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Outline	  
•  HyspIRI	  L2	  Algorithm	  and	  Thermal	  Infrared	  (TIR)	  Physics	  
	  
•  MASTER	  L2	  TIR	  Products	  

–  Online	  order/browse	  tool	  
–  Examples	  
–  CalVal	  
–  AVIRIS	  synergy	  
	  

•  HyTES	  L2	  TIR	  Products	  
–  IntroducFon,	  goals,	  objecFves	  
–  Atmospheric	  CorrecFon	  Techniques	  
–  L2	  Temperature/Emissivity	  retrievals	  

2 



!!"#,! = !! !! !!! !"# + ! 1− !!! !!!"# ,!↓ !!! + !!!"# ,!↑ !

Thermal Infrared Radiative Transfer 

HyspIRI (nominal)  

x xxxx ECOSTRESS  

x x x x x x x x
MASTER x x x x x x x x x 

Thermal	  Infrared	  Physics	  



MASTER L1-B 
Calibrated Radiance 

1. NCEP (GDAS)      
atmospheric profiles 
6 hourly, 1° resolution 
 
2. ASTER Digital   
Elevation Model 

Atmospheric Correction 
MODTRAN 5.2 

Temperature/Emissivity Separation (TES) 
Algorithm 

τ	  	  	  	  -‐	  Transmissivity	  
L↑	  -‐	  Path	  radiance	  
L↓	  -‐	  Sky	  irradiance	  

LST and spectral emissivity 
(MASTER bands 43, 44, 47-49) 

•   MASTER Land Surface  
   Temperature/Emissivity      
    Retrieval Scheme  
  
•   Prototype algorithm for    
   HyspIRI 
 
•  See HyspIRI ATBDs at:  
http://hyspiri.jpl.nasa.gov/documents 

Surface Radiance  

START 

Water Vapor Scaling 
(WVS) Model 

1. WVS coefficients 
2. Water vapor estimate 
3. NDVI 
4. Water mask 

NEW 

NCEP currently used 
AVIRIS testing underway 
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737.0
min 687.0994.0 MMD⋅−=ε

TES Algorithm 
(Gillepsie et al. 1998) 

 
LST&E Products using TES: 

•  ASTER 05/08 
•  MOD21 C6 
•  ASTER GED 
•  MASTER 
•  HyTES 
•  ECOSTRESS* (planned) 
•  VIIRS* (planned) 

Veg, ice, snow, water 

Rocks, soils, sands 



MASTER	  L2	  Data	  Online	  Ordering	  

http://masterprojects.jpl.nasa.gov/L2_Products 

1. Standard (HyspIRI): Post-2013 MASTER L2 data retrieved with TES+WVS code 
2. User Optimized: Pre-2013 data using TES – optimization necessary (H2O, O3) 

http://master.jpl.nasa.gov 
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MASTER	  L2	  Browse	  Images	  
LST	   Emis	  RGB	  
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Rim	  Fire	  Burn	  Scar/Yosemite	  
2014/04/07	  
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Central	  Valley	  
2014/08/26	  
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MASTER	  Emissivity	  Mosaic	  at	  ~60	  m	  (HyspIRI)	  
(Available	  on	  request)	  
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MASTER	  LST	  Mosaic	  at	  ~60	  m	  (HyspIRI)	  
(Available on request) 

	  



14 

Lake	  Tahoe	  CalibraFon	  
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Salton	  Sea	  CalibraFon	  
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LST	  ValidaFon	  

Sensor	  view	  angle>30°	  	  
(WVS	  model	  opFmized	  from	  0-‐30°)	  

Cloud	  
edge	  
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MASTER/AVIRIS	  
Synergy	  Study	  
Delano	  Vineyards,	  CA	  
	  
Grigsby	  et	  al.	  2014	  
(Submiced	  to	  RSE)	  

AVIRIS	  Total	  Water	  Vapor	  
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Vine	   Obs	   LST	  Error	  [K]	  

TES	  
(NCEP)	  

TES	  +	  WVS	  
(NCEP)	  

TES	  +	  WVS	  
(AVIRIS)	  

