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Executive Summary1

The Pathfinder for the Climate Absolute Radiance and Refractivity Observatory (CLARREO),2

or CLARREO Pathfinder (CPF), is a cost-capped NASA directed mission for demonstration3

of key technologies necessary for the full CLARREO mission. CLARREO is a Tier 1 mission4

recommended by the 2007 NRC Earth Science Decadal Survey. The CLARREO mission’s5

primary objective is to produce highly accurate climate records to test climate projections in6

order to improve climate models and ultimately enable sound policy decisions. This objec-7

tive is accomplished through accurate decadal satellite observations traceable to the Système8

international d’unités (SI units) that are sensitive to key climate variables, including climate9

feedbacks, responses, and radiative forcings. Uncertainties in such climate variables drive10

current climate model projection uncertainties.11

In 2016, funds were appropriated for a Pathfinder mission, to demonstrate essential mea-12

surement technologies required for the full CLARREO mission. These funds support the13

development and flight of a Reflected Solar (RS) spectrometer to be hosted on the Inter-14

national Space Station (ISS) in the 2020 timeframe. The CLARREO Pathfinder is a Class15

D mission that includes one year of operations on the ISS and one additional year for the16

analysis of acquired data.17

CPF will provide highly accurate spectral reflectance measurements enabled by a RS spec-18

trometer operating between 350 nm and 2300 nm (> 95% of reflected solar energy) with19

continuous spectral coverage with a broadband uncertainty < 0.5% and spectral uncertainty20

< 1% (k=2)1. The RS spectrometer will be capable of pointing to the sun and moon for cal-21

ibration, as well as tracking time, space, and angle-matched observations when used during22

reference inter-calibration of other operational sensors. The CPF will be mounted on the23

ExPRESS logistics carrier (ELC-1), an external attached payload platform on the ISS, for24

nadir Earth observations between 52◦N and 52◦S latitude with full sampling of the diurnal25

cycle obtained approximately monthly.26

CPF will reduce risks for the full CLARREO mission by demonstrating high absolute ac-27

curacy, SI-traceable, on-orbit calibration approaches and by demonstrating high-accuracy28

reference inter-calibration with other operational satellite instruments (e.g. Clouds and the29

Earth’s Radiant Energy System – CERES, Visible Infrared Imaging Radiometer Suite –30

VIIRS). Lessons learned from CLARREO Pathfinder will provide benefits to many other31

NASA Earth Science Missions including the following: 1) Improved laboratory SI-traceable32

calibration approaches, 2) Development and testing of innovative on-orbit SI-traceable cal-33

ibration methods, 3) Inter-calibration of key sensors operational during the CPF lifetime,34

and an 4) Improved lunar spectral irradiance calibration standard.35

1We use the general coverage factor k; k = 2 means a 95% confidence level (2σ) for a Gaussian distribution.
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1 Introduction67

In its 2007 Earth Science and Applications Decadal Survey, the National Research Council68

recommended the Climate Absolute Radiance and Refractivity Observatory (CLARREO)69

mission to address the critical issue of the lack of sufficient absolute accuracy for many cur-70

rent climate change observations to confidently observe the small but critical climate change71

signals over decadal time scales [National Research Council , 2007]. Observing decadal cli-72

mate change is critical to assessing the accuracy of climate model projections and physi-73

cally attributing observed climate changes [Stocker et al., 2013, Masson and Knutti , 2011,74

Stott and Kettleborough, 2002]. Sound policymaking requires high confidence in climate75

predictions that have been verified against decadal change observations with well-known,76

rigorous accuracy requirements. Concerns about satellite data accuracy and the need for77

improvements have been expressed in U.S. interagency climate satellite calibration reports78

[Ohring et al., 2005, 2007] and international climate observation system plans including the79

Global Earth Observing System of Systems plan [Lautenbacher Jr , 2005], the Global Climate80

Observing System Implementation Plan [GCOS-154 , 2011], and the Global Space Based81

Inter-calibration System plan [Goldberg , 2007]. Common challenges with current satellite82

observations expressed in these documents include uncertain long-term drifts in calibration,83

absolute accuracy lower than typical decadal change signals, and the inability to observe84

decadal climate change with resiliency to gaps in observations.85

The CLARREO mission addresses these concerns by providing an unprecedented level of86

absolute accuracy in global satellite observations that can be traced to international physical87

standards such as the SI standards for the second, the Kelvin, and the Watt [Wielicki et al.,88

2013]. The CLARREO objectives of higher accuracy for decadal change observations lead89

to a unique set of observing strategies compared to those employed in previous satellite90

missions, especially those designed to observe weather or climate processes. The required91

measurement accuracy levels are determined by the projected large spatial (zonal, global)92

and long temporal (seasonal, annual, decadal) changes in key climate parameters and the93

background natural variability above which such changes must be detected. CLARREO94

requirements are therefore based on the absolute accuracy needed to detect decadal climate95

changes rather than instantaneous instrument noise levels. The result is the creation of96

climate change benchmark measurements defined by three fundamental characteristics:97

1. Traceable to fundamental SI standards and robust to gaps in the measurement record;98

2. Sufficient time/space/angle sampling to reduce aliasing bias errors in global decadal99

change observations to well below predicted decadal climate change and below natural100

climate variability; and101

3. Sufficient information content to be sensitive to changes in key climate change variables.102

The climate benchmarks to be provided by CLARREO were defined in the NRC Decadal103

Survey to include three types of observations:104

1. Spectrally resolved infrared (IR) radiance emitted from Earth to space measured with105
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an accuracy of 0.07 K (k = 2)2, traceable to the SI standard for thermodynamic106

temperature measured in degrees Kelvin.107

2. Spectrally resolved reflected solar (RS) nadir reflectance with an accuracy of 0.3% (k108

= 2). The percentage is relative to the mean spectral reflectance of the Earth of about109

0.3. While spectral reflectance is a measurement relative to solar spectral irradiance,110

use of the spectral solar irradiance observations made by the Total Solar Irradiance111

Spectrometer (TSIS) enables traceability to the SI standard for power measured in112

Watts.113

3. Observations by Global Navigation Satellite Systems – Radio Occultation (GNSS-RO)114

instruments. The GNSS-RO benchmark measurement is the phase delay rate of the115

transmitted RO signal occulted by the atmosphere from low Earth orbit (LEO) with116

an accuracy of 0.06% (k = 2) for a range of altitudes from 5 to 20 km in the atmosphere117

and is traceable to the SI standard for time measured in seconds.118

The CLARREO IR, RS, and RO observations were designed to provide information on119

the most critical but least understood climate forcings, responses, and feedbacks associated120

with the vertical distribution of atmospheric temperature and water vapor (IR/RS/RO),121

broadband reflected (RS) and emitted (IR) irradiance, cloud properties (IR/RS), surface122

albedo (RS), temperature (IR), and emissivity (IR). These measurements were to be used to123

achieve three independent CLARREO mission goals [National Research Council , 2007]:124

1. unambiguously documenting changes in the climate system;125

2. testing and improving forecasts of future climate change; and126

3. improving the accuracy of existing climate and weather sensors by providing SI-traceable127

reference spectrometers in orbit.128

The NASA FY2016 President’s Budget request included funds for a CLARREO Pathfinder129

(CPF), a technology demonstration to be launched to the International Space Station (ISS)130

in the 2020 timeframe that will serve as a risk reduction for the full 2007 Decadal Survey-131

recommended CLARREO mission. The guidance in the budget request stated that the132

CLARREO Pathfinder was to demonstrate the capability of essential measurement tech-133

nologies for the full CLARREO mission, validate the high-accuracy calibration requirements134

needed for climate change studies, and initiate climate benchmark measurements. With the135

passage of the FY2016 Federal Budget, the NASA Science Mission Directorate, Earth Sci-136

ence Division (ESD) provided approval to proceed with a CLARREO Pathfinder mission to137

the ISS. The appropriated funds for CLARREO Pathfinder support the development and138

launch of a Reflected Solar spectrometer, one year of operations for this instrument on the139

ISS, and one additional year of analysis of the data acquired. The NASA Risk Classifica-140

tion assigned to the CLARREO Pathfinder is Class D per NASA Procedural Requirements141

(NPR) 8705.4. With the RS spectrometer, it is anticipated that CLARREO Pathfinder will142

2We use the general coverage factor k to establish a more rigorous tie between the climate science and
metrology research communities. For a Gaussian distribution, k = 2 is equivalent to a 95% confidence level
(i.e. 2σ).

5



CLARREO Pathfinder Mission Team Report June 2016

demonstrate unprecedented on-orbit SI-traceable accuracy in reflectance measurements (see143

Section 4.1).144

Lessons learned from CLARREO Pathfinder will benefit future CLARREO-like missions.145

CPF, as a technology demonstration of only the Reflected Solar portion of CLARREO, is146

not the full Decadal Survey-recommended CLARREO mission (see Section 3.2). Rather,147

the objective of CPF is to reduce risk and demonstrate new capabilities that a future full148

CLARREO mission will provide once operational. Specifically, the CPF will demonstrate149

high accuracy calibration approaches and show that such high accuracy SI-traceability can150

be maintained in orbit. Additionally, CPF will show that high accuracy in-orbit inter-151

calibration is achievable with a demonstration that will include a subset of the instruments152

for which CLARREO could serve as an in-orbit calibration standard. In addition to the153

benefits that CPF provides to a future full CLARREO mission, the lessons learned from154

CPF will also benefit other NASA Earth Science missions. These benefits include improved155

laboratory calibration approaches, the development and testing of innovative on-orbit SI-156

traceable methods for RS instruments, the transfer of calibration to sensors concurrently157

operational with CPF, and the provision of an improved lunar irradiance standard.158

2 CLARREO Pathfinder Science Objectives159

The science value of the full CLARREO mission [National Research Council , 2007, Wielicki160

et al., 2013] has been determined in terms of decadal change in climate forcings, feedbacks,161

and responses relevant to the information content in RS and IR spectra and RO observa-162

tions. Additionally, its science value has been based upon its contribution as a reference163

inter-calibration standard for IR and RS satellite sensors. Mission requirements for the full164

CLARREO mission were determined such that the mission would be able to detect decadal165

change of some of the most important elements of the climate system: temperature, water166

vapor, cloud properties, TOA (top-of-atmosphere) irradiance, and surface properties (e.g.167

albedo). Decadal change observations from the full CLARREO mission are also key to re-168

ducing uncertainties in the climate feedbacks that drive uncertainty in climate sensitivity.169

Measurements from the full CLARREO mission will help quantify radiative forcing from170

anthropogenic changes in land albedo, will confirm the effect of greenhouse gases on in-171

frared emissions to space, and will make modest contributions to aerosol direct radiative172

forcing.173

Most of the global satellite data sets, which tend to be designed to focus on climate process174

studies, are not yet sufficiently accurate to test the small, albeit critical, signals of decadal175

change. Accuracy requirements are less stringent for climate process studies than for climate176

trend studies. The CLARREO mission has been designed to address this need in the climate177

observing system by establishing, for the first time, satellite observations with sufficiently178

high accuracy that provides sensitivity to decadal changes.179

The full CLARREO mission rely on metrology advances made in the past decade to provide180

significant improvements in the calibration of RS and IR and on the advances in using RO to181
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Figure 2.1: The science contributions of the full CLARREO mission, with the parts of that contribution
from the RS, IR, and RO specified by color. The IR and RO contributions (red) have been grayed out here
to show what will not be contributed to by CLARREO Pathfinder Mission.

probe the Earth’s atmosphere. The full mission CLARREO design enables measurement, for182

the first time, of over 95% of the entire spectrum of Earth’s thermal emitted radiation (200183

– 2000 cm−1 or 5 – 50 µm) and its reflected radiation (320 - 2300 nm). Energy within these184

spectral ranges drives the radiative forcing of climate change, the climate system’s response,185

and the resulting feedbacks that modify climate sensitivity.186

The CLARREO Pathfinder mission, although it differs from the full CLARREO mission in187

several ways (see Section 3.2), will still provide benefits to climate science (see Sect. 2.4 –188

2.6 and Figure 2.1). The CPF will demonstrate the technologies necessary for a RS spec-189

trometer to achieve CLARREO-required accuracy and spectral resolution and the pointing190

system capabilities necessary to intercalibrate other Earth-observing sensors. Its coverage191

will span 350 – 2300 nm and its SI-traceable absolute accuracy will be unprecedented com-192

pared to operational RS satellite sensors. The spectral coverage and high absolute accuracy193

of the CPF RS spectrometer will allow it to serve as an in-orbit reference spectrometer to194

calibrate other concurrently operational satellite instruments with RS spectral bands. CPF195

will serve as a technology demonstration of a RS metrology lab in orbit, thus illustrating a196

key component of what the full CLARREO mission would be able to achieve (see Section197

3.3 on Science Value of CPF).198

The remaining subsections in this section will discuss in greater detail the CLARREO199

Pathfinder rationale behind the demonstration of climate change-level accuracy (Sect. 2.1),200

demonstration of its ability to serve as an intercalibration standard in orbit (Sect. 2.2), and201

its demonstration of the Multi-Instrument Inter-Calibration (MIIC) Framework capability202

(Sect. 2.3). This section will end with an overview of the near-, mid-, and, long-term impacts203

of the CLARREO Pathfinder mission.204
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2.1 Demonstration of Climate Change Accuracy205

The full CLARREO mission aims to provide highly accurate and SI-traceable decadal change206

observations sensitive to the most critical but least understood climate forcings, responses,207

and feedbacks. The required accuracy is determined by the need to detect projected decadal208

changes in climate above the background signal of natural variability. The full CLARREO209

mission measurement requirements have, therefore, been driven by the need to detect these210

small, but critical, climate change-scale trends, rather than instantaneous instrument noise211

levels. The CLARREO Pathfinder will demonstrate the capability of the technology and212

methodology within the RS spectrometer portion of the CLARREO mission to achieve the213

high absolute accuracy levels needed to achieve these goals.214

The CLARREO Pathfinder requirements were derived from the full CLARREO mission215

requirements. Unlike most missions, CLARREO must consider the impact of its science216

requirements on multi-decadal time scales. This suggests that requirement metrics must217

be stated in terms of accuracy of decadal climate trends and in terms of time to detect218

those trends. The former is more relevant to climate model testing; the latter is more easily219

discussed in terms of relevance to the timing of societal decision making in a cost/value sense.220

Having determined the CLARREO mission requirements using the rigorous methodology221

considered below, the CLARREO Pathfinder mission requirements have been stated such222

that the CPF would serve to demonstrate that the CLARREO mission calibration and223

inter-calibration capabilities are achievable. However, the currently expected lifetime of the224

CLARREO Pathfinder (one year) is less than that of the full CLARREO mission (five years),225

making it difficult to establish a climate benchmark.226

The science community has struggled to make rigorous, quantitative climate monitoring re-227

quirements [Ohring et al., 2005]. The science diversity of the CLARREO mission (reflected228

solar, thermal infrared, and radio occultation), along with recent budget challenges across all229

of science, demanded the development of a rigorous approach. The result of CLARREO sci-230

ence team deliberations is explained below, with specific focus on determining the accuracy231

requirement for the CPF’s area of technology demonstration: the reflected solar spectrome-232

ter.233

2.1.1 Determining Accuracy Requirements234

Even a perfect observing system would be limited in its ability to measure long-term climate235

forcing and response [Leroy et al., 2008] due to the noise of the climate system’s natural236

variability (e.g. ENSO, 3 – 5 years). Such natural variability creates a “floor” for required237

accuracy in climate trends, meaning that climate observations need to have uncertainties238

smaller than natural variability. The key, therefore, is to quantify the relationship between239

natural variability and observing system accuracy.240

Even though climate trends may not be simply linear, the use of statistical linear trend241

analysis provides a useful metric to compare the impact of different error sources in a ro-242

bust framework. Extensive literature exists on climate trend analysis [Leroy et al., 2008,243
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Von Storch and Zwiers , 2001, Weatherhead et al., 1998], and the CLARREO team has used244

this approach to quantify and compare the impact of different sources of uncertainty to245

determine mission requirements. Although CLARREO/CPF data will not only be used to246

determine trends, trend analysis provides a critical insight into the mission science require-247

ments and to the utility of the observations for decadal climate change science.248

Here, an accuracy uncertainty factor, Ua, for climate trend accuracy is defined as the ratio of249

trend uncertainty for a real climate observing system to that of a perfect observing system250

limited only by natural variability. The factor is unitless and can be applied generally to251

any climate variable. A perfect observing system would have a Ua value of 1.0. Any real252

observing system will have uncertainties that increase the value of Ua above 1.0. Using the253

results of Leroy et al. [2008] on the relationship between trend uncertainties for perfect and254

real observing systems, we can determine the accuracy uncertainty factor Ua as follows.255

Ua =

(
1 +

σ2
calτcal + σ2

noiseτnoise + σ2
orbitτorbit

σ2
varτvar

)1/2

(2.1)

σvar is the standard deviation of natural variability for the climate variable of interest,256

τvar is the autocorrelation time scale for natural variability, σcal is the absolute calibration257

uncertainty of the instrument, τcal is the absolute calibration time scale (typically instrument258

lifetime), and the remaining uncertainties (σnoise and σorbit) and autocorrelation times (τnoise259

and τorbit) are for instrument noise and orbit sampling, respectively. Instrument noise time260

scale is very short, while orbit-related sampling uncertainty tends to be determined by the261

climate record time sampling interval, typically monthly, seasonal, or annual. Additional262

error sources can easily be added to the numerator in Equation 2.1 as appropriate for each263

climate observation. A complete derivation of Equation 2.1 can be found in Appendix264

A.265

The expression for Ua provides a powerful tool for understanding the trade space of climate266

monitoring observing system design and cost. The autocorrelation time scale, τ , for each267

uncertainty source represents the number of independent samples that will exist for any268

climate record of length ∆t. If we consider the case of slow instrument calibration drifts in269

orbit that cannot be detected, or the case of changing absolute accuracy of instruments with270

time gaps between their deployments to orbit, the resulting relevant time scale for τcal is271

the instrument lifetime, typically about 5 years. Using Equation 2.1, we can see that when272

compared to orbit sampling time scales for annual mean time series, calibration drifts will in273

general have much more impact on uncertainty in climate trends, except if the orbit sampling274

uncertainty is caused by a slow systematic drift in the time of day of the observations, as275

seen in the NOAA polar orbit data in the 1980s and 1990s. Modern polar orbiters, however,276

are designed to maintain time of day and eliminate this long time scale.277

For the CLARREO mission, the requirement was set for all mission observations (reflected278

solar, thermal infrared, and radio occultation) to have a value of Ua less than 1.2. In other279

words, CLARREO is designed to observe climate trends with an accuracy to within 20% of280

that obtained by a perfect observing system (i.e. limited only by natural variability). This281

method of setting requirements allows a consistent treatment of climate monitoring require-282

9
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ments across diverse climate variables, each with their own estimates of natural variability.283

The method also avoids the costs of pursuing perfection that may not add much value to284

observing climate trends, and provides a quantitative “floor” for climate accuracy. In par-285

ticular, Equation 2.1 shows that when error sources are a factor of 2 to 3 below the level of286

natural variability, we have reached the point of greatly diminished returns from any further287

increase in accuracy.288

We can also define an analogous uncertainty factor, Ut, that is the ratio of the time to detect289

a trend using a real observing system to the time to detect a trend using a perfect observing290

system [Leroy et al., 2008].291

Ut =

(
1 +

σ2
calτcal + σ2

noiseτnoise + σ2
orbitτorbit

σ2
varτvar

)1/3

(2.2)

The only difference between Equations 2.1 and 2.2 is that there is a cubed root on the right292

side of Equation 2.2, rather than a square root. Since the values of Ua and Ut are always293

greater than 1, because the creation of a perfect observing system is not possible, Equations294

2.1 and 2.2 can be combined and simplified to show that295

(Ut − 1) ≈ 2

3
(Ua − 1) (2.3)

that is, that the degradation of trend accuracy for time to detect trends is only 2/3 of the296

degradation for accuracy in trends. For example, the CLARREO mission’s goal for trend297

accuracy to be within 20% of a perfect observing system (Ua = 1.2), equivalently requires298

that the time to detect trends is within 13% of a perfect observing system (Ut = 1.13). If a299

perfect observing system could detect a temperature trend with 95% confidence in 20 years,300

then the CLARREO observing system could detect the same trend with 95% confidence but301

with 13% more time required: 23 years instead of 20 years.302

The framework defined by Equations 2.1 – 2.3 gives a simple but powerful way to under-303

stand the value of observing system accuracy both for climate trend accuracy, relevant to304

tests of climate predictions and for time to detect trends, and relevant for public policy305

decisions. They also provide a way to compare consistent metrics across a wide range of306

climate variables and a wide range of uncertainty sources in climate observations.307

Here we will show an example applying the accuracy uncertainty factor to determine cli-308

mate change scale-relevant absolute accuracy requirements by focusing on determining the309

requirements for the CLARREO reflected solar spectrometer, which will be demonstrated310

by the CPF.311

Uncertainty in climate sensitivity is driven by the uncertainty in cloud feedback, which is312

driven primarily by low clouds [Bony et al., 2006, Stocker et al., 2013, Soden et al., 2008]. To313

better understand the RS accuracy requirement to reduce the uncertainty in cloud feedback314

and therefore climate sensitivity, we focused on the shortwave cloud radiative forcing (SW315

CRF) (also called SW cloud radiative effect) [Loeb et al., 2007, Soden et al., 2008], which316

is the difference between all-sky and clear-sky reflected TOA flux. Shortwave (SW) Cloud317

10
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uncertainty dominates the accuracy of global average 
trends. Uncertainty in climate sensitivity is driven 
primarily by uncertainty in cloud feedback, which in 
turn is driven primarily by low cloud changes varying 
Earth’s albedo (Solomon et al. 2007; Bony et al. 2006; 
Soden et al. 2008). We can derive a simple metric of 
cloud feedback for reflected solar by considering the 
trend in global mean shortwave cloud radiative forc-
ing (SW CRF) (Soden et al. 2008; Loeb et al. 2007). 
Global mean SW CRF is simply the difference be-
tween all-sky and clear-sky reflected flux.

As for temperature trends (Fig. 3a), the perfect 
observing system again shows the need for long cli-
mate records for accurate trends in SW CRF (Fig. 3b). 

What about time to detect trends? Using Leroy et al. 
(2008b) we can define an analogous uncertainty factor 
Ut—the ratio of the time to detect a trend using a real 
observing system to the time to detect a trend using a per-
fect observing system. Such a ratio can be defined for any 
climate variable or statistical confidence bound desired. 
Again extending the results from Leroy et al. (2008b),

  
(2)

The only difference between Eqs. (1) and (2) is that the 
square root on the right side of the equation becomes a 
cube root. Since Ua and Ut are always greater than 1, and 
are usually near 1, Eqs. (1) and (2) show that

  (3)

Another way of interpreting Eq. (3) is that the degradation 
of trend accuracy for time to detect trends is only two-
thirds of the degradation for accuracy in trends. For exam-
ple, the CLARREO requirement that Ua < 1.2 equivalently 
requires that Ut < 1.13. How do we interpret the meaning 
of Ut = 1.13? If a perfect observing system could detect a 
temperature trend with 95% confidence in 20 years, then 
the CLARREO observing system could detect the same 
trend with 95% confidence in 23 years (13% more time).

These equations give a simple but powerful way to 
understand the value of observing system accuracy for both 
climate trend accuracy (e.g., tests of climate predictions) and 
time to detect trends (e.g., public policy decisions). They also 
provide a way to compare consistent metrics across a wide 
range of climate variables, as well as a wide range of sources 
of uncertainty in climate observations. We strongly encour-
age use of this approach to more rigorously understand and 
optimize climate observation requirements across the wide 
range of essential climate variables (ECVs) (GCOS 2011). 
This is especially important given the limited resources avail-
able for global climate observations (Trenberth et al. 2013).

FIG. 3. The relationship between absolute calibration 
accuracy and the accuracy of global average decadal cli-
mate change trends. Trend accuracy shown for a perfect 
observing system (black), varying levels of instrument ab-
solute accuracy (solid color lines) for possible CLARREO 
requirements, and current instruments in orbit (dashed 
lines). Shown are (a) the relationship between infrared 
spectra accuracy and temperature trends and (b) the 
relationship between reflected solar spectra and changes 
in broadband CRF and cloud feedback. The figures show 
the dramatic effect of instrument accuracy on both cli-
mate trend accuracy (vertical axis) as well as the time to 
detect trends (horizontal axis). The green vertical line for 
reflected solar shows the range of CMIP3 climate model 
simulations (Soden and Vecchi 2011). Larger values of 
decadal change in SW CRF indicate larger values of cloud 
feedback (Soden et al. 2008).

1527OCTOBER 2013AMERICAN METEOROLOGICAL SOCIETY |

Figure 2.2: This figure shows the relation-
ship between absolute calibration accuracy
and the accuracy of decadal cloud forcing
trends. The results are shown for a perfect
observing system (black curve) and for in-
struments with varying levels of absolute cal-
ibration uncertainty (colored curves). The
relationship between RS absolute accuracy
and SW CRF trends is shown. This illus-
trates the dramatic effect of measurement
accuracy on both climate trend accuracy (y-
axis) and the time to detect trends (x-axis).
Accuracy improvements beyond CLARREO
approach diminishing returns compared to a
perfect observing system.

