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PODEX:	
  3	
  polarimeters	
  on	
  the	
  ER-­‐2	
  
2	
  

AirMSPI:	
  Airborne	
  Mul=angle	
  SpectroPolarimetric	
  Imager	
  (JPL)	
  
PACS:	
  Passive	
  Aerosol	
  and	
  Cloud	
  Suite	
  (UMBC/GSFC)	
  
RSP:	
  Research	
  Scanning	
  Polarimeter	
  (GISS)	
  
	
  

Start	
  with	
  the	
  basics:	
  	
  
	
  how	
  does	
  instrument	
  radiometry	
  compare?	
  

	
  
•  Help	
  beOer	
  understand	
  retrieved	
  product	
  comparison	
  
•  Help	
  differen=ate	
  algorithm	
  vs	
  measurement	
  differences	
  
•  Help	
  understand	
  our	
  instrument	
  charac=s=cs	
  –	
  Do	
  they	
  act	
  as	
  we	
  expect?	
  	
  
•  Op=mal	
  es=ma=on	
  algorithms	
  need	
  accurate	
  measurement	
  uncertain=es	
  

We	
  don’t	
  have	
  absolute	
  measurements	
  -­‐	
  no	
  instrument	
  is	
  ‘right’	
  
or	
  ‘wrong’.	
  We	
  can	
  only	
  tell	
  if	
  instruments	
  agree	
  as	
  expected.	
  



PODEX:	
  3	
  polarimeters	
  on	
  the	
  ER-­‐2	
  
3	
  

AirMSPI:	
  Airborne	
  Mul=angle	
  SpectroPolarimetric	
  Imager	
  (JPL)	
  
PACS:	
  Passive	
  Aerosol	
  and	
  Cloud	
  Suite	
  (UMBC/GSFC)	
  
RSP:	
  Research	
  Scanning	
  Polarimeter	
  (GISS)	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

PACS	
  data	
  are	
  not	
  available	
  for	
  comparison	
  yet…	
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AirMSPI:	
  Airborne	
  Mul=angle	
  SpectroPolarimetric	
  Imager	
  (JPL)	
  
PACS:	
  Passive	
  Aerosol	
  and	
  Cloud	
  Suite	
  (UMBC/GSFC)	
  
RSP:	
  Research	
  Scanning	
  Polarimeter	
  (GISS)	
  
	
  
Instrument	
  reflectance	
  &	
  polariza.on	
  comparison	
  
•  Geoloca=on	
  and	
  wing	
  flex	
  
•  Pixel	
  to	
  pixel	
  matchup	
  
•  Comparison	
  scenes	
  
•  Instrument	
  uncertainty	
  models	
  
•  Results	
  
•  Recommenda=ons	
  for	
  future	
  efforts	
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ER-2
AIRBORNE LABORATORY

EXPERIMENTER HANDBOOK

 

National Aeronautics and Space Administration
Dryden Flight Research Center
Edwards, CA  93523-0273

010422RSP	
  

AirMSPI	
  and	
  
Naviga.on/
aPtude	
  sensors	
  

Wing	
  ‘flex’	
  varies	
  with	
  fuel	
  load	
  and	
  payload.	
  	
  
	
  

1˚	
  of	
  poin.ng	
  error	
  at	
  ER-­‐2	
  cruising	
  al.tude	
  is	
  350m	
  on	
  the	
  ground	
  
	
  

(A_tude	
  sensors	
  were	
  placed	
  in	
  wing	
  pod	
  for	
  SEAC4RS)	
  

6	
  

Wing	
  ‘flex’	
  may	
  roll	
  the	
  RSP	
  observa.ons	
  from	
  aPtude	
  
measurements	
  in	
  the	
  fuselage	
  



Feb. 3, 2013, Monterey Bay, Radius:100 Wing flex of  1.38°

RSP	
  track	
  	
  
Flight	
  direc=on	
  

We	
  can	
  test	
  the	
  RSP	
  
geoloca=on	
  by	
  comparing	
  
observa=ons	
  to	
  (presumably	
  
correctly	
  geolocated)	
  
AirMSPI	
  data.	
  
