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* Decision processes that serve societal
objectives

 The analyses, forecasts and models that
provide timely and coherent input to those
decision processes, and

 Observations selected to test and
systematically improve those forecasts



Contribution to applications and policy making (societal benefits)

Contribution to long-term observational record of the Earth

Ability to complement other observational systems, including
national and international plans

Affordability (cost consideration, either total costs for mission or
costs per year

Degree of readiness (technical, resources, people)

Risk mitigation and strategic redundancy (backup of other critical
systems)

Significant contribution to more than one thematic application or
scientific discipline
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accurate in perpetuity, tested agalnst mdependent strategles
that reveal systematic errors, and pinned to international
standards

The development of an operational climate forecast that is
tested and trusted through a disciplined strategy using state-
of-the-art observations with mathematically rigorous
techniques to systematically improve those forecasts to
establish credibility

Disciplined decision structure that assimilates accurate data
and forecasts into intelligible and specific products that
promote international commerce as well as societal stability
and security
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The magnitude and impact of climate change are not, at present, clearly defined. We do not presently
observe Earth’s climate system with sufficient accuracy to establish a climate record that is tested and
trusted, nor are climate observations in place that can adequately constrain climate model predictions.

Important Sub-Fields Related to High Accuracy Long-Term Climate Records

Climate Community

Metrology Acc Obse ons an
Climate Records

« Sl traceable standards +  Accuracy, precision and « Ground-based

Technology and strategy bias on-orbit observations

for establishing absolute s  Blackbodies, frequency « Sondes, GEQOSS

scales standards, temperature s  Use of weather data for
+ Innovation for detection of cells climate

systematic errors ¢ Quantum cascade lasers, ::}. Intercomparison methods
+« Atomic clocks, phase linear detectors, between satellites

transition cells, frequency polarization of optical » In situ intercomparisons

stabilized laser systems in space

+ Targets for calibration:
Maoon, stars, elc,

If an observations is not initially Sl traceable against an absolute scale, it cannot engage in the logic of
testing for systematic error. If an observation cannot independently establish its time dependent bias against
an Sl traceable standard throughout its observing lifetime, it cannot, by the logic of metrology, provide
independent evidence of trends in the climate record---it therefore ceases to constitute a climate benchmark.




Accuracy

, In sharp contrast, is the measure of
reproducibility or repeatability of the measurement
without reference to an international standard so that
precision is a measure of the random and not the
systematic error. Suitable averaging of the random error
can improve the precision of the measurement but does
not establish the systematic error of the observation.

Stability Is a term often invoked with respect to long-term
records when no absolute standard is available to
guantitatively establish the systematic error - the bias
defining the time-dependent (or instrument-dependent)
dif}‘erence between the observed quantity and the true
value.
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(absolute) standard, time
works against you.

 With an Sl traceable
(absolute) scale, time
works for you.
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(absolute) standard on-
orbit, time works against
youl.

 With an Sl traceable
(absolute) standard on-
orbit, time works for you.
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standards.

The fundamental requirements of climate must be recognized in the design of
instruments that constitute the backbone of the national climate observation array:
Optical Designs, Orbits, Calibration, etc.

Trust in the accuracy of key long-term climate observations must be built upon: (a) open
access to the details of experimental execution; (b) publication in the scientific and
technical literature; (c) individual scientific responsibility; and (d) continuity in laboratory,
airborne, and satellite analyses that together dissect systematic errors.

The experimental design and execution of long-term climate observations must be cost
effective, responsive to emerging knowledge, and adaptable to technological innovation.

Calibration and associated subsystem development resources must be given high
priority and the analysis of accuracy achieved by the observing systems must be
systematically critiqued over the period of decades. Fundamental development of
calibration facilities at NIST must be supported with ongoing commitment.

Primary long-term climate observations must be global in coverage, must provide
required accuracies in both horizontal and vertical structure, and must be free of
interference from uncontrolled boundary conditions.

Climate forecast testing and improvement places specific demands upon the data vector
produced by the climate observation and upon the mathematical structure used to
couple the observations to the forecast. Thus, selection of the highest priority
observations must be done in concert with an understanding of the structure of the
forecast model.
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Establishing the Climate Benchmark Record:
What are the Requirements?