Radiative Forcing (CRF) natural variability was determined using a 10-year time series of318

globally and annually averaged CERES data. Additionally, the Student-t distribution was319

used to account for the short 10-year record of CERES data available. The natural variabil-320

ity estimates determined using CERES data were compared to that of the average of five321

climate models from the Coupled Model Intercomparison Project phase 3 (CMIP3) (MPI,322

CanESM2, INMCM4, CCSM4, and GISS) and was found to give a similar estimate to the323

CERES observations used here. Because instrument calibration uncertainty for reflected so-324

lar radiometers is typically quoted in percent reflectance, we considered the relative accuracy325

of trends in SW CRF in percent per decade.326

Instrument noise was set to the CLARREO signal to noise requirement of 30:1 for a solar327

zenith angle of 75◦ and a global average albedo of 0.3. CLARREO orbital sampling uncer-328

tainties were estimated by simulating CLARREO instrument flights in a 90◦ polar orbit over329

the CERES observations used to determine the natural variability. The CERES observations330

are on a 1◦ grid; therefore the CERES merged SYN1deg-3hour product was interpolated to331

hourly time steps and included nadir-only measurements to allow realistic CLARREO-like332

satellite sub-sampling of Earth’s weather and climate fields.333

The SW CRF trend accuracy (in %/decade) is shown in Figure 2.2 as a function of the length334

of the observed trend in years, ∆t. The trend accuracies and calibration accuracies in this335

figure are at a 95% confidence level (k=2). The SW CRF trend accuracies calculated here336

include uncertainties due to natural variability, absolute calibration (for a range of cases),337

instrument noise, and orbital sampling (Eqn. 2.1). We show the time to detect trends in338

SW CRF at various magnitudes for instruments that have a range of absolute calibration339

uncertainties because it tends to dominate the accuracy of global mean climate variable340

trends [Wielicki et al., 2013]. The time to detect trends in SW CRF using a perfect observing341

system is shown by the solid black line and shows the need for long climate records.342

A trend magnitude of 1.0%/decade is a level that would be roughly equivalent to a 100% cloud343

feedback amplification of anthropogenic radiative forcing. Consider that the IPCC-estimated344

anthropogenic radiative forcing for the next few decades is approximately 0.5 Wm−2/decade345

[Loeb et al., 2007]. Because the global mean SW CRF is ∼50 Wm−2 [Ramanathan et al.,346
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1989], such an equivalent radiative forcing trend would have a magnitude of 0.5/50 = 1.0%347

per decade in SW CRF. A 50% amplifying cloud feedback would be half as large, or roughly348

0.5%/decade. Observing a 50% amplifying cloud feedback in SW CRF would require 22349

years of observations at 95% confidence, and observing a 25% feedback would require about350

30 years.351

The full CLARREO accuracy requirement for the reflected solar spectrometer of 0.3% (k=2)352

provides an observing system very close in accuracy to a perfect observing system. For the353

technology demonstration to be provided by the CLARREO Pathfinder, the absolute accu-354

racy requirement is expected to be comparable (see Section 4.1). This accuracy requirement355

is a factor of 5 to 10 improvement in absolute accuracy compared to operational sensors.356

The approximate absolute accuracy of operational instruments are shown as dashed lines357

in Figure 2.2 and include CERES (2%, k=2) and MODIS (4%, k=2). Existing instruments358

with absolute accuracy levels comparable to instruments like CERES or MODIS must rely359

upon extensive overlap and assumptions about stability on orbit [Loeb et al., 2007]. Any360

gaps in these climate records essentially act to restart the climate record because of their361

reduced absolute accuracy [Loeb et al., 2009].362

2.2 Demonstration of Reflected Solar In-orbit Standard363

The full CLARREO mission and the CLARREO Pathfinder have both benefitted from the364

major advances in metrology over the last couple decades [Brown et al., 2006, Fox et al.,365

2011] and from advances in the techniques to inter-calibrate sensors in orbit. An international366

effort called the Global Space-Based Inter-Calibration System (GSICS) [Goldberg , 2007] arose367

from the critical need for satellite sensor inter-calibration for research and applications in368

weather, climate, and natural resources. A major benefit to GSICS activities that is missing369

from the current observing system, however, are SI-traceable reference radiometers with high370

absolute accuracy to serve as anchors to the GSICS system. Inter-calibrating two operational371

instruments, while beneficial, does not include the transfer of SI-traceable absolute accuracy372

unless at least one of the instruments can serve as such a reference [Goldberg , 2007].373

Additionally, operational RS instruments (e.g. GOES, MODIS, AVHRR, VIIRS, Landsat)374

each have different spectral response functions. This challenge implies that accuracy of even375

relative accuracy inter-calibration is often limited to a few percent since each instrument376

takes its observation in a different portion of the solar spectrum. A level of uncertainty of377

a few percent is a factor of 10 larger than what is needed for observing climate change, as378

discussed in Section 2.1.379

A third challenge is sufficiently resolving issues regarding the diversity in polarization sen-380

sitivity of RS imagers like MODIS or VIIRS, particularly because this sensitivity varies381

with instrument scan angle, making the common inter-calibration use of Simultaneous Nadir382

Overpasses (SNOs) an incomplete calibration approach. The limitations of orbital geom-383

etry, when combined with a fixed cross-track scan typical of satellite instruments, limits384

the ability to match time, space, and angle to nadir view only, making the SNO approach385

the current state-of-the-art capability for most existing satellite instruments. There are386
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Pathfinder Mission for CLARREO

Principal Investigator: Bruce A. Wielicki, NASA LaRC, Hampton, VA

The Climate Absolute Radiance and Refractivity Observatory (CLARREO) is a Tier 1 mission
recommended by the NRC Decadal Survey 2007.1 The foundation of CLARREO is the ability to
produce highly accurate climate records to test climate projections in order to improve models and
enable sound policy decisions. The CLARREO mission accomplishes this critical objective through
accurate SI-traceable decadal observations that are sensitive to many of the key climate parameters
such as radiative forcings, climate responses, and feedbacks.2 Uncertainties in these parameters
drives uncertainty in current climate model projections.

In 2016, the CLARREO project received funding for a Pathfinder mission to demonstrate essential
measurement technologies required for the full mission. The appropriated funds potentially support
the flight of two instruments, a Reflected Solar (RS) and an Infrared (IR) spectrometer, hosted on
the International Space Station (ISS) in the 2020 time frame. The key features of the CLARREO
Pathfinder (CPF) mission are shown in Figure (a) location on the ISS, slotted on the ExPRESS
logistics carrier (ELC-1), (b) CPF payload integrated with the ExPA.

IR Instrument ExPA 

(a) CLARREO Pathfinder location on the ISS. (b) CLARREO Pathfinder Payload (c) CLARREO Pathfinder RS inter-calibration 

RS Instrument 
& Gimbal 

The CPF provides high accuracy spectral reflectance and radiance measurements enabled by an RS
spectrometer operating between 350 – 2300 nm contiguous spectral coverage (> 95% of reflected
energy) with uncertainty < 0.5% broadband and < 1% spectral (k = 2)3, an IR spectrometer
operating between 200 – 2000 cm�1 with contiguous spectral coverage (> 95% of emitted thermal
energy) with uncertainty < 0.1 K (k = 3). The solar spectrometer will be capable of pointing to the
moon and sun for calibration, as well as tracking time and angle matched observations when used
for reference inter-calibration of other radiometers as shown in Figure (c). Both spectrometers will
provide Earth nadir observations between 52� N and 52� S latitude with full diurnal cycle sampling
in approximately 1 month.

The CPF will reduce risks of the full CLARREO mission by demonstrating higher accuracy, SI-
traceablity, on-orbit calibration approaches and demonstrating that high-accuracy reference inter-
calibration with other on-orbit sensors (CERES, VIIRS, CrIS) is achievable. Moreover, the lessons
learned from CLARREO Pathfinder will produce benefits across many NASA Earth Science Missions
through: (1) Improved laboratory SI-traceable calibration approaches, (2) Development and testing
of innovative on-orbit SI-traceable methods, (3) Inter-calibration of key sensors in operation at time
of CLARREO Pathfinder, and an (4) Improved lunar spectral irradiance calibration standard.

1National Research Council, Earth Science and Applications from Space: National Imperatives for the Next Decade
and Beyond. National Academies Press, Washington, D.C., 426 pp, 2007.

2Wielicki et al., “Achieving Climate Change Absolote Accuracy in Orbit,” BAMS, pp. 1519 – 1539, October 2013.
3We use general coverage factor k, and, k = 2 means confidence level is 95%, as 2� for a Gaussian distribution.

Figure 2.3: As the CPF orbit (ISS;
400 km - red) crosses that of a satellite
such as Suomi-NPP (green) with an op-
erational target sensor (e.g CERES, VI-
IRS), the CPF RS spectrometer collects
data matched in time, space, and view an-
gles to provide a reference inter-calibration
standard for the target sensors. To match
viewing angles with the target instrument,
and to maximize the inter-calibration sam-
pling, the CPF RS spectrometer has a 2-
dimensional pointing capability with its
roll-over azimuth gimbal.

instruments capable of other techniques, however, based upon their design. For example,387

the CERES instrument, having the ability to rotate the instrument in both azimuthal and388

elevation direction (i.e. complete a bi-axial scan), has demonstrated that angle, time, and389

space-matched observations were possible for a wide range of conditions during satellite orbit390

crossings.391

CLARREO Pathfinder will demonstrate both the ability to achieve unprecedented SI-traceable392

absolute accuracy in orbit and the ability to transfer that calibration to other operational393

sensors by inter-calibrating with CERES and VIIRS. The CPF will therefore demonstrate394

its ability, and the ability of a future CLARREO mission, to serve as an SI-traceable calibra-395

tion reference standard in orbit, providing reference inter-calibration to other instruments396

to support efforts such as GSICS. Such a demonstration will show how CLARREO will397

augment the ability of operational satellite instruments to more accurately observe decadal398

climate change and build long-term climate data records by increasing resilience to data399

gaps and reducing dependence on assumptions of stability and uninterrupted observation400

overlap.401

A. Inter-calibration Sampling Figure 2.3 shows an example of the CPF on ISS satellite402

orbit track (400 km altitude and 51.6◦ orbit inclination) crossing under, for example, the403

Suomi-NPP or JPSS-1 satellite orbit track (827 km altitude, 13:30LT sun-syncronous orbit404

with 98.7◦ orbit inclination). This image also shows the ability to match elevation and405

azimuth angle across the cross-track scans of CERES or VIIRS. This is accomplished by406

setting the azimuth angle of the CPF Pathfinder instrument to match the SNPP scan plane407

and then using the gimbal to slowly rotate the CPF RS spectrometer to match viewing408

zenith angles across the entire scan during the orbit crossing. The azimuth angle for this409

match varies for each individual orbit crossing but is essentially constant during any single410

orbit crossing [Roithmayr and Speth, 2012].411

The time available for the matching scan is directly proportional to the orbit altitude sepa-412

ration of the two spacecraft. If they are at the same altitude there are only a few seconds413

available to obtain the entire scan swath, but several minutes are available for an orbit sepa-414

ration of 100 km or more [Roithmayr and Speth, 2012]. The orbit of the CPF aboard ISS at415

an altitude of ∼400 km is well below the typical polar orbiter altitudes of ∼825 km (SNPP,416
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JPSS, METOP), which enables an increase in the matched scan angle inter-calibration time.417

The orbit of the ISS and the gimbal azimuth and elevation pointing capability will allow418

CPF to increase reference inter-calibration sampling by more than a factor of 100 compared419

to current GSICS capabilities, for which typical SNOs restrict polar orbiting satellites to the420

polar regions and geostationary satellites to the equator.421

Reflected solar inter-calibration causes a significant challenge for stringent requirements be-422

cause of the large spatial and angular variability of reflected solar radiation. A study using423

AVHRR orbit crossings [Wielicki et al., 2008] showed that space/time/angle matching noise424

could be reduced to 1% relative for RS inter-calibration if time simultaneity is 5 minutes or425

less, angle matching in viewing zenith and azimuth angles are within 1◦ or less, and spatial426

averaging areas are matched to within 5% of their diameter.427

Figure 2 shows the ISS groundtrack during each op-
portunity to take measurements for intercalibrating JPSS
sensors. The number of opportunities in one year is
determined to be 790. The groundtracks remain within
51.68 of the equator, but are otherwise well distributed in
longitude as well as latitude, which is an indication that
themeasurements are also well distributed geographically.
The length of the groundtrack is proportional to the du-
ration of the opportunity. The number of opportunities
over the year to intercalibrateMetOp is found to be 772;
ISS groundtracks during these opportunities are dis-
played in Fig. 3.
The latitude of the ISS subsatellite point at the be-

ginning of each opportunity for JPSS intercalibration is
plotted over the course of one year in Fig. 4, where time
t 5 0 corresponds to the instant of autumnal equinox.
The sinusoidal behavior has a 60-day period, which
corresponds to the length of the cycle in nodal align-
ments for the ISS and a sun-synchronous orbit. A similar
plot has been constructed forMetOp, but it is omitted in
the interest of conciseness. As one would expect, the
main difference in the two plots consists of a phase shift
corresponding to the difference in local times of the
nodal crossings of JPSS and MetOp.
Details of the ISS instrument swath during two in-

tercalibration opportunities are provided in Fig. 5.

Dashed–dotted curves indicate the ISS ground tracks;
a diamond and a square mark the beginning and end of
each opportunity, respectively. The boresight of the ISS
instrument is directed along the track marked by solid
circles; at every point on this curve, the line of sight to
ISS is the same as it is to JPSS. The boundaries of the ISS
instrument swath are shown with dashed curves. (When
the ISS instrument is directed at nadir, the width of the
swath is 100 km.) During some opportunities, the swaths
extend as far as latitudes 52.188N or 52.188S.
The duration of each JPSS intercalibration opportu-

nity is shown in Fig. 6, depending on whether solar ze-
nith angle u0 is taken into account. According to Minnis
et al. (2008), measurements of reflected solar radiation
are useful for intercalibration only when u0 # 758. This
constraint is left out of account in the top plot of Fig. 6,
whereas the constraint is applied at the ISS instrument
boresight target in determining the durations shown in
the bottom plot. The constraint affects the duration at
three times during the year, for only a few days each
time, and reduces the total yearly duration from 1.41 to
1.36 days. The 60-day nodal alignment cycle is evident in
these results. The opportunities having the longest du-
rations, nearly 300 s, occur over near-equatorial latitudes
as both spacecraft are ascending or descending together
through the equatorial plane. Secondary maxima of

TABLE 3. Orbital parameters of ISS, JPSS, and MetOp.

Orbital parameter ISS
JPSS

(1330 LT)
MetOp

(2130 LT)

Altitude (km) (constant) 400 (constant) 833 (constant) 817
Inclination, i (8) (constant) 51.6 (constant) 98.74 (constant) 98.68
Right ascension, V (8) (t 5 0) 0 (t 5 0) 202.5 (t 5 0) 322.5
Arg of latitude, y (8) (t 5 0) 0 (t 5 0) 0 (t 5 0) 0

FIG. 2. A 1-yr distribution of 790 intercalibration opportunities, ISS vs JPSS.
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Figure 2.4: Figure 2 from [Roithmayr et al., 2014] shows the locations of inter-calibration opportunities
between the ISS and JPSS-1 over a one-year period. The length of each ISS ground track is proportional to
the duration of each inter-calibration opportunity.

The ISS is well-suited to serve as a platform from which to obtain RS radiance measurements428

that can be used to inter-calibrate instruments in sun-synchronous LEO. The ISS orbit429

provides coverage of a large part of the globe, 51.6◦S to 51.6◦N latitude. Additionally, scene430

types necessary for inter-calibration, including clouds, snow, clear-sky ocean, desert, and431

vegetation, can be found within the area of coverage. Results of orbital simulations show that432

the difference in ISS and sun-synchronous orbit plane precession leads to temporal uniformity433

in opportunities for inter-calibration, as shown in Figure 2.4 [Roithmayr et al., 2014]. Angular434

speed and acceleration required for a two-degree-of-freedom instrument gimbal for matching435

line of sight on ISS compares favorably to what is required for the CPF on ISS. Our estimates436

show that the numbers of samples that can be obtained from ISS are sufficient to inter-437

calibrate well-behaved sensors in sun-synchronous LEO and GEO to the accuracy required438

for monitoring long-term climate change (Section 2.1).439

A unique feature of the CPF RS spectrometer is its on-orbit 2-dimensional pointing ability;440

this allows for planning and executing inter-calibration operations and maximizing (opti-441

mizing) the amount of matched inter-calibration data for a given target sensor. CPF will442
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demonstrate the collection of inter-calibration sampling with CERES and VIIRS on SNPP443

and JPSS-1. Additionally, the orbital modeling and inter-calibration event prediction devel-444

oped as a part of CLARREO Science Definition Team activities will serve as a framework445

for future mission operations.446

B. Inter-calibration of Sensor Sensitivity to Polarization Sensitivity to polarization is447

included in the full CLARREO mission’s requirements; however, it has yet to be determined448

whether polarization will be included in the CLARREO Pathfinder requirements, which is de-449

pendent upon whether polarization sensitivity can be accommodated within the CLARREO450

Pathfinder budget. Because it is still being considered as a possibility for inclusion in the451

CLARREO Pathfinder mission, in this section, we will discuss the considerations needed for452

inter-calibrating sensor sensitivity to polarization. Depending on the design of the optics453

for a spaceborne sensor, its measurements can be sensitive to the polarization of incoming454

light and have varying response as a function of the polarization state. Typical values of455

imager sensitivity to polarization are a factor of 2% to 5% depending on the spectral band,456

increasing for bands in the blue wavelength range [Sun and Xiong , 2007]. For the purpose457

of the CLARREO inter-calibration study reported in [Lukashin et al., 2013], we denote the458

imager reflectance factor as ρimager, and consider it without solar zenith factor. We introduce459

a sensitivity to polarization term to sensor calibration models in a way consistent with the460

definition by Sun and Xiong [2007]:461

ρimager =
ρ0

(1 +mP )
(2.4)

where ρimager is the derived reflectance including correction sensitivity to polarization, ρ0 is462

the reflectance factor corresponding to the imager calibration model for non-polarized light,463

P is the linear degree of polarization of reflected light at TOA, and m is the sensitivity to464

the polarization coefficient. The sensitivity to the polarization term is similar to the term465

for the correction of environment temperature. Both terms correct sensor effective gain.466

Generally, sensitivity to polarization is a function of sensor scan and polarization angles,467

m(θ, χ). However in our case, Equation 2.4 is defined for fixed sensor scan and polarization468

angles. The advantage in this approach will be shown below in the clear error propagation469

analysis. For definitions of the degree of linear polarization, P , and polarization angle, χ,470

see Appendix B.471

Inter-calibration on orbit is achieved by comparing the sensor measurements to observations472

by CLARREO that are coincident in time, space, and viewing angle, as described above, and473

considered to be the reference or true observations. Generally, the inter-calibration process474

is iterative and consists of adjusting the calibration model of the target imager to minimize475

the differences with the CLARREO instrument. This process would most likely be a joint476

activity of both the inter-calibrated imager and CLARREO calibration teams. The reference477

inter-calibration process would start by determining the sensor calibration for the case of478

unpolarized scattered light (e.g. P < 0.05). The second step would be to attribute the479

differences caused by polarization (e.g. P range from 0.4 to 0.6) to a specific term in the480

calibration models, such as the inverse term (1 + mP) in Equation 2.4. The value of degree481
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of polarization, P , is obtained by applying the Polarization Distribution Models (PDMs) as482

functions of viewed scene type and geometry. The concept and development of empirical483

and theoretical PDMs are described in Appendix B.484

Because of the physical nature of polarization in an optical system and its linear response, it485

is reasonable to assume that inter-calibration offsets A0 or Ap will be very similar, and that486

the polarization effect will be contained in the difference of inter-calibration gains, G0 or Gp.487

Obtaining inter-calibration gain for non-polarized and polarized cases, and attributing the488

difference to the polarization effect, then imager sensitivity to polarization and its relative489

uncertainty can be written as490

m =
(Gp −G0)

P
=

∆G

P
;

σm
m

=

√(σ∆g

∆G

)2

+
(σp
P

)2

. (2.5)

The first term, σ∆g/∆G, is random relative error of inter-calibrated gain difference, depen-491

dent on inter-calibration sampling. The second term, σp/P , is the relative uncertainty of492

the degree of linear polarization, which we obtain by applying the PDMs (see Appendix B).493

It is important to emphasize that σp is the accuracy of P averaged over a large ensemble of494

inter-calibration samples, and not the instantaneous error of the PDMs.495

After reference inter-calibration of the imager with CLARREO is performed, and the imager496

calibration model is tuned to minimize its difference with CLARREO measurements, the497

PDMs are still required to provide polarization information for the imager’s stand-alone498

operations. Sensitivity to polarization and its uncertainty are obtained from inter-calibration499

results (Equation 2.5). Imager reflectance is expressed by Equation 2.4, where m is the500

established sensor sensitivity to polarization and ρ0 is the reflectance obtained from the501

baseline calibration model adjusted to CLARREO reference. We have demonstrated that502

the error contribution from polarization angles is small on average. For this study, we503

assume it to be negligible and that the covariance coefficients for angular parameters are504

zero. After performing error propagation analysis, we have target sensor relative radiometric505

uncertainty:506

σimager

ρimager
=

√(
σ0

ρ0

)2

+
P 2σ2

m +m2σ2
p

(1 +mP )2 (2.6)

The uncertainty in the first term, σ0, is radiometric uncertainty of inter-calibrated VIIRS507

reflectance for unpolarized measurements. The following steps are required to derive σ0:508

(i) The CLARREO RS-Imager reference inter-calibration data products and the PDMs would509

be made available to the target sensor calibration team. Data products can range from510

original Level-1 inter-calibration matched data, matched inter-calibration samples, and CPF511

team recommendations on effective gain and offset differences, non-linearity, and sensitivity512

to polarization.513

(ii) The target sensor team would use CLARREO reference inter-calibration data and PDMs514

to improve sensor calibration on orbit. This involves iterative tuning and validation of515

a complex instrument model to the reference observations and constraints. The goal is516
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to achieve zero bias in the difference between the CLARREO and inter-calibrated sensor517

reflectances with additional random inter-calibration noise. For an ideal inter-calibration518

scenario, the uncertainty of the first term in Equation 2.6 can be written as:519

σ0

ρ0

=

√(
σclarreo

ρ0

)2

+

(
σintercal
ρ0

)2

+

(
σresidue
ρ0

)2

(2.7)

where σclarreo is the accuracy of the CLARREO RS spectrometer, σintercal is the error con-520

tribution from inter-calibration noise over an autocorrelation time period, and σresidue is521

error associated with target sensor remaining error contribution (e.g. instrument month-522

to-month relative stability). These error sources are of different types: bias and random.523

If the difference between CLARREO and imager measurements has remaining offset/gain,524

then Equation 2.7 will have additional error terms depending on the quality of performed525

inter-calibration (remaining inter-calibration offsets and gains).526

The second term in Equation 2.6 is the error contribution due to inter-calibrated instrument527

sensitivity to polarization determined from inter-calibration with CLARREO, uncertainty528

of sensitivity to polarization, the degree of linear polarization and its uncertainty. When529

P > 0 (and σp > 0), the sensor’s radiometric error increases. For a fixed value of sensitivity530

to polarization, m, it is a function of P, σp, and σm. The mean m and uncertainty σm531

are obtained from inter-calibration with CLARREO as described above. The degree of532

polarization and σp are obtained from the PDMs.533

target sensor remaining error contribution (e.g. instrument month-to-month relative stabil-
ity). These error sources are of di↵erent types: bias and random. If the di↵erence between
CLARREO and the imager measurements has remaining o↵set/gain, then Equation 2.13 will
have additional error terms depending on the quality of performed inter-calibration (remaining
inter-calibration o↵sets and gains).

The second term in Equation 2.12 is the error contribution due to inter-calibrated instrument
sensitivity to polarization determined from inter-calibration with CLARREO, uncertainty
of sensitivity to polarization, the degree of linear polarization and its uncertainty. When
P > 0 (and �p > 0), sensor’s radiometric error increases. For a fixed value of sensitivity to
polarization, m, it is a function of P, �p, and �m. The mean m and uncertainty �m are obtained
from inter-calibration with CLARREO as described above. The degree of polarization and �p

are obtained from the PDMs.
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Figure 2.36: (a) Resulting imager relative radiometric error (k = 1) versus degree of po-

larization. Imager sensitivity to polarization is set to 3% (k = 1). Colored curves show

cases for different PDM uncertainty, �p: 5% (black), 10% (green), and 15% (blue). Red

dashed line shows the error level for unpolarized radiances. (b) Estimated relative error

of sensitivity to polarization for PDM accuracy of 5% (black), 10% (green), and 15% (blue).

We performed numerical estimates for three di↵erent levels of PDM accuracy (�p): 5%, 10%,
and 15%, using Equations 2.12 and 2.13, and estimated nominal polarized and not-polarized
sampling uncertainties [Lukashin et al., 2013]. The resulting imager radiometric uncertainty
is shown in Figure 2.36a as a function of degree of polarization. Colored curves show results
for PDM accuracy at 5% (black), 10% (green), and 15% (blue). The red dashed line shows the
uncertainty level for unpolarized reflectances. On Figure 2.36b, we show results for estimated
relative error of inter-calibrated imager sensitivity to polarization and its dependence on the
PDM accuracy: 5% (black), 10% (green), and 15% (blue) (Equation 2.11). The estimates
show that reduction in PDM accuracy from 5% to 15% can cause an increase in uncertainty
of inter-calibrated sensitivity to polarization by a factor of four for fully polarized light.

The CLARREO team has developed a formalism for estimation of the resulting uncertainty
of CLARREO RSS reference inter-calibration with an imaging radiometer, such as MODIS,

62

Figure 2.5: (a) Resulting imager relative radiometric error (k = 1) versus degree of polarization. Imager
sensitivity to polarization is set to 3% (k = 1). Colored curves show cases for different PDM uncertainty, σp:
5% (black), 10% (green), and 15% (blue). Red dashed line shows the error level for unpolarized radiances.
(b) Estimated relative error of sensitivity to polarization for PDM accuracy of 5% (black), 10% (green), and
15% (blue).

