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Infroduction

This volume contains the proceedings from the first SPIE conference on Remote
Sensing System Engineering. The conference was held 11-13 August 2008 in San
Diego, Cadlifornia, as part of the Optical Engineering + Applications section of SPIE
Optics + Photonics.

The goals of this conference were to discuss existing and emerging design
approaches, engineering methods, tools, and future frends for engineering of remote
sensing systems. This fopic included: (1) system architecture and design, (2)
requirements, performance metrics and measures of success, (3) modeling and
simulation tools and methods, (4) design and intfegration of distributed architectures,
(5) use of commercial assets in future remote sensing systems, and (6) the end user,
effective data/information/system utilization, and optimum return on investment.

To achieve these goals, papers were solicited in, but not limited to, the following

areas:

¢ system architecture and design for current and future experimental, research,
and operational Earth and space remote sensing programs and experiments

e system engineering metrics and measures of success leading to optimal system
design

¢ methods and approaches for system requirements identification, definition and
allocation for operational programs and experiments

e end-to-end system modeling and simulation methods and tools

system engineering approaches for optimizing transition of research systems to

operational use

distributed remote sensing system architectures

evolution of systems to networks

infegrated system of systems: engineering approaches and methods

remote sensors as secondary payloads onboard satellite communication systems

such as Intelsat and Iridium NEXT

e use of commercial visualization software such as Google Earth and Microsoft
Virtual Earth in remote sensing system:s.

A total of 25 papers were presented in five sessions. We enjoyed the participation of a
diverse group of international researchers from government, academia, and industry.
The range of topics was remarkable and included system modeling and simulation,
geophysical product system engineering, sensor systems engineering and technology,
and use of commercial assets in future remote sensing systems.

We thank all of the participants who made this conference successful, especially the
cochairs, program committee, and authors.

Philip E. Ardanuy
Jeffery J. Puschell






Plenary Paper

Measurement science for climate remote sensing

G. T. Fraser, S.W. Brown, R.U. Datla, B.C. Johnson, K.R. Lykke, J.P. Rice
Optical Technology Division, National Institute of Standards and Technology
Gaithersburg, MD 20899-8440

ABSTRACT

The NIST role in supporting our Nation’s climate research is described. The assembly of climate data records over
decadal time scales requires assimilating readings from a large number of optical sensors deployed in space and on the
Earth by various nations. NIST, in partnership with NASA and NOAA, develops and disseminates the calibration tools
and standards to ensure that the measurements from these sensors are accurate, comparable, and tied to international
standards based on the SI system of units. This effort helps to provide confidence that the small decadal changes in
environmental variables attributed to climate change are not an artifact of the measurement system. Additionally, it
ensures that the measurements are physics based and thus comparable to climate models.

Keywords: climate change, measurement science, metrology, remote sensing

1. INTRODUCTION

The Earth’s climate is complex and highly variable, making it difficult to measure and model small changes that occur
over decadal and longer time scales. The resulting uncertainties in measurement and modeling underlie the long-term
debate over the direction, magnitude, and consequence of climate change.

Even as the consensus grows on climate change, climate monitoring will continue to be necessary to quantify regional
variation; to establish the effectiveness of mitigation efforts, including possible geo-engineering solutions;' and to
address the potential for catastrophic climate change events not easily amendable to modeling. Also, climate
monitoring, as demonstrated in the past, is critical for the detection and mitigation of other anthropogenic environmental
problems unrelated to greenhouse gas releases, such as the depletion of the Earth’s stratospheric ozone layer by
chlorofluorocarbons and possible future global warming from anthropogenic heat release.”

This paper focuses on the measurement challenges associated with monitoring the Earth’s climate. The discussion
emphasizes the passive measurement of electromagnetic radiation, which encompasses nearly all satellite measurements
used in climate research. The viewpoint for the discussion is from the field of metrology, the science of measurement.

Of particular interest here are measurements required to create environmental data records, for example, global mean
surface temperature as a function of time. Such long-term measurements generally have higher accuracy requirements
than short-term measurements taken to quantify a specific phenomenology related to climate for use in initializing or
advancing climate models.