Infrared

absolute
spectrally
resolved

radiance

Mission * Accuracy with Sl traceability C L_AR'REO
determined on orbit Mission:

background, « Global coverage Selection of the
IUStlflcatlon * High information constant S| traceable

and contained in observed data benchmark

vector: Separation of :
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Achievement of
benchmark accuracy
on-orbit:
Thermometry

Incorporation of multiple phase
transition cell into blackbodies to
determine absolute temperature on-
orbit

* Best, F., et al., CORM 1997
Annual Meeting, NIST,
Gaithersburg, MD, 20 April
1997.

* Gero, P. J.,, J. A. Dykema, J.
G. Anderson, A new
blackbody design for Sl-
traceable radiometry, J. Atm.
Ocean. Tech., submitted
2008.

Achievement of
benchmark accuracy
on-orbit: Emissivity

* Incorporation of quantum cascade
laser into blackbodies to determine
cavity emissivity on-orbit

» Heated source to perform
emissivity measurement
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» Gero, P.J., Realization of SI-
traceable infrared radiance
measurements from space for
climate, PhD Thesis, Harvard
University, 2007.

e Dykema, J.A., and J.G.
Anderson, Metrologia 43, 287-
93, 2006.

* Anderson, J.G., et al., J.
Quant. Spectrosc. & Rad.
Transf. 85, 367-83, May 15,
2004.
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Blackbodies

Homogeneity 20
Emissivity 9
FTS stray light and 33
polarization
Detector chain 14
nonlinearity
Other errors 10
TOTAL 44
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J. Atm. Ocean. Tech., in
preparation 2008.

Achievement of

» Design of optical system placing

* Dykema., J.A., and J.G.
Anderson, Metrologia 43, 287-

benchmark accuracy deep space, Blackbody and nadir at [ e 93, 2006.
on-orbit: Polarization | nodes of polarization = @ « Anderson, J.G., etal., J.
. : o e Quant. Spectrosc. & Rad.
. Rotatlon of scene mirror by 45 | Transf. 85, 367-83, May 15,
with deep space view - 2004.
Achievement of * Selection of detectors with basic ' ~ siz_Gan| *Dykema, J.A, and J.G.
. . Traceability ~ Blackbody ) Anderson, Metrologia 43, 287-
benchmark accuracy physics of detector linear 2 established 93, 2006.
on-orbit: Linearity * deep space plus two blackbodies % » Anderson, J.G., et al., J.
- - ol Quant. Spectrosc. & Rad.
for each interferometer with Docp 93 Transf. 85, 367-83, May 15,
temperature scan 2004.
~~  Counts -
Offset
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principle has been directly proven with laser ILS measurements during
testing of CrIS for NPOESS, TES for NASA Aura, and IASI for
METOPL.

The spectral resolution required by climate requirements (1.0 cm1), the
optical core of the interferometer, is both small and simple yet the
product of entrance aperture area and solid angle of acceptance (the
étendue) is large. This provides the ability to employ redundant
Interferometers needed to test for systematic errors on orbit.

Because of its integrated laser based metrology system, the ILS/SRF
for the Fourier transform spectrometer is insensitive to instrument
geometry and does not require the extremely precise thermal control
needed for a grating instrument.

The FTS delivers very broad spectral coverage to a single detector
resulting in a very simple optical, thermal, and detector configuration.

19
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* The recovery of climate averages with an uncertainty of 0.1 K 3o

 Recovery in the face of large diurnal and semi-diurnal
amplitude, large variance resulting from weather “noise”.
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Statistical bias due to missampling of semidiurnal cycle for sunsynchronous orbit
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Sampling errors
for 90° polar
orbits {left)
VEersus sun-
synchronous
orbits (right), for
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climate benchmark

e Precessing is important, faster precession is
not necessarily better

 Three 90° polar orbits is key to global
benchmark observation
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Achievement of
benchmark accuracy
on-orbit: Overall
Systematic Error by
Completely
Independent
Methods

» Direct overlap of absolute spectrally
resolved radiance with GPS
» Each with 0.1 K accuracy (absolute)

* Leroy., S., J. Anderson and
J. Dykema, pp. 287-301 in
Occultations for Probing
Atmosphere and Climate |l,
Springer NY, 2006.

* Leroy., S., etal., J.
Geophys. Res. 111 D17105,
doi:10.1029/2005JD0006145,
2006.

Calibration of other
IR Sounders

* Analysis of sampling bias for
simultaneous nadir observations

il 18 SI00W N 1§

e Tobin, D.C., etal., J.
Geophys. Res. 111 D09S02,
doi:10.1029/2005JD006094,
2006.

e Tobin, D.C., etal., J.
Geophys. Res. 104 (D2),
2081-92, 1999.