We performed numerical estimates for three different levels of PDM accuracy (σp): 5%, 10%,534

and 15%, using Equations 2.6 and 2.7, and estimated nominal polarized and unpolarized535

sampling uncertainties [Lukashin et al., 2013]. The resulting imager radiometric uncertainty536
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is shown in Figure 2.5a as a function of degree of polarization. Colored curves show results for537

PDM accuracy at 5% (black), 10% (green), and 15% (blue). The red dashed line shows the538

uncertainty level for unpolarized reflectances. In Figure 2.5b, we show results for estimated539

relative error of inter-calibrated imager sensitivity to polarization and its dependence on the540

PDM accuracy: 5% (black), 10% (green), and 15% (blue) (Equation 2.5). The estimates541

show that reduction in PDM accuracy from 5% to 15% can cause an increase in uncertainty542

of inter-calibrated sensitivity to polarization by a factor of four for fully polarized light.543

The CLARREO team has developed a framework for estimation of the resulting uncertainty544

of CLARREO RS spectrometer reference inter-calibration with an imaging radiometer, such545

as MODIS, VIIRS, AVHRR, or future imaging instruments on geostationary satellites. To546

address on-orbit instrument sensitivity to polarization and corresponding radiometric un-547

certainties, we developed Polarization Distribution Models (PDMs), described in Appendix548

B.549

C. CLARREO RS Instrument Spectral Requirements550

The goal of accurate inter-calibration of imaging multi-spectral instruments impacts spectral551

requirements for the CLARREO Pathfinder reflected solar instrument. We have determined552

sensitivity of inter-calibration uncertainty on key design parameters of the CPF spectrometer:553

its spectral range and sampling [Wu et al., 2015].554

RS Instrument Spectral Coverage:555

One of the objectives of the CPF mission is the calibration of broadband radiance for CERES.556

For this endeavor, the required spectral coverage is a critical parameter for the CPF RS557

spectrometer instrument design. Although solar radiation spans a wide spectral range, over558

99.5% of the total reflected energy from the Earth to space is within the spectral range559

from 300 nm to 2500 nm under virtually all real atmosphere-surface conditions, as shown in560

Figure 2.6a for selected surfaces and Figure 2.6b for all-sky averages. Therefore, in terms of561

total radiation, measurements do not need to cover the entire spectrum but only the range in562

which sufficient reflected solar energy is enclosed. The minor correction from the uncovered563

spectral regions can be made using radiative transfer calculations.564

Summary of estimated error in total reflected solar energy is shown in Table 2.1 as a function565

of instrument spectral coverage globally and for selected scene types.566

Scene Type 320 – 2300 nm 320 – 2400 nm 310 – 2300 nm 310 – 2400 nm

Global 0.09% 0.07% 0.05% 0.03%

All-sky Ocean 0.10% 0.08% 0.04% 0.03%

All-sky Land 0.08% 0.06% 0.05% 0.04%

Clear Ocean 0.16% 0.15% 0.05% 0.04%

Clear Desert 0.10% 0.07% 0.07% 0.04%

Table 2.1: Estimated error in the total reflected solar energy.

RS Instrument Spectral Sampling and Resolution:567
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VIIRS, AVHRR, or future imaging instruments on geostationary satellites. To address on-
orbit instrument sensitivity to polarization and corresponding radiometric uncertainties, we
developed Polarization Distribution Models, described in Appendix C. For the CLARREO
RS mission requirements on accuracy, inter-calibration sampling, PDM errors, and under
the assumption of inter-calibrated imager stable performance on orbit at 0.1 %(k=1), the
estimated uncertainty is at a level of 0.3 - 0.4 %(k=1) over a climate autocorrelation time
period of 0.8 years.

C. CLARREO RS Instrument Spectral Requirements

The goal of accurate inter-calibration of imaging multi-band instruments impacts spectral
requirements for the CLARREO Reflected Solar instrument. We have determined sensitivity
of inter-calibration uncertainty on key design parameters of the CLARREO spectrometer: its
spectral range and sampling [Wu et al., 2015].

RS Instrument Spectral Coverage:

One of the objectives of the CLARREO mission is the calibration of broadband radiance for
satellite sensors like CERES. For this endeavor, the required spectral coverage (i.e., the cuto↵
wavelengths at the low and high ends) is a critical parameter for the CLARREO instrument
design. While the solar radiation spans a wide spectral range, over 99.5% of the total reflected
energy from the Earth to space is within the spectral range from 300 nm to 2400 nm under
virtually all real atmosphere-surface conditions, as shown in Figure 2.37a for selected surfaces
and Figure 2.37b all-sky averages. Therefore, in terms of total radiation, measurements do
not need to cover the entire spectrum but only the range in which su�cient reflected solar
energy is enclosed. The minor correction from the uncovered spectral regions can be made
using the radiative transfer calculations.

A B 

Figure 2.37: (a) The cumulative distribution of the Earth’s reflected solar energy at the

nadir view of ocean, vegetation land, desert and snow surfaces under clear skies and for

the deep convective cloud (DCC) with optical depth of 200. The y-axis shows the cumu-

lative fraction of the reflected solar radiation. The standard mid-latitude atmosphere is

used in the calculations with solar zenith angle as 45�. (b) The cumulative energy distri-

bution of the monthly global, ocean and land mean radiation. The calculations used the

observational data for aerosol, cloud and surface properties from MODIS/CERES.

Summary of estimated error in total reflected solar energy is shown in Table 2.3 as function

63

Figure 2.6: (a) The cumulative distribution of the Earth’s reflected solar energy at the nadir view of ocean,
vegetation land, desert, and snow surfaces under clear skies and for the deep convective cloud with optical
depth of 200. The y-axis shows the cumulative fraction of the reflected solar radiation. The standard mid-
latitude atmosphere is used in the calculations with solar zenith angle as 45◦. (b) The cumulative energy
distribution of the monthly global, ocean, and land mean radiation. The calculations used the observational
data for aerosol, cloud, and surface properties from MODIS/CERES.

Signal aliasing arises when a signal is discretely sampled at a rate that is insufficient to cap-568

ture the changes in the signal. In the case of inter-calibration, spectral reflectance aliasing569

will result in additional systematic uncertainty, which can be avoided with a proper sam-570

pling rate. The Nyquist-Shannon sampling theorem provides a prescription for the nominal571

sampling interval required to avoid aliasing. Molecular absorption in the oxygen A-band572

(760 nm) contains features that change with wavelengths faster than 0.1 nm. In comparison,573

the water absorption features include changes within wavelength intervals of 1 – 2 nm. The574

Earth’s reflectance spectra, outside of molecular absorption, are relatively smooth, and these575

spectral regions are the high priority for the CPF inter-calibration objectives.576

To estimate the expected biases due to CLARREO (and therefore CPF) RS spectral sam-577

pling, we used theoretical calculations (MODTRAN) and the SCIAMACHY Level-1B data578

product (SCI NL 1P) to obtain nadir spectral reflectance with wavelengths ranging from 240579

nm to 1750 nm [Bovensmann et al., 1999]. The impact of spectral resolution is tested using a580

number of reduced sampling frequencies from 1.0 to 8.0 nm. To produce each of the reduced581

sampling data sets, an integral of a Gaussian distribution (i.e., normal distribution) function582

with bandwidths being two times the sampling frequency (the Nyquist rate) is applied to583

the original high resolution spectral data. The MODIS band reflectances are computed by584

using relative spectral response functions.585

In Figure 2.7a, we show the spectral sampling with 4 nm frequency and 8 nm Gaussian586

Full-Width at Half-Maximum (FWHM) bandpass (black), the baseline requirement for the587

CPF RS instrument, and re-sampled all MODIS reflective solar bands (solid circle). The588

results are based on all-sky SCIAMACHY instantaneous data from July 2004, providing a589

general picture of how representative a CLARREO RS-like instrument would be in the inter-590

calibration of MODIS reflective solar bands. Figures 2.7b and 2.7c show expected reflectance591

aliasing at the same six MODIS bands for SCIAMACHY nadir sampling of deep convective592
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A 

B C 

Figure 2.38: (a) Spectral sampling with 4 nm frequency and 8 nm Gaussian FWHM bandpass

(black), recommended for CLARREO RS Spectrometer, and re-sampled MODIS bands (red

circle). The results are based on all-sky SCIAMACHY instantaneous data from July 2004.

(b) and (c) Expected reflectance aliasing at two MODIS bands as function of spectral

sampling frequency. Deep Convective Clouds in July 2004 SCIAMACHY instantaneous data.

The error bars show standard deviation of the difference (k=1).

energy can be corrected and estimated spectral biases are below 0.1% for wavelength outside
absorption regions. For the water vapor absorption bands, challenge remains due to sensitivity
to the spectral features of atmospheric water vapor.

2.8.2 CLARREO InfraRed In-orbit Standard

In addition to providing valuable data for benchmarking the Earth’s climate and assessing
climate models, the reference observations provided by CLARREO are also anticipated to be
very useful for satellite inter-calibration. In fact, the relatively short-term inter-calibration
benefits are anticipated to be a major contribution to a CLARREO mission. In order for
the accuracy and traceability of CLARREO to be beneficial to other concurrent sensors, the
inter-calibration methodology and resulting inter-calibration uncertainty must be robust and
well understood. There are many approaches used for satellite inter-calibration [e.g. Chan-
der et al. 2013]. This section describes the use of CLARREO to serve as a reference for
infrared satellite inter-calibration and quantifies the uncertainty in determining radiometric
biases observed between CLARREO and sun synchronous sounding sensors such as the Atmo-
spheric InfraRed Sounder (AIRS), the Cross-track Infrared Sounder (CrIS), and the Infrared
Atmospheric Sounding Interferometer (IASI).

65

Figure 2.7: (a) Spectral sampling with 4 nm frequency and 8 nm Gaussian Full-Width at Half-Maximum
(FWHM) bandpass (black), recommended for CLARREO RS Spectrometer, and re-sampled MODIS bands
(red circle). The results are based on all-sky SCIAMACHY instantaneous data from July 2004. (b) and
(c) Expected reflectance aliasing at two MODIS bands as a function of spectral sampling frequency. Deep
Convective Clouds in July 2004 SCIAMACHY instantaneous data. The error bars show standard deviation
of the difference (k=1).

clouds with solar zenith angle (SZA) < 70◦, and latitude within 60◦ North to 60◦ South.593

In this Figure, relative difference in spectral reflectance between calculated MODIS band594

reflectance from original high-resolution and re-sampled spectra is plotted as a function of595

sampling frequency. For the CPF baseline 4 nm spectral sampling requirement, the estimated596

biases are below 0.1% for wavelength outside absorption.597

Results of our studies indicate that the current concept of the CPF RS instrument with a598

spectral range from 350 to 2300 nm, a 4 nm sampling resolution and 8 nm resolution (FWHM)599

will satisfy the inter-calibration standard requirements. Errors in total reflected energy can600

be corrected, and estimated spectral biases are below 0.1% for wavelengths outside absorption601

regions. For the water vapor absorption bands, the challenge remains due to sensitivity to602

the spectral features of atmospheric water vapor absorption.603
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2.3 Demonstration of Multi-Instrument Inter-calibration Frame-604

work605

Climate quality measurements require accurate calibration. Inter-calibration ties the cali-606

bration of one instrument to a more accurate, preferably SI-traceable, reference instrument607

by matching measurements in time, space, wavelength, and view angles. The challenge608

is finding and acquiring these matched samples from within the large data volumes dis-609

tributed across international data centers. For inter-calibration, typically < 0.1% of the610

data volume is required for analysis. Software tools and networking middleware are needed611

to intelligently select and acquire matched samples from multiple instruments on separate612

spacecraft. Matched instantaneous observations are also used in cloud, aerosol, and model613

comparative analysis studies.614

The Multi-Instrument Inter-calibration (MIIC) Framework is a collection of software to sup-615

port inter-calibration and inter-comparison studies within NASA and NOAA data systems.616

Its collection of software works in a distributed collaborative environment to support LEO-617

GEO and LEO-LEO inter-calibration and inter-comparison studies. Development of the618

MIIC framework started with SMD ROSES ACCESS 2011 funding. The project continued619

to be funded by the SMD ROSES ACCESS 2013 program. Currently, the effort is focused620

on extending MIIC data access and analysis features and deploying MIIC web services.621
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Figure 2.8: The MIIC framework multi-tier configuration for CLARREO Pathfinder: client, application,
and OPeNDAP data tiers.

Inter-calibration between instruments is a central pillar of the calibration-validation strate-622

gies of many national and international satellite remote sensing organizations. GSICS, an623

international collaboration focused on inter-calibration of space-borne sensors, recommends624
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a variety of algorithms. Most are based on matching data from Earth targets or simultane-625

ous nadir overpasses. All organizations comparing observations from multiple instruments626

face the same challenge – how to access matched measurements from within large datasets627

distributed across multi-agency international data centers. The typical process is to spend628

months of time downloading data from remote data centers onto Terabytes (TBs) of expen-629

sive disk space. Custom non-reusable software is written to read and process data on local630

client machines. Results are published, but code is typically poorly developed, maintained,631

and results hard to duplicate. Alternatively, common reusable software helps to alleviate632

some of these problems.633

The MIIC framework multi-tiered architecture that is planned to support the CLARREO634

Pathfinder is shown in Figure 2.8. The MIIC framework provides three main web services:635

Event Prediction, Data Acquisition, and Analysis.636

The Event Prediction service finds collocated near-coincident measurements with similar637

view conditions based on viewing zenith, solar zenith, and relative azimuth angle differences.638

The framework uses an open source orbit propagator (SGP4) and custom Earth rotation,639

solar position, and instrument scan models to predict matched observations. This service is640

fast and efficient since no data products are read; instead, only daily two-line-element (TLE)641

files are processed. The Event Predictor outputs Latitude-Longitude bounding boxes with642

instrument scan start/stop times for each matched event within the specified time period.643

Time periods can be days, months, or years so long as satellite TLEs exist. An example644

of inter-calibration event prediction is shown in Figure 2.9 for daytime measurements from645

MODIS and GOES-13 for January 1, 2011.646

Interfaces (APIs) instead of point and click file selection order tools.

The LEO-GEO MODIS/GOES-13 inter-calibration use case, as illustrated in Figure 2.48,
demonstrates a significant reduction in data transmission. One month, January 2011, of
Aqua/MODIS L1B and GOES-13 imager data consists of 9672 files (1.4 TB). The Event
Prediction algorithm, which finds time-matched simultaneous overpasses, reduces the number
of files transmitted by a factor of 22X. Server-side equal angle spatial gridding reduces the
data by an additional factor of 34X. The final matched gridded MODIS/GOES-13 samples
are contained in 808 files (1.8 GB). This is consistent with other LEO/GEO inter-calibration
algorithms that typically require only 0.1% of the total data volume.

Figure 2.48: LEO-GEO Event Prediction MODIS/GOES-13 daytime Jan. 1, 2011.

The LEO-LEO SCIAMACHY/MODIS inter-calibration server-side spectral and spatial convo-
lution functions provide even greater reductions in data network transmission. SCIAMACHY
Level-1B data have 5287 spectral bands, 240 – 1748 nm, and footprint sizes of 30 km ⇥ 240
km at nadir. Spectral convolution of MODIS Band 1 (0.65 µm) relative spectral response
(RSR) values with hyperspectral SCIAMACHY data reduces the 5287 spectral values to one
simulated reflectance value. Spatial convolution of 1 km MODIS pixels with 30 km ⇥ 240 km
SCIAMACHY footprints accounts for a reduction factor of 7000 at nadir.

Histogram analysis and spectral and spatial resampling required for OSSE/observation com-
parisons have the potential for several orders of magnitude savings in data transmission. In
addition to the substantial reductions in data transfer, there is a more important qualita-
tive benefit provided by services such as the MIIC Framework. New collaborative research
becomes more feasible as critical data centers such as NOAA’s NCDC and NASA’s ASDC
support value added services along with remote access to their data.

Costs to transfer and store large volumes of data sets for inter-comparison studies are signif-
icant, especially when years of data and reprocessing are considered. Instead, acquiring only
matched samples and performing more calculations at the data source enables better utiliza-
tion of existing resources. Powerful event prediction and server-side processing simplifies data
accessibility and enables researchers to focus more on analysis tasks. The MIIC Framework
is based on demonstrated technology levels greater than TRL 6.

78

Figure 2.9: LEO-GEO Event Prediction for daytime
measurements from MODIS and GOES-13 on January
1, 2011.

The Data Acquisition service then parses the647

Event Acquisition plan and communicates648

over the network using the OPeNDAP net-649

work protocol to acquire events from each650

remote data center. OPeNDAP server-side651

grid averaging, spectral and spatial convolu-652

tion, and histogram functions are executed653

on remote servers. This combination of654

event prediction and server-side functions655

eliminates the need to transfer large vol-656

umes of data files in entirety, reducing both657

data center and user network bandwidth and658

disk storage consumption. Users can more659

efficiently access NASA data through the660

RESTfull Application Programming Inter-661

faces instead of point-and-click file selection662

order tools. The LEO-GEO MODIS/GOES-13 inter-calibration use case shown in Figure663

2.9 demonstrates a significant reduction in data transmission. One month, January 2011, of664

Aqua/MODIS L1B and GOES-13 imager data consists of 9672 files (1.4 TB). The Event Pre-665

diction algorithm, which finds time-matched simultaneous overpasses, reduces the number of666

files transmitted by a factor of 22. Server-side equal angle spatial grid averaging reduces the667
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data by an additional factor of 34. The final matched gridded MODIS/GOES-13 samples668

are contained in 808 files (1.8 GB). This is consistent with other LEO/GEO inter-calibration669

algorithms that typically require only 0.1% of the total data volume.670

In addition to the substantial reductions in data transfer, there is a more important qualita-671

tive benefit provided by services such as the MIIC Framework. New collaborative research672

becomes more feasible as critical data centers such as NASA’s Atmospheric Science Data673

Center support value-added services along with remote access to their data.674

Costs to transfer and store large volumes of data sets for inter-comparison studies are sig-675

nificant, especially when years of data and reprocessing are considered. Instead, acquiring676

only matched samples and performing more calculations at the data source enables better677

utilization of existing resources. Powerful event prediction and server-side processing sim-678

plifies data accessibility and enables researchers to focus more on analysis tasks. The MIIC679

Framework is based on demonstrated technology levels greater than TRL 6.680

2.4 Near-term Earth Science Impacts: 1 year681

Despite the relatively short planned lifetime of the CLARREO Pathfinder (one year), there682

are many near-term impacts that help advance and reduce risk for the full CLARREO683

mission within this time frame, such as:684

• Providing a year of on-orbit crossing data with Suomi-NPP, JPSS-1, MetOP, Terra,685

Aqua, and geostationary satellites (5 for global coverage). With additional project686

funding, all of these data may be able to be used to demonstrate the inter-calibration687

capability; however, the Pathfinder’s technology demonstration only includes inter-688

calibration demonstration with CERES and VIIRS;689

• Demonstrating the use of the RS spectrometer as a reference instrument for inter-690

calibration as part of GSICS (Global Space Based Inter-Calibration System);691

• Putting the lunar spectral irradiance on an SI-traceable scale with 10 to 20 times the692

current accuracy of 5 to 10% (k=1);693

• Potentially characterizing a sample of surface sites such as Dome-C and the Libyan694

desert for Landsat inter-calibration and demonstrating the capability of an accurate695

surface Bidirectional Distributions Reflectance Function (BRDF) spectral product for696

the full CLARREO mission. A new BRDF product would serve as a benefit to climate697

modeling and climate OSSE communities.698

2.5 Mid-term Earth Science Impacts: 2–3 years699

Assuming the RS instrument is preforming well on orbit (i.e. achieving climate change700

accuracy, acceptable instrument noise, and acceptable duty cycle) and that the mission701

is extended beyond the initial year, there are several mid-term impacts and benefits that702
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can be expected from CPF. During a potential 2nd and 3rd year of the CPF technology703

demonstration, the following could be accomplished if funded as extensions:704

• Quantify interannual variability of the reflected solar spectra705

• Use of the RS calibration reference instruments through monthly inter-calibration over706

3 years to detect trends in calibration change of operational instruments with RS bands707

such as VIIRS, AVHRR, CERES, and geostationary satellite imagers.708

2.6 Longer-term Earth Science Impacts: 4–5 years709

Assuming that the RS instrument is preforming well on orbit and the mission is extended710

beyond a potential 3rd year, there are numerous benefits that could be realized. During a711

potential 4th and 5th year of the technology demonstration, the following could be accom-712

plished:713

• Provide an initial anchor for a climate record benchmark at levels of accuracy a factor714

of 5 to 10 beyond existing instruments.715

• Extend the statistical reliability of the interannual natural variability for RS spectral716

fingerprints of climate change examined in the 2nd and 3rd years by covering a full717

normal 5 year ENSO cycle (i.e. one including both El Niño and La Niña phases).718

• Extend the ability to determine long-term calibration drifts in a wide range of Earth719

observing sensors in LEO and GEO.720

• Extend the lunar irradiance spectral calibration to include more lunar cycles and721

thereby verify the variations due to libration of the moon.722

• Verify the calibration capability of the RS instrument over the full 5 year nominal723

instrument lifetime of future CLARREO missions.724

• Incorporate any lessons learned into future instrument designs for a full CLARREO725

mission, further reducing risk.726

3 CLARREO Pathfinder Mission on ISS727

3.1 CLARREO Pathfinder Mission Concept728

CLARREO Pathfinder will fly the CLARREO reflected solar (RS) instrument on the In-729

ternational Space Station (ISS). Due to the ISS inclination orbit of approximately 51.6◦,730

CPF will not have coverage of Earth’s polar regions; however, flying in a precessing orbit731

will significantly enhance sampling for inter-calibration of existing sensors, which is one of732

the primary objectives of the CLARREO Pathfinder. The CLARREO Pathfinder mission733

architecture comprises three major areas: the Space Segment, Ground Segment, and Science734

Segment.735
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The CLARREO Pathfinder Space Segment consists of an ISS external payload, constrained736

by the trajectory and attitude of the ISS, and it relies on the ISS to provide electrical power737

and a communications link to the CLARREO Pathfinder Ground Segment. The RS in-738

strument will reside on the Expedite the Processing of Experiments to the Space Station739

(ExPRESS) Logistics Carrier-1 (ELC-1), a vertical structure extending in the nadir direc-740

tion from the port wing of the ISS. CLARREO Pathfinder systems engineers are currently741

comparing the performance characteristics to optimize the calibration and inter-calibration742

capabilities of the CPF instrument between two payload attachment points on ELC-1: 1)743

Site 3 on the outboard side of ELC-1, providing views in the ram, port, and nadir directions;744

and 2) Site 8 on the inboard side of ELC-1, providing wake, starboard, and nadir views.745

The primary technical performance measures that the team is evaluating involve lunar and746

solar calibration and inter-calibration opportunities. Each ELC-1 site being considered pro-747

vides different distributions of lunar calibration opportunities, varying in the number, tempo-748

ral distribution, and lunar phase angle distribution. Similar challenges are presented for solar749

calibration, excluding the phase angle distribution challenge. Additionally, the team is eval-750

uating which site optimizes inter-calibration opportunities to ensure mission success.751

The CLARREO Pathfinder Ground Segment links the data flowing between the ISS and752

Science Segment, and its primary functions are performing Level 0 processing of downlinked753

science telemetry (TLM) data and queuing payload commands for subsequent uplink to the754

Space Segment. From the perspective of CLARREO Pathfinder, the ISS Program infras-755

tructure acts as a bent-pipe repeater of Space Segment-generated science TLM data. While756

the ISS Program adds various data wrappers to the science TLM data during transit among757

multiple facilities, those data flow out of the ISS Program ground infrastructure in the same758

format in which they enter the ISS vehicle’s data systems on orbit.759

The CLARREO Pathfinder Science Segment transforms the Level 0 science data processed by760

the Ground Segment into Level 1 and Level 4 science data products (see Section 4.1.2). The761

Science Segment also manages the storage and distribution of CLARREO Pathfinder science762

data, the inter-calibration of CLARREO Pathfinder science data with those of other Earth-763

observing systems, and the science-related tasking of the CLARREO Pathfinder payload764

on-orbit.765

3.2 Differences Between CLARREO Pathfinder and full CLARREO766

The benefits of CLARREO Pathfinder and its contribution to the future success of the full767

CLARREO Mission are numerous. There are, however, several limitations of CLARREO768

Pathfinder when compared to the full CLARREO mission. Explicit differences between769

CLARREO Pathfinder and the full CLARREO mission concept as of its Mission Concept770

Review in 2010 are as follows:771

• A low-cost pathfinder on ISS should not be expected to achieve the full complement772

of scientific goals of a full CLARREO mission (conducted on one or more special-773

ized free-flyer spacecraft); however, it can be expected to achieve the risk-reduction774
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goals mentioned prior and to demonstrate the full performance of the calibration and775

verification systems for the reflected solar portion of the full CLARREO mission.776

• The short planned lifetime (one year) of the CLARREO Pathfinder will likely result777

in a record shorter than the 5 years of observations needed to begin the CLARREO778

full mission spectral fingerprint benchmarks (L2 and L3 data products).779

• The CLARREO Pathfinder budget will support full Level 0 processing but will not780

support complete Level 2 and 3 processing. No level 2 or 3 processing is planned.781

Level 4 processing is limited to that sufficient to demonstrate inter-calibration for the782

Clouds and the Earth’s Radiant Energy System (CERES) and Visible Infrared Imaging783

Radiometer Suite (VIIRS).784

• If CPF is judged to be highly successful, meaning that the team has advanced the tech-785

nology development and delivered useful science, NASA HQ may decide at a later time786

to fund processing of the Pathfinder Level 0 observations to provide full CLARREO787

mission L1 through L4 data products.788

• GNSS-RO observations are not obtained on ISS and the IR spectrometer has not been789

defined to be a part of the CLARREO Pathfinder.790

Figure 3.1 shows the key differences between the full CLARREO Mission and CLARREO791

Pathfinder; however, note that the specific requirements for CLARREO Pathfinder are still792

in development. The requirements listed in Figure 3.1 are representative of what the require-793

ments for CLARREO Pathfinder are likely to be and are included to present an illustration794

of the differences between the full CLARREO Mission and the CLARREO Pathfinder Mis-795

sion.796
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Parameter Full	
  CLARREO CLARREO	
  Pathfinder 
Science	
  Objec*ves • Document	
  changes	
  in	
  the	
  climate	
  system	
  

• Make	
  highly	
  accurate	
  and	
  SI-­‐traceable	
  decadal	
  change	
  
observa*ons	
  	
  
•  Improve	
  calibra*on	
  traceability	
  for	
  EOS	
  assets	
  

• Demonstrate	
  essen*al	
  measurement	
  technologies	
  of	
  
the	
  CLARREO	
  Tier	
  1	
  Decadal	
  Survey	
  mission	
  
• Demonstrate	
  on	
  orbit,	
  high	
  accuracy,	
  SI-­‐Traceable	
  
calibra*on	
  
• Demonstrate	
  ability	
  to	
  transfer	
  to	
  other	
  in-­‐orbit	
  assets	
  

Mission	
  Life*me	
   5+	
  years	
   1-­‐2	
  years	
  (Baseline:	
  1	
  Year;	
  	
  Threshold:	
  8	
  months)	
  

Mission	
  Class	
   Class	
  C	
   Class	
  D	
  

Orbit	
   P90	
   ISS	
  52o	
  Inclina*on	
  

Data	
  products L1	
  -­‐-­‐	
  L4	
  (GNSS-­‐RO:	
  L2;	
  Benchmark:	
  L3)	
   L1	
  (L4	
  for	
  CERES,	
  VIIRS,	
  &	
  CrIS)	
  

Reflected	
  Solar 2	
  instruments	
  	
   1	
  instrument	
  

Accuracy Absolute	
  uncertainty	
  ≤	
  0.3%	
  (k=2)	
  	
   Baseline:	
  	
  
•  Broadband:	
  <	
  0.5%	
  (k=2)	
  
•  Spectral	
  <	
  1%	
  (k	
  =	
  2)	
  
•  0.3%	
  (k=2)	
  at	
  700	
  nm	
  -­‐	
  1000	
  nm,	
  and	
  1%	
  (k=2)	
  at	
  350	
  -­‐	
  

2300	
  nm	
  
Threshold:	
  
•  Broadband:	
  <1%	
  (k=2)	
  
•  Spectral:	
  <	
  2%	
  (k=2)	
  	
  
•  1%	
  (k=2)	
  at	
  700	
  nm	
  –	
  1000	
  nm,	
  and	
  3%	
  (k=2)	
  at	
  350	
  –	
  

2300	
  nm	
  	
  

Spectral	
  Range 320	
  nm	
  to	
  2300	
  nm	
   350	
  nm	
  to	
  2300	
  nm	
  (baseline	
  and	
  threshold)	
  

Resolu*on 4nm	
  sampling	
  and	
  8	
  nm	
  bandwidth	
   Baseline:	
  4	
  nm	
  sampling	
  and	
  8	
  nm	
  bandwidth	
  	
  
Threshold:	
  8	
  nm	
  sampling	
  and	
  16	
  nm	
  bandwidth	
  

Infrared 2	
  instruments	
   None	
  

Accuracy Systema*c	
  error	
  ≤	
  0.1	
  K	
  radiance	
  calibra*on	
  uncertainty	
  
(k=3)	
  

N/A	
  

Spectral	
  Range 200-­‐2000	
  cm-­‐1	
   N/A	
  

Resolu*on 0.5	
  cm-­‐1	
  unapodized	
   N/A	
  

GNSS-­‐RO 2	
  instruments	
   None	
  

Reference	
  	
  
Inter-­‐calibra*on 

• Broadband	
  CERES	
  
• Opera*onal	
  sounders	
  (e.g.	
  CrIS,	
  IASI)	
  &	
  imagers	
  (e.g.	
  
