  Far-IR	(>15um)	accounts	for	>50%	of	OLR	
•  The	colder	the	scene,	the	more	the	far-IR	contributes	

•  We	never	had	band-resolved	obs	in	far-IR	from	space	
•  The	last	uncharted	territory	in	radiaFon	budget	measurements	

•  Two	opportuniFes	
•  NASA	PREFIRE	

•  A	$35M	EV-I	mission	selected	in	2018	
•  Slated	to	launch	in	2021/2022	
•  Dedicated	for	polar	regions/surface	emissivity	is	a	target	
•  Field	measurements	for	valida,on	are	needed	



Outlooks and Opportuni8es: far-IR

Far-infrared	Outgoing	
Radia,on	

Understanding	and	
Monitoring	(FORUM)	

•  One	of	two	finalists	for	ESA	9th	Earth	Explorer		
•  SelecFon	has	been	made;	will	be	announced	in	September	
•  Scheduled	launch:	2024/2025	(but…)	
•  Polar	LW	radiaFon	budget/surface	emissivity	are	also	the	targeted	
variables:	how	to	make	best	use	of	PREFIRE	and	FORUM	obs.?	



Remarks
•  SomeFmes	atmospheric	parameterizaFons	are	
“tuned”	for	mid-lat,	which	might	not	be	equally	
applicable	to	polar	region.	

•  The	intrinsic	spectral	dimension	of	the	radiaFve	
process.	

• How	many	physical	processes	do	we	need	to	
include	in	the	model?		

• Hidden	offse�ng	biases	in	the	model:	how	to	
expose	them?	



Useful resources

• Global	surface	spectral	emissivity	data	set	
hjp://www-personal.umich.edu/~xianglei/datasets.html	

	For	each	surface	type,	as	well	as	for	each	grid/
calendar	month	
•  Modified	CESM2.1.1	with	surface	spectral	emissivity	
included	

/glade/p/cesm/pcwg/PWS2019_DATA/day3/morning/	



Back-up slides




