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 In the coming years and decades, we will obtain our first opportunity to spectrally 

characterize potentially habitable worlds outside our solar system. These planets will be at the 

right distance from their host star and possess the correct range of atmospheric compositions to 

have surfaces conducive to maintaining liquid water, the key requirement for habitability and 

life. For example, the James Webb Space Telescope (JWST), set for launch in 2018, could 

observe the transmission spectra of a handful of terrestrial planets orbiting late type stars. Direct-

imaging telescopes currently in the design phases, including the Large UltraViolet Optical 

InfraRed (LUVOIR) Surveyor, will possess the ability to spectrally characterize planets in the 

habitable zones of up to hundreds of nearby planetary systems. The goal of this work is to 



 

advance our ability to recognize whether an exoplanet can or does support life by exploring a 

range of spectral habitability markers and astronomical biosignatures. As our best, and currently 

only, example of a habitable planet, Earth provides a fiducial point for studying the possible 

spectral manifestation of habitability markers and biosignatures for exoplanets. This thesis 

includes studies in four areas related to this theme. First, I build a high fidelity, high cadence 

spectral Earth database from the far UV (0.1 µm) to the far Infrared (200 µm) using the VPL 3D, 

line-by-line, multiple scattering spectral Earth model. This database furthers our understanding 

of Earth as an exoplanet, illustrating spectral changes as a function of phase and rotation. 

Second, I demonstrate the detectability of N2 using the (N2)2 collisional pair, which has 

implications for characterizing the bulk atmospheres of terrestrial exoplanets and may be a 

strong biosignature in combination with detection of O2 or O3. I use data model comparisons to 

show that (N2)2 produces a ~35% reduction in Earth’s spectral flux at 4.1 µm. I quantify the 

strength of the (N2)2 feature in a variety of simulated atmospheres with different N2 abundances 

with both synthetic direct-imaging and transit transmission spectra. Third, I investigate 

observational indicators of planetary mechanisms that may generate abiotic oxygen (O2 or O3) on 

exoplanets, leading to potential “false positives” for life.  Abiotic production of O2 from CO2 

photolysis potentially leads to detectable amounts of CO as a byproduct. Oxygen build up from 

massive H-loss during a runaway greenhouse could leave behind more O2 than could be 

plausibly produced by biology. In this case density dependent O4 features would be strong and 

potentially indicative of this process. I investigate the strength and detectability of CO (at 2.35 

and 4.6 µm) and O4 (at 0.345, 0.36, 0.38, 0.445, 0.475, 0.53, 0.57, 0.63, 1.06, and 1.27 µm) 

absorption for these abiotic oxygen scenarios in both transmission and direct-imaging 

spectroscopy. Finally, I present an interdisciplinary study of nonphotosynthetic pigments as 



 

alternative surface reflectance biosignatures, in contrast to direct photosynthetic signatures like 

the vegetation red edge. This study includes reflectance measurements of a variety of pigmented 

organisms in the laboratory, illustrating a wide range of spectral diversity. I also model the 

spectra of hypothetical planets containing nonphotosynthetic pigment biosignatures including the 

confounding spectral effects of the atmosphere. I find that these signatures could potentially be 

observable in disk-averaged spectra depending on the fraction of the planet containing the 

signature. Organisms with nonphotosynthetic pigments will produce reflectance signatures 

different than that of the commonly referenced vegetation red edge, and push us 

to broaden our understanding of what surface biosignatures might look like on Earth-like 

exoplanets once remote characterization of these worlds becomes possible. 
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Chapter 1. INTRODUCTION  

This chapter provides a brief introduction to the state of exoplanet characterization and the status 

of the search for habitable and inhabited exoplanets. I define, review, and discuss planetary 

biosignatures, habitability markers, and “false positives” for life. Additionally, I outline each of 

the main chapters and their thematic link of using spectral models to characterize these potential 

signatures.   In writing this dissertation I have employed the philosophy that each of the chapters 

should stand alone, without requiring the reader to extensively reference other sections. Each 

chapter has independent and extensive abstract and introduction sections.  Portions of this 

chapter were originally published in collaboration with V.S. Meadows, S.D. Domagal-Goldman, 

D. Deming, G.A. Arney, C.E. Harman, A. Misra, and R. Barnes in the March 2016 edition of the 

Astrophysical Journal Letters (Schwieterman et al., 2016, ApJ, Vol. 819, L13; © 2016 American 

Astronomical Society), and with C.S. Cockell and V.S. Meadows in the May 2015 edition of 

Astrobiology (Schwieterman, Cockell, & Meadows. 2015, AsBio, Vol. 15(5), 341-361; © The 

authors) and are reproduced below with permission of the American Astronomical Society and 

the noted authors, respectively. 