VIIRS,	
  AVHRR,	
  Landsat)	
  
• Geo	
  assets	
  (all)	
  
• Vicarious	
  calibra*on	
  targets	
  

• Broadband:	
  CERES	
  
• Opera*onal	
  Imager:	
  VIIRS	
  
• GEO	
  and	
  land	
  imagers	
  (data	
  collec*on,	
  no	
  analysis)	
  
• Vicarious	
  calibra*on	
  targets	
  (limited)	
  
	
  

Figure 3.1: Table comparing the mission differences between the full CLARREO Mission and CLARREO
Pathfinder on ISS. For more information about the full CLARREO Mission, please see the CLARREO
Science Definition Team Report.

3.3 CLARREO Pathfinder Science Value Matrix797

The CLARREO science value matrix (SVM) is a concept that has been used to clarify798

and quantify, for both NASA Headquarters and the CLARREO team, the value of various799

mission trade studies during pre-phase A work. Additionally, it has also helped to quantify800

the value of various mission options for the CLARREO Pathfinder Mission. It has assisted801

the team in clarifying its thoughts on the wide range of climate science that might be802

impacted by CLARREO and CLARREO Pathfinder observations. The CLARREO mission803

concept is unusually broad in this regard: most NASA missions focus on measuring one or804

two climate variables, and therefore, a SVM is of less use. CLARREO’s breadth of science805
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impact is a unique strength, but it can also complicate derivation of the mission priorities and806

requirements. The science value matrix is one of the tools used to help with this challenge,807

assisting the team in converging on and justifying its decisions and recommendations.808

For a SVM to be a useful tool, the “value” needs some method of quantification. The809

science value matrix approach is based on the CLARREO team’s work and discussions in810

Section 2. The Science Value of a Science Objective, SVso, is computed using the following811

product:812

SVso = Fsi × Fcov × Fcv ×
√
Fcrl × Fta × Fr (3.1)

Fsi is the science impact factor, Fcov is the global coverage factor, Fcv is the calibration813

verification factor, Fcrl is the climate record length factor, Fta is the trend accuracy factor,814

and Fr is the risk factor. If any objective has zero science impact, there is no value in815

measuring it, no matter how accurately it is measured or how low-risk the measurement can816

be done. If the climate record length is too short, the data has little utility and is lost in817

natural variability. If the accuracy is too poor, CLARREO and CPF would add little value818

over existing sensors. As a result, the overall science value is dependent on the multiplicative819

(not additive) total of the above factors. In this section, the definition of each factor in Eqn.820

3.1 is briefly discussed. Note that in all cases the factors used in this equation are relative821

measures of value. In general, the CLARREO MCR Baseline Mission is assigned “100%822

Science Value” (more about the CLARREO MCR Baseline Mission can be found in the823

CLARREO SDT Report), and the value of CLARREO Pathfinder mission options will be824

scaled to the Baseline Mission science value. In the text below, the Science Value of the825

CLARREO Pathfinder mission (only the RS) and the other CPF mission options (only the826

IR and RS+IR) for direct comparison of their science values relative to the CLARREO MCR827

Baseline mission, will be discussed.828

Science Impact Factor829

The science impact factor, Fsi, serves to capture both the importance of the science objective830

as well as the uniqueness of the CLARREO contribution to it. Each science contribution831

is assigned a relative numeric weight, and these values are common to all possible mission832

scenarios. Climate forcing, response, and feedback science objectives have equal values. This833

fits well with IPCC discussions of decadal to century climate change, as well as the diagram834

summarizing CLARREO science objectives, shown in Figure 2.1.835

The science impact factors, third column from the left in Table 3.1, are based on the IPCC836

uncertainties in forcing, response, and feedback components [Stocker et al., 2013]. Cloud837

feedback uncertainty is roughly twice as large as water vapor and lapse rate feedback un-838

certainty [Bony et al., 2006, Stocker et al., 2013, Roe and Baker , 2007, Soden and Held ,839

2006]. Cloud feedback uncertainty is roughly three times larger than the snow/ice albedo840

feedback uncertainty [Bony et al., 2006, Stocker et al., 2013, Roe and Baker , 2007, Soden841

and Held , 2006]. This results in a total science impact weight of 4 to cloud feedback, 2 to842
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CLARREO Pathfinder on ISS: 1 RS (2020).

CLARREO Related Climate Fsi Fcov Fcv

√
Fcrl Fta SVso

Science Objective Change Variable (70%) RS

Cloud Feedback SW Reflected SW flux, albedo 2 0.83 1.5 1.4 1.0 3.5

RS Cloud Properties

Cloud Feedback LW Earth Emitted LW flux 1 0.83 0 0 0 0

IR Cloud Properties

Cloud Feedback Net Net Cloud Radiative 5 0.83 0 0 0 0

Forcing

Temperature Response Temperature Profile 3 0.83 0 0 0 0

& Lapse Rate Feedback

Water Vapor Response Water Vapor Profile 3 0.83 0 0 0 0

& Water Vapor Feedback

Aerosol Direct Aerosol Radiative Forcing 1.5 0.83 1.5 1.4 1.0 2.6

Radiative Forcing Aerosol Properties

Snow & Ice Albedo Reflected SW flux, albedo 1.5 0.83 1.5 1.4 1.1 2.7

Feedback Snow/Ice & Cloud Cover

Land Albedo Change Reflected SW flux, albedo 0.5 0.83 2.0 1.4 1.1 1.2

& Radiative Forcing

Vegetation Index Change Vegetation Index 1 0.83 2.0 1.4 1.1 2.4

Sum of Mission Science Value 12.5

Total Mission Science Value relative to MCR Baseline 16%

Table 3.1: Science Value Matrix for the CLARREO Pathfinder Mission, which includes the CLARREO
reflected solar spectrometer only. The only factor not shown here is the risk factor, which, as discussed, is
estimated to be approximately 1.0 for all CLARREO/CPF mission options. The total science value of the
CLARREO MCR Baseline Mission is used as a reference.

water vapor/lapse rate feedback, and 1.5 to snow/ice albedo feedback. Consistent with the843

earlier discussion of giving equal value to feedback and response, a science impact value of844

4 is added to climate change responses relative to cloud feedback (flux, cloud properties),845

so that the total impact value is 8. Given the importance of the temperature and water846

vapor profile response in the NRC decadal survey [National Research Council , 2007], a to-847

tal value of 4 is assigned to the temperature/water vapor response. The resulting cloud848

feedback/response impact totals 8 (4 feedback + 4 response), and the resulting temperature849

water/vapor impact totals 6 (2 feedback + 4 response).850

Since the full CLARREO mission’s information content varies quite a bit among the RS, IR,851

and RO observations, the science impact is further divided among the individual observa-852

tional components. This allows the CLARREO mission to consider the relative impact of853

different components of its observations. Cloud feedback is separated into its LW, SW, and854

net components. Climate sensitivity is linked most directly to net cloud feedback, which is855

the combination of SW and LW cloud feedbacks [Soden et al., 2008]. Of the total impact856

of 8 for cloud feedback, 5 of those units are assigned to net cloud feedback. The remaining857
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science impact is 2 for SW and 1 for LW cloud feedback. The larger impact score for SW is858

based on the largest IPCC uncertainty in cloud feedback having been identified as low cloud859

feedback [Bony et al., 2006, Stocker et al., 2013]. Low clouds are dominated by the SW cloud860

radiative effect and have a much smaller influence on LW cloud radiative effect. Therefore,861

an impact of 2 is assigned to the SW cloud feedback, and 1 to the LW cloud feedback.862

SW impact is assigned to the RS spectrometer and LW impact would be relevant for an IR863

spectrometer. Net impact requires measurements from both RS and IR spectrometers.864

The six units of science impact equality for temperature and water vapor are divided equally,865

with 3 assigned to temperature lapse rate feedback and response and 3 to water vapor866

feedback and response. For water vapor, the science impact is relevant to measurements867

made by the IR spectrometer, while for temperature, it would be split between the IR868

spectrometer and the RO instrument.869

For radiative forcing, a factor of 4 is given to the uncertainty in aerosol direct and indirect870

radiative forcing. However, CLARREO and CPF are assumed to contribute only an impact871

of 1.5 out of the full aerosol uncertainty. The radiative forcing uncertainty due to land albedo872

change is much smaller than that of aerosols and the factor of 0.5 science impact reflects this873

reduction [Stocker et al., 2013]. Finally, vegetation index change as a measure of biosphere874

changes is also given a relatively low weight of 1. At this time, it is more difficult to quantify875

this weight than the others.876

Global Coverage Factor877

The global coverage factor, Fcov, is defined to represent the scope of reference intercalibration878

and spectral fingerprinting capability that could be achieved by the mission option. Although879

the mission success of the CLARREO Pathfinder mission is not dependent upon its ability880

to conduct benchmarking and spectral fingerprinting, the RS instrument will be capable of881

taking measurements that could be used to start a climate benchmark and to conduct spec-882

tral fingerprinting. If the funding becomes available, the spectral fingerprinting capability883

and software will have the opportunity to be developed. For the full CLARREO mission,884

50% of its mission value is for reference intercalibration, and the other 50% is for climate885

benchmarking. Being in the orbit of the ISS allows the CLARREO Pathfinder to achieve886

the full intercalibration capability. However, measurements of the polar regions (poleward887

of 51.6◦) cannot be made in the ISS orbit. For climate benchmarking, about one-third of its888

value can be assigned each to the tropics, the mid-latitudes, and the polar regions. Therefore,889

with the CPF being constrained by the orbit of the ISS, it achieves 0.67 of the full global890

climate benchmarking capability. By weighting this value with the full intercalibration part891

of the mission, the global coverage factor obtained is 0.83. Although for simplicity the Fcov892

values are not shown here, they are the same for all science objectives for both alternative893

CPF options of IR only and RS+IR.894
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Calibration Verification Factor895

The CLARREO mission SVM defines this factor, Fcv, as follows: a value of 2 is given to896

independent verification of the CLARREO/CPF observation, and a value of 1 is given to897

a CLARREO/CPF observation without independent verification. Clearly there can be an898

open and lengthy discussion about the independent verification that will serve this purpose899

for each observation. As for the science impact value, this metric will not be as simple as the900

trend accuracy or length of climate record metrics. Nevertheless, given the CLARREO task901

of high confidence in decadal change, it seems inescapable that CLARREO include such a902

metric.903

Current values of this metric are very rough. A verification factor of 2 is assigned to a904

science objective if there is a 1-year overlap of two CLARREO instruments in-orbit to verify905

consistent performance and calibration within uncertainty of the instrument or instruments906

used for that science objective. If there is no overlap, then the verification factor depends907

on an evaluation of the independent ground calibration of RS spectrometers by different908

organizations. If a partial verification is possible, it is given a factor of 1.5 in the current909

tables. The likelihood of achieving in-orbit instrument overlap is taken into account by using910

the probability of obtaining overlap as a weighting function; however, overlap is not currently911

included in the plan for the CLARREO Pathfinder.912

For example, for a 2017 and 2020 launch of a single IR spectrometer on each spacecraft,913

there is a 70% probability of 1 year of overlapping data. If the verification factor for no914

in-orbit overlap is 1.5 (aircraft verification), while having overlap is 2.0, then the probability915

of overlap in orbit is used to obtain a verification factor weighted between the 1.5 and 2.0916

values, in this case 1.5 + (0.7)× (2.0− 1.5) = 1.85. This is a very simple and crude method917

that allows some accounting for the relative value of instrument overlap in-orbit, as well918

as the likelihood of obtaining it based on launch schedules and instrument and spacecraft919

reliability.920

Trend Accuracy Factor921

Here, trend accuracy means the relative accuracy for CLARREO determination of decadal922

change trends. This metric is determined by the accuracy relative to a perfect climate923

observing system limited only by natural variability [Leroy et al., 2008]. The metric quantifies924

the effect of instrument absolute accuracy on the uncertainty of trend detection, as well as925

the effect on time to detect climate change trends at a given level of confidence. Climate926

trend accuracy is key to testing climate model predictions of decadal change, while time to927

detect trends is key to societal decision making processes. The extension of the Leroy et al.928

[2008] results include all CLARREO sources of uncertainty, such as instrument noise and929

orbital sampling (see Section 2.1).930

Equations 2.1 – 2.2 provide a simple but powerful understanding of how observing system931

uncertainties will affect decadal climate change trends. The most important result is that932

observing system errors should be viewed relative to natural variability as a reference. As933
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the magnitude of uncertainties fall below that of natural variability, they will rapidly become934

insignificant for climate trend errors. As the time scale for uncertainties becomes shorter than935

natural variability, they also become less significant. The framework discussed in Section936

2.1 (and derived in Appendix A) provides a method to rigorously consider a wide range of937

error sources: calibration, accuracy, orbit sampling, reference inter-calibration uncertainty,938

and instrument noise. Mission design can then successfully trade cost and value across these939

error sources.940

Finally, recall that Equations 2.1 and 2.2 showed that climate trend accuracy, which is related941

to the ratio Ua, and time to detect trend, which is related to the ratio Ut, are tightly related.942

For values of Ua near 1, their relationship simplifies to Equation 2.3. Another way of saying943

this is that if the CLARREO observing system goal is for decadal trend accuracy to be no944

more than 20% larger than that determined from a perfect observing system, then the time945

to detect trends with a CLARREO-like system will take no more than 0.67× 20% = 13.4%946

longer than with a perfect observing system. This therefore provides a simple relationship947

between the two science goals. For the CLARREO MCR Baseline Mission, the Level 1948

requirements specify trend accuracy within 20% of a perfect observing system and time to949

detect trends within 15% of a perfect observing system.950

The final decision is how to use climate trend accuracy as a metric in the science value951

matrix. The science value equation, Equation 3.1, requires a metric that increases with952

increasing accuracy, and a metric that reduces to zero as accuracy becomes so poor that953

CLARREO’s value to the climate observing system is lost. Currently, 1.0 is assigned to the954

accuracy factor if the full CLARREO mission Level 1 Requirement of trend accuracy within955

20% of a perfect observing system is met. This accuracy level is assumed to be 100% of956

the capability value. As accuracy in decadal change trends reduces below this, the accuracy957

value factor is reduced proportional to the loss of accuracy. In particular, the trend accuracy958

value factor is defined as:959

Fta =
1.2× Ua
Uclarreo

. (3.2)

As the CLARREO MCR Level 1 requirement goal is to be within 20% of a perfect observ-960

ing system, Fa = 1.0 when the trend accuracy requirement is met, Fta > 1.0 when CPF961

measurements achieve trend accuracy better than requirement, and Fta < 1.0 when CPF962

measurements exceed the 20% accuracy limit.963

The accuracy values used in Table 3.1 are determined from the CLARREO SDT studies964

and include calibration absolute accuracy, orbit sampling error, and instrument noise. The965

accuracy factor is the same independent of whether CLARREO or CPF uses a spectral966

benchmarking approach or reference inter-calibration. Reference inter-calibration error can967

be added, but the studies indicate that this error is equal to or lower than orbit sampling968

error. In general, the CLARREO and CPF decadal change accuracy is dominated by the969

instrument absolute accuracy for global annual time scales. Orbit sampling error becomes970

more important at zonal and regional spatial scales and at seasonal time scales. This dif-971

ference is a result of the fact that calibration error is independent of the space/time scale,972

while the errors from natural variability and sampling both increase as space/time scale973

32



CLARREO Pathfinder Mission Team Report June 2016

reduces. Orbit sampling studies have shown that natural variability and orbit sampling er-974

ror increase roughly proportionally. For example, natural variability at zonal annual time975

scales are three times larger than that at global annual time scales. As a result, the effect976

of calibration uncertainty is largest for global annual time/space scales. For many purposes,977

however, the global annual values are some of the most critical measures and are the first to978

show anthropogenic signals given their lower natural variability. This is true for everything979

from global average surface temperature to the impact of feedbacks on climate sensitivity.980

As a result, the accuracy metric used in the science value matrix uses global annual trend981

accuracy.982

The trend accuracy factor has been determined separately for each instrument: spectral RS,983

spectral IR, and RO. This allows for different calibration accuracies, orbit sampling, and984

instrument noise for each instrument and mission design to be accounted for. The factor985

is slightly greater for the IR than for the RS because of lower fractional sampling errors986

in the IR as well as a somewhat smaller absolute calibration error. For calculation of each987

science objective’s science value, the maximum trend accuracy factor is used out of the three988

CLARREO measurement types: spectral IR, spectral RS, and RO.3 Note that because the989

CPF includes the RS spectrometer only, its trend accuracy factors for variables that require990

either IR observations or the combination of RS and IR measurements, are zero.991

Climate Record Length Factor992

The trend accuracy metric discussed above is relative to a perfect observing system. While993

this is a critical part of climate trend accuracy, Equation A.2 shows that the length of the994

climate record is also a key factor in determining the accuracy of trends – for both a perfect995

observing system and for a CLARREO-like system. As follows from Equation A.2, the996

uncertainty of climate trends, δm, will scale as (∆t)3/2. As explained in Leroy et al. (2008),997

the reduction in trend error with length of record is a result of two very different factors.998

First, a linear dependence on record length occurs as a result of increasing climate trend999

signal magnitude with length of record. Second, there is a
√

∆t that is a reduction in natural1000

variability with averaging over an increasing number of autocorrelation time periods.1001

Here, if it is assumed that there will be multiple CLARREO missions, the first would con-1002

tribute to the linear component by achieving the absolute accuracy and time in orbit needed1003

to overcome gaps in the climate record. For example, a 30-year trend could be achieved by1004

using the first 5 years of the CLARREO record, followed by another 5 years of equivalent1005

data 30 years later. In this sense, the linear record length component is dependent on get-1006

ting the first CLARREO up to start the record, but is then dependent primarily on whether1007

follow-on missions are flown. In that sense, the first mission record length is independent of1008

this linear component.1009

The second factor, the
√

∆t component, however, is relevant to the first CLARREO mission.1010

3For RO water vapor science objective, the accuracy is listed as low, primarily because of low information
content. The science value for this observation is from the IR instrument with a much smaller contribution
from the RO observation.
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Consider, for example, if the first CLARREO was launched and only achieved 1 month or 11011

year of data (as is the current lifetime of the CLARREO Pathfinder). Even though highly1012

accurate, it would not anchor the long-term record well because of high natural variability.1013

As a result, in the science value matrix for the first two CLARREO missions, the square1014

root dependence of record length is included. In particular, the climate record length metric1015

is chosen as1016

Fcrl =
√

∆t , (3.3)

where ∆t is the number of years of CLARREO data with a 70% likelihood of survival1017

on-orbit. Using this metric, the length of the initial CLARREO record (for example, the1018

CLARREO Pathfinder) will be accounted for in determining the accuracy of the climate1019

trends that can be achieved by the mission, even in the long term.1020

The value of ∆t is determined using the normal engineering estimates of the likelihood of1021

launch success, spacecraft survival, and instrument survival. The failure rates of instruments1022

and spacecraft are controlled by the amount of redundancy built into the systems, especially1023

for key electronics components. For example, single string electronics will be less reliable1024

than redundant electronics. This allows a cost/value trade for the CLARREO mission for1025

instrument and spacecraft reliability, especially selected redundancy of key components.1026

As for other missions, the CLARREO failure rates of instruments, spacecraft, and launch1027

vehicles are assumed to be independent. The 70% likelihood in the CLARREO Pathfinder1028

mission (Table 3.1) that the RS spectrometer survives is 2 years. This gives a value of1029

Fcrl = 1.4.1030

For many CLARREO science objectives, only one of the CLARREO instruments is required1031

(e.g. the IR spectrometer for water vapor profile or the RS spectrometer for SW Cloud1032

Feedback); while for others (e.g net cloud feedback) both reflected solar and infrared spec-1033

trometers are required. The value of ∆t is calculated accordingly, with independent failure1034

rates assumed for each instrument. If there is a time when more than one CLARREO space-1035

craft is in orbit, the value of ∆t accounts for the joint probability that multiple spacecraft1036

and instruments survive if the science objective requires it. Alternatively, if only one instru-1037

ment is required to survive, then the value of ∆t accounts for the fact that one instrument1038

of either spacecraft is sufficient.1039

Risk Factor1040

Any science value estimation should consider risk as an element of its science value metrics.1041

One example of risk is technological risk. All new instruments, including those that are1042

part of the CLARREO and CLARREO Pathfinder missions, will have some level of risk in1043

demonstrating the viability of new technologies in-orbit. One of the key objectives in the1044

ESTO IIP investigations related to CLARREO is to reduce this risk from moderate to low1045

values. The CLARREO engineering team has evaluated the risks in the current IR, RS,1046

and RO instrument designs and has not found a large difference in the risk factor of these1047

instruments. As a result, this factor, Fr, is currently left at 1.0 for all instruments, but could1048
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be adjusted in the future.1049

Total Science Value1050

After computing the Mission Value (far right column in Table 3.1) for each Science Objective,1051

the Total Mission Value can be computed by taking the sum of the Science Objective Mission1052

Values. Although this value is arbitrary, it is helpful to compare this value to other mission1053

options as a way to quantify their relative science values. The CPF mission concept (i.e.1054

including the CLARREO RS spectrometer only to be mounted on the ISS for one year)1055

captures 16% of the CLARREO MCR Baseline Mission science value. Applying the factors1056

above to a CPF mission concept that only includes the IR spectrometer has a slightly smaller1057

science value at 12% compare to the CLARREO MCR Baseline Mission concept. If both1058

the RS and IR were included in the CPF mission concept, the mission could capture 37%1059

of the science value compared to the CLARREO MCR Mission. The IR only and RS only1060

mission concepts do not add linearly because there are some science objectives that need1061

both measurements together. Without both the RS and IR, for example, there is no added1062

benefit to the net cloud feedback.1063

3.4 CLARREO Pathfinder Mission Timeline1064

The CLARREO Pathfinder was included in the FY2016 NASA President’s Budget Request1065

and was ultimately included in the omnibus package that was passed in December 2016. The1066

CPF team received the Authority to Proceed (ATP) to conduct pre-Phase A activities for1067

the CLARREO Pathfinder mission, leading to a Key Decision Point “A” (KDP-A) review to1068

be held no later than the end of September 2016. Upon approval at KDP-A the CLARREO1069

Pathfinder project may proceed to conduct Phase A activities (formulation and requirements1070

definition). The remainder of the currently planned mission timeline is shown in Figure 3.2,1071

extending from the date from which the CPF team received the ATP through the currently1072

stated end of the mission, which is the end of FY2022.1073

The timeline shown in Figure 3.2 shows activities categorized into four groups: mission1074

milestones and instrument-related, launch vehicle-related, and operations activities. The1075

first major hurdle to be overcome by the team after first receiving funds is to pass its1076

Mission Concept Review (MCR). Upon successful completion of its MCR, the project will1077

be permitted to pass the Key Decision Point-A (KDP-A) and enter Phase A. There are1078

several other reviews and KDPs in addition to building the instrument, developing flight1079

software and several other important activities that the team must pass to successfully reach1080

the point at which the instrument will be ready for launch to the ISS, which is currently1081

planned for the last quarter of 2020. Following the launch, installation on ISS, instrument1082

commissioning, and one-year operational period, there is one additional year within the1083

project plan for data analysis support. As currently planned, the CPF is due to end at the1084

end of FY2022.1085
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Figure 3.2: The notional schedule for the CLARREO Pathfinder Mission from the start of the project,
defined as the date the Authority to Proceed letter was provided from NASA HQ, to the end of the data
analysis one-year period.