	
  
Coastlines	
  oriented	
  at	
  an	
  
angle	
  to	
  flight	
  track	
  work	
  
well	
  for	
  this	
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AirMSPI	
  image	
  of	
  
Monterey	
  Bay,	
  Feb.	
  
3,	
  2013	
  with	
  RSP	
  
track	
  in	
  green	
  

Red:	
  865nm	
  
Green:	
  670nm	
  
Blue:	
  470nm	
  

	
  

Santa	
  Cruz	
  

Monterey	
  



Feb. 3, 2013, Monterey, Wing flex of  0.00°
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Corrected	
  for	
  wing	
  flex	
  of	
  1.38˚:	
  	
  
(posiFve	
  means	
  counter-­‐clockwise	
  for	
  the	
  pilot)	
  

Feb. 3, 2013, Monterey, Wing flex of  1.38°
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SEAC4RS	
  wing	
  flex	
  parameteriza=on	
  
Bas=aan	
  van	
  Diedenhoven,	
  Rose	
  Dominguez	
  used	
  the	
  eMAS	
  IMU	
  
files	
  to	
  determine	
  a	
  flight	
  =me	
  based	
  wing	
  flex	
  parameteriza=on	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
We	
  assume	
  this	
  also	
  applies	
  for	
  PODEX…	
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Pixel	
  to	
  pixel	
  matchup	
  
	
   	
   	
   	
   	
   	
   	
   	
  Spa=al	
  scale	
  considera=ons	
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277m	
  nadir	
  
footprint,	
  277m	
  

along	
  track	
  ‘smear’	
  

7m	
  nadir	
  footprint,	
  
9m	
  along	
  track	
  

‘smear’	
  

AirMSPI	
   RSP	
  

The	
  weighted	
  mean	
  of	
  all	
  AirMSPI	
  
data	
  within	
  the	
  RSP	
  footprint	
  +	
  

‘smear’	
  are	
  extracted	
  for	
  comparison	
  	
  
	
  

AirMSPI	
  random	
  error	
  es=mates	
  are	
  
reduced	
  by	
  1/√n,	
  where	
  n	
  is	
  the	
  
number	
  of	
  original	
  samples	
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Pixel	
  to	
  pixel	
  matchup	
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AirMSPI	
  image	
  north	
  of	
  
Rosamond	
  Lake,	
  Feb.	
  6,	
  2013	
  

with	
  RSP	
  track	
  in	
  green	
  

Red:	
  865nm	
  
Green:	
  670nm	
  
Blue:	
  470nm	
  

	
  



Pixel	
  to	
  pixel	
  matchup	
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For	
  each	
  RSP	
  loca=on,	
  
create	
  a	
  center	
  weighted	
  

mask	
  for	
  the	
  AirMSPI	
  image	
   277m	
  



Pixel	
  to	
  pixel	
  matchup	
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‘smear’	
  in	
  the	
  
along	
  track	
  
direc=on	
  



Pixel	
  to	
  pixel	
  matchup	
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‘smear’	
  in	
  the	
  
along	
  track	
  
direc=on	
  

Update	
  and	
  apply	
  this	
  mask	
  for	
  
all	
  RSP	
  pixels	
  for	
  comparison	
  
(also	
  account	
  for	
  data	
  quality)	
  

AirMSPI	
  nadir	
  views,	
  
closest	
  match	
  for	
  RSP	
  
viewing	
  geometry	
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Scenes	
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Scenes	
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Feb. 3, 2013, Monterey Bay, Radius:100 Wing flex of  1.38°

Monterey	
  Bay	
  
Feb	
  3,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  reflectance	
  
Moderate	
  /	
  high	
  
polariza=on	
  



Scenes	
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Feb. 3, 2013, Monterey Bay, Radius:100 Wing flex of  1.38°