48	   3	   -‐3.24	   -‐1.14	   -‐0.51	  

21	   2	   -‐1.67	   -‐0.24	   -‐0.07	  

25	   2	   -‐1.56	   0.29	   0.45	  

13	   1	   -‐1.20	   0.19	   0.41	  

16	   1	   -‐3.19	   -‐1.47	   -‐1.40	  

10	   2	   -‐2.86	   -‐0.41	   -‐0.16	  

8	   2	   -‐2.14	   -‐0.19	   -‐0.07	  

1	   1	   -‐1.54	   -‐0.05	   0.07	  

RMSE	   2.41	  K	   0.70	  K	   0.49	  K	  

MASTER	  LST	  validaFon	  with	  ground	  measurements	  (LiCor)	  
Grigsby	  et	  al.	  2014	  (RSE	  submission)	  

JPL	  (HyspIRI	  standard)	   JPL	  (HyspIRI	  Planned)	  

WVS	  =	  Water	  Vapor	  
Scaling	  Model	  

TES	  =	  Temperature	  
Emissivity	  SeparaFon	  
Algorithm	  



MASTER	  L2	  TIR	  Summary	  
� Online	  ordering	  tool	  upgraded	  including	  overall	  layout,	  
mulFple	  scene	  orders,	  kml	  and	  jpeg	  browse	  images	  

�  CalibraFon	  of	  MASTER	  TIR	  bands	  ~0.5	  K	  
�  Accuracy	  of	  LST/E	  improved	  with	  AVIRIS	  water	  vapor	  
	  
� Next	  STEPS:	  

�  Expand	  Water	  Vapor	  Scaling	  (WVS)	  model	  to	  45°	  view	  angle	  
�  Produce	  cloud	  mask	  product	  for	  enFre	  campaign	  
�  Further	  tesFng	  of	  AVIRIS	  water	  vapor	  in	  more	  humid	  regions	  
�  Implement	  AVIRIS-‐derived	  water	  vapor	  maps	  
� Re-‐process	  enFre	  campaign	  L2	  data	  with	  changes	  above	  
	  



PI – Simon J. Hook 
Science campaign (July 2nd to July 12th 2014) 

© 2014 California Institute of Technology. Government sponsorship acknowledged.  



HyTES Instrument Characteristics 
Twin Otter Flights:  
2012 (Engineering) 

   2013, 2014 (Science) 

Instrument Characteristic 	
 HyTES 	


Mass (Scanhead)1 12kg 

Power 400W 

Volume 1m x 0.5m (Cylinder) 

Number of pixels x track  512 

Number of bands  256 

Spectral Range  7.5-12 um  

Detector  Multi-stack QWIP 

Total Field of View  50 degrees  

Calibration  (preflight)  Full aperture blackbody  

Swath Width 1.8 – 3.6 km 
Pixel size at 2000 m flight 

altitude  3.64m 

Pixel size at 20,000 m flight 
altitude  36.4m 

Scanhead 

Concave Diffraction 
Grating 

Dyson  
spectrometer 

(ZeSn) 

Advanced Instrument Designs: 
William Johnson 

HyspIRI Risk Reduction Plan 
ESTO - IIP 



1)  Detection of anthropogenic methane over challenging areas, e.g. cities where 
thermal in-scene clutter makes detection difficult. This includes detection of 
natural (seeps) and managed systems (e.g. feedlots, pipelines, oil fields, 
landfills, storage facilities) 

2)  Detection of additional gases. Can now detect: 
a)  Salton Sea (NH3 and H2S) 
b)  La Brea Tar Pits (CH4) 
c)  Kern River Oil Field (CH4) 
d)  Ace Cogeneration Plant (SO2, NO2) 
e)  Granada Hills (CH4) 
f)  South and North Bakersfield Pipeline (CH4) 

3)  Acquisition of data over selected HyspIRI sites e.g. Teakettle, Soaproot Saddle, 
Tonzi Ranch for evaluation with HyspIRI campaign data 

4)  Acquisition of data over ecological, agricultural and geological sites for 
performance evaluation 

HyTES Key Science Results for 2014  
(More details on Thursday afternoon talk) 
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http://hytes.jpl.nasa.gov/ 



Coral Pink, UT 

L1A: bands 150 (10.08 µm), 100 (9.17 µm), 58 (8.41 µm), 58 displayed at RGB each image is 485 x 512 pixels 

HyTES imagery from campaigns 

2013 2014 



2013 2014 

Jet Propulsion Laboratory 

L1A: bands 150 (10.08 µm), 100 (9.17 µm), 58 (8.41 µm), 58 displayed at RGB each image is 485 x 512 pixels 