4 CLARREO Pathfinder Instrumentation & Mission1086

Requirements1087

4.1 Mission Requirements1088

The CLARREO Pathfinder Mission is considered a Class-D mission and comprises of a1089

reflected solar instrument that will be hosted on the International Space Station (ISS) be-1090

ginning in the 2020 timeframe. The ISS has a 51.6◦ inclination and 400 km altitude orbit.1091

Upon successful delivery to the ISS, the CLARREO Pathfinder RS instrument will be al-1092

lowed to outgas and undergo instrument checkout and evaluation prior to the commencement1093

of the prime mission phase for a period that is expected to last no longer than 2 months.1094

Mission, instrument, and data product requirements are outlined below.1095

The CLARREO Pathfinder Mission is a technology/technique demonstration mission. There-1096

fore the Baseline Mission Objectives and Level-1 Threshold Requirements are defined in1097

terms of the technology demonstration.1098

The CLARREO Pathfinder Mission Baseline Mission Objectives are as follows:1099

1. Demonstrate the ability to conduct on-orbit SI-Traceable calibration of measured scene1100

spectral reflectance with an advanced accuracy over currently operational sensors using1101

a reflected solar spectrometer flying on the International Space Station.1102

2. Demonstrate the ability to use the improved accuracy to serve as an in-orbit reference1103
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spectrometer for inter-calibration of other key satellite senosors across the reflected1104

solar spectrum (350 – 2500 nm).1105

Mission success is defined at the CLARREO Pathfinder Mission meeting its threshold re-1106

quirements, stated as follows:1107

1. Demonstrate in-orbit new solar attenuator technologies for higher accuracy calibration1108

within the reflected solar bands (350 – 2500 nm).1109

2. Demonstrate the solar and lunar cross calibration approach.1110

3. Demonstrate improved methodologies for reference inter-calibration of VIIRS and CERES.1111

4. Demonstrate new gimbal pointing ability to match the entire instrument scanning view1112

of instruments like CERES and VIIRS for reference inter-calibration.1113

4.1.1 Requirements for Reflected Solar Measurements1114

The threshold requirement for the CLARREO Pathfinder RS instrument includes inter-1115

calibration of the VIIRS and CERES instruments. The CLARREO Pathfinder will perform1116

reference inter-calibration for any of these bands for which there is a suitable signal to1117

noise level and sufficient sampling of high-accuracy observations that are matched in time,1118

space, and viewing angles to overcome the random error sources from instrument noise and1119

imperfect data matching.1120

The SI-traceable accuracy advancement will be determined relative to ensemble means and1121

for spectral reflectance relative to the global mean reflectance. To calibrate the spectrome-1122

ter relative to SI-Traceable standards, the CLARREO Pathfinder RS instrument will have1123

the ability to observe the sun and the moon as stated in Section 4.2. It will also take1124

spectral reflectance measurements of the Earth at nadir to demonstrate its inter-calibration1125

capabilities.1126

To achieve reference inter-calibration of other reflected solar sensors, the CPF RS instru-1127

ment will provide constraints to the effective offset, gain, non-linearity, and sensitivity to1128

polarization of a target sensor.1129

4.1.2 Requirements for Data Products1130

CLARREO Pathfinder is a technology/technique demonstration mission and therefore will1131

only produce Level-1 data products. Level-0 data from the CPF RS instrument will be1132

collected and archived at a data center, the location of which has yet to be identified.1133

Additionally, these Level-0 data will be processed into Level-1 products, which will also be1134

archived at a data center. The Pathfinder budget does not support Level 2 and Level 31135

processing. Level 4 processing is limited to that sufficient to demonstrate inter-calibration1136

for the CERES and VIIRS. Within one year following the end of the one-year prime mission1137

operations period the CPF instrument team will submit their results with Level 4 processed1138
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data, demonstrating the achievement of advances in on-orbit SI-traceable accuracy and inter-1139

calibration of CERES and VIIRS to appropriate peer-reviewed journals.1140

If Pathfinder is judged highly successful, meaning that the team has advanced the technology1141

development and delivered useful science, NASA HQ may decide at a later time to fund1142

processing of the Pathfinder Level 0 observations to provide the full CLARREO mission1143

Level 1 through Level 4 data products. All data that will be archived at data centers will1144

be available to the community for independent verification of the CPF instrument team’s1145

results.1146

4.2 Reflected Solar Instrument Concept1147

Summaries of the CLARREO Pathfinder (CPF) RS instrument requirements can be found in1148

Section 4.1.1 and Figure 3.1, and details on how these requirements were determined can be1149

found in Section 2. The RS instrument design concept, shown in Figure 4.1, is driven by these1150

requirements and is similar to the RS instrument concept for the full CLARREO mission.1151

The RS spectrometer spans 350 nm to 2300 nm and has a spectral sampling resolution of 41152

nm and spectral resolution of 8 nm. The two focal planes cover two spectral ranges, 350 –1153

640 nm and 600 nm – 2300 nm and are implemented as two individual spectrometers.1154

The Earth-viewing measurement signal can vary by factors of 2 to 10 due to the signal1155

magnitude’s dependence upon a wide variety of parameters including solar zenith angle,1156

spectral band, and scene type, which can range from very dark (e.g. clear-sky ocean) to1157

very bright (e.g. dry desert area or deep convective clouds). The RS instrument must be1158

designed to handle such a large dynamic range and maintain the ability to satisfy the rigorous1159

SI-traceable accuracy requirements needed for mission success.1160

On global scales such an accuracy requirement acts to reduce sampling biases on the large1161

temporal and spatial scales relevant to climate change studies. A primary motivation for1162

the spectral range, resolution and sampling requirements is the planned activity to inter-1163

calibrate with shortwave broadband (e.g. CERES) and narrowband (VIIRS) radiometers.1164

The 300 m ground-field-of-view (GFOV) requirement is necessary to obtain a high-quality1165

cloud mask, and the spatial coverage is driven by the science objective to obtain a RS climate1166

benchmark on a global scale with nadir RS measurements. Reference inter-calibration will1167

be enabled by the instrument’s ability for the boresight to be pointed along particular lines1168

of sight with the fields of view of operational target sensors as shown in Figure 2.3.1169

The CPF RS spectrometer’s measurements of Earth-reflected radiance will be used to cal-1170

culate reflectance using solar and lunar irradiance measurements, also made by the RS1171

spectrometer [Wielicki et al., 2013]. The current operational plan for the RS instrument is1172

to determine the ratio of the Earth-reflected radiance to the solar irradiance measurement.1173

The geometric differences between an Earth-viewing radiance measurement and a solar irra-1174

diance measurement requires the retrieval of a directional-hemispheric reflectance. Thus, the1175

RS sensor will function like a band-ratio radiometer. The instrument is based on an Offner1176

imaging spectrometer design, which is capable of limiting spectral smile on the focal plane.1177
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The instrument will operate as a push-broom imager with a reliance on heritage hardware,1178

reduction of sensor complexity, and solar- and lunar-source based calibration.1179

factors of 2 to 10 because it is functionally dependent on solar zenith angle, wavelength,
atmospheric gas absorption that changes with altitude and wavelength, and scene type that
ranges from dark (clear-sky ocean) to bright (deep convective clouds). The RS instrument
must be designed to account for these e↵ects to include a calibration approach that allows
accurate retrieval of the reflectance in the mid-visible wavelength range, and be traceable
to SI standards at a level better than 0.3% (k = 2). Such a required accuracy provides a
data set that, when collected globally, reduces sampling biases for climatologically significant
spatial and temporal averages over annual means. The instrument spectral range and spectral
sampling requirements are motivated by inter-calibration of the broadband (CERES) and
narrowband radiometers (VIIRS), respectively. The spatial sampling 0.5 km ground-field-
of-view is for achieving a quality cloud masking, and spatial coverage is motivated by the
CLARREO RSS “benchmark” global sampling at nadir. In order to achieve the reference
inter-calibration mission objectives, the CLARREO RS instrument will be designed to allow
the boresight to be pointed along selected lines of sight within the fields of view of orbiting
target sensors, as illustrated in Figure 2.33.

Instrument
Optical Bench

Sunshield
Detector

Assembly
Detector 

Electronics

Telescope 
Optics

Depolarizer 
Assembly

Attenuator
Wheel

Figure 4.1: CLARREO RS spectrometer concept design, showing details of a single spec-

trometer as well as the two-spectrometer system as it might appear on the spacecraft.

The primary data product from the RS instrument is spectral reflectance. The current oper-
ational plan for the RS instrument is to determine the ratio of the output of the instrument
while viewing an Earth scene, to that of the instrument while viewing the Sun. Taking into
account the geometry di↵erences between a radiance measurement (while viewing the Earth
scene) and an irradiance measurement (the solar measurement) permits the retrieval of a
directional-hemispheric reflectance. Thus, the RS sensor will function like a band-ratioing ra-
diometer. The instrument is based on an O↵ner imaging spectrometer design, which is capable
of limiting spectral smile on the focal plane. The instrument will operate as a push-broom
imager with a reliance on heritage hardware, reduction of sensor complexity, and solar- and
lunar-source based calibration.

The most critical parameter of CLARREO instrument design is the radiometric calibration
accuracy requirement of 0.3% of reflectance integrated across all wavelengths and for indi-
vidual bands. Such a requirement is nearly an order of magnitude improvement over past
and existing sensors. The sensor SNR values for a single sample are defined for a typical
radiance based on a reflectance of 0.3 and incident solar zenith angle of 75�. The required

102

Figure 4.1: RS spectrometer concept design, showing details of a single spectrometer (left) with an exploded
image and the dual spectrometer system as it might appear on the spacecraft (right).

Among the critical aspects of the CPF instrument concept is its ability to satisfy the unprece-1180

dented radiometric calibration accuracy requirement. Such a requirement is an improvement1181

on the scale of 5 to 10 times compared to past and existing RS sensors. The sensor signal-1182

to-noise ratio (SNR) for a single sample are defined for a radiance measurement based on a1183

reflectance of 0.3 and solar zenith angle of 75◦. The required SNR is > 33 for wavelengths1184

380 – 900 nm and an SNR > 20 for wavelength ranges 320 – 380 nm and 900 – 2300 nm.1185

Figure 4.2 demonstrates the measurement and calibration approach for the reflected solar1186

spectrometer and its use of the moon as a reference for stability in orbit, the sun with mul-1187

tiple attenuators to verify instrument nonlinearity of gain across the Earth-viewing dynamic1188

range, and the ability to directly scan deep space to verify instrument offsets [Espejo et al.,1189

2011, Fox et al., 2011].1190

Spectral response is verified using solar spectral absorption line features. One of the unique1191

aspects of this instrument compared to other operational instruments is its ability to point1192

the entire instrument at Earth, the sun (every 2 weeks), the moon (monthly, at 5 to 10◦ phase1193

angle), and deep space. This eliminates the need for scanning mirrors with angle-dependent1194

calibration uncertainties and allows the use of depolarizers to reduce polarization sensitivity1195

to the required accuracy level over the entire spectral range [Lukashin et al., 2015]. Scanning1196

the instrument view across lunar and solar disks provides images suitable for verifying stray1197

light performance. Finally, any future improvements in the absolute reflectance of the lunar1198

surface can be used to tie the CLARREO solar spectrometer results to future improvements1199

in calibration beyond the CLARREO lifetime, even if these improvements come several1200

decades after its launch [Kieffer , 1997, Kieffer and Stone, 2005]. Note that the calibration1201

of the reflected solar is in reflectance units. Conversion to absolute radiance can be done1202

using the spectral total solar irradiance provided by instruments, such as TSIS, with expected1203

absolute accuracy of 0.25% [Richard et al., 2011].1204
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4.2.1 CLARREO Pathfinder RS Instrument Calibration1205

Calibration SI-traceability is the cornerstone of the success of the CLARREO mission and1206

a key objective of the CLARREO Pathfinder technology demonstration. Successful demon-1207

stration of SI-traceability of CPF accuracy requirements on orbit requires both a detailed1208

preflight calibration and a transfer of that calibration to orbit.1209

The instrument design relies on a direct solar view as part of the on-orbit calibration ap-1210

proach. The solar irradiance and Earth-reflected radiance are combined with knowledge of1211

sensor optical geometry to retrieve at-sensor reflectance. To observe both the solar irradiance1212

and Earth-reflected radiance in the same dynamic range, the RS instrument must be able to1213

reduce the solar irradiance to a level comparable to the Earth-reflected radiance, a difference1214

on the order of 50,000. The attenuator approaches being evaluated to achieve this objective1215

include a single pinhole aperture, neutral density filters, a collection of pinhole apertures, or1216

some combination of these concepts. More than one attenuator approach is being studied1217

for consideration to satisfy an additional CLARREO goal to rely on multiple, independent1218

calibration approaches.1219

The attenuators require careful ground testing evaluation and are a source of uncertainty1220

on orbit should attenuator degradation occur. Evaluating the attenuators on orbit involves1221

coordinated solar and lunar views. The moon has sufficiently low brightness to permit1222

measurements without the use of the attenuators, which allows coupled lunar and solar views1223

to verify proper operation of the attenuators. Instrument nonlinearity will be evaluated using1224

a range of attenuators while observing the sun.1225

The primary sources of error in transferring prelaunch calibration to orbit is expected to be1226

changes in stray light behavior and polarization sensitivity.1227

The solar irradiance (Esolar,λ) measured by CLARREO can be written in terms of the sensor
output while viewing the sun (Ssolari,λ ) and responsivity (R′i,λ) of the ith detector and in a
given wavelength band, λ, as shown below.

Esolar,λ =

∑
xsolar
ysolar

Ssolari,λ (x′solar, y
′
solar)

R′i,λTattenuatorAattenuator
(4.1)

Tattenuator is the transmittance of the attenuator used in viewing the sun, and Aattenuator1228

is the area of the attenuator’s aperture. The summation over xsolar and ysolar serves to1229

integrate the output from a single detector over the full solar disk needed to measure solar1230

irradiance.1231

The Earth-reflected radiance measured by CLARREO can be written as

Learthi,λ =
Searthi,λ

Ri,λAsensorΩsensor

(4.2)

where Asensor is the area of the sensor’s entrance pupil, Ωsensor is the solid angle of the sensor’s
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Figure 4.2: Illustration showing the RS instrument calibration concept: verification of nadir spectral
reflectance accuracy relies on rotating the entire instrument to view the moon at constant phase angle as a
stable reflectance source (similar to SeaWiFS), the sun in combination with filters and precision apertures
for nonlinearity determination, and the use of depolarizers to control polarization sensitivity.

collection field of view, Ri,λ is the detector response, and Searthi,λ is the spectrally-resolved
signal from the ith detector while viewing Earth. The Bidirectional Reflectance Distribution
Function (BRDF) is determined by the ratio between the Earth-reflected radiance (Learthi,λ ,
Eqn. 4.2) and the solar irradiance (Esolar,λ, Eqn. 4.1).

BRDF earth
i,λ =

Learthi,λ

Esolar,λcos θ0

(4.3)

=
Searthi,λ

Ri,λAsensorΩsensor

R′i,λTattenuatorAattenuator

cos θ0

∑
xsolar
ysolar

Ssolari,λ (x′solar, y
′
solar)

(4.4)

where θ0 is the solar zenith angle at the TOA. It is assumed that any temporal changes in1232

response between the solar and Earth views, R′i,λ and Ri,λ, respectively, will be minimal and1233

changes in solar irradiance between the Earth and solar view will also be minimal. If these1234

differences are negligible, then detector response for the sun and Earth view cancels out. In1235

this case, the absolute radiometric calibration is not used for the BRDF retrieval, but it is1236

required for establishing SI-traceability.1237

Ensuring SI-traceability and adequate accuracy requires evaluation of sensor performance on1238

orbit and it requires a traceable error budget. The basis of the traceability for the CLARREO1239

Pathfinder RS instrument is a high-fidelity sensor model developed from prelaunch charac-1240

terization data coupled with on-orbit absolute solar irradiance measurements to show the1241

sensor did not change as it was launched into orbit. Disagreement between measured and1242
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predicted values of solar irradiance imply that the sensor model requires modification. Solar1243

and lunar views provide information regarding the optical quality and temporal changes of1244

the sensor. The sensor model can be thought of as the numerical abstraction of the phys-1245

ical instrument, encapsulating knowledge of both the optical physics and empirical results1246

gained from laboratory analysis. Disparities between laboratory results and model predic-1247

tions guide model improvements. This is a continuous process that ultimately yields a sensor1248

model ready for use after launch as illustrated in Figure 4.3.1249

Figure 4.3: Flow diagram for CLARREO RS instrument calibration.

absolute solar irradiance measurements to show the sensor did not change going to orbit.
Disagreement between reported solar irradiance and predicted values mean that the sensor
model requires modification. Stellar and lunar views provide information regarding the optical
quality of the sensor. Temporal changes in the sensor are evaluated using these techniques
as well. The sensor model can be thought of as the numerical abstraction of the physical
instrument, encapsulating knowledge of both optical physics and empirical results gained
from laboratory analysis. Disparities between laboratory results and model predictions guide
model improvements. This is a continuous process that ultimately yields a sensor model ready
for use after launch as illustrated in Figure 4.3.

A critical part of the calibration is developing SI-traceable data by characterizing the sensor
to SI-traceable, absolute radiometric quantities during pre-launch calibration to the electric
Watt (prelaunch calibration box shown in Figure 4.3). Pre-launch absolute calibration in-
cludes both irradiance and radiance modes as well as the determination of geometric factors
for conversion to reflectance. The end result of the prelaunch calibration is su�cient data to
develop a sensor model that predicts the solar, lunar, and planetary/stellar sources planned
for on-orbit calibration. Agreement between prelaunch and on-orbit (as shown in Figure 4.3)
means the system is calibrated, and, by analogy, traceable to the pre-launch SI measurements.
Disagreement means the sensor model requires improvement based on the on-orbit data, in-
cluding an additional set of characterization measurements. Solar and lunar views provide
information regarding temporal changes in the sensor once on-orbit traceability is established.
Thus, the key to the RS on-orbit calibration is the prelaunch, SI-traceable calibration.

Evaluation of sensor performance on-orbit uses combined calibration, validation, and ver-
ification activities. One approach planned for validation of the RS on-orbit calibration is
comparison to on-ground measurements propagated through the atmosphere to predict at-
sensor radiance. Another radiometric calibration/validation activity will be comparisons to
other sensors including airborne sensors. The main di�culty with validation for CLARREO
RS will be ensuring that the validation data sets have su�cient radiometric quality.

105

Figure 4.3: Flow diagram showing the key to the RS on-orbit calibration: the prelaunch, SI-traceable
calibration.

A critical part of the calibration is developing SI-traceable data by characterizing the sen-1250

sor to SI-traceable, absolute radiometric quantities during pre-launch calibration to the SI1251

quantity power in Watts (prelaunch calibration box in Figure 4.3). Pre-launch absolute cal-1252

ibration includes both irradiance and radiance modes and the determination of geometric1253

factors for conversion to reflectance. The end result of the prelaunch calibration is sufficient1254

data to develop a sensor model capable of predicting the solar, lunar, and planetary/stellar1255

sources planned for on-orbit calibration. Agreement between pre-launch and on-orbit values1256

(as shown in Figure 4.3) implies the system is calibrated to a level traceable to the pre-launch1257

SI measurements. Disagreement implies the sensor model requires improvement based on the1258

on-orbit data, including an additional set of characterization measurements. Solar and lunar1259

views provide information regarding temporal changes in the sensor once on-orbit traceabil-1260

ity is established. Thus, the key to the RS on-orbit calibration is the prelaunch, SI-traceable1261

calibration.1262
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Evaluation of sensor performance on orbit uses combined calibration, validation, and ver-1263

ification activities. One approach planned for validation of the RS on-orbit calibration is1264

comparison to ground-based measurements propagated through the atmosphere to predict1265

at-sensor radiance. Another radiometric calibration/validation activity will be comparisons1266

to other sensors (e.g. airborne sensors). The main difficulty with validation for CLARREO1267

RS will be ensuring that the validation data sets also have sufficient radiometric quality.1268

4.2.2 Operational Requirements for Lunar Verification1269

The CLARREO Pathfinder Reflected Solar (RS) instrument calibration concept includes1270

monthly observations of the moon to verify radiometric calibration stability on orbit (Section1271

4.2.1). The primary RS calibration relies on direct measurements of the sun, which must1272

be obtained with attenuators to reduce the solar irradiance. Because attenuators are not1273

required when viewing the moon, lunar observations will be used throughout the mission to1274

evaluate the performance of the solar attenuators in orbit. This is enabled by the inherent1275

stability of the lunar surface reflectance.1276

The operations plan for the RS lunar verification observations specifies that measurements1277

of the moon will be acquired at phase angles between 5◦and 10◦. Although this range is1278

relatively small, the lunar irradiance cannot be considered constant across this range. As an1279

example, Figure 4.4 shows irradiance spectra from one night of ground-based observations1280

during which phase angle changed from 6.65◦ to 9.55◦ over about 9 hours. The difference1281

between the two spectra ranges from 10% to 12% depending upon the wavelength band.1282

Generally, lunar views acquired from orbit are dependent on which hemispheres of the moon1283

are illuminated and viewed, referred to as the lunar librations. Consequently, CPF RS lunar1284

measurements must be normalized to remove geometry-driven differences in brightness before1285

the measurements can be used to assess instrument calibration stability. Normalization is1286

done using the reference lunar spectral irradiance generated for the specific measurement1287

conditions (phase and librations) by the USGS ROLO (Robotic Lunar Observatory) lunar1288

irradiance model [Kieffer and Stone, 2005]. These model-generated reference spectra can be1289

used to develop normalization factors, or to correct the observations to a standard geometry1290

(specified phase and librations).1291

The CLARREO Pathfinder RS instrument is likely to be an imaging spectrometer with a1292

∼10◦ cross-track FOV. From low Earth orbit, the moon’s diameter subtends about 0.5◦. To1293

make a lunar irradiance measurement, the entire disk must be spatially sampled, which for an1294

imaging spectrometer typically means scanning it in the along-track direction. Generating1295

the irradiance from the scan data involves concatenating the scan lines into a spectral image,1296

then spatially summing the radiance pixels and multiplying by their IFOV:1297

Em = Ωp

∑
Li (4.5)

where Em is the measured lunar irradiance, Ωp is the pixel IFOV in steradians, Li is the1298

radiance measure of the ith pixel, and the summation is over all pixels on the moon’s disk.1299
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4.2.3 Operational Requirements for CLARREO Lunar Verification Observations

The CLARREO Reflected Solar (RS) instrument concept calls for monthly observations of the
Moon to verify the radiometric calibration stability on orbit (Section 4.2.2). The primary RS
calibration relies on direct measurements of the Sun, which must be obtained with attenuators
in place to reduce the solar irradiance input. No attenuation is required when viewing the
Moon, therefore lunar observations will be used throughout the mission to evaluate the per-
formance of the solar attenuators in orbit. This capability derives from the inherent stability
of the lunar surface reflectance.

The operations plan for the RS lunar verification observations specifies that the Moon shall
be acquired at phase angles between 5� and 10�. Although this is a relatively small range, the
lunar irradiance cannot be considered constant across it. As an example, Figure 4.4 shows
irradiance spectra produced for one night of ground-based observations, where the phase angle
changed from 6.6� to 9.5� over about 9 hours. The di↵erence between the two spectra ranges
from 10% to 12%, dependent on wavelength. Generally for Moon views acquired from orbit,
there are dependencies on the hemispheres of the Moon that are illuminated and viewed;
these are referred to as the lunar librations. Consequently, CLARREO RS measurements
of the Moon must be normalized to remove any geometry-driven di↵erences in brightness
before they can be used to assess instrument calibration stability. Normalization is done
using the reference lunar spectral irradiance generated for the particular conditions (phase and
librations) of the RS Moon observations, by the USGS ROLO model [Kie↵er and Stone, 2005].
These model-generated reference spectra can be used to develop normalization factors, or to
correct the observations to a standard geometry, such as 7� phase and zero librations.

Figure 4.4: ROLO model-generated lunar irradiance spectra produced for a ground-based

spectrometer. The observation times differ by 9 h 21 m, and the phase difference is 2.9�.

The irradiances differ by 10% to 12%, spectrally dependent.

As described in sections 4.1.2 and 4.2.1, the CLARREO RS instrument is an imaging spec-
trometer with 100 km swath, or ⇠10� cross-track field of view (FOV). From low Earth orbit,
the Moon presents a disk about 0.5� in diameter. To make a lunar irradiance measurement,
the entire disk must be spatially sampled, which for an imaging spectrometer typically means
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Figure 4.4: ROLO model-generated lunar irradiance spectra produced for a ground-based spectrometer.
The observation times differ by 9 hours and 21 minutes, and the phase difference is 2.9◦. The irradiances
differ by 10% to 12%, so the moon cannot be considered constant between 5◦and 10◦ phase angles.