Monterey	
  Bay	
  
Feb	
  3,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  reflectance	
  
Moderate	
  /	
  high	
  
polariza=on	
  

Hun=ngton	
  Beach	
  
Feb	
  6,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  ref.,	
  high	
  pol.,	
  
with	
  more	
  aerosols	
  
AERONET	
  site	
  



Scenes	
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Feb. 3, 2013, Monterey Bay, Radius:100 Wing flex of  1.38°

Monterey	
  Bay	
  
Feb	
  3,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  reflectance	
  
Moderate	
  /	
  high	
  
polariza=on	
  

Hun=ngton	
  Beach	
  
Feb	
  6,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  ref.,	
  high	
  pol.,	
  
with	
  more	
  aerosols	
  
AERONET	
  site	
  

Rosamond, Wing flex of:  1.59°

Rosamond	
  
Jan	
  31,	
  2013	
  
Dry	
  lake	
  bed	
  
high	
  ref.,	
  high	
  pol.,	
  
Ground	
  MSPI	
  data	
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Feb. 3, 2013, Monterey Bay, Radius:100 Wing flex of  1.38°

Monterey	
  Bay	
  
Feb	
  3,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  reflectance	
  
Moderate	
  /	
  high	
  
polariza=on	
  

Hun=ngton	
  Beach	
  
Feb	
  6,	
  2013	
  
Clear	
  images	
  of	
  bay	
  
Low	
  ref.,	
  high	
  pol.,	
  
with	
  more	
  aerosols	
  
AERONET	
  site	
  

Rosamond, Wing flex of:  1.59°

Rosamond	
  
Jan	
  31,	
  2013	
  
Dry	
  lake	
  bed	
  
high	
  ref.,	
  high	
  pol.,	
  
Ground	
  MSPI	
  data	
  

CLDY194304, Wing flex of:  1.74°

Marine	
  stratocumulus	
  
Feb	
  3,	
  2013	
  
high	
  ref.,	
  low	
  pol.	
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DoLP =
Q2 +U 2( )

1/2

I

RI =
Iro
2

Fo cos θ( )

ro	
  –	
  solar	
  distance	
  in	
  AU;	
  θ	
  –	
  Solar	
  Zenith	
  Angle;	
  Fo	
  –	
  Solar	
  constant.	
  	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  RI:	
  Reflectance	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  DoLP:	
  Degree	
  of	
  Linear	
  Polariza=on	
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ACE	
  uncertainty:	
  3%	
  

ACE	
  uncertainty:	
  0.005	
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ACE	
  uncertainty:	
  3%	
  

ACE	
  uncertainty:	
  0.5%	
  

Except	
  for	
  DoLP(865nm)	
  there	
  appears	
  to	
  be	
  
no	
  systema.c	
  biases	
  or	
  trends	
  
	
  
But	
  there	
  is	
  scaOer:	
  how	
  does	
  this	
  compare	
  to	
  our	
  
uncertainty	
  es=mates?	
  
	
  
We	
  don’t	
  have	
  absolute	
  reflectance	
  and	
  DoLP	
  values,	
  
but	
  we	
  can	
  learn	
  if	
  AirMSPI	
  and	
  RSP	
  collec=vely	
  agree	
  
within	
  their	
  stated	
  uncertain=es	
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Instrument	
  uncertainty	
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σ RI
2 = f (RI )

σ DoLP
2 = f (RI )

σ RI
2 = f (RI ,DoLP)

σ DoLP
2 = f (RI ,DoLP, χ )

(models	
  are	
  complicated	
  and	
  fully	
  described	
  in	
  appendix)	
  

Adjustment	
  for	
  pixel	
  averaging	
  is	
  
addressed	
  by	
  mul=plying	
  by	
  

(this	
  is	
  relevant	
  for	
  high	
  spa=al	
  resolu=on	
  AirMSPI)	
  

