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The	Helioseismic	and	MagneHc	 Imager	 (HMI)	acquires	sequences	of	polarized	filtergrams	of	 the	Sun	from	which	observable	quanHHes	are	computed.	The	
observables	 include	five	 line	of	 sight	quanHHes	–	magneHc	field,	velocity,	 conHnuum	 intensity,	 line	depth,	and	 line	width	–	as	well	as	Stokes	polarizaHon	
parameters.		
The	process	of	turning	a	set	of	filtergrams	into	calibrated	measurements	is	quite	involved.	Since	May	2010	the	streams	of	data	from	HMI’s	two	cameras	have	
been	 treated	 separately.	 The	 frame	 list	 for	 the	 Doppler	 camera	 repeats	 every	 45	 seconds	 and	 the	 images	 are	 combined	 to	 determine	 the	 line-of-sight	
observables.	The	Vector	camera	sequence	measures	addiHonal	polarizaHons	and	so	requires	135s;	images	from	ten	vector	sequences	are	averaged	every	720s	
to	determine	the	four	Stokes	polarizaHon	parameters	at	each	of	six	wavelengths,	as	well	as	the	LoS	observables.		
A	variety	of	calibraHon	correcHons	are	made	to	the	Level-1	filtergrams	to	account	for	distorHon,	image	moHon	and	alignment,	polarizaHon,	wavelength	and	
intensity	irregulariHes,	camera	issues,	solar	rotaHon,	and	other	effects.	Residual	random	variaHons	in	the	final	observables	are	consistent	with	photon	noise	
levels,	but	systemaHc	errors	remain	that	have	not	been	fully	corrected.	Of	parHcular	concern	are	those	associated	with	the	velocity	of	the	instrument	relaHve	
to	the	Sun	due	to	the	geosynchronous	orbit	of	the	Solar	Dynamics	Observatory	(SDO)	spacecra^.	This	presentaHon	describes	the	creaHon	of	the	observables,	
characterizes	the	residual	errors,	and	indicates	plans	for	future	improvements	-	including	correcHon	for	the	instrument	point	spread	funcHon.	All	HMI	data	
are	available	at	h_p://jsoc.stanford.edu.	

Step	1	-	Level	1	Filtergrams	and	Observables		
	
Level-1	filtergrams	are	4096**2	CCD	images	corrected	for	all	of	the	usual	
issues	-	exposure	@me,	dark	current,	gain,	flat	field.	In	addi@on	cosmic	rays	are	
iden@fied	and	corrected	(in	the	defini@ve	data).	Various	characteris@cs	of	the	
images	are	also	determined,	e.g.	the	center	posi@on	and	wavelength-corrected	
radius,	as	well	as	its	overall	QUALITY.	
	
The	HMI	observables	are	calibrated	physical	quan@@es	computed	from	a	
repea@ng	sequence	of	Level-1	filtergrams	observed	at	specific	wavelengths	
and	polariza@ons.	The	observables	are	listed	in	the	TABLE	along	with	the	
random	uncertain@es	that	are	determined	largely	by	photon	noise	and	choices	
made	during	the	instrument	design.	Un@l	April	2016	each	of	the	two	HMI	
cameras	provided	data	for	a	separate	data	reduc@on	pipeline.	One	provides	
line-of-sight	velocity,	intensity,	and	magne@c	field	samples	every	45	seconds.	
The	other	also	provides	addi@onal	polariza@on	informa@on	necessary	to	
determine	the	vector	field	every	135s	that	is	averaged	every	720s.	Recently	
HMI	has	begun	combining	images	from	the	two	cameras	and	now	collects	a	full	
set	of	filtergrams	more	quickly,	every	90s.		
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FIG	1:	Residuals	from	the	fit	of	the	ephemeris	to	the	measured	
loca@on	of	Venus.	Red	points	were	determined	without	the	dis-
tor@on	correc@on.	The	top	panels	show	results	for	the	"Side"	or	
vector	camera	and	the	bo`om	those	for	the	"Front"	camera.	The	
side	camera	observed	only	con@nuum	intensity	in	linear	
polariza@on.	
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	FIG	2:	Residual	polariza@on	maps	from	I	into	Q,	U,	and	V	
aaer	removing	the	polynomial	fit.	The	arcs	are	likely	due	to	
an	internal	reflec@on	in	the	op@cal	path.	These	images	
saturate	at	+/-	100	ppm.	