Recommended best practices suggest oversampling the moon in the along-track direction1300

and underfilling the cross-track FOV. To obtain accurate irradiance measurements, correc-1301

tion factors for the disk oversampling must be determined carefully. This requires accurate1302

knowledge of instrument pointing and spacecraft position, velocity, and attitude, sampled1303

at frequencies higher than the scan line acquisition rate. The moon must be scanned at a1304

uniform rate over the lunar disk, so that the oversampling rate is constant for the entire1305

scan. This imposes stability requirements on the slew rates of the instrument gimbal and1306

the spacecraft attitude during moon imaging. The corrections for oversampling are typically1307

applied to the irradiance measurements from spectral images prior to normalization using1308

output from the lunar model.1309

CLARREO Pathfinder engineering studies continue to be conducted to optimize acquisitions1310

of the moon by the RS instrument, directed toward obtaining the highest accuracy lunar1311

irradiance measurements. These studies are taking into account such limitations on the1312

observability of the moon by the mission configuration, such as the instrument’s location on1313

the ISS (Section 3.1).1314

The summation of spectral images to calculate irradiance (Eqn. 4.5) involves working with1315

radiometrically calibrated radiance pixels and having corrections applied for detector ar-1316

tifacts such as dark-level and bias offsets, flat-fielding, and response linearity. Because the1317

moon is an extended source viewed against the near-zero radiance background of deep space,1318

in many cases detector dark-level offsets can be evaluated independently and verified using1319

the over-sampled regions of the observations. Additionally, the high-contrast edge of the1320

illuminated moon limb can be used to evaluate light scattering by the instrument optics,1321
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which must be accounted for in the image processing to determine irradiance.1322

Accurate irradiance measurements depend on precise pixel response equalization, or flat-1323

fielding. Depending on the duration of the orbit eclipse periods, multiple views of the moon1324

may be acquired for each observation opportunity, potentially scanning with different parts1325

of the detector array. However, it is not operationally practical to acquire a complete spatial1326

sampling of the moon in every spatial element (i.e. all detectors). Since the moon is a1327

relatively dark target (mean reflectance is 0.11 at 550 nm), lunar irradiance measurements1328

are sensitive to detector response linearity at the lower end of the dynamic range. Thus,1329

a thorough characterization of sensor linearity is essential for successful lunar calibration1330

operations. It is possible to use the moon to assess linearity on orbit; however, there are a1331

number of complicating considerations involved with this type of analysis.1332

Practically, the lunar irradiance measurements acquired by the CPF RS instrument, when1333

compared with the corresponding lunar reference values, each constitute a snapshot radio-1334

metric calibration of the RS sensor. Collecting these comparisons into time series can reveal1335

the temporal stability of the instrument radiometric calibration independently of the per-1336

formance of the solar attenuators. Given a sufficiently long time series, the uncertainty in1337

this temporal trending can be reduced to under 0.1% per year (e.g. Sea-WiFS, [Eplee et al.,1338

2012]). This metric is evaluated from fitting the measured irradiances to the reference irra-1339

diances as a function of time, where each measurement and model value has an associated1340

error. Error in the irradiance measurements are developed from characterizations of the scan1341

sequence, pixel conversions to radiance, and spectral image processing to irradiance. The1342

reference value errors arise from residual geometric dependencies in the lunar model; for the1343

phase angle range of 5◦–10◦, the relative error is no more than a few tenths of a percent.1344

Sensor response trends derived in this way are not affected by the absolute accuracy of the1345

lunar model as a first-order dependency.1346

To use the RS lunar irradiance measurements for on-orbit evaluation of the solar attenuator1347

performance requires knowledge of the absolute reflectance of the moon, spatially integrated1348

over the lunar disk, for the conditions corresponding to the lunar views. This can be de-1349

termined using the USGS ROLO lunar irradiance model and a solar spectrum. However, a1350

major caveat of this process is the uncertainty in the absolute scale of the ROLO model,1351

which currently cannot be verified against radiometric standards to better than 5–10%. How-1352

ever, the absolute offsets of the lunar model are consistent across its spectral and viewing1353

and illuminated geometry ranges, enabling a verification strategy that references a set of1354

baseline lunar measurements acquired at the earliest opportunity upon the CPF achieving1355

orbit. These initial observations are used to establish a spectrally-resolved offset to the lu-1356

nar model that can be considered constant through the mission lifetime. The validity of this1357

method is substantiated by the time invariance of the lunar reflectance.1358

It should be noted that future improvements to the lunar model absolute scale can be applied1359

retroactively to the operational RS lunar measurement datasets, and several projects for1360

refining the USGS lunar model are ongoing, with the common goal of improving and/or1361

verifying the model’s absolute accuracy and assuring SI traceability. In a longer view, it is1362

recognized that a lunar observation dataset acquired by CPF could potentially contribute to1363

a future characterization of lunar absolute reflectance, presuming the RS instrument operates1364
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within its absolute accuracy specifications for reflectance measurements (Section 4.1). This1365

supplemental CPF task would require expanding the range of lunar phase angles observed1366

by the RS instrument, and developing a corresponding set of operational requirements to1367

support these observations.1368

4.3 CLARREO Pathfinder Technical Readiness1369

The CLARREO Pathfinder reflected solar spectrometer instrument technology is mature,1370

having achieved a Technical Readiness Level of 6. The RS spectrometer instrument has1371

achieved this high level of technical readiness by CLARREO team members successfully com-1372

peting for funding through the NASA Earth Science Technology Office (ESTO) Instrument1373

Incubator Program (IIP), developing successful collaborative relationships with researchers1374

at the National Institute of Standards (NIST), and developing a RS Calibration Demonstra-1375

tion System (CDS) at NASA GSFC. In addition to the efforts that will directly contribute1376

to the success of CPF, the CLARREO team has also worked to increase the maturity of the1377

IR and GNSS-RO instruments. Here, we will be discussing the technical readiness of the RS1378

spectrometer instrument. For discussion of the IR and GNSS-RO instrument development,1379

see the CLARREO Science Team Summary Report.1380

4.3.1 NASA Investments in CLARREO Technology1381

Within the past decade, NASA ESTO has carefully managed technology projects and enabled1382

the building and validating of early versions of the instruments and components needed for1383

such a mission as CLARREO. In many ways, the development of these early investments1384

enabled the designation of CLARREO as a mission concept in 2007. ESTO investments made1385

since 2007, adopted by the CLARREO Science Definition Team, are summarized in Figure1386

4.5, and amount to ∼$18M total. The earlier ESTO investments relevant to the CLARREO1387

mission amount to ∼$8M total. What follows is the list of these key technologies with a1388

focus specifically on CLARREO Pathfinder mission requirements.1389

� Initiated in 2008, the Hyperspectral Imager to Meet CLARREO Goals of High Absolute1390

Accuracy and On-Orbit SI Traceability project seeks to design and construct an advanced,1391

high accuracy hyperspectral imager, investigate attenuation methods, and validate the solar1392

cross-calibration approach for the CLARREO mission concept.1393

1394

� For the 3-year term of the ROSES-selected CLARREO Science Definition Team (2011–1395

2014), Calibration Demonstration Systems (CDS) in the RS and IR were funded at NASA1396

GSFC and NASA LaRC, respectively. The total funding amounted to ∼$3M. The scope of1397

each CDS was to design technology demonstrators for each spectrometer in the CLARREO1398

mission concept and to achieve the comparable instrument performance specifications. The1399

calibration process and its SI-traceability was developed in collaboration with NIST.1400

� Between 2010 and 2014, NIST supported CLARREO mission development, focusing on1401

establishing high-accuracy calibration and the SI-traceability of relevant measurements from1402
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Earth Science Technology Office 
Targeted, Science-Driven, Competed, Actively Managed Technology Program 

Current ESTO Investments Adopted by 
the CLARREO Science Definition Team 

Supporting Technologies 

Calibrated Observations of  
Radiance Spectra from the 
Atmosphere in the far-Infrared    
PI: Marty Mlynczak, IIP-07/LaRC 

Since&FY’07,&ESTO&has&10&CLARREO8related&technology&development&awards&with&a&total&investment&of&~$18M&

A New Class of  Advanced 
Accuracy Satellite Instrumentation 
(AASI) for the CLARREO Mission 
PI: Henry Revercomb, IIP-07/ UW 

Component Validation 

Mid and Far-IR Observation Technologies 
End-to-End Verification 

Tests of the UW 
Absolute Radiance 

Interferometer (ARI) in 
a Vacuum Environment 
PI:$Henry$Revercomb$
IIP007$follow%on/UW*

!

Absolute 
Calibration of 
Far-Infrared 
Spectrometers  
PI:$Marty$Mlynczak$

QRS011/LaRC$

HyperSpectral 
Imager for Climate 
Science (HySICS)*

PI:$Greg$Kopp$
IIP02007$&$10/LASP$

Solar Observation Technologies 

Hyperspectral Imager to Meet 
CLARREO Goals of  High Absolute 
Accuracy and On-Orbit SI Traceability 
PI: Greg Kopp, IIP-07/LASP 

Thermal Phase Change 
Cell Demonstration 

Onboard the 
International Space 

Station (ISS) 
PI:$Marty$Mlynczak$

QRS010/LaRC$

Related ESTO past investments, 2001 - 2008: FIRST, INFLAME, FIDTAP, FIREBIB of  ~ $8 M 

Figure 4.10: The NASA ESTO investments in CLARREO related technologies.

⇧ Initiated in 2008, the Hyperspectral Imager to Meet CLARREO Goals of High Absolute
Accuracy and On-Orbit SI Traceability project seeks to design and construct an advanced,
high accuracy hyperspectral imager, investigate attenuation methods, and validate the solar
cross-calibration approach for the CLARREO mission concept. Principal Investigator: G.
Kopp, Univ. of Colorado, IIP 2007 and 2010.

⇧ The Advanced Accuracy Satellite Instrumentation for the CLARREO mission project, seeks
to develop and test several key calibration subsystems, such as temperature calibration for the
blackbody cavity, dual absolute radiance interferometers, and an emissivity module. Principal
Investigator: H. Revercomb, University of Wisconsin, IIP 2007.

⇧ Instrument integration activities are also ongoing in the Calibrated Observations of Radiance
Spectra from the Atmosphere in the far-InfraRed (CORSAIR) project. CORSAIR combines
a set of technologies central to the CLARREO mission: infrared detector elements, blackbody
radiance standards, and robust optical beamsplitters with continuous high e�ciency over the
full spectral range. Principal Investigator: M. Mlynczak, NASA LaRC, IIP 2007.

⇧ A new e↵ort began in 2010 to Demonstrate Thermal Phase Change Cells Onboard the
International Space Station (ISS). The CLARREO mission proposes to use phase change
reference standards (melt cells) to recalibrate its on-board temperature sensors; however, these
standards have never been flown in space. This project will achieve in-space testing of two
melt cell designs, provided by University of Wisconsin and The Space Dynamics Laboratory at
Utah State University, in 2011 onboard the ISS. Principal Investigator: M. Mlynczak, NASA
LaRC.
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Figure 4.5: NASA ESTO investments in CLARREO-relevant technology have totaled almost $18M.

space. These activities were supported in part through NASA funding agreements total-1403

ing ∼$650K and, in part, through NIST climate initiative internal funding of ∼$1.2M. In1404

2013, NIST collaborators also reviewed the design and performance of both the RS and IR1405

CDS.1406

4.3.2 SOLARIS Calibration Demonstration System at NASA GSFC1407

The Reflected Solar Calibration Demonstration System (CDS) is specially designed for the1408

Reflected Solar (RS) spectrometer component of the CLARREO mission concept, and is in-1409

tended to achieve the same instrument performance specifications as the full CLARREO and1410

CLARREO Pathfinder spectrometers (CPF requirements summarized in Table ??); however,1411

the RS CDS also supports the success and development of the CLARREO Pathfinder RS1412

spectrometer. The RS CDS consists of two major subsystems: (1) the SOlar, Lunar for1413

Absolute Reflectance Imaging Spectroradiometer (SOLARIS), and (2) the associated cali-1414

bration support equipment needed to evaluate the spectrometer’s calibration. Considering1415

both as part of the CDS emphasizes that reducing the risk of achieving on-orbit CLARREO1416

and CLARREO Pathfinder calibration requirements relies on both the sensor design as well1417

as developing the laboratory characterization. The goals of the SOLARIS CDS is to create1418

and check calibration protocols and methods, demonstrate the path to SI-traceability (source1419

and detector standards), and prove the ability to derive reflectance via a view of the Sun1420
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and Earth’s scene. The instrument build and testing takes place primarily at the NASA1421

Goddard Space Flight Center.1422

A silicon-based detector, coupled with Indigo 9803 640×512 pixel read-out integrated circuits1423

(ROIC), is the current baseline for the sensor covering the wavelength range from 320 nm to1424

640 nm. The “red” spectrometer is based on MgCdTe detectors coupled to the same ROIC1425

and samples the 600 nm to 2300 nm spectral range. Polarization sensitivity is minimized for1426

both systems to levels below 0.5% through depolarizers placed in front of the telescope. Solar1427

irradiance is attenuated through the use of a single pinhole aperture, neutral density filters, a1428

collection of pinhole apertures, or various combinations of the three. A silicon-based detector1429

has been fully evaluated (as described below) and has been integrated with a completed1430

telescope and spectrometer to develop the SOLARIS “blue” box. The HgCdTe detector is1431

awaiting further quality control of its integration into its housing. The delay is a result1432

of reduced funding and smaller size of the SOLARIS team, as the full CLARREO mission1433

remains in extended pre-formulation. Delaying the HgCdTe integration has permitted the1434

smaller SOLARIS team to continue testing of the calibration approaches and protocols with1435

the “blue” spectrometer. Inclusion of the “red” spectrometer SOLARIS will eventually be1436

required to demonstrate detector-based calibration approaches at longer wavelengths.1437

CLARREO RS Calibration & Characterization Approach The CLARREO Pathfinder1438

RS spectrometer measurement and calibration approach is provided in Section 4.2. A crit-1439

ical part of the calibration is developing SI-traceable data by characterizing the sensor to1440

SI-traceable, absolute radiometric quantities during prelaunch calibration to the electric1441

Watt (prelaunch calibration box shown in Figure 4.3). Prelaunch absolute calibration in-1442

cludes both irradiance and radiance modes as well as the determination of geometric factors1443

for conversion to reflectance. The end result of the prelaunch calibration is sufficient data to1444

develop a sensor model that predicts the solar, lunar, and planetary/stellar sources planned1445

for on-orbit calibration. Agreement between prelaunch and on-orbit values (as shown in1446

Figure 4.3) implies the system is calibrated, and, by analogy, traceable to the pre-launch SI-1447

traceable measurements. Disagreement implies that the sensor model requires improvement1448

based on the on-orbit data, including an additional set of characterization measurements.1449

Solar and lunar views provide information regarding temporal changes in the sensor once1450

on-orbit traceability is established. Thus, the key to the RS on-orbit calibration is the1451

prelaunch, SI-traceable calibration.1452

The required RS uncertainty is fully traceable to the electric Watt by applying tunable1453

laser sources and detector-based standards. Calibration systems, such as NIST’s Spectral1454

Irradiance and Radiance Responsivity Calibrations using Uniform Sources (SIRCUS) facility,1455

provide such standards and a capability to understand stray light, spectral response, and1456

polarization sensitivity at the level necessary for CLARREO and CPF [Brown et al., 2000].1457

The basis of SIRCUS is a well-understood tunable laser source that can be coupled to1458

a fiber optic system providing both radiance and irradiance sources. The output of the1459

source is determined via detector standards characterized against the Primary Optical Watt1460

Radiometer (POWR). The planned calibration traceability to SIRCUS is shown as a stepwise1461

sequence in Figure 4.6. It begins with a substitution radiometer that is used to calibrate1462
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means the system is calibrated, and, by analogy, traceable to the pre-launch SI measurements.
Disagreement means the sensor model requires improvement based on the on-orbit data, in-
cluding an additional set of characterization measurements. Solar and lunar views provide
information regarding temporal changes in the sensor once on-orbit traceability is established.
Thus, the key to the RS on-orbit calibration is the prelaunch, SI-traceable calibration.

Figure 4.31: SIRCUS traceability of the CLARREO RS and SOLARIS calibration.

The required 0.3% uncertainty is fully traceable to the electric Watt by applying tunable
laser sources and detector-based standards. Calibration systems, such as NIST’s Spectral
Irradiance and Radiance Responsivity Calibrations using Uniform Sources (SIRCUS) facility,
provide such standards and a capability to understand stray light, spectral response, and
polarization sensitivity at the level necessary for CLARREO [Brown et at., 2000]. The basis
of SIRCUS is a well-understood tunable laser source that can be coupled to a fiber optic system
providing both radiance and irradiance sources. The output of the source is determined via
detector standards characterized against the Primary Optical Watt Radiometer (POWR). The
planned calibration traceability to SIRCUS is shown as a stepwise sequence in Figure 4.31.
It begins with a substitution radiometer that is used to calibrate the tunable laser source,
known as the POWR Laser. In a second step, the POWR unit is moved and replaced by
the CLARREO Transfer Radiometer (CXR) based on a silicon-trap detector for the visible
and near infrared and indium-gallium arsenide detectors at longer wavelengths. The stated
accuracy to calibrate a transfer radiometer in irradiance mode using POWR is 0.09%(k = 3).
The upper portion of Figure 4.31 shows these steps.

The accuracy of such a radiance-based calibration has been demonstrated in NIST facilities
to an expected accuracy of 0.2% for k=3. Once the CXR is calibrated, it is moved to the
CLARREO Calibration Laboratory to calibrate the output of the sources used in the calibra-
tion of the RS instrument.
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Figure 4.6: SIRCUS traceability of the CLARREO RS and SOLARIS calibration.

the tunable laser source, known as the POWR Laser. In a second step, the POWR unit is1463

moved and replaced by the CLARREO Transfer Radiometer (CXR) based on a silicon-trap1464

detector for the visible and near infrared and indium-gallium arsenide detectors at longer1465

wavelengths. The stated accuracy to calibrate a transfer radiometer in irradiance mode using1466

POWR is 0.09%(k = 3). The upper portion of Figure 4.6 shows these steps.1467

The accuracy of such a radiance-based calibration has been demonstrated in NIST facilities1468

to an expected accuracy of 0.2% for k=3. Once the CXR is calibrated, it is moved to1469

the CLARREO Calibration Laboratory to calibrate the output of the sources used in the1470

calibration of the RS instrument.1471

SOLARIS Test Plan The SOLARIS test plan evaluates all parts of the CLARREO/CPF1472

calibration process, described in Section 4.2 and summarized in Figure 4.3, with emphasis on1473

the laboratory-based absolute radiometric calibration. The SOLARIS test plan is shown in1474

Figure 4.6. Attention is paid to developing credible uncertainties for characterizing possible1475

degradation of the attenuator system. Emphasis of the laboratory testing is on the radiomet-1476

ric and spectral characterizations since the current state-of-the-art of geometric and spatial1477

calibration approaches are sufficient for CLARREO mission requirements, assuming that1478

stray light, scattered light, and ghosting analysis are radiometric properties. The impor-1479
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tance of stray light in the reflectance retrieval makes characterization and modeling of stray1480

and scattered light critical for SOLARIS, and the field-based measurements of the sun and1481

surface reflectance retrievals essential to demonstrate understanding of the error budgets.1482

4.5.5.2 SOLARIS Test Plan

The SOLARIS test plan evaluates all parts of the CLARREO calibration process, described
in Section 4.2 and summarized in Figure 4.3, with emphasis on the laboratory-based absolute
radiometric calibration. The SOLARIS test plan is shown in Figure 4.31. Attention is paid
to developing credible uncertainties for characterizing possible degradation of the attenuator
system. Emphasis of the laboratory testing is on the radiometric and spectral characterizations
since the current state of the art of geometric and spatial calibration approaches are su�cient
for CLARREO mission requirements, assuming that stray light, scattered light, and ghosting
analysis are radiometric properties. The importance of stray light in the reflectance retrieval
makes characterization and modeling of stray and scattered light critical for SOLARIS, and the
field-based measurements of the Sun and surface reflectance retrievals essential to demonstrate
understanding of the error budgets.
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Figure 4.32: SOLARIS integration and test plan.

SOLARIS testing will lead to an end-to-end instrument performance model and error budgets
with measured uncertainty magnitudes and peer reviewed measurement accuracy traceability
chains, all of which are applicable to CLARREO. The path to an SI-traceable error budget
leads to the CLARREO-required absolute uncertainties of 0.3%(k = 2). Figure 4.32 shows
the three phases of SOLARIS integration and testing that leads to this level of accuracy:
(1) 3% absolute uncertainty; (2) 1% absolute uncertainty; and (3) 0.3% absolute uncertainty.
Current budgetary restrictions result in limitations on the available calibration and sensor
hardware such that the CDS goal is to demonstrate < 1% absolute uncertainty with a path
to 0.3%. SOLARIS will show these uncertainties for reflectance retrieval using direct solar
irradiance to demonstrate SI-traceability of reflectance through both source- and detector-
based standards.

The testing in each of the three phases is described below. All three phases follow the general
philosophy to accomplish the following: (1) Develop and evaluate calibration protocols leading
to an SI-traceable calibration of the SOLARIS; (2) Develop a physically-based spectrometer
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Figure 4.7: SOLARIS integration and test plan.

1483

SOLARIS testing will lead to an end-to-end instrument performance model and error budgets1484

with measured uncertainty magnitudes and peer reviewed measurement accuracy traceability1485

chains, all of which are applicable to CLARREO/CPF. The path to an SI-traceable error1486

budget leads to the CLARREO/CPF-required absolute uncertainties. Figure 4.7 shows1487

the three phases of SOLARIS integration and testing that leads to the required level of1488

accuracy:1489

1. 3% absolute uncertainty;1490

2. 1% absolute uncertainty; and1491

3. 0.3% absolute uncertainty.1492

Current budgetary restrictions result in limitations on the available calibration and sensor1493

hardware such that the CDS goal is to demonstrate <1 % absolute uncertainty with a path1494

to the full CLARREO mission requirement of 0.3% (k=2). SOLARIS will show these uncer-1495

tainties for reflectance retrieval using direct solar irradiance to demonstrate SI-traceability1496

of reflectance through both source- and detector-based standards.1497

The testing in each of the three phases is described below. All three phases follow the general1498

philosophy to accomplish the following:1499

1. Develop and evaluate calibration protocols leading to an SI-traceable calibration of the1500

SOLARIS;1501
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2. Develop a physically-based spectrometer model;1502

3. Create a defensible error budget;1503

4. Implement a tunable laser facility with sufficient spectral coverage to cover the full1504

CLARREO spectral range;1505

5. Evaluate broadband stray light;1506

6. Understand depolarizer technology;1507

7. Determine the impact of thermal control uncertainties of attenuators and detector;1508

8. Field collections with SOLARIS to provide a check on instrument models;1509

9. Inter-comparisons with other systems;1510

10. Characterization of solar and lunar irradiance; and1511

11. Retrieval of reflectance via direct solar view comparison.1512

While this list is strictly not in order of priority or importance, the first three items are1513

considered to be the most important to the CLARREO project, and strictly speaking, ensure1514

that the others occur.1515

Included in the Phase 1 was evaluation of SOLARIS hardware at the component and sub-1516

system level prior to assembly of the sensor. The key components under consideration were1517

the optical elements including the slit and grating, the detector package, and attenuation1518

and depolarizer elements. The assembled instrument was used in the laboratory as part of1519

preliminary detector-based calibrations [Brown et al., 2000] and in the field with solar- and1520

diffuser-based reflectance retrievals and lunar measurements to demonstrate the 3% absolute1521

uncertainty. The error budget demonstrating the 3% level of uncertainty was evaluated in1522

November 2013 as part of a CLARREO internal review that included the Science Defini-1523

tion Team and NIST evaluators. Phase 2 of the testing is achieving absolute uncertainties1524

< 1 % (k = 2) by improving knowledge of the transfer radiometers that are part of the1525

detector-based methodology. Additional component-level testing takes place to improve the1526

knowledge of the instrument model leading to the 1% uncertainty error budget for the re-1527

flectance retrieval. Phase 3 concentrates on taking the uncertainties to the 0.3% level and1528

concludes with an independent review of the error budget by NIST.1529

SOLARIS Initial Testing Results Initial testing of SOLARIS took place at the compo-1530

nent and subsystem level prior to assembly of the sensor. The key components characterized1531

were optical elements including the slit and grating, the detector package, and attenuation1532

and depolarizer elements. Preliminary results of these tests are provided below. Also pro-1533

vided are early results from the laboratory testing of radiometric and spectral parameters,1534

with concentration on the stray and scattered light characteristics needed to develop the op-1535

tical model or to provide guidance for modifications to the SOLARIS optical system to limit1536

these effects. The SOLARIS calibration demonstration is of the retrieved reflectance and1537

as such must include field-based measurements of the sun and surface reflectance retrievals.1538
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Lunar collections are also coupled with the field work to evaluate SOLARIS repeatability1539

using the Moon.1540

Detector tests: Component-level testing of the detectors, both Silicon and HgCdTe, were1541

used to select optimal wafers from multiple production runs that traded spectral response1542

at shorter wavelengths against spectral coverage. Testing took place in the detector char-1543

acterization laboratory at GSFC and included measurements of relative spectral response1544

(RSR), detector-to-detector uniformity, noise, and temperature sensitivity. Physical mea-1545

surements of pixel pitch and orientation of array relative to fiducials were also made. The1546

next stage of detector evaluation occurred after assembly of the focal plane within the de-1547

tector housing to protect the detector from contamination. Performance characterization1548

followed with evaluation of RSR from 300 to 1200 nm to define the point at which detector1549

response reaches the noise floor. Testing occurred with the housing at ambient tempera-1550

ture conditions with the detectors cooled to their operational levels. Testing was repeated1551

in cold operational conditions. The data collected permitted evaluation of detector noise,1552

dark current level and stability, relative spectral response, conversion efficiency (CE) level1553

and stability, detector-to-detector uniformity, and linearity. Testing of the relative spectral1554

response for the detectors was via a standard monochromator approach.1555

The data collected permitted evaluation of detector noise, dark current level and stability,
relative spectral response, conversion e�ciency (CE) level and stability, detector-to-detector
uniformity, and linearity. Testing of the relative spectral response for the detectors was via a
standard monochromator approach.

Figure 4.33: Test configuration for testing the optical and spectral quality of the blue

spectrometer grating. Test results are shown on the right corresponding to pre- (upper)

and post-baffling (lower) to eliminate a manufacturing artifact.

Grating Characterization: Characterization verified grating performance and its dimensional
metrology. Dimensional metrology determined the size, shape, radius of curvature, and conic
constant. The metrology also permitted assessing the optical quality of the grating through
direct microscopic means. Optical characterization made use of the test configuration shown
in Figure 4.33. Spectral evaluation made use of narrowband interference filters permitting
determination of key spectrometer performance variables. Sample images from the high reso-
lution imager at the end of the optical train are provided in Figure 4.33 as an example of the
utility of these data. The horizontal and vertical size of the image provides the spatial and
spectral quality of the grating. The top image demonstrates the e↵ect of a manufacturing
artifact that was observed during the direct metrology of the grating. Altering the position-
ing of the grating, proper ba✏ing and slit design mitigated the impact of this artifact in the
integrated system, as shown in the bottom image of Figure 4.33.

Optical Elements: The telescope and spectrometer optics were evaluated in like fashion to
the grating. Dimensional metrology at the end of fabrication determined the size and shape of
each element, including radius of curvature and conic constant. The metrology also evaluated
the mechanical aspects of the elements and their associated mounts.

Performance characterization evaluates the quality of the surface finish and reflection e�ciency
as a function of wavelength. Surface figure of the optical elements was evaluated using standard
optical interferometry techniques to evaluate wavefront error, and this was done under varying
thermal conditions to understand the mirror’s behavior with temperature. Our results indicate
the high-quality of the telescope elements. The relatively good agreement with the model
indicates that the optical elements were properly aligned and the optical model is an adequate
representation of the sensor.