AirMSPI	
   RSP	
  

1
n
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AirMSPI	
  Step	
  and	
  
Stare	
  (10m	
  grid)	
  

AirMSPI	
  Sweep	
  
(25m	
  grid)	
  

AirMSPI	
  averaged	
  to	
  RSP	
  spa=al	
  
resolu=on	
  and	
  ‘smear’	
  

RSP,	
  277m	
  
resolu=on	
  

ACE	
  	
  
STM	
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Normalize	
  difference	
  by	
  uncertainty	
  

We	
  put	
  results	
  into	
  an	
  uncertainty	
  context…	
  
	
  
	
  
	
  
	
  
…so	
  that	
  differences	
  are	
  expressed	
  in	
  terms	
  of	
  
measurement	
  uncertainty	
  
	
  
“1”	
  means	
  a	
  pair	
  of	
  measurements	
  are	
  different	
  by	
  

1	
  sigma	
  RSP	
  +	
  1	
  sigma	
  AirMSPI	
  

30	
  

Difference = RSP − AirMSPI
σ RSP +σ AirMSPI
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Comparison	
  normalized	
  by	
  uncertainty	
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Comparison	
  normalized	
  by	
  uncertainty	
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Dashed	
  lines	
  are	
  +/-­‐	
  1.96	
  
	
  

If	
  the	
  differences	
  a	
  Gaussian	
  distributed,	
  95%	
  of	
  all	
  
matuchups	
  should	
  fall	
  within	
  these	
  bounds	
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Reflectances	
  agree	
  as	
  expected…	
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DoLP	
  does	
  not	
  agree	
  as	
  expected	
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Water	
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Land	
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This	
  comparison	
  	
  
CAN	
  NOT	
  

Indicate	
  which	
  instrument	
  is	
  
‘right’	
  –	
  only	
  that	
  they	
  disagree	
  
(for	
  DoLP)	
  greater	
  than	
  their	
  

uncertainty	
  es=mates	
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Instrument	
  reflectance	
  	
  
	
   	
   	
   	
   	
   	
   	
  &	
  polariza.on	
  comparison	
  

	
  
•  Geoloca=on	
  and	
  wing	
  flex	
  
•  Pixel	
  to	
  pixel	
  matchup	
  
•  Comparison	
  scenes	
  
•  Instrument	
  uncertainty	
  models	
  
•  Results	
  
•  Recommenda.ons	
  for	
  future	
  efforts	
  
	
  



Con=nued	
  analysis	
  

•  Incorporate	
  PACS!	
  
•  Post-­‐PODEX	
  field	
  

campaigns:	
  	
  
•  SEAC4RS	
  (AirMSPI	
  +	
  RSP)	
  
•  HyspIRI	
  (AirMSPI	
  and	
  

some=mes	
  RSP?)	
  

40	
  

•  For	
  con=nued	
  monitoring	
  –	
  how	
  can	
  we	
  ensure	
  
that	
  polarimeters	
  are	
  regularly	
  deployed	
  
together?	
  

•  Sugges=ons	
  of	
  scenes	
  and	
  scene	
  types?	
  



Calibra=on	
  technique	
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Calibrated	
  source	
  JPL	
   GSFC	
  
ARC	
  

Polariza=on	
  
reference	
  

Wire	
  grid	
  
polarizer	
  
(100%	
  
polariza=on)	
  

Polariza=on	
  
State	
  Generator	
  

(PSG)	
  (100%	
  
polariza=on,	
  +	
  

par=al)	
  

Air	
  
MSPI	
   RSP	
  

Diner,	
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  Davis,	
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  Rheingans,	
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  Bull,	
  M.,	
  Rider,	
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  M.,	
  Chipman,	
  R.	
  A.,	
  Mahler,	
  A.	
  B.,	
  
and	
  others,	
  2010:	
  First	
  results	
  from	
  a	
  dual	
  photoelas=c-­‐modulator-­‐
based	
  polarimetric	
  camera.	
  Appl.	
  Opt.,	
  49	
  (15),	
  2929-­‐-­‐2946.	
  	