A short-term measurement strategy emphasizing the characterization of phenomenology in the absence of supporting
long-term measurement strategy to create environmental data records leads to the requirement that climate models
provide the direction and magnitude of changes in climate variables. Such short-term measurements targeting specific
phenomenology often do not meet the accuracy requirements or measurement time interval for creating long-term data
records to monitor and track climate change. A long-term measurement strategy relies on developing highly accurate
data records for specific climate variables to establish trends. Such a strategy requires sustaining high-quality
measurements over decadal time scales to ascertain trends.

The need to have “immediate” answers to climate questions has led to efforts to use data records from instruments
initially intended for weather forecasting and other applications having less stringent measurement uncertainty
requirements than climate. An example of such an effort is the application of microwave sounding measurements from
National Oceanic and Atmospheric Administration (NOAA) polar-orbiting weather satellites to detect trends in
atmospheric temperature for comparison against climate modeling predictions.” The retrospective analysis of such
inherently “lower” quality measurements to improve their quality necessarily leads to increased subjectivity in the

Earth Observing Systems XlII, edited by James J. Butler, Jack Xiong, Proc. of SPIE Vol. 7081,
708102, (2008) - 0277-786X/08/$18 - doi: 10.1117/12.801698 Xi
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analysis. Such an analysis is subject to present expectations for the magnitude and direction of change in the climate
variable of interest which has the potential to bias the analysis. The continued debate over the microwave sounding
measurements illustrates the inherent controversy in this approach.* > Only top-of-the-atmosphere solar irradiance has
had a long-term satellite effort for monitoring that approaches the level of accuracy required for climate research.’

2. CLIMATE MEASUREMENT REQUIREMENTS

Although the potential for climate change first came to the forefront from evidence of increasing atmospheric carbon
dioxide obtained from chemical measurements on air samples acquired on Mauna Loa, Hawaii,” at a fundamental
physics level, monitoring the Earth’s climate reduces to a problem in the measurement of electromagnetic radiation. As
illustrated in Figure 1, at equilibrium, the incoming solar radiation, TR tarer” Skarns balances the reflected solar radiation,
nREa,.,thga,.,hSEmh, and the emitted thermal infrared radiation, 47R suu” O€sarin T sareh - Any long-term change in the solar
constant, (Sg,), in the Earth’s globally averaged reflectivity (i.e., albedo) (0 gam), Or in the Earth’s globally averaged
emissivity (&g,) Will lead to a change in the Earth’s globally averaged temperature, T, with the rate of change
dependent on an effective time constant which encompasses a variety of phenomena such as vertical thermal transport
within the oceans.

Earth’s Radiation Balance

Solar Constant
=1360 W m2

™~

7R,

2
arth SE arth

Reflected Solar

IR Thermal Emission

R, .’ J2)
Earth Earth™ Earth
=0.30 {7 IRE

a

2 4
rih O_ET Earth

Fig. 1. A simple picture for the Earth’s radiation balance. Here, p 4, is the albedo of the Earth, ois the Stefan-Boltzmann
constant, Tg,,,, is the global mean temperature of the Earth, R, is the radius of the Earth, Sg,,, is the solar irradiance
at the top of the atmosphere, IR is infrared, and € g, is the global mean emissivity of the Earth.

The sensitivity of the Earth’s temperature to small changes in Sgym, Peam, and &g,y provides estimates for the
measurement accuracy requirements for these three parameters for their use in climate research. Changes in Sg,,;, are
natural in origin, whereas changes in Pg,u, and &g, have anthropogenic contributions; greenhouse gases and black
aerosols for &, and sulfate aerosols and changes in land use for Pg,qp,.

As an example, consider the changes in solar irradiance, globally averaged albedo, and globally averaged emissivity
required to cause an increase in the Earth’s mean temperature of 1 K/100 yrs or 0.01 K/yr, approximately the current rate
of global warming over the last century. A 0.01K/yr increase in global mean temperature corresponds to a 0.19 Wm/yr
(0.014 %/yr) increase in solar irradiance, a 0.033 %/yr decrease in albedo, or a 0.015 %/yr decrease in emissivity.