HyTES imagery from campaigns 



HyTES	  Atmospheric	  CorrecFon	  
•  MODTRAN	  5.2	  

–  PROS:	  Fast,	  accurate	  if	  atmospheric	  profile	  known	  and	  
data	  well	  calibrated	  

–  CONS:	  Errors	  from	  band	  misregistraFon,	  profile	  
interpolaFon	  errors,	  calibraFon	  error	  

	  
•  In-‐Scene	  Atmospheric	  CorrecFon	  (ISAC)	  

–  PROS:	  Uses	  spectral	  informaFon	  from	  sensor	  
–  CONS:	  Slow,	  relies	  on	  blackbody	  pixels	  with	  broad	  
temperature	  distribuFon,	  assumes	  atmosphere	  does	  
not	  vary	  over	  scene	  

26 
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pathLskyLeTBeLobs S +−+⋅= ])1()([τ

τ

pathL

)( STB

pathLTBLobs S += )]([τ

ISAC	  
‘Graybody’	  

mode	  

Maximize	  
emissivity	  

Lobs



ISAC	  	  
‘Desert’	  
mode	  
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pathLTBeLobs S +⋅= )]([τ

Channel 90 (9.1 micron) 

ASTER emissivity  

τ
pathL

ASTER emissivity  
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ASTER-‐Global	  Emissivity	  Database	  (GED)	  

ASTER-‐GED	  band	  12	  emissivity	  (9.1	  µm)	  
	  

Spectral	   SpaDal	   Temporal	   Products	  
	  

Emissivity	  
Accuracy	  

5	  Bands	  	  
(8-‐12	  µm)	  

~100	  m	   Mean	  Climatology	  
(2000-‐2008)	  

Emissivity,	  NDVI,	  GDEM,	  
Water	  mask,	  LST	  

<1.5%	  (nominal)	  

Principal 
Component (PC) 
regression based on 
spectral library 
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ISAC accounting for correct 
ozone absorption  
(NCEP ozone prone to error) 

ISAC 
accounts for 
longwave 
calibration 
issue 

ISAC calculates 
correct water 
vapor absorption 
(MODTRAN 
underestimating) 
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After atmospheric correction, should expect constant surface 
brightness temperature across all bands! 
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Algodones	  
Quartz	  

HyTES	  Atmospheric	  CorrecFon	  
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HyTES	  –TES	  CalibraFon	  Curve	  
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35 
35 ° C 

70° C 
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HyTES	  ISAC	  ‘Desert’	  test:	  Algodones	  dunes	  

ASTER GED Emissivity (9.1 µm) HyTES RGB 
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ISAC 

MODTRAN 



A – Quartz 
Alluvial fan  

B – Quartzite Dome 

C - Carbonate 

D - Basalt 

A 

B 
C 

D 
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B – Quartz 

C – Alunite 

A – Kaolinite 

A 

B 

C 



National Aeronautics and Space Administration 
 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 
 
www.nasa.gov 
 
JPL 400-1278 7/06 



Relevance	  to	  HyspIRI	  

•  MASTER	  TIR	  online	  ordering	  and	  browse	  tool:	  	  
– Support	  for	  HyspIRI	  prep.	  airborne	  acFviFes	  
research	  (FY13-‐15)	  

– Prototype	  for	  distribuFon	  of	  HyTES-‐TIR	  data	  
	  

•  MASTER	  improved	  atmospheric	  correcFon	  
– TES	  +	  Water	  Vapor	  Scaling	  (WVS)	  method	  
– Closer	  simulaFon	  of	  HyspIRI-‐TIR	  L2	  algorithms	  	  
(e.g.	  ATBDs	  at	  hcp://hyspiri.jpl.nasa.gov/documents)	  
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Surface 
Emission 

Surface 
Reflection 

Skin Temperature & Surface Emissivity 

Thermal	  Infrared	  RadiaFve	  Transfer	  

Surface Radiance 

Atmospheric Emission 

At-sensor 
Radiance 
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Atmospheric 
Parameters 
(Greatest source of 
Uncertainty) 
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Spectral Emissivity 

Emissivity: ratio of the spectral 
radiance of a material to that of a 
blackbody at the same temperature: 