FIG	3:	The	top	four	panels	show	the	
average	power	spectra	of	I	Q	U	V	before	
correc@ng	for	the	polariza@on-PSF	
effect.	The	bo`om	two	panels	show	Q	
and	U	aaer	correc@on.	The	gray	scale	is	
logarithmic	and	saturates	at	100	for	Q,	
U,	and	V	and	at	100,000	for	I.	

FIG	4:	The	lea	column	shows	the	measured	wavelength/
phase	maps	for	the	tunable	HMI	filter	elements.	From	the	
top,	the	Narrow-Band,	Wide-Band,	and	Lyot	elements	are	
shown.	Units	of	phase	are	related	to	the	free	spectral	
range.	The	right	column	shows	the	corrected	phase	maps	
aaer	removing	the	small-scale	fringes	due	to	effects	of	
being	in	calibra@on	mode.		

FIG	5:	Fits	to	the	fringe	pa`ern	arising	in	the	front	window	that	
affects	the	calmode	measurement	of	the	phase	maps	shown	in	FIG	4.		

FIG	6:	Evolving	peak-to-peak	amplitude	of	the	I-ripple	for	the	first	
1500	days	of	the	SDO	mission	in	the	narrow-band,	wide-band,	
and	Lyot	tunable	filter	elements	(top	to	bo`om).		

Step	2	-	Image	SelecHon,	CorrecHon,	and	
Alignment	
	
The	first	step	is	to	iden@fy	the	appropriate	images.	
Aaer	filling	data	gaps	and	correc@ng	for	a	small	
CCD	non-linearity,	images	must	be	corrected	for	
distor@on	and	interpolated	to	the	same	@me	and	
loca@on.	This	involves	combining	mul@ple	
measurements	of	each	wavelength	and	
polariza@on,	even	for	the	45s	data.	For	
convenience	we	interpolate	to	@mes	(T_REC)	that	
are	evenly	spaced	when	translated	to	exactly	1	AU.	
The	process	requires	precise	knowledge	of	the	
poin@ng,	distor@on,	and	drias	of	the	two	cameras.	
The	cameras	differ	in	roll	angle	by	0.0837(2)	
degrees	and	are	driaing	together	by	-0.00020(6)	
degrees	per	year.	To	verify	the	distor@on	
correc@on,	FIG	1	shows	that	the	difference	
between	the	observed	and	predicted	loca@on	of	
Venus	was	less	than	0.05	pixels	during	most	of	the	
2012	transit,	consistent	with	the	uncertainty	in	roll	
at	the	solar	limb	of	0.05	pixels.		

Step	3	-	PolarizaHon	
	
The	HMI	op@cal	system	introduces	
polariza@on	that	can	be	measured	
and	modeled.	FIG	2	shows	the	
residual	polariza@on	terms	from	I	
into	Q,	U,	and	V	aaer	removing	a	
polynomial	fit	to	the	measured	
demodula@on	matrix.	The	figure	
saturates	at	100	ppm.	There	are	
changes	to	the	terms	of	the	order	
10	ppm	over	the	course	of	the	
mission,	with	annual	varia@ons	of	
about	the	same	magnitude.	FIG	3	
illustrates	a	second	polariza@on	
term	for	which	a	correc@on	is	
made;	we	call	it	the	Polariza@on-PSF	
effect;	a	blurred	I	signal	appears	in	
Q,	U,	and	V	that	can	be	almost	
completely	removed	as	shown	in	
the	bo`om	panel.	

Step	4	-	Wavelength	
	
The	HMI	filters	are	not	completely	
uniform	and	the	average	wavelength	
drias	with	@me.	We	measure	the	
wavelength	sensi@vity	of	the	three	
tunable	filter	elements	(a	Lyot	
element	and	the	wide-band	and	
narrow-band	Michelsons)	in	degrees	
of	phase,	corresponding	to	the	angle	
the	linear	polarizing	element	is	moved	
to	tune	the	element	through	its	free	
spectral	range.	FIG	4	shows	a	colorful	
representa@on	of	the	phase	maps	
measured	in	HMI	Calibra@on	Mode	on	
the	lea.	Unfortunately	there	are	
intense	small-scale	fringes	in	calmode	
that	are	introduced	by	the	front	
window.	FIG	5	shows	fits	for	the	
correc@on	that	must	be	made	to	the	
phase	maps	(see	corrected	maps	in	
the	lea	panel	of	Fig	4).	The	phase	
maps	allow	us	to	determine	the	
central	wavelength	for	each	point	in	
the	filtergram	images,	which	is	
important	for	the	HMI	velocity	
measurement.	In	addi@on	we	know	
that	in	observing	mode	there	is	an	
intensity	fringe	pa`ern	from	the	front	
window	that	appears	differently	on	
each	of	the	tunable	elements.	
Currently	no	correc@on	is	made	for	
the	resul@ng	I-ripple,	but	FIG	6	shows	
how	the	I-ripple	pa`ern	amplitude	has	
evolved	over	the	course	of	the	
mission.	