These numbers can be compared with the uncertainties in radiometric standards disseminated by NIST which generally
fail to meet the stringent requirements for climate monitoring by an order of magnitude or more:
e  Spectral irradiance lamp standards for the wavelength range of 250 nm to 2400 nm have uncertainties of 0.3 %
to 1.6 % (k=2 or 20), depending on wavelength.
e Pressed and sintered polytetrafluoroethylene (PTFE) reflectance standards for near-normal incident directional
hemispherical reflectance have uncertainties varying from 0.67 % at 200 nm to 0.21 % at 1600 nm.

Xii
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e  Spectral emissivity standards from 1 wm to 14 um have uncertainties of approximately 1 % for a Lambertian
material with £= 0.6.
Programs needing lower uncertainties must work directly with NIST to have direct access to laboratory calibration tools
such as the Primary Optical Watt Radiometer (POWR) and the Facility for Spectral Irradiance and Radiance
Responsivity Calibrations using Uniform Sources (SIRCUS) discussed below, however, even these capabilities are
generally not sufficient to enable remote-sensing instruments to achieve the low uncertainties required for detecting and
monitoring small changes in the Earth’s radiation balance expected with climate change.

Measuring small changes in radiometric sources at the level of uncertainty required for climate monitoring is extremely
challenging, be it the Earth, Sun, or a laboratory source or artifact. That no validated satellite remote-sensing instrument
has achieved the uncertainty requirements for monitoring any of the three components (solar, reflected solar, or emitted
infrared) of the Earth’s radiative balance attests to the challenge. Moreover, the measurement uncertainties for climate
quoted above are even more stringent (by approximately a factor of 3 ignoring correlation) if a combination of changes
in solar irradiance, albedo, and emissivity are considered. In realization of this measurement challenge scientists have
resorted to the tracking of secondary environmental variables, such as sea-ice extent in the Artic, which are more
sensitive to climate change but also more difficult to include in climate models.

Adding to the measurement challenge is that changes in the Earth’s climate system must be detected against the larger
natural fluctuations that arise from day-to-day weather variations, the seasons, the eleven-year solar cycle, and major
cyclical climate phenomena such as El Nifio and La Nifia. Despite such fluctuations, the reliability of climate trending
from environmental data records continues to benefit from reductions in measurement uncertainty.®

Further details on measurement requirements for climate are provided in the report of a 2002 workshop cosponsored by
NIST, NASA, NOAA, and NPOESS/NPP (National Polar-orbiting Operational Environmental Satellite
System/NPOESS Preparatory Project. The report emphasizes satellite-based measurements.” A follow-on report
recently released addresses strategies to reach these requirements. '’

3. NEED FOR TRACEABILITY TO SI STANDARDS WITH LOW UNCERTAINTIES TO
MEET CLIMATE REQUIREMENTS

The ability to unambiguously detect and accurately quantify small yearly changes in the Earth’s climate over decadal
and longer time scales requires that the measurements be tied, i.e., traceable, to international standards based on the
International System of Units, the SI, as maintained by national metrology institutes such as NIST. This viewpoint has
been articulated in the Strategic Plan for the U.S. Climate Change Program'' and in an agreement'? between the World
Meteorology Organization (WMO), representing national weather services, and the International Committee for Weights
and Measures (CIPM), representing national measurement laboratories.

SI traceability has several advantages for climate research. It ensures that the measurements are based on the
fundamental laws of physics and thus can be compared with predictions from physics-based modeling. Physics-based
modeling is critical for developing climate models that are objective and have the flexibility to advance as the state of
knowledge of climate physics improves and computational capabilities increase.

SI traceability also allows measurements to be compared independent of time or of the organization or country
performing the measurements. Measurement comparability is essential for the success of international efforts dependent
on exchange and integration of measurements, such as the Global Earth Observation System of Systems (GEOSS)."