1.1 MOTIVATION AND CONTEXT 

 The search for life beyond the solar system will focus on spectral signatures of 

exoplanets.  Thousands of exoplanets have been discovered in the last two decades (e.g., Batalha 

et al. 2013; Burke et al. 2014). While the vast majority of these discovered worlds are too large 

or too hot to support life on the planetary surface, many potentially habitable planets have 

already been identified (e.g., Kane et al. 2016). These worlds reside within their host star’s 

habitable zone (HZ), which is defined as the range of distances circumscribing the star where a 
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planet with a sufficient atmosphere could maintain stable liquid water on its surface (Kasting et 

al. 1993; Kopparapu et al. 2013). Because of detection biases, the majority of the currently 

known potentially habitable words are larger than the Earth and orbit close to the inner edge of 

their HZs.   

 Figure 1.1 shows the known exoplanets with radii less than 10 R⊕ and semi-major axes of 

less than 2 AU and identifies the planets with radii less than 5 R⊕ (sub-Neptune down to Earth 

radii) whose atmospheres have been probed with transmission spectroscopy (Han et al. 2014), of 

which most are located far interior to the HZ. From statistical analyses of combined Kepler and 

radiative velocity data, it is known that the majority of planets with radii of more than ~1.6 R⊕ 

are likely to possess extensive H2 envelopes (Rogers 2015). Currently the smallest planet known 

with molecular absorption features is the “warm” (Teq= 878 K) mini-Neptune HAT-P-11 (R = 

4.4; R⊕;	Fraine et al. 2014).  

 The next few years will bring the opportunity to characterize many rocky planets with 

secondary, outgassed atmospheres. Surveys are already beginning to detect these types of worlds 

within the solar neighborhood (e.g., Berta-Thompson et al. 2015; Wright et al. 2016), though 

current observations can only rule out low molecular weight (H2-dominated) clear sky 

atmospheres for the smallest planets, such as for the TRAPPIST-1 system (de Wit et al. 2016), 

and thus far lack the ability to detect spectral features in atmospheres with high average 

molecular weight, even for those atmospheres clear of high altitude condensates or hazes.  

 The most interesting planets from an astrobiological perspective will be rocky planets 

with thin N2-H2O-CO2 atmospheres, analogous to Earth’s atmosphere, that reside within their 

host star’s HZ (Kopparapu et al. 2013; Seager 2013). Many of these types of planets will be 

found in the solar neighborhood by the upcoming Transiting Exoplanet Survey Telescope 
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(TESS) mission (Ricker et al. 2014; Sullivan et al. 2015).  The James Webb Space Telescope 

(JWST), scheduled to launch in 2018, will be able to characterize the atmosphere of a handful of 

these worlds through transmission spectroscopy (Deming et al. 2009; Cowan et al. 2015), 

providing the first chance for astronomers to characterize potentially habitable planets.  

 
 

Figure 1.1. Exoplanets with RPlanet < 10 R⊕ and aplanet < 2 AU known as of July 2016 with well-

defined orbits from the Exoplanets Orbit Database1 (Han et al. 2014). Planets with RPlanet < 5 R⊕ 

that have been characterized with transmission spectroscopy are color-coded. They include GJ 

3470b (R = 4.8 R⊕; Demory et al. 2013), HAT-P-11 (R = 4.4; R⊕;	Fraine et al. 2014) , GJ 436b 

(R = 4.2 R⊕; Knutson et al. 2014a), GJ 1214b (R = 2.7 R⊕;	Kreidberg et al. 2014), HD 97658 (R 

= 2.2 R⊕; Knutson et al. 2014b); and TRAPPIST-1b,c,d (R=1.11, 1.05, and 1.17 R⊕, 

respectively; Gillon et al. 2016) (1d best orbit  shown). Earth and Venus shown for reference.  

                                                
1 http://www.exoplanets.org 
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 Mission concepts that can directly image potentially habitable and inhabited planets are 

already in their science definition stages, such as the LUVOIR and HabEx Surveyors 

(Kouveliotou et al. 2014; Dalcanton et al. 2015; Rauscher et al. 2015; Seager et al. 2015). 

