
Calibration Standards and 
Services for Emerging Remote 

Sensing Technologies 

Speaker: David W. Allen

JACIE 2016

Keith Lykke
Steve Brown
Carol Johnson
Ping-Shine Shaw
Yuqin Zong
Joe Rice
John Woodward
Joe Hodges
David Long
Catherine Cooksey
Heather Patrick, and others…

(Solar Reflected Spectral Region)



• Not a regulatory agency

• US National Metrology Laboratory (NMI)

• Headquarters in Gaithersburg, MD

• NIST's mission is to promote U.S. innovation and industrial competitiveness 
by advancing measurement science, standards, and technology in ways that 
enhance economic security and improve our quality of life

• Work closely with the international standards community and other 
government agencies



Spectral Tri-function Automated Reference 
Reflectometer (STARR)

C. Cooksey
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• Primary source of reflectance calibrations for US for nearly 20 
years

• Disseminate scale through calibration of reflectance standards 
• Yearly calibration of standards for NASA/GSFC
• Provides traceability to diffusers used in satellites 

• Three measurement geometries :
• Directional-hemispherical (250 nm to 2500 nm)
• Specular (250 nm to 2500 nm)
• In-plane, bidirectional (250 nm to 1100 nm*)



Extended InGaAs Radiometer for bi-directional reflectance

Detector Type Ext InGaAs Silicon

Lens Material CaF2

Fused 

Silica

Focal Length [mm] 50 100

Incident Radiation Diameter 

[mm] 17 17

Aperture Diameter [mm] 20.3 31.85

Object Distance [mm] 672.6 672.6

Image Distance [mm] 45.83 120

De-Magnification 0.068 0.18

Detector size [mm] 3 10

Object Diameter [mm] 44.03 56.05

C. Cooksey



Assumption of constant ratio between 0/45 and 6/h reflectance 
factors
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The ratio between 0/45 and 6/h reflectance factors is not 
constant from 1600 nm to 2500 nm
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Robotic Optical Scatter Instrument (ROSI)
• New facility for multi-angle 

spectral reflectance

• Currently 480 nm – 2500 
nm tunable operation, with 
wavelengths to 250 nm 
when fully integrated 

• Full out-of-plane 
capabilities

• Improved sample handling

• Simultaneous operation of 
silicon (UV-NIR) and 
ExInGaAS (SWIR) detectors

H. Patrick7



Monitoring reflectance change with UV 
exposure

• Limited knowledge about 
effects of prolonged UV 
exposure, such as might 
occur in orbiting satellite, 
on reflectance properties 
of standard materials

• Characterizing changes in 
reflectance values for 
standards following 
prolonged exposure to UV 
(utilizing the NIST SPHERE, 
in collaboration with EL)

8

NIST Sphere (Simulated Photodegradation
by High Energy Exposure)

C. Cooksey
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Reference Hyperspectral Microscopy

• Laser based hyperspectral microscopy

• 400 nm to 2500 nm by < 1 nm

• Provide 1000’s of spectra at the grain level

• Provides compositional information of 
heterogeneous mixtures

• Outdoor scene can be simulated in the petri dish

Granite slab cm scale

Petri dish 
microscene

Single Substance

Mixture

D. Allen



HSI Microscopy: Enhanced Laboratory Support
for the Exploitation of Earth Remote Sensing Data 400 nm to 2500 nm

D. Allen



NIST Primary Optical Watt Radiometer
POWR is the U.S. primary standard for optical power
Cryogenic temperatures allow lower degree of non-equivalence:

• Larger cavity due to increased heat capacity

• Reduced lead heating due to

superconducting leads

3. Reduced temperature gradients between

electrical and optical heating

4. Reduced background radiation

Brewster Angled 
Window

Liquid Helium 
Reservoir

Germanium Resistance 
Thermometer

50 K Radiation Shield

77 K Radiation Shield

Radiation Trap (4.2 K)

Pumping Port

Laser Beam

Liquid Nitrogen 
Reservoir

5 K Reference Block

Thin Film Heater 10 K

Absorbing Cavity 
(specular black paint)

