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“It	  is	  impracPcal	  to	  determine	  the	  
exPncPon	  thoroughly	  and	  accomplish	  
anything	  else.”	  
	  -‐	  Stebbins	  and	  WhiSord	  (1945)	  



Stars:	  Pros	  
•  	  shine	  for	  billions	  of	  years.	  

•  are	  well	  known	  thermal	  sources.	  
•  radiate	  from	  the	  UV	  to	  the	  IR.	  

•  have	  understandable	  spectra.	  

•  appear	  radiometrically	  stable	  
over	  long	  Pme	  scales.	  

•  are	  reasonably	  well	  distributed	  
over	  the	  enPre	  dome	  of	  the	  sky.	  

•  are	  bright	  enough	  to	  be	  
measured	  with	  small	  telescopes.	  

•  are	  representaPve	  of	  the	  energy	  
source	  of	  the	  Earth.	  

Stars:	  Cons	  
•  can	  form	  as	  binary	  or	  mulPple	  

systems.	  

•  can	  be	  luminosity	  variable.	  
•  have	  apparent	  brightness	  

dependent	  upon	  distance	  in	  a	  
dusty,	  gas-‐filled	  spiral	  galaxy.	  

•  have	  temperatures	  ranging	  from	  
about	  100,000	  K	  to	  2,500	  K.	  

•  have	  other	  stars	  nearby	  that	  limit	  
photometric	  measurement.	  



Instruments	  that	  can	  be	  calibrated	  using	  
standard	  stars:	  

Upper	  Le_:	  NOAA	  GOES-‐R	  Satellite	  	  
Far	  Le_:	  SBIRS	  BallisPc	  missile	  launch	  

detecPon	  satellite	  

Le_:	  Wide	  Field	  InfraRed	  Space	  
Telescope	  (WFIRST)	  

•  All	  calibrated	  standard	  stars	  begin	  the	  
calibraPon	  process	  using	  ground-‐based	  
observaPons.	  Our	  set	  of	  stars	  can	  be	  
used	  for:	  
–  calibraPng	  Earth-‐observing	  spacecra_,	  

including	  weather	  and	  climate	  observers,	  

–  calibraPng	  ground-‐	  and	  space-‐based	  
telescopes	  and	  opPcal	  NIR	  sensors,	  

–  SSA	  sensor	  test	  and	  calibraPon,	  

–  radiometric	  calibraPon	  of	  next-‐
generaPon	  spectrophotometric	  
detectors.	  



DifferenPal	  Photometry	  –	  	  
•  RaPo	  of	  intensiPes	  of	  nearby	  objects	  in	  same	  field	  of	  
view	  (FOV)	  

•  Can	  achieve	  Poisson	  noise	  limit	  
•  Typical	  precision	  of	  ~0.1%,	  heroic	  efforts	  ~0.01%	  
All-‐sky	  Photometry	  –	  	  
•  RaPo	  of	  intensiPes	  of	  objects	  separated	  by	  many	  FOV	  
•  Typical	  precision	  >	  2%,	  heroic	  efforts	  ~1%	  
Absolute	  Photometry	  –	  2%	  (heroic)	  for	  one	  star	  



Telescope	  OpPcs	  
•  Field	  dependent	  illuminaPon	  
•  Dust	  accumulaPon	  
•  Thermal	  expansion	  

Filter	  Bandpass	  
•  DeterioraPon	  
•  Slight	  variaPons	  from	  telescope	  to	  telescope	  

Detector	  
•  	  Pixel-‐to-‐pixel	  quantum	  efficiency	  variablility	  



Molecular	  Scajering	  and	  AbsorpPon	  
Aerosol	  Scajering	  and	  AbsorpPon	  
Cloud	  Scajering	  



Slowly	  varying	  with	  wavelength	  
•  Clouds	  –	  rapid	  temporal	  and	  angular	  variability	  
•  Aerosols	  –	  confusion	  with	  O3	  absorpPon	  

Instrumental	  SoluPon:	  	  
LIDAR	  

Rapidly	  varying	  with	  wavelength	  
•  H2O	  absorpPon	  –	  significant	  temporal	  variability	  
•  O2	  absorpPon	  –	  stable	  and	  easily	  modeled	  	  

Instrumental	  SoluPon:	  	  
Spectrophotometry	  of	  Absolute	  Standard	  Stars	  



•  Combine	  
– Surface	  weather	  measurement	  
•  Rayleigh	  Scajering	  and	  O2	  absorpPon	  from	  pressure	  
•  AERONET	  aerosol	  data	  

– Direct	  measurements	  of	  observed	  column	  
•  Direct	  Measurement	  –	  Radiosonde	  

•  PWV	  column	  from	  GPS	  

•  As	  Input	  to	  RadiaPve	  Transfer	  Models	  
– MODTRAN	  



LIght	  DetecPon	  and	  Ranging	  –	  laser	  analog	  to	  radar	  

•  βm	  ~	  10-‐5	  per	  meter	  at	  sea	  level	  
–  Scales	  with	  density,	  h0	  ~8.4km	  

•  Nγ	  ~	  1014	  per	  pulse	  
•  Return	  scales	  as	  e-‐h/R2	  
–  Dynamic	  range	  >109	  	  

(from	  100m	  to	  60km)	  

•  Time-‐gated	  return	  yields	  range	  



Prototype	  system	  for	  Observatory	  LIDAR	  
•  Based	  on	  exisPng	  0.67m	  telescope	  
•  Transmijer:	  

–  527nm,	  70	  µJ	  per	  pulse	  at	  1500	  Hz	  
–  Beam	  expanded	  to	  300mm	  for	  eye	  safety	  

•  100mm	  short	  range	  receiver	  
•  PhotomulPplier	  Tubes	  

–  Analog	  voltage	  measurement	  below	  10	  km	  
–  Photon	  counPng	  above	  10	  km	  

Design	  Goal	  –	  106	  photons	  per	  minute	  
	  from	  above	  20	  km	  ASL	  at	  zenith	  

Photo	  by	  Dave	  Roberts,	  GTRI	  

ALE	  development	  was	  funded	  by	  
NSF	  Grant	  0421087.	  