Additionally, the upcoming WFIRST-AFTA mission may possess the capability to 

photometrically characterize a small handful of potentially habitable planets (Spergel et al. 2015) 

and biosignature searches of habitable zones of nearby stars using ground-based ELTs 

(Extremely Large Telescopes) coming online in the 2020s have also been proposed (e.g., 

Kawahara et al. 2012; Snellen et al. 2013). To support the science definition, design, and future 

operations of these missions and observatories, it is crucial to have as complete a picture as 

possible about the requirements to detect habitability and life.  

1.2 ASTROBIOLOGY AND THE SEARCH FOR HABITABILITY AND LIFE 

The search for life beyond the solar system is one of the most monumental and 

consequential endeavors pursued by humanity and a foundational goal of the astrobiology 

discipline. NASA defines astrobiology as the study of the “origin, evolution, distribution, and 

future of life in the universe” (DesMarais & Walter 1999).  Measuring the distribution of life in 

the universe requires both the search for habitable environments where life may thrive and the 

determination of whether these habitable environments in fact do host life. The common 

definition of planetary habitability is existence of conditions that allow the presence of surface 

liquid water.   This can be indirectly confirmed by the analysis of the planet’s position with 

relation to its host star (i.e., its location in the HZ), its likely temperature and pressure, and the 

presence of habitability markers like water vapor and carbon dioxide gas (Kaltenegger & Selsis 

2007). A surface ocean may be directly confirmed by the presence of ocean glint (Williams & 
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Gaidos 2008; Robinson et al. 2010; Robinson et al. 2014). All of these characteristics can be 

explored with spectroscopic observations and are reviewed below and in the following chapters.  

The characteristics of the host star can strongly affect planetary habitability due to their 

widely differing lifetimes and spectral energy distributions (SEDs). A host star’s lifetime must be 

sufficiently long to allow for the origin of life. The vast majority (70%) of stars in our galaxy are 

M dwarf stars, which are the dimmest and reddest stars, and also possess the longest main 

sequence lifetimes of up to trillions of years (Laughlin et al. 1997). (In contrast, our Sun is about 

4.65 Gyr and has a main sequence lifetime of ~10 Gyr, while the observable universe is 13.7 

Gyr.)   In the past, M dwarf stars were thought to be poor hosts for habitable planets because the 

habitable zone is located sufficiently close to the star that most habitable zone planets with 

circular orbits would be “tidally locked” and therefore subject to the freeze out of their 

atmosphere on the permanent “night side” (Kasting et al. 1993). However, subsequent dynamical 

and climate simulations have shown that this was an overly pessimistic view of the habitability 

of M stars (e.g., Joshi 2003; Joshi & Haberle 2012; Shields et al. 2013), though concerns about 

the effects of host star magnetic activity, atmospheric loss during the pre-main sequence, and the 

impact of high energy particle flux on the planetary atmosphere remain (e.g., Driscoll & Barnes 

2015; Luger & Barnes 2015; Tabataba-Vakili et al. 2015). There is now a broad consensus that 

all of FGK and M stars may host habitable and inhabited planets (Tarter et al. 2007; Scalo et al. 

2007), though M stars have their own unique challenges (e.g., Luger & Barnes 2015). Therefore, 

planets in the habitable zones of all of these stars, including M stars, are potentially interesting 

astrobiological laboratories. 

While habitability may be confirmed by an analysis of planetary characteristics, the 

defining goal will be to determine whether the planet is inhabited by remote detection of 
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spectroscopic biosignatures. The NASA Astrobiology 2008 Roadmap (DesMarais et al. 2008) 

and 2015 Strategy (Hays et al. 2015) both call for searches for biosignatures in nearby planetary 

systems including all types of long-lived main sequence stars (2008 Roadmap Goal 7.2). Section 

1.3 defines and summarizes planetary biosignatures.  

1.3 PLANETARY BIOSIGNATURES 

The search for life beyond Earth requires an understanding of the ways in which life can 

measurably impact its environment. The generic definition of a biosignature is  “an object, 

substance, and/or pattern whose origin specifically requires a biological agent” (Des Marais et al. 