Except for the kilogram, the ability to realize a standard for an SI unit does not require access to a specific artifact.
Thus, SI-based standards can be and are realized and disseminated by NIST and other National Measurement Institutes
(NMIs) around the world without access to specific artifacts. The standards and any changes in the standards are well
documented by the NMIs, providing the necessary information to tie past and future realizations of the SI units with
present realizations. Additionally, the NMIs validate and document the quality of their SI standards through
measurement comparisons held under the auspices of the International Committee for Weights and Measures formed by
the Treaty of the Meter. The results from such comparisons are made available on the website of the Bureau of Weights
and Measures (BIPM)."*

xiii
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The results from one such measurement comparison relevant to climate research is shown in Figure 2."° The Figure
illustrates the level of agreement with respect to a reference value for measurements of the spectral irradiance of 1 kW
FEL-type quartz-tungsten-halogen lamps by 12 participating national metrology institutes, including NIST.
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Fig. 2. Results from an international comparison of spectral irradiance measurements between National Metrology
Laboratories (NMIs). Measurements are given as a percent difference relative to a reference value. The acronyms
reference the twelve participating NMIs and are defined at http://www.bipm.org/en/practical info/acronyms.html.

These lamps are typically used by remote-sensing scientists to realize a spectral radiance scale by illuminating a near-
perfect Lambertian reflector consisting of pressed and sintered polytetrafluoroethylene. The measurement mimics in the
laboratory the illumination of the Earth by the Sun, although the color temperature of the lamp of 2950 K is
approximately a factor of two smaller than the approximately 5900 K radiance temperature of the Sun as measured at the
top of the atmosphere. This discrepancy between the spectral outputs of the FEL lamp and the Sun needs to be
addressed in calibrating instruments monitoring direct or reflected solar radiation to reduce spectrally dependent stray
light errors. Note that the typical agreement of approximately 1 % in the intercomparison is approximately two orders of
magnitude larger that the uncertainty requirement for long-term monitoring of the total solar irradiance of the Sun.

4. NIST INFRARED-TO-ULTRAVIOLET SI RADIATION STANDARDS

NIST standards for the measurement of electromagnetic radiation from the infrared to the ultraviolet are tied to the watt,
kelvin, and meter. An extensive infrastructure has been developed to ensure the ability of NIST to provide the lowest
uncertainty standards for various applications in industry, defense, and environment. Climate research, in particular,
requires standards with extremely low uncertainty to meet the stringent measurement requirements discussed above.
The low uncertainty requirements for climate have provided the greatest drive for reducing the uncertainties in NIST’s
fundamental and disseminated electromagnetic radiation standards.

The Primary Optical Watt Radiometer (POWR) is the NIST developed and maintained National standard for
measurement of optical power.'® POWR shown in Figure 3 is a liquid-helium-cooled cryogenic radiometer which
compares the optical power from a laser beam incident on a high-absorptivity optical cavity with the electrical power
dissipated by a resistor in thermal contact with the cavity, thus tying the optical watt to the electrical watt. The laser
beam of known optical power determined to an expanded relative uncertainty k& = 2 of 0.02 % as verified through
international comparisons among NMIs is used to calibrate extremely linear, high-dynamic-range silicon trap detectors
for measurement of the radiance [W m™ st™'] or irradiance [W m™] of integrating sphere sources used to calibrate remote
sensing instruments. Trap detectors typically have a circular optical aperture of accurately known area with diameter
larger than the laser beam diameter to realize an absolute irradiance responsibility standard, or absolute spectral
irradiance responsivity standard if the laser wavelength is varied in the transfer of the calibration from POWR to the trap
detector.

To measure the area of the apertures used in the realization of an irradiance or radiance standard a coordinate
measurement machine (CMM) is used. The CMM uses an optical microscope to map the coordinates of the edges of the
aperture as it is moved through the focus of the microscope.'” The relative position of the x-y translation stage used in

Xiv

Proc. of SPIE Vol. 7081 708102-4



the mapping of the aperture is measured interferometrically by referencing to etalon fringes generated from a frequency
stabilized HeNe. The laser interferometry ties the aperture area determination to the meter through the accurately known
wavelength of the HeNe laser. The resulting aperture-area measurements have uncertainties of less than 0.01 % & = 2.
The uncertainties have been validated through international comparisons which also revealed significant discrepancies
below the 0.01 % level between aperture measurements performed using optical methods and contact methods.'®

Fig. 3. A schematic diagram and picture of the NIST Primary Optical Watt Radiometer (POWR), the Nation’s primary
standard for optical power. POWR is a cryogenic radiometer which compares optical power to electric power to tie the
optical watt to the electrical watt. POWR can determine the optical power in a laser beam to 0.02 % k = 2.