« Kirk-Davidoff, D., R. Goody
and J. Anderson, J. Climate
18(6), 810-22, 2005.
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times are covered every two months, thereby minimizing diurnal
sampling biases.

Achievement of Sl traceability (absolute) on-orbit: Redundant
and fully independent determination of each variable of
guantitative significance to the error budget dictates the selected
Instrument architecture and the choice of independent on-orbit
observations.

For the separation of climate forcing and response—critical both
for the climate record and for systematic testing of climate
forecasts—absolute spectrally resolved radiance in the thermal
iInfrared and GPS radio occultation constitute the foundation of
the benchmark climate record.
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[ =AF,,, /AT
Planck response to radiative forcing AF,,,

Stefan -Boltzmann
F=coT*
AF o /AT =4e0T® =T

, = (8F j(dXi j
7, = 1.7 w/m?-K  (water vapor) ox; )\ dT

7, = —0.3 w/m?-K (lapse rate)
73 = 0.5w/m?-K (clouds)
7, = 0.5w/m?-K  (surface albedo in cryosphere)
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ol *.---&’ PR ~ Planck response to radiative forcing AF;,,
o 'q: | I Z Stefan -Boltzmann
: I Carbon Dioxide Signal ] F = EO'T4
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7 =1.7w/m2-K  (water vapor) ox; )\dT

7, = —0.3 w/m?-K (lapse rate)
73 = 0.5w/m?-K (clouds)
7, = 0.5w/m?-K  (surface albedo in cryosphere)
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Hadley cell, expansion of
troposphere.
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eigenvectors and eigenvalues of which are e ,and 4,..

a, = G 'h h, = Z)x (e,,si){e,,d)

. — 1l
Za = G Gij = Z)* (eu,si)(eu,s;)
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Climate OSSE: The Science of a
Benchmark

Benchmark Climate OSSE Climate

Measurement Uncertainty

Simulate trends in Shortwave forcing
observable as

produced by different
 Minimize sampling models Climate feedbacks &

error . . rocesses
Explore information P

content with various Sensitivity &
contravariant meteorology
fingerprints

e Traceable to

international standards Longwave forcing

Climate OSSE Results

e Detection time and accuracy requirements

e How measurement constrains climate predictability

e Information content: Relative redundancy with other benchmark data types
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Climate Forecast
The Systematic Testing and Improvement of

Decadal Climate
Mathematically Li
Provided by ASR

Models

—orecast Models Is
nked to the Data Vectors

R and GPS such that Both

Trends and the Gain Terms in Climate

Feedback can be

Observed.

Optimal Fingerprinting Provides both the
Optimization of Time-to-Detect and a
Quantitative Measure of the S/N Ratio of that

Determination
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renas

egiona

infrared spectra, J. Climate, in
press, 2008.

Testing climate

 Spectral resolution with

Tropics, SRES A1B, clear

* Leroy, S, et al., Testing

f dels: d e . f : d i o iy i climate models using thermal
orecast models: ecomposition into forcing an § b | I
Observation of response § T NP1 Hipress, 2008:
Climate Feedbacks |  Direct observation of Partial 2 \ ‘; ks j
Derivatives | | st
g 15, ] \ 1
2 | |
500 Fr:qoo'u;ﬂwiﬂn'J 1500 2000
Testing climate  Optimization using projection of e * Leroy, S., J. Anderson and
; . I I T (] I G'h [ P <11 J. Dykema, pp. 287-301 in
forecast models: signal shape on eigenmodes of natural N sl o EEs
Optimal variability \VF \‘,n" A ’T/’d\ Atmosphere and Climate I,
T P P VR Springer NY, 2006.

Fingerprinting
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due to differences in sp’atial and temporal sampling
are less than 0.02 K.

To meet a monthly inter-calibration accuracy of 0.1
K 30, the maximum allowable instrument noise for
individual CLARREO FOV is approximately 0.6 K,
with no assumed spectral averaging. This assumes
single channel calibration with no noise filtering or
spectral averaging and three CLARREO satellites
with sampling frequency of 10 seconds

The number of usable monthly CLARREO Fields of

view (BT STD < 2 K and 10 second sampling)

during 2006 does not vary significantly by month

with the number of FOV between 400-500. As

result, the monthly CLARREO noise requirement

(0.6 K) for intercalibration remains consistent

during the year. 42



true global coverage and all local times are
covered every two months, thereby minimizing
diurnal sampling biases.