2008). To be considered a useful biosignature, this evidence must be potentially discernable from 

the results of abiotic processes. This generic definition is applicable to both remote and in situ 

measurements inside and outside our solar system. The definition of a planetary biosignature, 

also called an astronomical biosignature, has a much higher bar to clear.  

 A planetary biosignature must be detectable over interstellar distances. This requires a 

planetary biosignature to produce a measurable impact, one that could be inferred from remote 

spectroscopic investigation of the whole planet. Therefore, the process generating the 

biosignature is likely to be global in nature, and not confined to a minor locality, the subsurface 

or otherwise unobservable. To be useful, the biosignature must be clearly discernable from 

common abiotic processes that could plausible occur given the observable or inferable planetary 

context (i.e., location in the HZ, bulk composition, spectra of the star, etc.).  (For the rest of this 

text, the term “biosignature” is used interchangeably with “astronomical biosignature”, unless 

otherwise noted.) 
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1.3.1 Types of Astronomical Biosignatures 

 There is currently no universally agreed upon categorization scheme for astronomical 

biosignatures, though efforts are being made to this end. A common approach is to classify 

potential biosignatures on the basis of how they would manifest themselves to an observer (e.g., 

Meadows 2006; Meadows & Seager 2010). In this type of scheme Earth-based biosignatures are 

taken as proof of concept examples for how these signatures would appear in exoplanet spectra. 

This approach is also aided by the heritage of existing photodissociation cross-sections, vibro-

rotational line lists (e.g., HITRAN and HITEMP), and photochemical and climate models that 

can accurately model the impact of these gases in Earth-like atmospheres (see Chapter 2). These 

models and their corresponding physical and chemical data can be used to simulate climate and 

atmospheric chemistry on Earth-like planets orbiting stars other than the Sun (e.g., Segura et al. 

2003; Segura et al. 2005; Segura et al. 2007; Segura et al. 2010; Rugheimer et al. 2013; 

Rugheimer et al. 2015b) and/or at various points in time in Earth’s geologic history (expanding 

the notion of “Earth-based” beyond the modern Earth), when the planetary spectrum may have 

been quite different (Pilcher 2003; Meadows 2006; Kaltenegger et al. 2007; Domagal-Goldman 

et al. 2011; Rugheimer et al. 2015a; Arney et al. 2016). 

In this system, three main classes of planetary biosignatures have been proposed 

(Meadows 2006), which are summarized below and in Figure 1.2.  

First, there are spectral absorption features produced by biosignature gases. These are 

gases that are produced by, or associated with, the metabolic processes of life. Molecular oxygen 

(O2) produced by photosynthesis and its photochemical byproduct ozone (O3) are examples of 

gaseous biosignatures. Oxygen is considered a more robust biosignature in the simultaneous 

presence of a reduced gas like methane (CH4), which establishes a clear kinetic and 
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thermodynamic chemical disequilibrium. Chemical disequilibrium is a higher standard often 

applied when defining gaseous biosignatures (Hitchcock & Lovelock 1967; Lovelock 1965; 

Sagan et al. 1993; Krissansen-Totton et al. 2016a).  

 The second class of planetary biosignatures consists of spectral reflectance features from 

biological matter, such as land vegetation. Reflectance is the fraction of incident light that is 

reflected from a surface, which will vary with wavelength depending on the optical properties of 

the surface (and possibly the viewing geometries of the observer). The most commonly explored 

spectral feature in this category is the vegetation red edge (VRE) of oxygenic photosynthesizers 

such as land-based plants, which produces a sharp increase in reflectance from the visible to the 

near infrared portions of the spectrum (Gates et al. 1965, Sagan et al. 1993; Seager et al. 2005). 

The VRE is used by Earth observers to map surface vegetation through the use of broadband 

techniques such as the Normalized Difference Vegetation Index (NDVI), capturing the 

brightness of planets at infrared vs. red wavelengths (Tucker 1979; Tucker et al. 2005).  Surface 

biosignatures can be a planetary phenomenon, and potentially detectable remotely, and are 

therefore a complement to gaseous biosignatures. 

  Finally, there are temporal planetary biosignatures. These are time-dependent changes in 

measurable quantities such as gas concentrations or planetary albedos that are produced as a 

consequence of changes in biological activity (Meadows 2006). For example, seasonal 

periodicities observed in CO2 and CH4 concentrations on Earth are correlated with land-based 

respiration (Keeling 1960; Rasmussen & Khalil 1981; Khalil & Rasmussen 1983; Keeling et al. 

