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Ocean-Atmosphere	Feedbacks	and	the	MJO	

DeMott	et	al.	2015	

Do	intraseasonal	SST	anomalies	drive	considerable	boundary	layer	
convergence?	



Mixed	Layer	Model	(MLM)	
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MLM	of	Stevens	et	al.	(2002)	used	by	
Back	and	Bretherton	(2009)	

	
Assumes	force	balance	in	mixed	layer	

of	constant	depth	h	
	

Mixed	layer	capped	by	trade	inversion	
where	shallow	convection	

communicates	between	mixed	layer	
and	free	troposphere	
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Mixed	Layer	Model	(MLM)	
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Mixed	Layer	Model	(MLM)	
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Entrainment	 Pressure	Gradient	

Both	entrainment	and	pressure	gradient	are	
modified	by	drag	and	Coriolis	Acceleration.		

	
Ee	=	entrainment	timescale	(we	/	h	from	previous	

slide)	
	

Ei	=	entrainment	timescale	plus	drag	timescale	
(we	/	h		+	wd	/	h	from	previous	slide)	

	
Ee	and	Ei	are	our	tunable	parameters,	left	at	

standard	values	from	Back	and	Bretherton	2009	
	
	
	



MLM	vs	Reality	
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Mixed	Layer	(ML)	=	properties	well	mixed	
	

Boundary	Layer	(BL)	=	layer	up	to	trade	inversion	that	is	
directly	influenced	by	surface.	Because	drag	is	felt	up	to	
this	level,	WTG	balance	does	not	hold	in	BL.	It	is	more	
difficult	to	establish	horizontal	temperature	gradients	

above	the	BL.	
Johnson	et	al.	2001	



Data	and		Methodology	

Inputs	to	MLM	
ERAi	
	

NOAA	OISST	
(AVHRR	+	AMSR)	 	

	 		 Validation	
Cross-Calibrated	Multi-

Platform	
(CCMP)	V2	Wind	Analysis	

	
ERAi	
	
		

Geo850	U850	V850	T850	Psurface	
	

SST 		

U10-meter	V10-meter		
	

	
Omega850	/	150	hPa	

Composites	
Filtered	MJO	OLR	
(FMO)	Index	

	
TRMM	3B42	
Precipitation	

	
		

All	data	is:	
	

2002-2011	
	

0.75	x	0.75	
	
		



Data	and		Methodology	

Validation	

FC =
M (x, y, t)V (x, y, t)∂x∂y∂t∫∫∫

V (x, y, t)2∂x∂y∂t∫∫∫

The	fractional	contribution	(FC)	of	some	model	field	(M)	to	the	observed	variable	(V)	is	
equal	to	the	covariance	of	M	and	V	integrated	over	the	domain	and	over	a	given	time	
period	(the	numerator)	divided	by	the	variance	of	the	observed	variable	V	integrated	

over	the	same	domain	and	time	period.	
	

Essentially	assessing	spatial	correlation,	temporal	correlation,	and	magnitude	all	in	one	
analysis.	

dx	=	40E	to	180	
dy	=	15N	to	15S	
dt	=	FMO	MJO	lifecycle	



Full	MLM	Results	

CCMP	U	10m	

U	MLM	 V	MLM	

CCMP	V	10m	

FC	=	1.01	 FC	=	0.90	



CCMP	10m	Convergence	

Full	MLM	Convergence	

FC	=	0.70	
(FC	=	0.75	for	layer	convergence)	

Full	MLM	Results	



Surface	Pressure	

Separating	BL	and	Free	Tropospheric	Contributions	
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Separating	BL	and	Free	Tropospheric	Contributions	

U10m V10m 10m Convergence -(850 hPa Omega)/150hPa
MLM 1.01 0.90 0.70 0.75

MLMDEEP 0.96 0.69 0.43 0.52
MLMBL 0.05 0.21 0.27 0.23

Free	Troposphere	
Boundary	Layer	

Zonal	
Wind	

Meridional	
Wind	

Surface	
Convergence	

Layer	Average	
Convergence	

Free	Tropo.	+	B.L.	