Further comparison of the optical performance of SOLARIS relative to predictions from optical
modeling is shown in Figure 4.34. The upper portion of the figure shows the spot diagrams
for a point source located at �5�, 0�, and +5� from the optical axis. The lower portion
of the figure shows imagery obtained by a high-spatial resolution camera placed behind the
SOLARIS telescope and illuminated with a collimated source at the same angles as modeled.
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Figure 4.8: Test configuration for testing the optical and spectral quality of the blue spectrometer grating.
Test results are shown on the right corresponding to pre- (upper) and post-baffling (lower) to eliminate a
manufacturing artifact.

Grating Characterization: Grating characterization verified grating performance and its1556

dimensional metrology. Dimensional metrology determined the size, shape, radius of cur-1557

vature, and conic constant. The metrology also permitted assessing the optical quality of1558

the grating through direct microscopic means. Optical characterization made use of the test1559

configuration shown in Figure 4.8. Spectral evaluation made use of narrowband interference1560

filters permitting determination of key spectrometer performance variables. Sample images1561

from the high resolution imager at the end of the optical train are provided in Figure 4.8 as1562

an example of the utility of these data. The horizontal and vertical size of the image pro-1563

vides the spatial and spectral quality of the grating. The top image demonstrates the effect1564

of a manufacturing artifact that was observed during the direct metrology of the grating.1565

Altering the positioning of the grating, proper baffling and slit design mitigated the impact1566

of this artifact in the integrated system, as shown in the bottom image of Figure 4.8.1567

Optical Elements: The telescope and spectrometer optics were evaluated in like fashion1568

to the grating. Dimensional metrology at the end of fabrication determined the size and1569
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shape of each element, including radius of curvature and conic constant. The metrology also1570

evaluated the mechanical aspects of the elements and their associated mounts.1571

Performance characterization evaluates the quality of the surface finish and reflection effi-1572

ciency as a function of wavelength. Surface figure of the optical elements was evaluated1573

using standard optical interferometry techniques to evaluate wavefront error, and this was1574

done under varying thermal conditions to understand the mirror’s behavior with tempera-1575

ture.1576

Our results indicate the high-quality of the telescope elements. The relatively good agree-1577

ment with the model indicates that the optical elements were properly aligned and the optical1578

model is an adequate representation of the sensor.1579
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Figure 4.34: Top: modeled spot diagram results for SOLARIS telescope for sources at �5�,

0�, and +5�, and Bottom: measured camera output from a collimated source at the same

angles illuminating the telescope.

The imagery and model output are remarkably similar, save for slight rotational di↵erences
in the orientation of the patterns.

The spectral reflectance of the coatings of the mirrors was also measured to allow prediction
of the sensor signal to noise. The spectral resolution of the reflectance measurements was suf-
ficient to allow it to be combined with grating and detector response. Initial characterizations
of the mirrors demonstrated that the coatings did not meet the required spectral reflectance
at shorter wavelengths. The mirrors were recoated to ensure that the signal-to-noise would be
su�cient in the ultraviolet while being as free as possible from spectral absorption features in
the coating.

Figure 4.35: Schematic of experimental set up used to evaluate the performance of the

SOLARIS depolarizers along with the image recorded by a commercially available, high

resolution camera system of a collimated source. Each point is the result of the two

wedges producing two polarization states. The ensemble of four points is smaller than the

size of the SOLARIS pixel pitch.
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Figure 4.9: Top: modeled spot diagram results for SOLARIS telescope for sources at −5◦, 0◦, and +5◦, and
Bottom: measured camera output from a collimated source at the same angles illuminating the telescope.

Further comparison of the optical performance of SOLARIS relative to predictions from1580

optical modeling is shown in Figure 4.9. The upper portion of the figure shows the spot1581

diagrams for a point source located at −5◦, 0◦, and +5◦ from the optical axis. The lower1582

portion of the figure shows imagery obtained by a high-spatial resolution camera placed1583

behind the SOLARIS telescope and illuminated with a collimated source at the same angles1584

as modeled. The imagery and model output are remarkably similar, save for slight rotational1585

differences in the orientation of the patterns.1586

The spectral reflectance of the coatings of the mirrors was also measured to allow prediction1587

of the sensor signal to noise. The spectral resolution of the reflectance measurements was1588

sufficient to allow it to be combined with grating and detector response. Initial character-1589

izations of the mirrors demonstrated that the coatings did not meet the required spectral1590
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reflectance at shorter wavelengths. The mirrors were recoated to ensure that the signal-1591

to-noise would be sufficient in the ultraviolet while being as free as possible from spectral1592

absorption features in the coating.1593
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Figure 4.34: Top: modeled spot diagram results for SOLARIS telescope for sources at �5�,

0�, and +5�, and Bottom: measured camera output from a collimated source at the same

angles illuminating the telescope.

The imagery and model output are remarkably similar, save for slight rotational di↵erences
in the orientation of the patterns.

The spectral reflectance of the coatings of the mirrors was also measured to allow prediction
of the sensor signal to noise. The spectral resolution of the reflectance measurements was suf-
ficient to allow it to be combined with grating and detector response. Initial characterizations
of the mirrors demonstrated that the coatings did not meet the required spectral reflectance
at shorter wavelengths. The mirrors were recoated to ensure that the signal-to-noise would be
su�cient in the ultraviolet while being as free as possible from spectral absorption features in
the coating.

Figure 4.35: Schematic of experimental set up used to evaluate the performance of the

SOLARIS depolarizers along with the image recorded by a commercially available, high

resolution camera system of a collimated source. Each point is the result of the two

wedges producing two polarization states. The ensemble of four points is smaller than the

size of the SOLARIS pixel pitch.
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Figure 4.10: Schematic of experimental set up used to evaluate the performance of the SOLARIS depolariz-
ers along with the image recorded by a commercially available, high resolution camera system of a collimated
source. Each point is the result of the two wedges producing two polarization states. The ensemble of four
points is smaller than the size of the SOLARIS pixel pitch.

Depolarizer: The quartz-quartz wedge depolarizer approach was selected for SOLARIS due1594

to its compactness and its wide use in similar applications. Figure 4.10 shows a schematic1595

of the experimental set up that was used to evaluate the performance of the SOLARIS1596

depolarizers. The source in the figure consisted of a spherical integrating source coupled1597

with a collimator that allowed ±5◦ of tilt incidence at different f -stop numbers. A Moxtek1598

wire-grid style broadband polarizer mounted within a rotation stage that allowed rotation1599

through 360◦ acted as a reference calibration polarizer or “analyzer.” The analyzer was1600

incrementally rotated through 360◦ to characterize the degree of polarization of the light1601

exiting the assembly. A set of narrow-band filters provided spectral selection.1602

The collimated source passed through the depolarizers to be imaged on a commercially1603

available, high resolution camera system. The image shown on the right side of Figure 4.101604

shows the results from a single analyzer position at a wavelength of 490 nm (through a 10-nm1605

bandpass filter). The source was stopped down by a 5 µm pinhole. Each point in the image1606

is the result of the two wedges producing two polarization states for a total of four points.1607

The brightness of each point varies with the overall polarization of the source. The result1608

matches analytical predictions with the left to right spot separation being 22 µm and the1609

top to bottom spot separation being 60 µm. Collecting the light from all four points would1610

ensure that integrated measurement is polarization insensitive. Ensuring that the size of the1611

four-spot diamond fits within the SOLARIS detector would lead to a polarization-insensitive1612

sensor.1613

Attenuators: The RS measurement requirement to obtain spectral reflectance relative to1614

the solar irradiance drives the need to view the sun and requires attenuation of up to a factor1615

of 1:50,000 relative to a typical Earth scene. The baseline design of the attenuator system1616

includes a pinhole aperture, a perforated plate, and neutral density filters. The nominal1617

size of the pinhole aperture would need to be 500 µm for the CLARREO application, but1618

apertures of this size are associated with significant diffraction effects that vary strongly with1619

wavelength. Characterization of the neutral density filters has followed standard approaches1620

using monochromator measurements to determine the spectral transmittance.1621
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The perforated plate is a grid of over 300 discrete pinholes attenuating through blockage and1622

diffraction. A random hexagonal grid of pinholes with a random phase of 0.6 µm reduces1623

artifacts from the system. The size of the perforated area and number of pinholes is designed1624

to be large enough to produce a uniform beam across multiple detectors while avoiding edge1625

effects. The pinhole density is uniform so that each detector in the focal plane sees the same1626

number of pinholes. Randomizing the grid by varying pinholes prevents problems associated1627

with the geometric regularity of mesh attenuators. Similarly, vignetting is avoided through1628

both the random grid design and the operations concept of nominal 90◦ solar incidence1629

angle.1630

Characterization of the pinholes to date has relied on measurements performed by the manu-1631

facturer as well as preliminary measurements with a laser-based system [Brown et al., 2000].1632

Future measurements will include imaging approaches using electron microscopy or similar1633

approaches to evaluate the shape, size, and total area of the pinholes.1634

Instrument-level laboratory testing: Instrument-level testing follows basic testing proto-1635

cols for most passive, hyperspectral, imaging sensors. Collimated sources are used to evaluate1636

spatial characteristics of the sensor and extended sources for the radiometric characteriza-1637

tion. Inclusion of new sources is planned such as RF lamps to enhance blue light output1638

[Arecchi et al., 2011]. The approach to establish SI-traceability is to the standard Watt1639

via NIST’s POWR facility and through development of SIRCUS-like sources [Brown et al.,1640

2000].1641

et al, 2011]. The approach to establish SI-traceability is to the standard Watt via NIST’s
POWR facility and through development of SIRCUS-like sources [Brown et al., 2000].

Spatial dimension

Spatial dimension

Figure 4.36: The SOLARIS output resulting from the illumination by a monochromatic, wide-

field source (left image), and the results from several hundred such images to produce

absolute spectral response of SOLARIS for seven representative bands (right image).

Absolute Radiometry Tests: The use of SIRCUS is the key to achieving calibration against
both NIST standards and with respect to SI-traceable standards. The di�culty with a
SIRCUS-based approach for absolute spectral response is the time-consuming nature of the
measurements.

Figure 4.36 (left) shows the SOLARIS image from a single SIRCUS wavelength from a wide
field spherical integrating source. The narrow vertical extent of the image is indicative of the
near-monochromatic nature of the incident source. The wide spatial extent is the result of the
wide field illumination. Each individual data point in Figure 4.36 (right) is the result of a single
image as demonstrated in the left image. It should be noted that these data required several
days to collect. The advantages of such data are the high accuracy of the absolute calibration,
excellent knowledge of out-of-band response, and SI-traceability. The results shown in Figure
4.36 indicate that the spectrometer portion of SOLARIS is behaving as expected. There are
no significant sources of out-of-band light except for higher order di↵raction e↵ects that can
be corrected by appropriate filtering techniques. One key lesson learned to date from the
SOLARIS absolute calibration collections is the need for improved lasers within the SIRCUS
system to increase signal levels at the sensor, increase spectral coverage, and decrease the time
needed to scan through the full spectrum under study.

The benefit of a nearly monochromic source is that collimating that source will provide a
singular point on the imaging spectrometer’s output. Figure 4.37 shows this singular point
(labelled “Point source image” in the figure). Two other features are noticeable in the image
as well. The lower feature is the result of higher-order di↵raction e↵ects in the grating and
the fact that there is no filter in SOLARIS to remove this e↵ect. The feature to the left of
the point-source image is a result of an un-ba✏ed reflection from the spectrometer’s slit. The
image shown in Figure 4.37 resulted in a modification to the SOLARIS optical train to add a
ba✏e that removes this feature.

Relative Radiometry Tests: Parameters covered under the relative radiometry term include
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Figure 4.11: The SOLARIS output resulting from the illumination by a monochromatic, wide-field source
(left image), and the results from several hundred such images to produce absolute spectral response of
SOLARIS for seven representative bands (right image).

Absolute Radiometry Tests: The use of SIRCUS is the key to achieving calibration against1642

both NIST standards and with respect to SI-traceable standards. The difficulty with a1643

SIRCUS-based approach for absolute spectral response is the time-consuming nature of the1644

measurements.1645

Figure 4.11 (left) shows the SOLARIS image from a single SIRCUS wavelength from a wide1646

field spherical integrating source. The narrow vertical extent of the image is indicative of1647
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the near-monochromatic nature of the incident source. The wide spatial extent is the result1648

of the wide field illumination. Each individual data point in Figure 4.11 (right) is the result1649

of a single image as demonstrated in the left image. It should be noted that these data1650

required several days to collect. The advantages of such data are the high accuracy of the1651

absolute calibration, excellent knowledge of out-of-band response, and SI-traceability. The1652

results shown in Figure 4.11 indicate that the spectrometer portion of SOLARIS is behaving1653

as expected. There are no significant sources of out-of-band light except for higher order1654

diffraction effects that can be corrected by appropriate filtering techniques. One key lesson1655

learned to date from the SOLARIS absolute calibration collections is the need for improved1656

lasers within the SIRCUS system to increase signal levels at the sensor, increase spectral1657

coverage, and decrease the time needed to scan through the full spectrum under study.1658

The benefit of a nearly monochromic source is that collimating that source will provide a1659

singular point on the imaging spectrometer’s output. Figure 4.12 shows this singular point1660

(labelled “Point source image” in the figure). Two other features are noticeable in the image1661

as well. The lower feature is the result of higher-order diffraction effects in the grating and1662

the fact that there is no filter in SOLARIS to remove this effect. The feature to the left1663

of the point-source image is a result of an un-baffled reflection from the spectrometer’s slit.1664

The image shown in Figure 4.12 resulted in a modification to the SOLARIS optical train to1665

add a baffle that removes this feature.1666
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Figure 4.37: Image shows the SOLARIS output from a collimated, monochromatic source

indicating a spatial stray light feature resulting from a reflection from the slit.

signal-to-noise ratio (SNR), noise characteristics, and detector-to-detector variability. These
will make use of full-field, full-aperture sources and thus include all detectors in the evaluations.
Thus, a portion of the relative radiometry process will be assessment of the temporal stability
and spatial uniformity of the sources.

An initial evaluation of SOLARIS noise characteristics included data collected in three sweeps
with 50 frames collected for exposure times varying from 5 to 900 ms. Collections at 5, 10,
15, 20, 25, and 30 ms were made at 10 frames per second, while those at 50, 100, 150, 200,
and 250 ms were done at 3 frames per second. The last four exposure times of 300, 500, 700,
and 900 ms included SOLARIS images at 1 frame per second.

Determining the dominant noise types is important for CLARREO because the climate record
relies on averaging thousands of spatial data points over time to remove short-term reflectance
variations in the Earth-atmosphere system. This allows the SNR requirement for CLARREO
to be significantly lower than process-based missions, but requires that noise in the sensor
be random. The low SNR of SOLARIS makes assessing the noise characteristics a challenge.
Evaluation of the data relied on averages of all 50 frames per integration time as well as aver-
ages of sets of 10 frames. Mitigation of the relatively high noise of SOLARIS was accomplished
by averaging 4⇥4 detectors. The ROIC used by SOLARIS relies on four separate amplifier
chains, and the detectors were separated and evaluated by each amplifier chain.

The results indicate that the noise decreases by a factor of 51/2 when comparing 10 frames
versus 50 frames. This is as expected for a Gaussian- or shot-noise case and is the goal of the
CLARREO design as it means that increased sampling will improve the overall signal-to-noise
characteristics without creating a measurement bias. The averaging of the 16 spatial detectors
did not, however, lead to a factor of four improvement in signal-to-noise. The result is still
under evaluation since one possible cause would be a lack of independence between the 16
detectors being averaged as a result of a flaw in the focal plane electronics. A set of newer
electronics that are closer to flight-like quality have recently been implemented, and its noise
will be characterized in future.

Sensor Linearity Tests: The fact that SOLARIS should have a highly non-linear sensor
response, as a result of selecting a detector and electronics package that provides the dynamic
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Figure 4.12: Image shows the SOLARIS output from a collimated, monochromatic source indicating a
spatial stray light feature resulting from a reflection from the slit.

Relative Radiometry Tests: Parameters covered under the relative radiometry term in-1667

clude signal-to-noise ratio (SNR), noise characteristics, and detector-to-detector variability.1668

These will make use of full-field, full-aperture sources and thus include all detectors in the1669

evaluations. Thus, a portion of the relative radiometry process will be assessment of the1670

temporal stability and spatial uniformity of the sources.1671

An initial evaluation of SOLARIS noise characteristics included data collected in three sweeps1672

with 50 frames collected for exposure times varying from 5 to 900 ms. Collections at 5, 10,1673

15, 20, 25, and 30 ms were made at 10 frames per second, while those at 50, 100, 150, 200,1674
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and 250 ms were done at 3 frames per second. The last four exposure times of 300, 500, 700,1675

and 900 ms included SOLARIS images at 1 frame per second.1676

Determining the dominant noise types is important for CLARREO because the climate1677

record relies on averaging thousands of spatial data points over time to remove short-term1678

reflectance variations in the Earth-atmosphere system. This allows the SNR requirement for1679

CLARREO to be significantly lower than process-based missions, but requires that noise in1680

the sensor be random. The low SNR of SOLARIS makes assessing the noise characteristics1681

a challenge. Evaluation of the data relied on averages of all 50 frames per integration time1682

as well as averages of sets of 10 frames. Mitigation of the relatively high noise of SOLARIS1683

was accomplished by averaging 4×4 detectors. The ROIC used by SOLARIS relies on four1684

separate amplifier chains, and the detectors were separated and evaluated by each amplifier1685

chain.1686

The results indicate that the noise decreases by a factor of 51/2 when comparing 10 frames1687

versus 50 frames. This is as expected for a Gaussian- or shot-noise case and is the goal of the1688

CLARREO design as it means that increased sampling will improve the overall signal-to-1689

noise characteristics without creating a measurement bias. The averaging of the 16 spatial1690

detectors did not, however, lead to a factor of four improvement in signal-to-noise. The result1691

is still under evaluation since one possible cause would be a lack of independence between1692

the 16 detectors being averaged as a result of a flaw in the focal plane electronics. A set of1693

newer electronics that are closer to flight-like quality have recently been implemented, and1694

its noise will be characterized in the future.1695

Sensor Linearity Tests: The fact that SOLARIS should have a highly non-linear sensor1696

response, as a result of selecting a detector and electronics package that provides the dynamic1697

range needed for a solar and Earth view approach, prompts for treating linearity as a specific1698

item. Linearity characterization is done via three methods:1699

1. varying integration time;1700

2. varying source output via multiple apertures; and1701

3. varying source output via inclusion of attenuating filters.1702

The first approach is necessary to allow characterization of the 9803 ROIC behavior at1703

low-light levels.1704

Evaluation of the noise characteristics, described above, was also used to determine sensor1705

linearity. The approach is very similar to that developed for the Thermal Infrared Sensor1706

(TIRS) on the Landsat 8 platform [Montanaro et al., 2013], which uses an identical ROIC as1707

in SOLARIS. The linearity correction developed for SOLARIS has been shown to be more1708

accurate than that for TIRS, but is still at an error level too large for the CLARREO mission.1709

Evaluations are currently underway to determine whether an alternate correction approach1710

can reduce the errors or whether a different electronics design is needed for CLARREO.1711

Sensitivity to Polarization Tests: The same source and linear polarizer, as used to evaluate1712

the depolarizer optics, is deployed at the instrument-level tests – the polarizer is rotated1713

while recording the output of SOLARIS. The measurements are complicated by the fact1714
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that the polarized source must be known in a relative fashion to better than 0.5% to allow1715

determination of the SOLARIS polarization sensitivity at levels required for CLARREO.1716

Efforts to date have concentrated on understanding the polarization of the SIRCUS laser1717

coupled to the spherical integrating source and the polarizer filter. Evaluations using a1718

non-imaging field spectrometer, the SOLARIS sensor, and the transfer radiometers used to1719

calibrate the SIRCUS output indicate that the sphere source is depolarized to better than1720

the 0.5% level. While such results would typically lead to the conclusion that the source is1721

effectively unpolarized, the strict requirements for SOLARIS means that further evaluation1722

of the polarization test set up is needed.1723

Instrument-level Field Testing: The baseline approach to on-orbit radiance knowledge is1724

that the Sun provides a reliable source for transfer to orbit and for maintaining calibration1725

on-orbit. The goal of field measurements is to develop the techniques needed to ensure an1726

accurate transfer to orbit while at the same time demonstrating that a direct solar view1727

can be used to determine surface reflectance. Lunar data are to be collected to verify the1728

calibration of the attenuators.1729

Demonstration of SOLARIS in the field took place in early 2012 with measurements of an1730

Earth scene converted to reflectance via inclusion of a reflectance standard in the image.1731

Analyses of these data pointed to several issues related to portability, sensor frame rate, and1732

stray light features. This led to the implementation of a field portable version called Suitcase1733

SOLARIS. The design made use of an additional set of optics, grating, and housing coupled1734

to an off-the-shelf silicon charge-coupled device (CCD) array package. This system is not1735

intended to retrieve solar-Earth view ratios, thus can rely on detector packages with smaller1736

well depths. The data from Suitcase SOLARIS rely on the laboratory radiance calibration1737

before and after deployment.1738

The Suitcase SOLARIS was completed in March 2013 and deployed in April 2013 in the1739

southwest deserts in Arizona, California, and Nevada as part of early on-orbit evaluation1740

of the Landsat-8 Operational Land Imager. The goal of the deployment was to evaluate1741

intercalibration approaches proposed for CLARREO, and included ground-based measure-1742

ments of surface-leaving radiance by Suitcase SOLARIS timed to coincide with overpasses1743

of Landsat-7, Landsat-8, and an airborne imaging spectrometer. The data set will provide1744

an ability to test the robustness of the SOLARIS design as well as traceability protocols1745

since all of the sensors used during the field measurements can be traced to the SIRCUS-like1746

calibration approach.1747

4.3.3 Reflected Solar Prototype Instrument Development at CU-LASP1748

The HyperSpectral Imager for Climate Science (HySICS), developed by Greg Kopp and1749

the team at the University of Colorado’s Laboratory for Atmospheric and Space Physics1750

(LASP), is a testbed demonstrating improved techniques for future space-based radiance1751

studies, and results from the ESTO-funded IIP projects from 2007 and 2010. The calibra-1752

tion method developed by the HySICS team improves the SI-traceable accuracy by a factor1753

of ∼10 to the required levels for the CLARREO Scientific Objective of measuring the solar1754
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radiation reflected by the Earth. This hyperspectral imager will trace its calibration on1755

orbit through the solar spectral irradiance recommended in the Decadal Survey [National1756

Research Council , 2007]. Solar irradiance is known to better radiometric accuracy than any1757

other calibration source available on orbit. By cross-calibrating a hyperspectral imager with1758

solar spectral irradiance, using techniques LASP has proven on other spaceflight instruments,1759

the Earth-viewing imager can be calibrated, validated, and tracked on orbit to the required1760

accuracy and traceability levels. A polarization insensitive design, plus polarimetry capabil-1761

ities, help achieve CLARREO radiometric accuracies needed for climate benchmarking and1762

cross-calibration.1763

7, Landsat-8, and an airborne imaging spectrometer. The data set will provide an ability
to test the robustness of the SOLARIS design as well as traceability protocols since all of
the sensors used during the field measurements can be traced to the SIRCUS-like calibration
approach.

4.5.6 Reflected Solar Prototype Instrument Development at CU-LASP

The HyperSpectral Imager for Climate Science (HySICS), developed by Greg Kopp and the
team at the University of Colorado’s Laboratory for Atmospheric and Space Physics (LASP),
is a testbed demonstrating improved techniques for future space-based radiance studies, and
result from the ESTO funded IIP projects of 2007 and 2010. The calibration method devel-
oped by the HySICS team improves the SI-traceable accuracy by the factor of ⇠10 to the
required levels for the CLARREO Scientific Objective of measuring the solar radiation re-
flected or scattered by the Earth. This hyperspectral imager will trace its calibration on-orbit
through the solar spectral irradiance recommended in the Decadal Survey [NRC, 2007]. Solar
irradiance is known to better radiometric accuracy than any other calibration source available
on-orbit. By cross-calibrating a hyperspectral imager with solar spectral irradiance, using
techniques LASP has proven on other spaceflight instruments, the Earth-viewing imager can
be calibrated, validated, and tracked on-orbit to the required accuracy and traceability lev-
els. A polarization insensitive design, plus polarimetry capabilities, help achieve CLARREO
radiometric accuracies needed for climate benchmarking and cross-calibration.

(a) The high-altitude balloon that carried the HySICS
instrument to the outermost part of Earth atmosphere
was inflated with helium.

(b) Spatial/spectral scans of the Sun
enable HySICS’s accurate radiometric
calibrations.

Figure 4.38: The HySICS demonstration in September 29, 2013.

In September 2013, HySICS made its inaugural engineering flight on a high-altitude balloon
from Fort Sumner, NM (Figure 4.38a). Balloon flights provide realistic, space-like conditions
at a fraction of the cost of launching an instrument into space, and therefore an ideal means of
testing new technologies. From 125,000 feet and above most of Earth’s atmosphere, HySICS,
aided by the pointing precision of the NASA Wallops Arc Second Pointer (WASP), was able
to make measurements of the Earth, Sun, and Moon during both daylight and night hours.
The instrument performed as expected on the eight and a half hour flight, collecting radiance
data and periodically calibrating itself with highly accurate radiance scans of the Sun (Figure

151

Figure 4.13: From the HySICS demonstration on September 29, 2013. Left: The high-altitude balloon
that carried the HySICS instrument to the outermost part of Earth’s atmosphere was inflated with helium.
Right: The spatial-spectral scans of the sun enable HySICS’s accurate radiometric calibrations.