1996), and seasonal variation in pigmentation can be observed in land-based vegetation.  

The primary disadvantage to this Earth-based approach is that it may miss novel 

biosignature products from vastly different environments than exist for life on Earth, such as 
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planets with H2-dominated atmospheres (Stevenson 1999; Pierrehumbert & Gaidos 2011; Seager 

et al. 2013b). 

Other biosignature categorization schemes attempt to classify metabolic products into 

various categories starting from biochemical considerations. For example, in the Seager et al. 

(2013a) categorization scheme Type I biosignatures are metabolic products from the extraction 

of catabolic energy from redox gradients (e.g., CH4 from methanogensis), Type II biosignatures 

are the byproducts from anabolic activity such as biomass building (e.g., O2 from oxygenic 

photosynthesis), and Type III biosignatures are secondary metabolic products whose relationship 

to catabolism or anabolism is less clear (such as sulfur compounds like di-methyl sulfide; 

Domagal-Goldman et al. 2011).  The focus on these types of works is usually on biosignature 

gases rather than surface features, which are more difficult to categorize based on this type of 

scheme since the surface reflectance properties of biological matter has an indirect and complex 

relationship with metabolism and function (see Chapter 6).  

The disadvantage to this reductionist type of classification scheme is that it does not 

include consideration of the extent to which these gases can build up in the atmosphere or their 

detectability over remote distances – key requirements for any biosignature candidate - which in 

many cases cannot yet be determined due to a current lack of laboratory data. Therefore its use is 

currently limited for informing the current design of instrumentation to observe these signature 

gases, though it may be a useful guide for future laboratory work (Fortney et al. 2016).   

Throughout this dissertation, I will adopt the first, more Earth-based framework while 

noting that it is not inconsistent with other frameworks, such as that of Seager et al. (2013a). For 

example, gaseous and surface biosignatures can be subcategorized based on functional 

biochemical criteria.  
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It is clear that due consideration must be made both to Earth-based biosignature 

candidates and those based on different, but physically and chemically plausible biochemistries 

when considering the diversity of environments that may exist on habitable worlds in the 

cosmos. However, the efforts here are focused on Earth-based strategies, for which arguments 

for plausibility, environmental context and potential false positives can be made most strongly. 

Alternative approaches, such as agnostically surveying the universe of small, volatile molecules 

(e.g., Seager et al. 2016) are in the beginning stages and the current lack of laboratory data 

disallows accurate modeling of the volatile stability, the expected concentrations, and the 

spectral signatures of most of these alternative gases in planetary atmospheres. Most practically, 

the Earth-based approach provides for the immediate needs of informing the initial science 

definition and design of habitable exoplanet characterization missions currently in progress.  

1.3.2 Oxygen as a Leading Biosignature Candidate 

 By far the most commonly referenced biosignature in the context of future astronomical 

surveys of nearby planetary systems is atmospheric O2 (or its photochemical byproduct O3). 

Oxygen is often considered a robust astronomical biosignature on its own, even without the 

simultaneous detection of a reduced gas out of chemical equilibrium, because through the history 

of our planet life has been the dominant source of this gas. Molecular oxygen is the byproduct of 

photosynthetic metabolism that uses H2O as an electron donor to generate organic matter from 

CO2
 (Leslie 2009). The net reaction is 

 𝐶𝑂! + 𝐻!𝑂 + ℎ𝜐 →  (𝐶𝐻!𝑂)!"# + 𝑂! (1.1) 
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 where hv is the energy of a captured photon or photons. This is believed to be the most 

potentially energetic metabolism on any planet orbiting a star, due to the wide availability of 

both photons and H2O as an available electron donor (Kiang et al. 2007b). 

 The exact mechanism(s) and timeline for the oxygenation of Earth’s atmosphere is still 

under debate, but there is broad agreement on the fundamental causes (Lyons et al. 2014). The 

O2 in Earth’s atmosphere is unstable over geological timescales and would be depleted by 

reactions with reduced volcanic gases and through oxidation of the surface (Catling 2014), thus 

requiring an active source to maintain appreciable levels. On Earth, that active source exists in 

the form of photosynthetic production of O2 by life, followed by burial of organic carbon, which 

separates the organic carbon material from atmospheric O2, a necessary step to build up O2 in the 

atmosphere (Catling 2014). Additional geochemical sinks for O2 existed earlier in Earth’s 

history, such as the wide availability of ferrous iron (Fe2+) in the ocean, which provided a further 

obstacle for the eventual oxygenation of Earth’s atmosphere (Kasting 2001).   