Zonal	wind	driven	by	free	troposphere		
	

Meridional	wind	driven	mostly	by	free	troposphere,	but	BL	contributes	
	

Boundary	layer	convergence	driven	both	by	free	troposphere	(2/3)	and	boundary	layer	(1/3)		

MLM	Conv:	Free	Troposphere	 MLM	Conv:	Boundary	Layer	



SST	Contributions	to	Boundary	Layer	Pressure,	Winds,	and	Convergence	

0	km	

1.5	km	 Mixed	Layer	

Surface	
SST’	=	1K	

T’(850	hPa)	=	0K	

Layer	Average	T’	=	0.5K	

NOAA	OI	SST	 Estimated	SST	Driven	Pressure	Anomalies	

Assume	air	temperature	varies	linearly	between	SST’	
and	T’@850	hPa	

	
Linearize	density	around	mean	temperature	

	
Integrate	through	depth	of	boundary	layer	

These	pressure	anomalies	are	very	small!	



SST	Contributions	to	Boundary	Layer	Pressure,	Winds,	and	Convergence	

Delta PBL Residual U10m Residual V10m Residual 10m Convergence

MLM (SST + T850) 0.21 0.10 0.07 0.05

MLM (T850) 0.19 0.06 0.05 -0.01

MLM (SST) 0.03 0.04 0.02 0.03

T850	only	
SST	only	

SST	+	T850	

Zonal	
Wind	

Meridional	
Wind	

Surface	
Convergence	

BL	
Pressure	

Linear	combination	of	SST	and	T@850	hPa	only	captures	20%	of	pressure	anomalies	caused	by	BL	
temperature	anomalies		

	
Almost	all	of	this	20%	is	contributed	by	downward	mixing	of	T@850	hPa	

	
SST	anomalies	contribute	little	to	boundary	layer	temperature	anomalies	

	
Processes	other	than	influence	of	SST	and	downward	mixing	of	T@850	hPa	dominate	BL	temperature	

budget		



What	Do	These	Results	Tell	Us?	

Repeated	Analysis	
	

1.  Conditioned	on	enhanced	and	suppressed	phases	separately	

2.  Full	ERAi	time	period	(1979	–	2016)	

3.  Composites	of	selected	“Large	MJO	Event”		
	

The	following	conclusions	are	robust	across	these	analyses	
	



What	Do	These	Results	Tell	Us?	

Conclusions	
	

1.  Basin	scale	MJO	boundary	layer	winds	and	convergence	are	primarily	driven	by	free	tropospheric	
processes	communicated	downward		

2.  Boundary	layer	temperature	anomalies	play	a	lesser	but	still	important	role	in	driving	MJO	
boundary	layer	convergence		

3.  No	evidence	of	“large”	scale	SST	anomalies	(~0.5	degrees	C)	playing	a	major	role	in	determining	
boundary	layer	pressure	anomalies,	winds	or	convergence	in	a	consistent/coherent	manner	

4.  SST	anomalies	must	be	of	larger	magnitude	and/or	smaller	spatial	scale	to	play	a	first	order	role	in	
driving	boundary	layer	convergence	

	



What	Don’t	These	Results	Tell	Us?	

These	results	do	not	suggest	that:	
	

1.  SST	driven	boundary	layer	convergence	can	not	be	important	for	individual	MJO	events	

2.  Smaller	scale	SST	anomalies	(e.g.	diurnal	warm	layers)	do	not	play	a	consistent/coherent	role	in	
modifying	boundary	layer	convergence	in	most	MJO	events	

	

For	SST	anomalies	to	drive	first	order	convergence	they	must	be:	
	