Alignment 
Photodiodes       

0     100 mm

J.Rice



Spectral Irradiance and Radiance Calibrations using 
Uniform Sources (SIRCUS) Facility

Radiance and Irradiance Responsivity

SIRCUS uses
tunable lasers
from 210 nm
to 2500 nm

S. Brown



Transfer to Measurement Facilities

Block diagram 

of POWR to SCF and SIRCUS

POWR

Trap Detectors

SIRCUS
(Power, Irradiance and 

Radiance)

SCF
(Power)

Primary Standard

Transfer Standards

Working Standards

Uncertainty
(k=1) in %

0.01

0.03

0.050.1

Aperture Area

S. Brown



Stray-light correction for spectrometers & imagers

Imager’s Point Spread Function (PSF)

Correction matrix
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[1] Zong Y., et al, “Simple spectral stray light correction method for array spectroradiometers,” Applied Optics, Vol. 45, No. 6, 1111-1119. (2006)

[2] Zong Y., et al, “Simple matrix method for stray-light correction in imaging instruments,” US patent, 8,554,009. October 8, 2013.

 Simply, fast matrix methods; reduced stray-light errors by > 1 order of magnitude.
 Wide applications in SSL lighting, optical remote-sensing, UV radiometry, display 

metrology, and medical imaging.

Y. Zong



Stray light correction of MOBY spectrographs:
Impact on MODIS Imagery
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SeaPRISM080 is part of AERONET-OC

Image Credit: SeaWiFS Project, NASA/GSFC, and GeoEye

(oceancolor.gsfc.nasa.gov)

VIIRS measures the Earth for 
routine data collection

VIIRS measures the Moon – for mission 
drift corrections

MOBY provides the in situ Lw() 
for vicarious calibration

AERONET-OC:  serves as a global 
validation network

aeronet.gsfc.nasa.gov/new_web/ocean_levels_versions.html https://moby.mlml.calstate.edu/

17
C. Johnson



SeaPRISM Program vs RS232 Commands
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SIRCUS laser blocked gave an offset; 
laser open gave signals that decreased 
to zero and then increased; hence nets 
were negative – not physical behavior.
The PRS mode on a broadband source 
gave 0 DN with the source blocked.

Normalized by the SIRCUS sphere 
monitor photodiode, SeaPRISM signals 
from 364k DN to 1.2k DN demonstrated 
a 20% nonlinearity – something never 
observed during GSFC or JRC 
characterizations.

Measurement sequence: @, G, i then [Open, C, Close, C, step laser] x N times/band

C. Johnson



Corrected Linearity
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Apparent 20% at a laser wavelength of 868 nm for the 870 band is actually ±0.1%

C. Johnson



A compact array spectrometer 
was used to transfer absolute 
scales from NIST laboratories

Radiometric Stability v an FEL-lamp

Calibration setup not maintained; 
reproduced for each measurement.

- CCD-based fiber-fed slit spectrograph
- 380 nm to 1040 nm, 4 nm resolution
-Temperature-stabilized CCD
- Appears to be radiometrically stable 

over reasonable long time frames

Stray light correction:  
SIRCUS + Zong, et al. (2007)

Wavelength Correction:
P.-S. Shaw and J. T. Woodward, unpub.

The SI traceability of Measurement is the core concept of the NIST Stars, 

Lunar, and Solar projects

http://www.nist.gov/pml
http://www.nist.gov/pml


Synchrotron 
Radiation

High-Temperature 
Blackbody

Cryogenic 
Radiometer

Si Trap Detector
InGaAs

Spectrograph

FEL Lamp,
Incandescent Lamp,
Lamp-Illuminated 
Integrating Sphere,
… 

Dissemination of Spectral Radiance/Irradiance Scale Using 
Spectrograph as Transfer Standard

Tunable
Laser

Facility for Spectrograph 
Stability/Calibration Using FEL 
Lamps
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P.-S. Shaw 



Transfer Standard Spectrograph-based Radiance Scale
Potential impact on lamp-Illuminated Integrating Sphere uncertainties

• During NASA’s Earth Observing System-era, a 
series of source radiance validation campaigns 
were planned and executed by the EOS Project 
Office with the goal of validating the radiances 
assigned to laboratory calibration sources, 
principally lamp-illuminated integrating spheres, 
and establishing an uncertainty budget for the 
disseminated radiance scale.  