Step	5	-	Determining	the	Line-of-Sight	Observables	-	the	MDI-Method	
	
HMI	tunes	to	just	six	wavelengths	across	the	spectral	line	and	effec@vely	measures	the	phase	of	the	resul@ng	signal.	The	phase	gives	the	line	posi@on	and	
line	intensity	in	right	and	lea	circular	polariza@on,	from	which	the	line-of-sight	Doppler	velocity	and	magne@c	field	strength	can	be	determined,	as	well	as	
the	line	depth,	line	width,	and	con@nuum	intensity.	A	similar	method	was	used	onboard	the	SOHO/MDI	instrument,	hence	the	name.	HMI	differs	in	several	
ways,	in	par@cular	the	spacing	of	the	wavelengths	is	different	and	the	line	profile	moves	significantly	rela@ve	to	the	filter	wavelengths	during	the	daily	orbit.	
Consequently	the	sensi@vity	changes	with	velocity	and	thus	across	the	disk	and	with	@me	of	day	in	a	way	that	affects	the	HMI	observables.	FIG	7	show	the	
sensi@vity	table	used	to	correct	the	ini@al	velocity	determina@on.	FIG	8	shows	the	residual	median	velocity	of	the	Sun	measured	by	the	instrument	aaer	
correc@ng	for	the	Sun-spacecraa	velocity	for	several	days.	The	residual	pa`ern	has	an	amplitude	of	a	few	10s	of	m/s	that	can	be	fit	(see	FIG	9	for	the	@me-
dependent	polynomial	coefficients)	and	used	as	a	second	correc@on,	but	it	winds	up	being	a	not-so-good	extrapola@on	for	high	veloci@es.	Clearly	something	
about	the	filter	profiles	and	instrument	characteris@cs	is	not	perfectly	understood.	FIG	10	shows	another	interes@ng	dependence	of	velocity	on	the	roll	
angle	of	the	instrument.	Be`er	understanding	of	the	filters	and	their	spa@al	and	angular	sensi@vi@es	is	required.		

FIG	7:	The	curves	show	the	velocity	sensi@vity	table	
for	each	of	several	HMI	calibra@on	schemes	in	
terms	of	the	MDI-method	output	velocity	as	a	
func@on	of	the	input	solar	velocity.	The	inverse	
lookup	table	is	used	to	correct	the	velocity	values.	

FIG	9:	The	coefficients	of	a	third-order	polynomial	fit	to	the	residual	
median	velocity	as	a	func@on	of	@me.	The	constant	term	(upper	lea)	
drias	un@l	a	tuning	change	is	made.	The	other	coefficients	show	
annual	varia@ons	and	jumps	when	the	tuning	and	other	changes	are	
made	to	the	instrument.	

FIG	10:	Each	panel	shows	the	change	in	
median	measured	solar	velocity	as	a	
func@on	of	roll	angle	on	a	day	when	the	
spacecraa	was	rolled.	Differences	are	
determined	rela@ve	to	nearby	@mes	when	
the	Sun-SDO	velocity	was	the	same.	

FIG	11:	Each	panel	shows	how	a	component	of	the	measured	magne@c	
field	depends	on	Sun-SDO	velocity	in	a	stable	sunspot	region	aaer	the	long-
term	trend	has	been	removed.	The	top	row	is	for	umbra,	the	middle	for	
penumbra,	and	the	bo`om	for	nearby	quiet	Sun.	The	lea	column	is	the	
line-of-sight	component	of	the	vector	field.	The	right	column	is	the	line-of-
sight	component	computed	with	the	MDI-like	method.	The	center	column	
is	the	transverse	component	of	the	field.	Note	the	scale	is	much	smaller	in	
the	bo`om	row.		

FIG	12:	Using	higher	spectral	resolu@on	field	strength	
determina@ons	from	the	IBIS	instrument	as	a	reference,	
the	figure	shows	how	the	maximum	difference	in	LoS	field	
strength	determined	by	the	MDI-like	algorithm	changes	as	
a	func@on	of	field	strength.	The	daily	difference	is	related	
to	the	+1860	to	-2016	m/s	velocity	of	the	spacecraa.	