1.	Stronger	

and/or	

2.	Smaller	spatial	scale	
	

and	
	

3.)	O(1)	in	boundary	layer	temperature	budget	
	



SST	Gradients	and	Their	Influence	on	Boundary	Layer	Pressure	Gradients	

0	km	

1.5	km	 Mixed	Layer	

Surface	

From	BnB	

From	Lindzen	Nigam	

SST’	=	1K	

T’(850	hPa)	=	0K	

Layer	Average	T’	=	0.5K	

Intraseasonal	Example	

SST’	=	1K	
T’(850	hPa)	=	0K	

Assume	linear	variation	of	T	 Layer	Average	T’	=	
0.5K	

Linearize	density	about	T,	with	reference	T	and	density	from	LN	above:	
ρ'	=	ρ0[1-(T0+T’)/T0]	=	1.225	kg	m-3	[1	–	(288K+0.5K)/288K]	=	-0.0021	kg	m-3		

Use	hydrostatic	to	integrate	density	over	depth	of	mixed	layer	to	get	pressure:	

ΔP’BL=	ρ’	*	g	*	ΔzBL	=	-0.0021	kg	m-3	*	9.8	m	s-2	*	1500	m	=	-0.32	hPa	ΔP’	=	ρ’	*	g	*	Δz	



MLM	–	SST	Only	

MLM	BL	

SST	



Full	MLM	

MLM	–	SST	Only	

MLM	BL	



Residual	
Convergence	

MLM	T850	Only	

MLM	SST	Only	

MLM	SST	+	T850	



Sanity	Check!	

So	far	we	have	found	that	BL	convergence	is	driven	primarily	(2/3)	by	processes	occurring	in	
the	free	troposphere,	and	secondarily	(1/3)	on	smaller	scales	by	pressure	gradients	originating	
in	the	BL.	Back	and	Bretherton	found	the	opposite	for	monthly	to	annual	timescales.	
	
Do	our	findings	actually	make	sense?	



Sanity	Check!	

Back	of	envelope	calculation,	assume:	
1.)	Boundary	Layer	T	=	SST	
2.)	dP/dx	goes	as	dT/dx	 Climatology	 MJO	

Boundary	
Layer	

Free	
Troposphere	

dT/dx	~	10K	

dT/dx	~	1K	

dT’/dx	~	1K	

dT’/dx	~	1K	

Order	
Of	Magnitude	 BL	/	Free	Troposphere	~	10/1	 BL	/	Free	Troposphere	~	1/1	



The	MLM	Worked	for	Back	and	Bretherton	(BnB)	

Annual	Mean	Convergence	 Comparison	to	QuickSCAT	Obs.	

MLM	does	a	good	job	with	annual	mean	winds	and	
convergence.	Winds	are	always	explained	better	than	

convergence.	

MLM	performance	decreases	as	
timescale	decreases…	but	still	not	

bad.	



Will	the	MLM	Work	on	Intraseasonal	Timescales	?	



Separating	the	BL	and	Free	Tropospheric	Contributions	



Separating	the	BL	and	Free	Tropospheric	Contributions	

Why	try	to	make	this	separation	at	1500m?	

From	Johnson	et.	al.	2001	

Difficult	to	establish	T	gradients	

Easier	to	establish	T	gradients	

Still	strongly	influenced	by	ML	T	
gradients	

T	gradients	corresponds	to	pressure	gradients.	Trade	inversion	represents	the	upper	bounds	of	
where	the	surface	may	have	a	strong	direct	influence.	1500m	is	a	decent	approximation	of	the	
trade	inversion,	though	it	is	likely	to	be	higher	in	deep	tropics	and	lower	in	subtropics.	Keep	in	
mind	that	different	phases	of	the	MJO	may	substantially	modify	the	schematic	above.	



From	Johnson	et.	al.	2001	



Separating	the	BL	and	Free	Tropospheric	Contributions	
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Separating	the	BL	and	Free	Tropospheric	Contributions	

ΔPbl’	
BL	induced	
surface	
pressure	
anomaly	

	

This	very	large-scale	structure	of	boundary	layer	pressure	anomalies	(i.e.	BL	temperature	
anomalies)	appears	to	be	consistent	with	the	findings	of	Kiladis	et	al.	2005	and	Tian	et	al.	2010.	