CCDr camers.

‘High re sobation.

miroscope

Fig. 4. A schematic diagram and picture of the NIST Absolute Aperture Area Measurement Facility. The facility uses an
optical microscope to view the edge points of an optical aperture as it is moved through the focus of the microscope on
an interferometrically controlled x-y translation stage. The area of an aperture is determined to better than 0.01 % (k =
2).
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Use of apertures in irradiance or radiance standards requires correction for diffraction effects, particularly for long
wavelengths and small apertures, or when the measurement requirements are particularly stringent. NIST has developed
sophisticated models to correct for diffraction effects in radiometry. Diffraction corrections have played a critical role in
a number of applications, including satellite measurements of solar irradiance,'” infrared photometric measurements of
stars,”’ and infrared measurements of blackbodies in low-thermal-background space vacuum chambers used in testing
sensors for ballistic missile defense.”'

To transfer the radiometric scales achieved above to various sensors used in climate research, NIST has developed a
unique laser-based facility called SIRCUS for Spectral Irradiance and Radiance Responsivity Calibrations using
Uniform Sources.”> SIRCUS uses a set of wavelength-tunable lasers from the infrared to the ultraviolet fiber-coupled to
the interior of an integrating sphere with an exit port to provide a source of known radiance or irradiance as defined
through an appropriate set of apertures and referenced absolutely using a trap detector. SIRCUS allows the absolute
calibration of optical radiation sensors to approximately 0.05 % in spectral responsivity provided that the sensor is
sufficiently stable to hold the calibration through the time it is used. Additionally, SIRCUS provides an end-to-end
system level calibration of the sensor under real illumination conditions that fully fill the entrance pupil to the sensor.

At longer wavelengths, i.e., in the thermal infrared, NIST’s room-temperature-background radiometric scales are based
on high-emissivity blackbody sources with radiance levels tied to the kelvin through contact thermometry. One such
blackbody is the so-called NIST Water Bath Blackbody (WBBB) based on a black-painted 10.8 cm diameter, 25 cm
deep, conical optical cavity immersed in a reservoir of water whose temperature is variable over the range 15 °C to 80
°C and measured using accurate platinum resistance thermometers. The WBBB was used to validate the radiometric
scales of several programs involved in the measurement of sea-surface temperature (SST).>
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Fig. 5. A schematic diagram and picture of the NIST Facility for Spectral Irradiance and Radiance Responsivity Calibrations
using Uniform Sources (SIRCUS). SIRCUS uses a suite of lasers from the short wavelength infrared (SWIR) to the
ultraviolet (UV) to illuminate an integrating sphere source to produce a uniform radiance source of known absolute
intensity as determined using standard trap detectors calibrated against a cryogenic radiometer such as POWR.

5. EXTENDING TRACEABILITY WITH LOW UNCERTAINTES TO CLIMATE
MEASUREMENTS—PRELAUNCH CALIBRATION

Satellite programs generally have requirements that the prelaunch radiometric calibration be tied to international
standards based on the SI system of units. One of the twenty Global Climate Observing System (GCOS) Climate
Monitoring Principles® affirm this goal by stating, “Rigorous pre-launch instrument characterization and calibration,
including radiance confirmation against an international radiance scale provided by a national metrology institute, should
be ensured.” Ground-based measurements likewise need such traceability to help validate and calibrate satellite
measurements and ensure comparability with satellite measurements when integrated into climate data records. In
response to these needs NIST has developed a variety of standards, calibration tools, and training resources to help
establish the traceability of climate measurements to the SI system of units.
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For near-infrared to ultraviolet radiation standards, NIST provides calibration services for spectral radiance standards
based on lamp-illuminated integrating spheres, spectral reflectance standards based on polytetrafluoroethylene, and
spectral-irradiance standards based on FEL lamps. The latter two standards when used together provide a spectral
radiance standard. The polytetrafluoroethylene plaque is illuminated at normal incidence with a known spectral
irradiance level from the FEL lamp producing a spectral radiance standard when viewed, typically at 45° off normal as
the plaque reflectance is usually measured for this so-called 0°/45° geometry. A typical user of integrating sphere and
lamp-plaque radiance standards achieves agreement with the NIST radiance scale to approximately 2 %, as demonstrated
by a recent spectral radiance scale intercomparison between 10 laboratories involved in ocean color research.”
Similarly, a 2 % agreement is also seen when comparing bidirectional reflectance distribution function (BRDF)
measurements on polytetrafluoroethylene reflectance standards.