The	  Big	  Idea	  
•  Use	  the	  stable	  stratosphere	  as	  a	  

quasi-‐constant	  scajering	  target	  
•  Above	  20	  km,	  return	  is	  pure	  Rayleigh	  

scajer	  *	  
•  Density	  of	  scajerers	  measured	  by	  

NWS	  radiosonde	  twice	  per	  day	  
•  ExPncPon	  from	  atmosphere	  above	  30	  

km	  is	  stable	  and	  small	  	  

Under	  ConstrucPon:	  
	  MulP-‐wavelength	  LIDAR	  with	  
depolarizaPon	  sensiPvity	  
	   	  (1064	  nm,	  532	  nm,	  355	  nm,	  	  

	  266	  nm)	  
*	  	  





Stellar	  photometry	  –	  based	  transmission	  
ALE	  derived	  transmission	  



•  AESoP	  Key	  Parameters	  
–  Free	  spectral	  range	  

•  Shortpass	  (2nd	  order):	  320	  nm–	  550nm	  
•  Longpass:	  550nm	  –	  1050nm	  

–  Spectral	  resoluPon	  0.6	  nm,	  	  

	  R	  =	  1100	  at	  650nm	  

–  Pixel	  resoluPon	  0.28nm	  at	  650nm	  

•  For	  bright	  stars,	  a	  large	  aperture	  is	  
not	  required	  

•  AESoP	  is	  based	  on	  150	  year	  old	  
design	  

–  105mm	  refractor	  	  

–  equatorially	  mounted	  	  
–  90	  lines/mm	  transmission	  

graPng	  mounted	  at	  the	  entrance	  
aperture.	  

•  No	  opPcal	  elements	  (other	  than	  an	  
order	  separaPng	  filter)	  a_er	  the	  
telescope	  objecPve	  lenses	  

•  Photometric	  precision	  is	  
fundamentally	  limited	  by	  
scinPllaPon.	  



Mobile	  CalibraPon	  Lab	  
Current	  Test	  ConfiguraPon	  



•  Slitless	  Spectroscopy	  
– The	  Good:	  	  
•  Spectrophotometric	  integrity	  –	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  no	  light	  lost	  on	  slit	  edges	  
•  Sky	  emission	  lines	  not	  resolved	  
•  No	  diffracPon	  from	  secondary	  spiders	  
•  Closed	  tube,	  near	  perfect	  baffling	  

– The	  Bad:	  
• Wavelength	  and	  poinPng	  mixed	  in	  dispersion	  direcPon	  

–  Need	  for	  stable	  poinPng/guiding,	  hence	  big	  mount	  	  

•  FOV	  not	  limited	  by	  slit	  -‐-‐	  source	  confusion	  	  
•  Fundamental	  resoluPon	  determined	  by	  image	  quality	  

–  But:	  AESoP	  designed	  so	  that	  resoluPon	  limited	  by	  pixel	  
sampling	  in	  dispersion	  direcPon,	  not	  seeing	  



Fundamental	  technique	  the	  same	  as	  
Hayes,	  Latham	  &	  Hayes	  (1975)	  

But:	  

•  CalibraPons	  now	  detector-‐based	  
instead	  of	  emijer-‐based	  

•  Modern	  instrumentaPon	  

•  Far	  more	  sophisPcated	  radiaPve	  
transfer	  models	  





Observe	  Star	  

NIST	  CalibraPon	  

Best	  ATM	  Model	  

Best	  Stellar	  Model	  

ATM	  Data	  

Astrophysics	  

X	  

Sub-‐1%?	  

Add	  to	  Catalog	  

Why?	  

Yes	  

No	  

Adjust	  ATM	  model	  

Adjust	  Stellar	  Model	  

Reject	  



Observe	  Star	  

NIST	  CalibraPon	  

Best	  ATM	  Model	  

Known	  Stellar	  Spectrum	  

ATM	  Data	  

X	  

Sub-‐1%?	  

Add	  to	  	  
ATM	  Database	  

Why?	  

Yes	  

No	  

Adjust	  ATM	  model	  
Reject	  



We	  are	  ajacking	  the	  primary	  sources	  of	  
systemaPc	  error	  in	  ground-‐based	  photometry:	  

•  Telescope	  throughput	  characterizaPon	  under	  
development	  by	  Harvard,	  NIST	  &	  PanSTARRS	  
	   	   	  (Stubbs	  et	  al.	  2010	  astro-‐ph/1003.3465)	  	  

•  Atmospheric	  transmission	  determinaPon	  possible	  
with	  deployable,	  affordable,	  automated	  systems	  
•  Dedicated	  instruments	  supporPng	  larger	  telescopes	  

•  CalibraPon	  of	  both	  to	  NIST	  standards	  