• Based on an analysis of 7 years’ worth of data, 
Butler et al.1 assigned an uncertainty in 
disseminated radiance scales of 2% to 3% in the 
Vis/NIR (silicon) region, increasing to 5 % in the 
short-wave infrared region. 

Using a Transfer Standard Spectrograph in radiance mode should reduce the uncertainties 
in the disseminated Radiance Scale an order of magnitude.

1Butler, J. J., et al., Validation of radiometric standards for the laboratory calibration of reflected-solar Earth 
observing satellite instruments, Proc. SPIE 6677, 667707 (2007).

P.-S. Shaw 

http://www.nist.gov/pml
http://www.nist.gov/pml
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Hyperspectral Image Projector (HIP) Visible-band Breadboard

J P Rice



Dr.  Joseph Rice

J P Rice
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Modeled Spatial Engine: XGA DMD f/3 with 20% Transmittance

The Hyperspectral Image Projector (HIP) Can Match Typical 

Reflected-Solar Radiance Spectra

• The HIP provides enough light to simulate a full solar radiance levels

• Red data plots below show how well the HIP simulates different real-world spectra

Unique ability to 
evaluate sensor SNR 
based on real 
spectral radiance 
signatures

J P Rice



HIP Projection
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Original HIP-Projected

Eigenspectra 

of the original      

image cube

Eigenspectra 

of the HIP-

projected 

image cube

•“Original” is an actual hyperspectral image cube of a coral reef measured from an aircraft platform

•“HIP-Projected” is the original as projected by the HIP breadboard directly into a laboratory imaging spectrometer

•Images below are color composites from only three (460 nm, 550 nm, 650 nm) of the 23 bands measured

•Differences result from a combination of imperfect HIP breadboard and imperfect imaging spectrometer calibration

D. Allen



Solar Induce Fluorescence (SIF)

• Only 1 to 2 % of overall signal

• Essential need for precision radiometry and metrology 

D. Allen



SIF Simulated Spectra on HIP
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O2 A-band (765 nm):

Critical measurement need for
NASA OCO mission:

NIST reduced uncertainty in
line parameters by an order of magnitude

Same approach now being applied to
weak (1.6 um) and strong (2.05 um) CO2 bands

Launched July 2, 2014

NIST participation in NASA/JPL OCO-2 Science Team

J Hodges



Current and emerging remote sensing technology

• New remote sensing platforms
• Small Sats

• UAS

• Stationary

31

• Stronger need for cal/val
• Lower budget programs
• Less likely on-board calibration
• Integrated into network of sensors 
• Need to harmonize, SI-traceability

D. Allen



Compact Imaging Spectrometers -Challenge
• Market is driving the development of new 

compact imaging spectrometers (e.g., UAS 
and CubeSat

• Naturally, may not match the performance 
of current airborne / spaceborne sensors 
(e.g. AVIRIS, VIIRS, Landsat 8,)

• Balance SWaP and performance

• But will the performance be a good match 
for the specific application?

• Fit-for-purpose?

For illustration purposes, not an endorsement by NIST

D. Allen
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Need to fill the FOV of CIS 

1.22 m 
sphere used 
for Landsat

D. Allen



Compact Imaging Spectrometer Calibration 
Service (UAS, Smallsats, and Stationary)

• Custom tests based on customers needs

• SI-traceable scales, uncertainties, report

• Tunable narrow band laser for spectral band 
response and stray light characterization

• Broadband radiance sources for radiance 
responsivity, uniformity, and linearity

• Hyperspectral Imager Projection for application 
specific evaluation of imager performance 

34



• NIST 
Gaithersburg 
campus

• Vicarious Cal

• Sizable and 
diverse 

• Ideal
• Proximity to 

the worlds best 
metrology

Brewster Angled 
Window

Liquid Helium 
Reservoir

Germanium Resistance 
Thermometer

50 K Radiation Shield

77 K Radiation Shield

Radiation Trap (4.2 K)