Blackbody)(
Material)(

L
L
λ

λ
λε =

Material)(Lλ

)B( lackbodyLλ

ε λ
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Tonooka, H., (2005), Accurate Atmospheric Correction of ASTER Thermal Infrared Imagery 
Using the WVS Method, IEEE Trans. Geos. Remote Sens., 43 (12) 

EMC/WVD equation 

Observed brightness temperature 
Surface brightness temperature 

Scaling factor 

Water	  Vapor	  Scaling	  (WVS)	  method	  



ASTER-‐GED	  High	  Spectral	  ResoluFon	  (HSR)	  Emissivity	  

n=4 
RMSE = 1.3% 

n=4 
RMSE = 1.0% 

*Desierto lab spectra from Stephen Scheidt 
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Death Valley 
‘Bowtie’ 

HyTES Thermal RGB 

Emissivity Variations allow 
rock type to be separated: 
 
Red = quartz-rich 
Green = carbonate 
Purple = quartz-poor 
Maroon = quartzite 

Rock types difficult 
to distinguish in 
visible image from 
Google Earth 
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Ø  Atmospheric Parameters:          ,          ,           

     

Estimated using radiative transfer code such as MODTRAN with  

atmospheric profiles (NCEP) and elevation data (ASTER DEM) 

 

NCEP data (6-hourly, 1º spatial resolution, 26 levels) 
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iL

Surface Radiance: 
Observed Radiance 

Atmospheric	  CorrecFon	  



High Spectral Resolution 



Principal	  Component	  Regression	  

1.  Eigenvector	  assumpFon:	  

2.  Regression	  coefficients:	  

3.  Apply	  c	  to	  equaFon	  (1)	  
	  

	  

)()( hsrhsr Uc ννε ⋅=

)( hsrU ν First n eigenvectors of 142 lab measurements (142,84)  

)( hsrνε
hsrν

Emissivity of 5 ASTER bands 

High spectral resolution (hsr) wavenumbers (84 between 835-1250 cm-1)  

c Regression coefficient 

)( hsrUSRFA ν⊗=

)(νε

HSR Emissivity 

1)()( −⋅= TT AAAc νε

Convolve first n eigenvectors with ASTER SRFs 

(1) 

(2) 



Band-‐dependent	  TES	  CalibraFon	  curves	  

Bands	  43,	  44,	  47,	  48	   Bands	  43,	  44,	  49	  

TES	  algorithm	  can	  be	  run	  for	  a	  combinaFon	  of	  MASTER	  TIR	  bands:	  
• 	  	  	  Minimum	  	  of	  3	  bands	  required	  
• 	  	  	  At	  least	  one	  band	  between	  11-‐12	  µm	  (48	  or	  49)	  
• 	  	  	  At	  least	  one	  band	  between	  8	  -‐	  9.5	  µm	  (43	  or	  44)	  
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is used to modify and improve atmospheric correction terms: 

Transmittance: 

Path Radiance: 

Sky Radiance: 

γ

Water	  Vapor	  Scaling	  (WVS)	  
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HyTES	  Overall	  ObjecFve	  and	  
Science	  Goal	  

	  
•  ObjecFve:	  Build	  and	  deploy	  an	  airborne	  Hyperspectral	  Thermal	  

Emission	  Spectrometer	  (HyTES)	  with	  512	  pixels	  across	  track	  with	  pixel	  
sizes	  in	  the	  range	  of	  5	  to	  50	  m	  (depending	  on	  aircrav	  flying	  height)	  
and	  256	  spectral	  channels	  between	  7.5	  and	  12	  µm.	  	  

•  Science	  Goal:	  Provide	  precursor	  high	  spectral	  and	  
spaFal	  resoluFon	  thermal	  infrared	  data	  for	  the	  
NRC	  Recommended	  HyspIRI	  mission	  and	  for	  use	  in	  
Earth	  Science	  Studies	  
– OpFmal	  band	  placement	  for	  HyspIRI	  TIR	  for	  surface	  
composiFonal	  mapping	  and	  volcanic	  ash/gas	  detecFon	  
(e.g.	  SO2)	  

–  Prelim	  Band	  Study	  report	  available	  at	  HyspIRI	  website	  	  
	  	  	  	  (Ramsey,	  Realmuto,	  Hulley)	  

	  



“Window” and Atmospheric bands 

CO2 CO2 
H2O H2O 

H2O O2 H2O 

MASTER Band Placement (VSWIR/MWIR) 