  

Cairns,	
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  E.E.,	
  and	
  Travis,	
  L.D.,	
  1999:	
  
Research	
  Scanning	
  Polarimeter:	
  Calibra=on	
  and	
  
Ground-­‐based	
  Measurements.	
  Proc.	
  SPIE.	
  	
  	
  



Calibra=on	
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Should	
  we	
  be	
  performing	
  calibra=on	
  comparisons?	
  	
  
	
  

If	
  so,	
  what	
  to	
  we	
  need	
  to	
  consider	
  that	
  is	
  polariza=on	
  
specific?	
  

	
  
Should	
  we	
  consider	
  viewing	
  angle	
  dependence?	
  	
  

	
  
Can	
  we	
  unify	
  the	
  instrument	
  uncertainty	
  models?	
  Are	
  
we	
  accoun=ng	
  for	
  the	
  same	
  sources	
  of	
  uncertainty	
  in	
  

an	
  appropriate	
  way?	
  



Moving	
  from	
  Level	
  1	
  to	
  Level	
  2	
  

•  Perform	
  Level	
  2	
  
(parameter)	
  retrievals	
  
on	
  comparison	
  scenes	
  

•  Compare	
  differences	
  
in	
  above	
  to	
  
informa=on	
  content	
  /	
  
error	
  propaga=on	
  
analysis	
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Goal:	
  understand	
  if	
  differences	
  are	
  due	
  primarily	
  
to	
  radiometry	
  or	
  algorithms?	
  

Observed	
  L1	
  instrument	
  
uncertainty	
  (collec=ve)	
  

Perform	
  L2	
  
retrievals	
  for	
  

each	
  instrument	
  

“Project”	
  L1	
  uncertainty	
  to	
  
state	
  space	
  (L2)	
  

Compare	
  L2	
  
products	
  

Comparisons	
  of	
  L2	
  differences	
  help	
  us	
  
understand	
  -­‐	
  instrument	
  or	
  algorithm?	
  



“Error	
  propaga=on”	
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Analysis of fine-mode aerosol retrieval
capabilities by different passive remote

sensing instrument designs

Kirk Knobelspiesse,1,2,∗ Brian Cairns,1 Michael Mishchenko,1 Jacek
Chowdhary,3,1 Kostas Tsigaridis,3,1 Bastiaan van Diedenhoven,3,1
William Martin,3,1 Matteo Ottaviani,1,4 and Mikhail Alexandrov3,1

1NASA Goddard Institute for Space Studies, 2880 Broadway, New York, New York 10025, USA
2NASA Postdoctoral Program fellow, USA

3Columbia University, 2880 Broadway, New York, New York 10025, USA
4Stevens Institute of Technology, Hoboken, New Jersey, USA

*kirk.knobelspiesse@nasa.gov

Abstract: Remote sensing of aerosol optical properties is difficult, but
multi-angle, multi-spectral, polarimetric instruments have the potential
to retrieve sufficient information about aerosols that they can be used to
improve global climate models. However, the complexity of these instru-
ments means that it is difficult to intuitively understand the relationship
between instrument design and retrieval success. We apply a Bayesian
statistical technique that relates instrument characteristics to the information
contained in an observation. Using realistic simulations of fine size mode
dominated spherical aerosols, we investigate three instrument designs. Two
of these represent instruments currently in orbit: the Multiangle Imaging
SpectroRadiometer (MISR) and the POLarization and Directionality of
the Earths Reflectances (POLDER). The third is the Aerosol Polarimetry
Sensor (APS), which failed to reach orbit during recent launch, but repre-
sents a viable design for future instruments. The results show fundamental
differences between the three, and offer suggestions for future instrument
design and the optimal retrieval strategy for current instruments. Generally,
our results agree with previous validation efforts of POLDER and airborne
prototypes of APS, but show that the MISR aerosol optical thickness
uncertainty characterization is possibly underestimated.