In collaboration with the Earth Observing System (EOS) satellite program, NIST has developed a series of standard
radiometers and radiance standards to validate the radiometric scales of the satellite programs. These radiometers have
been well described in the literature and include the Thermal-infrared Transfer Radiometer (TXR), a mid-wave and long-
wave thermal-infrared radiometer; the six-channel filter-based Visible Transfer Radiometer (VXR); and the Short-Wave
Infrared Radiometer (SWXIR). The VXR has been used to verify the visible and near-infrared radiance scales of the
lamp-illuminated integrating spheres used in support of the Moderate Resolution Imaging Spectrometer (MODIS), the
Multi-angle Imaging Spectrometer (MISR), and the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) while the SWXIR has been used to validate the short-wave infrared radiance scale of the MODIS sphere. The
TXR has supported the Multispectral Thermal Imager (MTI),”” Geostationary Operational Environmental Satellite
(GOES) imager, Moderate Resolution Imaging Spectroradiometer (MODIS), and the NPOESS Visible Infrared Imaging
Spectroradiometer Suite (VIIRS) and Cross-track Infrared Sounder (CRIS).

NIST has also developed a version of SIRCUS, denoted Traveling SIRCUS, designed for transportation to satellite and
ground-sensor test and evaluation facilities to perform full system-level characterization and calibration of sensors
operating from the near-infrared to the ultraviolet, within the reflected solar region. Traveling SIRCUS has been used to
calibrate and characterize the Earth Polychromatic Imaging Camera (EPIC), the Marine Optical Buoy (MOBY), and the
Robotic Lunar Observatory (ROLO), as well as several astronomical telescope systems.

6. EXTENDING TRACEABILITY WITH LOW UNCERTAINTIES TO CLIMATE
MEASUREMENTS—POST-LAUNCH CALIBRATION

The challenge remains to verify that the prelaunch calibration is maintained on orbit. On-orbit SI traceability mitigates
the risk associated with a satellite failure in the creation of long-term data records. A number of strategies have been
developed to assess, maintain, and improve the quality of satellite measurements on orbit, including using so called
vicarious calibration sites based on Earth targets such as deep convective clouds and desert scences, the Moon, or stars;
satellite measurement comparisons; and on-board calibration.

In the event of continuous monitoring of one or more climate variables using a series of satellites, such as the NOAA
geostationary and polar-orbiting satellites, data records have been generated using the strategy as outlined in Figure 6.
Here the individual measurement time series or data records are merged into one continuous record by choosing one of
the satellites as the reference and using the satellite measurement temporal overlaps to align all the other satellite
measurements to the reference satellite measurements. The satellite overlaps could be averaged over some portion of the
overlap period, such as done with top-of-the-atmosphere solar irradiance measurements, or could be based on
simultaneous measurements using actual spatial and temporal overlaps, so called Simultaneous Nadir Overlaps
(SNOs),*® which occur most often in the polar regions for polar-orbiting satellites. A difficult to test assumption in
generating such lengthy time series is that the satellites do not share any systematic instrument drift. This assumption
may not always hold at the level required for climate research as typically satellite instruments involved in the creation
of such long time series share significant hardware and calibration heritage and thus are potentially prone to common
systematic drifts.

The Moon and stars are also used to provide a relative calibration of satellite sensors and to track sensor degradation.
The lack of a Lunar atmosphere, the absence of significant geological activity, and constant solar exposure over billions
of years provide confidence in the assumption that the surface reflectance is constant over the decadal time scales
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associated with satellite remote sensing of the Earth’s climate. Using Earth-viewing sensors to view the Moon in
combination with the Lunar reflectance model developed by the Robotic Lunar Observatory (ROLO)* to correct for the
effect of the Moon’s phase and libration on the satellite measurement has been demonstrated to be an effective approach
for long-term tracking of instrument stability within a spectral channel.”” A concept has been proposed called LUSI for
Lunar Spectral Irradiance’ for improving the absolute calibration of the Moon beyond the level achieved by ROLO.
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Fig. 6. The two panels demonstrate the creation of an environmental data record by stringing together a set of records from
a series of satellites and shifting the individual satellite calibrations relative to one of the satellites taken as the standard
or reference. This approach does not consider the possibility of shared drift among the satellites originating from their
common heritage.