FIG	13:	The	lea	and	right	columns	show	the	results	of	the	LoS	
observables	calcula@ons	based	on	HMI	measurements	of	6	and	
10	different	wavelengths	taken	on	24	Oct	2014.	

FIG	14:	The	intensity	observables	have	not	been	intensively	used	or	evaluated.	
There	is	a	fairly	small	dependence	of	intensity	on	CCD	temperature	that	has	
not	been	used	to	correct	the	intensities.	The	temperature	typically	varies	by	a	
couple	K	each	day	and	the	measurement	decreases	by	a	factor	of	0.0025/K.	
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FIG	15:	Sca`ered	light	can	be	corrected	and	various	methods	have	been	proposed	to	account	for	both	small	and	large-scale	sources	
of	sca`ering.	Our	PSF	correc@on	relies	on	measured	pre-launch	characteris@cs	of	the	op@cal	path	and	on-orbit	measurements	of	
sca`ered	light	during	eclipses,	transits,	and	off	points.	The	figure	shows	before	and	aaer	images	of	a	sunspot	observed	by	HMI	when	
sca`ered	light	is	corrected.	The	dark	core	of	the	spot	changes	from	5.5%	to	3.3%	of	the	nearby	quiet-Sun	con@nuum	and	the	
granula@on	contracts	increases	from	3.7%	to	7.2%.	

Step	6	–	The	Vector	Observables	
	
The	vector	observables	are	the	four	Stokes	parameters	at	each	of	the	six	HMI	wavelengths	
averaged	every	720s.	They	are	more	difficult	to	interpret,	since	the	quan@ty	of	greatest	
interest	is	the	vector	magne@c	field	that	depends	on	a	complex	inversion	of	the	Stokes	values.	
FIG	11	shows	how	the	inverted	magne@c	field	depends	on	solar	velocity	for	a	stable	sunspot.	
See	cap@on	for	details.	The	LoS	field	component	varies	systema@cally	by	a	few	percent	in	
strong	field	regions	using	both	methods.	The	transverse	component	is	independent	of	velocity,	
except	for	a	curious	excursion	of	+/-	5	G	near	0	velocity	in	weak-field	regions.	In	strong-field	
regions	the	MDI-like	method	depends	on	the	magnitude	of	velocity	rather	than	its	signed	
value.	FIG	12	shows	how	the	velocity-dependence	of	the	MDI-like	method	depends	on	field	
strength.	Between	-750	and	-1600	G	the	maximum	daily	difference	in	the	measured	LoS	field	
strength	increases	from	about	10	G	to	25	G.	FIG	13	compares	the	observables	determined	
with	HMI	tuned	to	four	addi@onal	wavelengths.	Using	10	wavelengths	increases	the	reliability	
of	the	result,	but	cannot	be	done	rou@nely.		

	Step	8	–	CONCLUSION	
	
The	HMI	instrument	is	well	characterized	
and	more	than	meets	all	of	its	original	
performance	specificaHons.	The	data	are	
more	than	adequate	for	achieving	the	
original	science	goals	of	the	project.	
Random	errors	are	consistent	with	
anHcipated	photon	noise	and	instrument	
design	parameters.	However,	systemaHc	
errors	exist	at	the	few	percent	level,	
a_ributable	mainly	to	daily	variaHons	in	
the	Sun-SDO	velocity.	The	errors	are	
reasonably	well	characterized	and	most	
sources	are	understood	in	principle.	
ConHnuing	work	is	underway	to	improve	
the	knowledge	of	the	filter	profiles	that	
should	reduce	the	errors.	Empirical	fixes	
for	many	issues	can	be	implemented.	In	
many	cases	reasonable	accommodaHons	
can	miHgate	the	remaining	errors	for	
many	invesHgaHons.	The	HMI	team	is	
anxious	to	work	with	the	community	to	
improve	the	uHlity	of	the	observaHons.	

Step	7	–AddiHonal	InformaHon	Not	Yet	Used	RouHnely	in	Observables		

		
		
		
		
		
		
		
	

FIG	8:	The	top	and	right	panels	show	the	difference	between	the	
median	solar	velocity	and	the	known	Sun-SDO	velocity	as	a	func@on	
of	observed	velocity	on	several	days.	The	lower	lea	panel	shows	how	
the	pa`ern	drias	only	slowly	over	5	consecu@ve	days.	The	upper	lea	
panel	also	shows	what	happens	during	a	roll	of	the	spacecraa.	