From	Kiladis	et	al.	2005	 From	Tian	et	al.	2010	



Separating	the	BL	and	Free	Tropospheric	Contributions	

BL	induced	pressure	gradient	
contribution	

Free	tropospheric	contribution	
(wind	mixing	and	pressure	gradient)	

Free	tropospheric	induced	pressure	
gradient	contribution	

Free	tropospheric	wind	mixing	
contribution	

=	

+	

Notice	the	large	degree	of	cancellation!	

Convergence	results	primarily	from	BL	induced	pressure	gradients	(i.e.	top	panel).	

From	BnB	



Separating	the	BL	and	Free	Tropospheric	Contributions	

Comparison	to	QuickSCAT	Obs.	

Convergence	results	primarily	from	BL	induced	pressure	gradients	

From	BnB	



The	Role	of	SST	Anomalies	



SST	Gradients	and	Their	Influence	on	Boundary	Layer	Pressure	Gradients	

0	km	

1.5	km	 Mixed	Layer	

Surface	
SST	=	303K	

T(850	hPa)	=	293K	

Layer	Average	T	=	(293+303)	/	2	

We	don’t	actually	
know	T	at	top	of	
mixed	layer,	so	we	
estimate	using	850	

hPa	T	

Climatological	Example	

SST	=	303K	
T(850	hPa)	=	293K	

Assume	linear	variation	of	T	 Layer	Average	T	=	
298K	

Linearize	density	about	T,	with	reference	T	and	density	from	LN	above:	
ρ	=	ρ0[2-nT]	=	1.225	kg	m-3	[2	–	298K/288K]	=	1.18	kg	m-3		

Layer	average	T	is	higher	than	
reference	T,	so	makes	sense	that	
density	is	less	than	reference	

density	Use	hydrostatic	to	integrate	density	over	depth	of	mixed	layer	to	get	pressure:	

ΔPBL=	ρ	*	g	*	ΔzBL	=	1.18	kg	m-3	*	9.8	m	s-2	*	1500	m	=	173.5	hPa	ΔP	=	ρ	*	g	*	Δz	

From	BnB	

From	Lindzen	Nigam	



SST	Gradients	and	Their	Influence	on	Boundary	Layer	Pressure	Gradients	
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SST’	=	1K	

T’(850	hPa)	=	0K	

Layer	Average	T’	=	0.5K	

Intraseasonal	Example	

SST’	=	1K	
T’(850	hPa)	=	0K	

Assume	linear	variation	of	T	 Layer	Average	T’	=	
0.5K	

Linearize	density	about	T,	with	reference	T	and	density	from	LN	above:	
ρ'	=	ρ0[1-(T0+T’)/T0]	=	1.225	kg	m-3	[1	–	(288K+0.5K)/288K]	=	-0.0021	kg	m-3		

Use	hydrostatic	to	integrate	density	over	depth	of	mixed	layer	to	get	pressure:	

ΔP’BL=	ρ’	*	g	*	ΔzBL	=	-0.0021	kg	m-3	*	9.8	m	s-2	*	1500	m	=	-0.32	hPa	ΔP’	=	ρ’	*	g	*	Δz	



SST	Gradients	and	Their	Influence	on	Boundary	Layer	Pressure	Gradients	
We	can	also	use	these	values	to	sanity	check	our	results:	

Layer	Average	T’	=	0.5K	 ΔP’BL=	-0.32	hPa	

Layer	Average	T’	=	1K	 ΔP’BL=	-0.64	hPa	

Strong	Event,	Day	-5	 Strong	Event,	Day	0	

SST’	

Corresponding	
Pressure	Anomaly	

Corresponding	
Convergence	
Anomaly	

If	we	assume	layer	average	T’	
is	½	of	SST’	

These	P	
anomalies	are	
very	small…	

…	but	this	
convergence	is	
actually	pretty	

strong,	
especially	at	day	
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