In September 2013, HySICS made its inaugural engineering flight on a high-altitude balloon1764

from Fort Sumner, NM (Figure 4.13). Balloon flights provide realistic, space-like conditions1765

at a fraction of the cost of launching an instrument into space, and are therefore an ideal1766

means of testing new space-based technologies. From a height above most of Earth’s at-1767

mosphere of 125,000 feet (38 km), HySICS, aided by the pointing precision of the NASA1768

Wallops Arc Second Pointer (WASP), was able to make measurements of the Earth, sun,1769

and moon during both daylight and night hours. The instrument performed as expected on1770

the eight and a half hour flight, collecting radiance data and periodically calibrating itself1771

with highly accurate radiance scans of the sun (Figure 4.13) and moon. The data collected1772

during the engineering flight will be used to improve the instrument over the next year and to1773

further advance the science algorithms used to process the data. HySICS images scenes onto1774

a single focal plane array at wavelengths between 350 and 2300 nm, covering the extremely1775

important solar and near infrared spectrum containing most of the sun’s emitted energy.1776

Using only a single array allows HySICS to be smaller and lighter than many imagers, a1777

feature necessary for cost-effective space-based Earth observing missions.1778

The precision pointing that is critical to calibrations using HySICS’ three different targets –1779

the Earth, sun, and moon – during one short flight was made possible by WASP, a balloon-1780

based tool originally developed for planetary scientists to aim their instruments at distant1781

items of interest. WASP, developed at the NASA Wallops Flight Facility in Virginia, took1782

its first balloon test flight in 2011 and another engineering flight in 2012. After extensive1783
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testing, WASP was partnered with its first science instrument, HySICS, for the radiance1784

instrument’s inaugural engineering flight.1785

A second balloon flight was made in September 2014. After a successful mid-morning liftoff1786

and reaching an altitude high enough to provide the imager with nearly a 7-kilometer field-of-1787

view of the ground, HySICS collected science data and self-calibrated by periodically taking1788

radiance measurements of the sun and moon. The calibration against the sun’s known1789

emitted energy provides the instrument with a reference point that allows it to collect highly1790

accurate data of the Earth.1791

From liftoff to landing, HySICS and WASP were airborne for nearly nine hours. When1792

the team had collected enough data to test the accuracy of the instrument, the balloon1793

payload was separated from the balloon itself and was safely carried back to the ground via1794

parachutes, landing between two threatening thunderstorms. The payload landed east of1795

Holbrook, Arizona. The flight was deemed both an operational and scientific success. The1796

HySICS team was able to collect high-quality radiance measurements throughout the flight1797

and has processed and analyzed the on-board data.1798

4.3.4 NIST Calibration Activities for CPF1799

In Section 4.3.1, the NIST activities in support of the NASA CLARREO mission between1800

2010 and 2014 are summarized. During the first two years, NIST’s activities were fairly1801

evenly divided between the CLARREO RS and IR instruments, multiple ideas for collabo-1802

ration between NIST and NASA were proposed, and some were pursued. In the CLARREO1803

extended pre-formulation phase that began in 2011, the NIST tasks were more tightly di-1804

rected toward the RS and IR Calibration Demonstration Systems (CDS). Here, the RS1805

spectrometer-supported NIST activities will be further discussed.1806

The primary technical activities between NASA GSFC and NIST were centered around1807

the use of the NIST Spectral Irradiance and Radiance Calibrations with Uniform Sources1808

(SIRCUS) technique for pre-flight RS calibration. In this technique, the flight instrument1809

views the radiance from an integrating sphere that is illuminated by a tunable laser. The1810

laser can be tuned across the RS instrument spectral range, and the radiance calibrated by1811

a NIST-calibrated detector substituted in the position of the RS instrument. This technique1812

has been viewed from the outset as a promising method for characterizing the RS instrument1813

for stray light and perhaps for ultimately calibrating the RS instrument. To facilitate its1814

use for CLARREO, and ultimately CPF, NIST procured a portable version of the SIRCUS1815

hardware and provided it to NASA Goddard on long-term loan. NIST staff also trained1816

NASA Goddard staff on the operation of the SIRCUS instrument at Goddard, assisted1817

NASA with the specifications for procurement of the reference detectors, and calibrated the1818

reference detectors.1819

Additional (NIST-funded) activities at NIST related to the RS instrument included devel-1820

opment of an absolute detector-based source (ADbS) and the Hyperspectral Image Projec-1821

tor (HIP). Each of these uses a spectral light engine to provide broadband, programmable1822

spectra. The output of the ADbS is calibrated using a broadband detector by tuning each1823
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monochromatic spectral channel individually. The ADbS developments used a commercially-1824

available lamp-based spectral light engine. Two papers were written on the ADbS (20101825

SPIE and a manuscript headed for J. Res. NIST). The HIP uses a commercially-available1826

supercontinuum source and is otherwise a custom instrument. It presents realistic spatial1827

and spectra scenes to the sensor being tested many SPIE papers were written on the HIP.1828

The HIP prototype was used in 2011 with a CLARREO-relevant hyperspectral imager proto-1829

type developed by the University of Colorado Laboratory of Atmospheric and Space Physics1830

(LASP) under an NASA IIP project to provide an initial test of the concept. A hyperspec-1831

tral image was projected by the HIP into the LASP sensor and measured at the end of a1832

two-week visit of the LASP sensor to the NIST HIP facility.1833
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A Appendix: Climate Trend Uncertainty1982

The accuracy of climate trends relative to a perfect climate observing system can be deter-1983

mined following a simple extension of the methodology of Leroy et al. [2008]. In particular,1984

we can define a climate trend uncertainty factor, Ua, as the ratio of the accuracy of an actual1985

observing system like CLARREO to that of a perfect observing system. This uncertainty1986

factor is given by Ua = (δm/δmp), where δm is the accuracy of a climate trend with the1987

CLARREO observations, and δmp is the accuracy of the same climate trend for a perfect1988

observing system. From Leroy et al. [2008] we can show that1989

(δmp)
2 = 12(∆t)−3(σ2

varτvar) , (A.1)

and1990

(δm)2 = 12(∆t)−3(σ2
varτvar +

∑
σ2
i τi) . (A.2)

Using Equations A.1 and A.2 the definition of the Ua, we can show that1991

Ua = (1 +
∑

f 2
i )1/2 , (A.3)

where1992

f 2
i =

σ2
i τi

σ2
varτvar

. (A.4)

In Equations A.1 - A.4, σ2
var is the variance of the natural variability of the climate system1993

for the variable of interest (SW CRF, spectral nadir reflectance, cloud cover, etc.); τvar is1994

the autocorrelation time for natural variability [Leroy et al., 2008]; σ2
i and τi are the same1995

two quantities for the variance and time-scale of observation error source, respectively; and1996

∆t is the length of the climate time series. The units of the trend uncertainty provided by1997

Equations A.1 and A.2 are defined by the units used in σvar, τvar and ∆t. For example, use1998

of the values from Table 2 will provide a trend uncertainty in temperature per year.1999

The autocorrelation time is a measure of the time between independent samples in a time2000

series of measurements. The number of independent samples, in turn, governs the uncertainty2001

due to noise in the measurement. Therefore, longer time scale error sources have a larger2002

impact on uncertainty than shorter time scales. A key error source for decadal change is2003

calibration accuracy, and its time scale is taken as the instrument lifetime on orbit [Leroy2004

et al., 2008]. The reason for this choice is that accuracy of an instrument can vary over2005

time, while systematic errors are also likely to be present that are intrinsic to the instrument2006

design itself and its limitations. As a result, for climate change we must consider the worst2007

possible case that provides a calibration time scale of the life of the instrument, taken here2008

as 60 months for CLARREO. For natural variability, the value of τ can be derived as in2009

Leroy et al. [2008] or as in Weatherhead et al. [1998] (used in this study), where is τ is given2010

by τ = (1+ρ)/(1−ρ), and where ρ is the lag-1 autocorrelation. For this study, we compared2011

both methods and found similar results to within about 20%.2012
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Finally, we can define an uncertainty factor, Ut, for climate trend detection. This uncer-2013

tainty factor is the ratio of the time to detect climate trends at any confidence level for the2014

CLARREO observing system to that of a perfect observing system. The result also can be2015

derived from Leroy et al. [2008] using analogous definitions to Equations A.1 - A.4, and is2016

given by2017

Ut = (1 +
∑

f 2
i )1/3 . (A.5)

Equations A.1 - A.5 provide a powerful method to understand the trade space of climate2018

trend accuracy, detection, and observing system uncertainties.2019
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B Appendix: Polarization Distribution Models2020

Reflected solar radiation from the Earth’s ocean-atmosphere system (320 nm to 2300 nm2021

wavelength range) can be significantly polarized by the Earth’s surface and by atmospheric2022

components. Effects from polarization of reflected light bias radiometric performance of2023

various operational spaceborne instruments, such as MODIS and VIIRS, and imagers in2024

geostationary orbits. It is essential to evaluate and correct for this bias in order to per-2025

form accurate measurements of reflectance at the top-of-atmosphere [Lyapustin et al., 2014].2026

CLARREO’s goal is to perform on-orbit inter-calibration with the target instrument by pro-2027

viding observations coincident in time and matched in space and viewing geometry. The2028

inter-calibration process consists of iterative adjustments to the target sensor calibration to2029

account for the polarization effects with respect to the observations made by CLARREO2030

[Lukashin et al., 2013]. Knowing the inter-calibrated instrument’s on-orbit sensitivity to2031

polarization and polarization state of reflected light would determine the radiometric polar-2032

ization correction.2033

C Appendix: Polarization Distribution Models

Reflected solar radiation from the Earth’s ocean-atmosphere system (320 nm to 2300 nm wave-
length range) can be significantly polarized by the Earth’s surface and by atmospheric com-
ponents. E↵ects from polarization of reflected light bias radiometric performance of various
operational spaceborne instruments, such as MODIS and VIIRS, and imagers in geostationary
orbits. It is essential to evaluate and correct for this bias in order to perform accurate mea-
surements of reflectance at the top-of-atmosphere [Lyapustin et al., 2014]. CLARREO goal
is to perform on-orbit inter-calibration with the target instrument by providing observations
coincident in time, and matched in space and viewing geometry. The inter-calibration process
consists of iterative adjustments to the target sensor calibration to account for the polarization
e↵ects with respect to the observations made by CLARREO [Lukashin et al., 2013]. Knowing
the inter-calibrated instrument’s on-orbit sensitivity to polarization and polarization state of
reflected light would determine the radiometric polarization correction.

Figure C.1: PDM for the clear sky ocean scene based on PARASOL data. Left: degree of

linear polarization, P . Right: angle of linear polarization, �. Both parameters are aver-

aged over the 2006 observations, for solar zenith angle between 40� and 50�, and plotted

versus the viewing zenith angle (✓) and relative solar azimuth (�).

A. Empirical Polarization Distribution Models

Feasibility of the on-orbit inter-calibration have been demonstrated using existing data – by
developing the Polarization Distribution Models (PDM) as functions of viewing scene type
and geometry [Nadal and Breon, 1999; Lukashin et al., 2013]. A state of light at the top
of the atmosphere is fully specified by three parameters: total radiance, I), degree of linear
polarization, P , and angle of linear polarization, �. Constructing a PDM is providing mean
values and uncertainties for P and � for every scene type globally, and as function of solar
and viewed geometry.

The only available dataset containing the polarization parameters measured on orbit was
collected by the POLarization and Directionality of the Earth’s Reflectances (POLDER) in-
strument onboard the Polarization and Anisotropy of Reflectances for Atmospheric Sciences
coupled with Observations from a Lidar (PARASOL ) satellite. The satellite was operational
between 2004 and 2013 and was flying as a part of the A-Train formation at 705 km altitude.
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Figure B.1: PDM for the clear sky ocean scene based on PARASOL data. Left: degree of linear polariza-
tion, P . Right: angle of linear polarization, χ. Both parameters are averaged over the 2006 observations, for
solar zenith angle between 40◦ and 50◦, and plotted versus the viewing zenith angle (θ) and relative solar
azimuth (φ).

A. Empirical Polarization Distribution Models2034

Feasibility of the on-orbit inter-calibration has been demonstrated using existing data – by2035

developing the Polarization Distribution Models (PDMs) as functions of viewing scene type2036

and geometry [Lukashin et al., 2013, Nadal and Bréon, 1999]. A state of light at the top2037

of the atmosphere is fully specified by three parameters: total radiance, I, degree of linear2038

polarization, P , and angle of linear polarization, χ. Constructing a PDM is providing mean2039

values and uncertainties for P and χ for every scene type globally, and as a function of solar2040

and viewed geometry.2041

The only available dataset containing the polarization parameters measured on orbit was2042

collected by the POLarization and Directionality of the Earth’s Reflectances (POLDER) in-2043

strument onboard the Polarization and Anisotropy of Reflectances for Atmospheric Sciences2044
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coupled with Observations from a Lidar (PARASOL ) satellite. The satellite was operational2045

between 2004 and 2013 and was flying as part of the A-Train formation at 705 km altitude.2046

The instrument consisted of a high-resolution CCD detector capable of taking measurements2047

from nine spectral channels from blue (443 nm) to infrared (1020 nm), three of which, 490,2048

670, and 865 nm, measured polarization. A unique feature of the instrument was the multi-2049

angular sampling of the same ground-pixel being imaged up to 15 times by the same pixel2050

at different viewing angles.2051

From the Stokes parameters I, Q, and U measured by PARASOL, the relative degree of
polarization P and the angle of linear polarization χ may be easily computed:

P =
Ip
I

=

√
Q2 + U2

I
, (B.1)

χ =


1
2
arctan(U/Q) for Q > 0, U > 0

1
2
arctan(U/Q) + π for Q > 0, U < 0

1
2
arctan(U/Q) + π/2 for Q < 0

(B.2)

where χ is defined from 0◦ to 180◦ relative to instrument viewing plane. A PDM for a2052

given scene type and solar zenith angle can be represented by two-dimensional histograms2053

of viewing zenith angle θ versus relative azimuth φ, with the color axis representing P or χ.2054

An example of a PDM using the 2006 PARASOL dataset for the clear-sky ocean scene is2055

shown in Figure B.1. The plots show the values of P and χ averaged over the entire year.2056

We note that for these plots the solar zenith angle was restricted to values between 40◦ and2057

50◦ and wind speed to below 2.5 ms−1. To ensure the purity of the clear-sky selection, cloud2058

fraction was required to be less than 1%. Due to the near absence of aerosols, both P and2059

χ exhibit nearly perfect forward/backward (φ < 180◦/φ > 180◦) scattering symmetry as2060

expected. The maximum degree of polarization, 0.9, is found at φ = 180◦, the direction2061

opposite the sun. That the degree of polarization is so high, close to its upper limit of 1,2062

is not surprising given the highly polarizing nature of water surfaces. On the other hand,2063

the degree of polarization is minimum when facing the sun and in Figure B.1 (left plot)2064

is seen to be less than 0.1. An example of PDM distribution for polarization angle χ is2065

shown in Figure B.1 (right plot). As expected, χ values are close to 90◦ in scattering plane2066

(φ = 0◦; 180◦).2067

The uncertainty on the reflectance measured by an imager, such as MODIS or VIIRS, after
its inter-calibration with CLARREO may be found as:

δRI =

√
δ2
ρ0

+

(
mP

1 +mP

)2

(δ2
m + δ2

P ) , (B.3)

where ρ0 is the imager reflectance before the polarization inter-calibration is applied, m is2068

the imager’s sensitivity to polarization, and δρ0 , δm and δP are the relative uncertainties2069

on ρ0, m and P , respectively. The δρ0 in Equation B.3 is comprised of three components:2070

CLARREO’s own instrument accuracy (0.15%), inter-calibration sampling uncertainty after2071

averaging (0.1%) and the target sensor stability uncertainty (0.1%). The combined value of2072
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the three uncertainties is 0.2%. The value of m is 0.03, which is roughly the sensitivity to2073

polarization for both MODIS and VIIRS. Under these conditions, and using the P PDMs2074

discussed above, we obtain the δRI dependencies as shown in Figure B.2. One finds that2075

for realistic values of the uncertainty on the imager sensitivity, between 10% and 20%, the2076

polarization bias can as high as nearly 1%. This dependency can be shown to be nearly2077

invariant for bands between 670 nm and 865 nm.2078

Figure C.2: Uncertainty in the inter-calibrated reflectance as a function of polarization

for the 670 nm band derived from the dependence shown in the left plot. The imager

sensitivity to polarization, was set to 0.03 (approximately MODIS and VIIRS sensitivity)

and its relative uncertainty to 10% (third curve from the top, in black), 20% (second curve

from the top, in green) and 100% (top curve, in blue). Also shown (bottom line, red) is the

uncertainty in reflectance if the polarization is assumed to be zero.

In conclusion, CLARREO’s inter-calibration approach in reflected solar may be tested using
the empirical Polarization Distribution Models. Such models can be constructed using data
from the three polarized channels at 490, 670, and 865 nm of the POLDER instrument aboard
the PARASOL satellite. The PDMs may be broken down or combined by di↵erent scene types,
such as clear-sky ocean, clear-sky vegetation, and deserts, as well as di↵erent types of cloudy
scenes, such as ice or water clouds. Using radiative transfer modeling, the PDM’s coverage
can also be extended to the entire visible spectrum.

B. Theoretical Polarization Distribution Models

In Sun and Lukashin 2013, the authors employed the adding-doubling method [Hansen et al.,
1971; Evans and Stephens, 1991], and coupled it with a rough-ocean-surface light reflection ma-
trix [Cox and Munk, 1956], to model the reflected solar radiation from the ocean-atmosphere
system. This adding-doubling radiative transfer model (ADRTM) outputs are far more accu-
rate than the widely validated discrete-ordinate radiative transfer (DISORT) model [Stames
et al., 1988] results [Sun and Lukashin, 2013; Lasis et al., 1998].

We also validated the ADRTM results with the PARASOL [Tanre, 2011] polarization mea-
surements as displayed in Figure C.3 [Sun et al., 2014]. The PARASOL data used is from the
24-day measurements for a wind speed range of 6 to 9 m/s. In the modeling, the wind speed is
7 m/s, the sea-salt AOD is 0.06 at the wavelength of 670 nm, and the US standard atmosphere
is used. We also incorporate a thin layer of undetected cirrus cloud with an optical depth of
0.18 in the ADRTM. We only show the data at the relative azimuth angle (RAZ) of 1.5� and
178.5�, respectively. We can see that the reflectance and degree of polarization (DOP) from
the PARASOL data and the ADRTM model are in good agreement. We have demonstrated
that the angle of linear polarization values from the PARASOL observations and the ADRTM
are in very good agreement [Sun et al., 2014].

We also conducted the validation of the ADRTM for cloud scenes. Good agreement between
model results and satellite data is shown for both liquid water clouds and ice clouds [Sun et
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Figure B.2: Uncertainty in the inter-calibrated reflectance as a function of polarization for the 670 nm
band derived from the dependence shown in the left plot. The imager sensitivity to polarization was set to
0.03 (approximately MODIS and VIIRS sensitivity) and its relative uncertainty to 10% (third curve from
the top, in black), 20% (second curve from the top, in green) and 100% (top curve, in blue). Also shown
(bottom line, red) is the uncertainty in reflectance if the polarization is assumed to be zero.

In conclusion, CLARREO’s inter-calibration approach in reflected solar may be tested using2079

the empirical Polarization Distribution Models. Such models can be constructed using data2080

from the three polarized channels at 490, 670, and 865 nm of the POLDER instrument2081

aboard the PARASOL satellite. The PDMs may be broken down or combined by different2082

scene types, such as clear-sky ocean, clear-sky vegetation, and deserts, as well as different2083

types of cloudy scenes, such as ice or water clouds. Using radiative transfer modeling, the2084

PDM’s coverage can also be extended to the entire visible spectrum.2085

B. Theoretical Polarization Distribution Models2086

In Sun and Lukashin [2013], the authors employed the adding-doubling method [Hansen and2087

Hovenier , 1971, Evans and Stephens , 1991], and coupled it with a rough-ocean-surface light2088

reflection matrix [Cox and Munk , 1956], to model the reflected solar radiation from the ocean-2089

atmosphere system. This adding-doubling radiative transfer model (ADRTM) outputs are2090

far more accurate than the widely validated discrete-ordinate radiative transfer (DISORT)2091

model results [Stamnes et al., 1988, Sun and Lukashin, 2013, Lacis et al., 1998].2092

We also validated the ADRTM results with the PARASOL [Tanré et al., 2011] polarization2093

measurements as displayed in Figure B.3 [Sun et al., 2015a]. The PARASOL data used is2094

from the 24-day measurements for a wind speed range of 6 to 9 m/s. In the modeling, the2095

wind speed is 7 m/s, the sea-salt AOD is 0.06 at the wavelength of 670 nm, and the US2096

standard atmosphere is used. We also incorporate a thin layer of undetected cirrus cloud2097

with an optical depth of 0.18 in the ADRTM. We only show the data at the relative azimuth2098
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Figure C.3: Directional irradiance reflectance and degree of polarization (DOP), as func-

tions of viewing zenith angle (VZA), at a wavelength of 670 nm from PARASOL data for

clear-sky oceans averaged in a solar zenith angle (SZA) bin of 27� – 30� (black dots) and

ADRTM results at a SZA of 28.5� (solid curve). Error bars show the standard deviations

of the PARASOL data.

al., 2014]. Sensitivities of reflected solar radiation’s polarization to various ocean-surface and
atmospheric conditions are addressed [Sun and Lukashin, 2013] and polarization features of
desert surfaces in [Sun et al., 2015] . These studies suggest that the modeling can provide a
reliable approach for making the spectral PDM’s for CLARREO inter-calibration applications,
which cannot be achieved by empirical PDMs alone because of limited spectral coverage.
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Figure B.3: Directional irradiance reflectance and degree of polarization (DOP), as functions of viewing
zenith angle (VZA), at a wavelength of 670 nm from PARASOL data for clear-sky oceans averaged in a solar
zenith angle (SZA) bin of 27◦ – 30◦ (black dots) and ADRTM results at a SZA of 28.5◦ (solid curve). Error
bars show the standard deviations of the PARASOL data.

angle (RAZ) of 1.5◦ and 178.5◦, respectively. We can see that the reflectance and degree of2099

polarization (DOP) from the PARASOL data and the ADRTM model are in good agreement.2100

We have demonstrated that the angle of linear polarization values from the PARASOL2101

observations and the ADRTM are in very good agreement [Sun et al., 2015a].2102

We also conducted the validation of the ADRTM for cloud scenes. Good agreement between2103

model results and satellite data is shown for both liquid water clouds and ice clouds [Sun2104

et al., 2014]. Sensitivities of reflected solar radiation’s polarization to various ocean-surface2105

and atmospheric conditions are addressed [Sun and Lukashin, 2013] and polarization fea-2106

tures of desert surfaces in [Sun et al., 2015b]. These studies suggest that the modeling can2107

provide a reliable approach for making the spectral PDM’s for CLARREO inter-calibration2108

applications, which cannot be achieved by empirical PDMs alone because of limited spectral2109

coverage.2110
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C Appendix: List of Acronyms2111

ADRTM – Adding Doubling Radiative Transfer Model2112

ACCESS – Advancing Collaborative Connections for Earth System Science2113

ADbS – Absolute Detector-based Source2114

AVHRR – Advanced Very High Resolution Radiometer BRDF – Bidirectional Reflectance2115

Distribution Function2116

CCD – Charge-Coupled Device2117

CDS – Calibration Demonstration System2118

CERES – Clouds and Earth’s Radiant Energy System2119

CLARREO – Climate Absolute Radiance and Refractivity Observatory2120

CPF – CLARREO Pathfinder2121

CMIP3 – Coupled Model Intercomparison Project2122

CRF – Cloud Radiative Forcing2123

CXR – CLARREO Transfer Radiometer2124

DISORT – Discrete Ordinate Radiative Transfer Model2125

DOP – Degree of Polarization2126

ELC – ExPRESS Logistics Carrier2127

ExPRESS – EXpedite the PRocessing of Experiments to Space Station2128

ENSO – El Niño Southern Oscillation2129

ESTO – Earth Science Technology Office2130

FOV – Field-Of-View2131

FWHM – Full-Width Half-Maximum2132

GEO – Geostationary Earth Orbit2133

GFOV – Ground Field Of View2134

GNSS – Global Navigation Satellite System2135

GOES – Geostationary Operational Environmental Satellite2136

GSFC – NASA Goddard Space Flight Center2137

GSICS – Global Space-based Inter-Calibration System2138

HIP – Hyperspectral Image Projector2139

HySICS – Hyperspectral Imager for Climate Science2140

IFOV – Instantaneous Field Of View2141

IIP – Instrument Incubator Program2142

IPCC – Intergovernmental Panel on Climate Change2143

IR – InfraRed (wavelength range)2144

ISS – International Space Station2145

JPSS-1 – Joint Polar Satellite System2146

LaRC – NASA Langley Research Center2147

LEO – Low Earth Orbit2148

MCR – Mission Concept Review2149

MIIC – Multi-Instrument Inter-Calibration (framework)2150

MODIS – Moderate Resolution Imaging Spectroradiometer2151

NIST – National Institute of Standards2152

OSSE – Observing System Simulation Experiment2153
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PARASOL – Polarization & Anisotropy of Reflectances for Atmospheric Sciences coupled2154

with Observations from a Lidar2155

PDM – Polarization Distribution Model2156

POLDER – Polarization and Directionality of Earth’s Reflectances2157

POWR – Primary Optical Watt Radiometer2158

RBI – Radiation Budget Instrument2159

RO – Radio Occultation2160

ROIC – Read-Out Integrated Circuits2161

ROLO – USGS Robotic Lunar Observatory Irradiance Model2162

ROSES – Research Opportunities in Space and Earth Science2163

RS – Reflected Solar2164

SCIAMACHY – SCanning Imaging Absorption SpectroMeter for Atmospheric CartograpHY2165

SeaWIFS – Sea-Viewing Wide-Field-of-View Sensor2166

SI – International System of Units (Système International)2167

SIRCUS – NISTS’s Spectral Irradiance and Radiance Calibrations with Uniform Sources2168

SMD – NASA’s Science Mission Directorate2169

SNPP – Suomi National Polar-orbiting Partnership named after Verner Suomi2170

SNO – Simultaneous Nadir Overpass2171

SNR – Signal to Noise Ratio2172

SOLARIS – SOlar, Lunar for Absolute Reflectance Imaging Spectroradiometer2173

SVM – Science Value Matrix2174

SW – Shortwave2175

TLE – Two Line Element2176

TLM – Telemetry2177

TOA – Top of the Atmosphere2178

TSIS – Total Solar Irradiance Spectrometer2179

USGS – United States Geological Survey2180

VIIRS – Visible Infrared Imaging Radiometer Suite2181

WASP – Wallops Arc Second Pointer2182

2183
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