© 2012 Optical Society of America

OCIS codes: (010.0280) Remote sensing and sensors; (010.1110) Aerosols; (010.1290) Atmo-
spheric optics; (280.1310) Atmospheric scattering; (280.4991) Passive remote sensing.
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Conclusions	
  
•  Wing	
  flex:	
  use	
  SEAC4RS	
  parameteriza=on,	
  coastline	
  matching.	
  
•  Comparisons	
  of	
  AirMSPI	
  and	
  RSP	
  reflectances	
  agree	
  within	
  

uncertain=es.	
  	
  
•  Comparisons	
  of	
  AirMSPI	
  and	
  RSP	
  DoLP	
  do	
  not	
  agree	
  within	
  

uncertain=es.	
  865nm	
  is	
  worst,	
  660/670nm	
  is	
  best.	
  
•  Results	
  DO	
  NOT	
  indicate	
  which	
  instrument	
  is	
  ‘right’.	
  

•  Results	
  call	
  for	
  a	
  discussion	
  of	
  polarimetric	
  calibra=on	
  techniques,	
  
and	
  possible	
  cross-­‐calibra=on.	
  

•  Results	
  call	
  for	
  unified	
  ways	
  of	
  describing	
  instrument	
  uncertainty	
  
•  This	
  will	
  be	
  much	
  be_er	
  with	
  PACS!!!	
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Thank	
  You	
  

	
  
	
  

Results,	
  file	
  loca=ons,	
  uncertainty	
  model	
  can	
  be	
  
found	
  here	
  (star=ng	
  in	
  July):	
  

	
  
hOp://geo.arc.nasa.gov/sgg/ACEPWG/	
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Shameless	
  Fall	
  AGU	
  session	
  plug:	
  
	
  

Advanced	
  remote	
  sensing	
  techniques	
  and	
  
innova.ve	
  retrieval	
  approaches	
  for	
  

characteriza.on	
  of	
  aerosol	
  and	
  cloud	
  proper.es	
  
	
  

Bas=aan	
  van	
  Diedenhoven,	
  Olga	
  Kalashnikova,	
  Kirk	
  Knobelspiesse	
  
	
  	
  

Abstracts	
  due	
  August	
  6th	
  



Hun=ngton	
  Beach	
  scene	
  
Feb.	
  6	
  Hun=ngton	
  Beach	
  image:	
  
•  no	
  clouds,	
  LA	
  pollu=on	
  gradient	
  
•  USC	
  SEAPRISM	
  AERONET	
  site	
  
•  Ideal	
  for	
  Level	
  1	
  +	
  Level	
  2	
  comparison	
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Overflight	
  .me	
  
HSRL-­‐2	
  Overflight	
  .me	
  



Backup	
  
slides	
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RSP	
  uncertainty	
  model	
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r 	
   	
  solar	
  distance	
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  AU	
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μs 	
   	
  cosine	
  of	
  Solar	
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  calibra=on	
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AirMSPI	
  uncertainty	
  Model	
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SNR = S
1.25S + r2 f( )

1/2
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  calibra=on	
  uncertainty	
  is	
  
0.001,	
  not	
  0.002…	
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Degree of Linear Polarization (DoLP)
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AirMSPI	
  Step	
  and	
  
Stare	
  (10m	
  grid)	
  

AirMSPI	
  Sweep	
  
(25m	
  grid)	
  

AirMSPI	
  averaged	
  to	
  RSP	
  spa=al	
  
resolu=on	
  and	
  ‘smear’	
  

RSP,	
  277m	
  
resolu=on	
  



Comparison	
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AGREE:  95.0% within boundsAGREE:  96.3% within boundsAGREE:  96.3% within bounds

DISAGREE: 45.9% within boundsDISAGREE: 69.9% within boundsDISAGREE: 50.9% within bounds