— The best strategy for the objective of
Intercalibrating of other IR sounders Is to employ
the three CLARREO IR/GPS satellites to establish
the climate record, then establish the bias
between CLARREO and the other sounders using
SNO and Climate Target domains.
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honeycomb

— 124.7kg

— Passive thermal control

— Isolated Instrument interface
* Electrical Power

— 255W rigid body mount S/A

— 10.5A-hr Li-ion battery
« Communication and Data

— 16MIP computer

— 512Mbyte data storage

— S-band CCSDS 2.5Mbps data downlink
e Attitude

— Knowledge: 0.2deg GPS with Horizon
Sensor, Mag, CSS backup

— Control: Gravity gradient pitch/roll with
momentum biased yaw

All EPS, CDS, and ADCS components have
flight heritage
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ectrical Power
— 27% (EOL) Power Margin
— 13.2% (EOL) Battery DOD
Communication and Data
— 7.5dB Science downlink margin
— 26.4dB Status downlink margin
— 44.4dB Uplink margin
— 24hr data storage margin
Attitude
— 0.2deg knowledge (3-axis)
— 1.5deg control (3-axis)
Fault Protection
— Gravity-gradient stabilized
— Full body S/A (nadir exception)

— Selective redundancy in ADCS,
thermal, and power

Fatoon 10 Faldng
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benchmark radiance measurements two of the satellites
contain redundant mterferometers that have a spectral
resolution of 1 cm? and encompass the thermal infrared
from 200 to 2000 cm-? , are in true 90° polar orbits to
provide a full scan of the diurnal harmonics as well as high
latitude coverage from low Earth orbit,

The components of the CLARREO mission include (1) two
small satellites to obtain absolute, spectrally resolved
radiance in the thermal IR and a GPS receiver; (2) a third
small satellite to continue the IR absolute spectrally
resolved radiance measurements but with the addition of
benchmark observations to obtain the reflected solar
irradiance and a GPS receiver; and (3) re-flight of the
Incident solar irradiance and CERES broadband
Instruments on NPP and NPOESS
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A closely associated primary objective is the testing and systematic
improvements of climate forecast models using a strategic balance
between prioritization of new benchmark climate observations and

mathematical tools that link those observations to climate forecast
model testing.

It is expected that by achieving high accuracy (absolute) and by a

strategic combination of satellite orbits a combined measurement and
samplin? uncertainty (< 0.1 K 2o brightness temperature for 15° x 30°
latitude/longitude regional, annual mean) that the long-term trend can

be definitively separated from more rapid variations in the 10-20 year
time frame.

— The best strategy for the objective of intercalibrating of other IR
sounders is to employ the three CLARREO IR/GPS satellites to
establish the climate record, then establish the bias between

CLARREO and the other sounders using SNO and Climate Target
domains.



absolute spectrally resolved radiance in the thermal infrared this requires:

Redundant spectrometers on-orbit to reveal systematic errors

Absolute thermometry such as the phase transition of an element
embedded in multiple blackbodies for each spectrometer

Direct determination of blackbody emissivity

Direct determination of instrument line shape applicable across the
spectrum

Direct measurement of instrument polarization
Detector chain linearity determination

Foundation of continuous calibration of flight subsystems against NIST
1|E)rin|1ary infrared standards and evaluation of flight blackbodies in NIST
acilities
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polarization determination.

Spatial Footprint and Angular Sampling: Order of 50-100 km, nadir
viewing only

Spectral Resolution and Sampling: Order 1 cmt with nyquist
sampling across interferogram

Spectral Range: 200-3000 cm* the spectrum coverage is meant to
include broad coverage of key parts of the infrared spectrum that
contain significant information about the state of the atmosphere and
that can be observed with high accuracy.

Pointing Accuracy and Knowledge: Within 5° of nadir; < 0.1°
uncertainty

Temporal Resolution and Sampling: < 15 sec resolution and < 60 sec
Intervals

49



noise requirements reasonably easy to achieve using pyroelectric
detectors for 200 to 1200 cm, photovoltaic MCT for 650 to 2000
and sandwiches InSb from 1825 — 3000 cm?

Blackbody Design: Two blackbodies for each spectrometer, plus
deep space view. Each blackbody equipped with phase transition
cells for a range of absolute temperatures and direct emissivity
measurements on-orbit. One of the blackbodies would be a warm
blackbody references (~ 300 K); one would be a variable
temperature with a range 200-320 K.

On-Orbit Performance Characterization: Absolute temperature,
cavity emissivity, instrument line shape, linearity, polarization, stray
light

50
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