Pumping Port

Laser Beam

Liquid Nitrogen 
Reservoir

5 K Reference Block

Thin Film Heater 10 K

Absorbing Cavity 
(specular black paint)

Alignment 
Photodiodes       

0     100 mm
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Extra Slides
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• Radiometric Calibration

• Scene Generation

• Hyperspectral Microscopy -Microscene



Radiometric Calibration

• Radiance responsivity

• Spectral band response

• Wavelength accuracy

• Signal-to-noise

• Stray light

39



Example: VIIRS Sensor
(Visible Infrared Imaging Radiometer Suite)

• Ocean color (Carbon/Biomass-related)

• Sea surface temperature

• Aerosol characteristics

• Vegetation index (Carbon/Biomass-related)

• Land and Ice temperature

• Fire detection and monitoring

Imagery Weather Ocean Color Clouds Low light Imaging
40



NIST/Resonon VNIR-SWIR HIP Prototype 
System

VNIR 

Spectral 

Engine

SWIR 

Spectral 

Engine

Spatial 

Engine

Collimator For Projection

to UUT

Super-

continuum

Source

Power Supply
Dr. Joseph Rice
HIP PI



HIP Prototype Specifications
Parameter Specification

Spectral Range
450 nm to 2500 nm (VNIR-SWIR)

(extension to 350 nm in progress)

Spectral Resolution
5 nm VNIR

8 nm SWIR

VNIR/SWIR/MWIR Sync. Accuracy 1 microsecond

Spatial Format 1024 H × 768 V

Projected FOV** 7.9° H × 5.9° V

Spatial Resolution** 0.135 mrad

Average Spectral Radiance 1000 W/m2srmm

Bit Depth and Frame Rate

12 bits at 250 Hz max; 

8 bits per component at180 Hz/N typical*

1 Bit at 11 kHz max

Contrast Ratio 1000:1 

Wavelength Accuracy 2 nm

Radiance Accuracy 2%

*N = number of components (i.e. eigenspectra) per  frame

**Depends on collimator used. Values shown are for the standard 100 mm collimator. 500 mm collimator also available.
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The Hyperspectral Image Projector (HIP) Can Match Typical 

Reflected-Solar Radiance Spectra

• The HIP provides enough light to simulate a full solar radiance levels

• Red data plots below show how well the HIP simulates different real-world spectra



HIP Projection
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Original HIP-Projected

Eigenspectra 

of the original      

image cube

Eigenspectra 

of the HIP-

projected 

image cube

•“Original” is an actual hyperspectral image cube of a coral reef measured from an aircraft platform

•“HIP-Projected” is the original as projected by the HIP breadboard directly into a laboratory imaging spectrometer

•Images below are color composites from only three (460 nm, 550 nm, 650 nm) of the 23 bands measured

•Differences result from a combination of imperfect HIP breadboard and imperfect imaging spectrometer calibration



Key Points
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Sensor

Scene

Environment

How is the sensor accuracy (and 
other components) related to the 
final Data Product accuracy?

• Kerekes and Baum, Hyperspectral 
Imaging System Modeling, 2003

• Schott, Image Chain Approach, 2007
• DIRSIG, http://dirsig.org/

MOI?

Processing

Data 
Product



Laboratory sources do not match reality very closely

We calibrate with uniform sources…

Example: lamp-illuminated 

integrating sphere for reflective bands,

(or blackbody for IR emissive bands)

But reality is spatially non-uniform:

Example: AVIRIS image of

North Island Naval Air Station,

San Diego, CA



The same situation applies spectrally
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Lamps standards and blackbodies offer

only a Planckian-shaped spectrum.

But reality has many different spectra…

Example: ENVI/SMACC was used to find

these 7 endmember spectra from the 

San Diego Naval Air Station data cube.

NIST FEL Lamp
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SMACC Reference:  J. Gruninger, A. J. Ratkowski, and M. L. Hoke, 

“The sequential maximum angle convex cone (SMACC) endmember model,” 

Proc. SPIE 5425, 1-14 (2004). 



USGS/UF Field Exercise (Lead by Bruce Quirk USGS)
DJI S1000 with Ricola HSI module