7. ESTABLISHING AND VALIDATING SI TRACEABILITY IN SPACE WITH LOW
UNCERTAINTIES

One of the twenty Global Climate Observing System (GCOS) Climate Monitoring Principles states that “On-board
calibration adequate for climate system observations should be ensured and associated instrument characteristics
monitored.” Satellite programs continue to struggle with meeting this principle even though it is less stringent than the
GCOS prelaunch principle referenced above advocating for “Rigorous pre-launch instrument characterization and
calibration...” On-board calibration approaches include polytetrafluoroethylene reflectance standards which degrade in
reﬂecgi3vity from high-energy radiation and particles™ and have suffered from stray-light contamination due to earth
shine.
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Increased attention is being given to on-board satellite calibration. The need for improved space-based benchmark
measurements of top-of-the-atmosphere spectral radiance emitted by the Earth has led to calls within the Decadal
Survey®* performed by the National Research Council for a CLARREO (Climate Absolute Radiance and Refractivity
Observatory) mission in which the on-board sensor calibration to the SI system of units is rigorous. In principle, such
benchmark instruments with appropriate spectral and spatial corrections could be used to calibrate other satellite
instruments in support of the World Meteorological Organizations (WMO) Global Space-Based Inter-Calibration
System (GSICS) effort.*

8. THE NEED FOR LOWER UNCERTAINTY SI STANDARDS

Achieving the measurement requirements for long-term monitoring of the radiative balance of the Earth as illustrated in
Figure 1 is challenging. Past and future efforts at meeting satellite measurement requirements in the context of the
Earth Observing System experience have been discussed by Butler ef al.’® Remote-sensing programs using NIST-
disseminated standards presently achieve radiometric uncertainties approximately two orders of magnitude larger than
required for quantifying the radiative balance. Moreover, the uncertainties on the standards are also too large, by about
an order of magnitude relative to the measurement requirements. The measurement requirements for monitoring the
Earth’s radiative balance have reached the limit of what can presently be achieved from the fundamental SI radiometric
standards maintained at NIST. Research advances are required in all areas of the measurement traceability chain, from
the fundamental standards to the disseminated standards to the remote sensing instrument calibration and
characterization, to ensure that climate monitoring requirements are met.

SIRCUS and Traveling SIRCUS tied to cryogenic radiometry as discussed above are examples of tools that allow remote
sensing programs to achieve instrument calibration at lower uncertainties relative to the SI than possible with standards
typically disseminated by NIST such as spectral radiance standards based on a NIST calibrated integrating sphere
source. NIST is also researching other approaches, including hyperspectral image projection®’, absolute pyrometry>*,
spectrally tunable sources®, and stray-light correction algorithms and characterization methods,” to improve the
calibration of remote-sensing instruments tied to NIST standards. A long-term research program has also been
implemented to develop alternative approaches for optical power standards based on the counting of individual photons
as cryogenic radiometry has not advanced significantly over the last couple of decades beyond the 0.02% (k = 2) relative
uncertainty level.

9. CONCLUSION

The accurate monitoring of the Earth’s climate from using ground and space-based sensors will continue to depend on
access to the highest accuracy fundamental SI standards for the passive measurement of electromagnetic radiation from
the microwave to the ultraviolet spectral regions. Such standards are developed, maintained, improved, and compared
by the world’s National Metrology Institutes. Traceability to the SI ensures that measurements are comparable between
organizations, countries, and over generations. Such traceability when established at a uncertainty level necessary to
monitor the Earth’s radiation balance provides confidence in the quality of climate data records used to predict the
direction and rate of climate change. Additionally, SI traceable measurements are the foundation of climate models tied
to the laws of physics.
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