 The photochemical production of very small amounts of O2 occurs on Earth from the 

photolysis of O-bearing molecules, but this O2 would not build up to appreciable levels in the 

absence of biology due to the shape of the UV spectrum of the Sun and significant environmental 

sinks for O2 (Domagal-Goldman et al. 2014; Harman et al. 2015). The O3 in Earth’s atmosphere 

is a result of photochemical reactions involving O2, and the presence of large quantities of O3 has 

been suggested as being an indicator of abundant, photosynthetically-generated O2 (Leger et al. 

1993; DesMarais et al. 2002; Segura et al. 2005; Léger et al. 2011). Recently, it has been 

calculated that the strongest disequilibrium indicator in Earth’s atmosphere-ocean system in 

terms of free energy is the N2-O2-dominated atmosphere coexisting with a liquid H2O surface 

ocean (Krissansen-Totton et al. 2016a). The common thread to all of these signatures is the 
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presence of photosynthetically produced O2. The potential strength of oxygen as a biosignature 

has led to many studies of the feasibility of future ground-based and space-based observations to 

detect O2 or O3 spectral features in exoplanet atmospheres (e.g., Kawahara et al. 2012, Snellen et 

al. 2013; Misra et al. 2014a; Dalcanton et al. 2015).  

 

 
 

 
Figure 1.2. One classification scheme for planetary biosignatures: Gaseous, surface, and 

temporal (Meadows 2006). Left: Gaseous biosignatures may be directly or indirectly produced 

by metabolism or may be the result of photochemical processing of those gases and require 

spectral analysis of the planetary atmosphere to infer their presence. Molecular oxygen (O2) from 

photosynthesis and ozone (O3) are given as example gaseous biosignatures. Middle: The 

interaction of reflected light with the planetary surface can reveal surface biosignatures, which 

include the well-known vegetation red edge (VRE) by plants and the related Normalized 

Difference Vegetation Index (NDVI) used for mapping vegetated coverage by Earth observing 

satellites (Tucker 1979). Pigments produced by other organisms are also examples of surface 

biosignatures. Right: diurnal or seasonal changes in vegetation coverage or the abundance of 

gases involved in metabolism (CO2, CH4) could provide an indication of life (e.g, Keeling et al. 

1996). Image credits: NASA & the Encyclopedia of Life (EOL)2.  

                                                
2 http://eol.org/ 
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1.4 OXYGEN “FALSE POSITIVES” FOR LIFE 

A decade ago the consensus view was that oxygen would be a robust signature of life if detected 

in the spectrum of a planet inside the habitable zone of its star (Des Marais et al. 2002). 

Conditions where abiotic O2 could build up outside of the HZ have long been acknowledged. For 

instance, a planet undergoing a runaway greenhouse, thus necessarily closer to the star than the 

inner edge of the HZ, would have vast amounts of H2O high in its atmosphere, which would be 

susceptible to the loss of H to space and potential buildup of O2 (Kasting et al. 1984; Kasting et 

al. 1993; Schindler & Kasting 2000). How long this O2 would remain after the oceans had been 

lost is disputed. Venus provides an empirical example of a planet that was presumed to lose an 

ocean, but retains no free O2 in its atmosphere, though some argue this observation simply places 

a limit on the amount of H2O that could have been lost (see, e.g., Chassefière 1996).   On the 

other hand, a planet located further from the star than the HZ could potentially possess a thick, 

permanent ice shell, which could prevent reductants from the interior combining with the O2 

generated from the photolysis of small amounts of water vapor, allowing a tenuous O2 

atmosphere to build up (Kasting et al. 1993; Selsis 2002).  Mars provides somewhat of an 

example of this scenario with an O2 concentration of ~1700 ppm, which would be larger if its 

exposed surface did not provide a sink for O2 (Patel et al. 2003). Planets inside the HZ are robust 

to these scenarios, since by definition they will not experience a runaway greenhouse or possess 

a permanent snowball state (although this assumes the boundaries of the HZ can be known 

exactly, which is likely not true, especially because those boundaries could vary as a function of 

planetary parameters, e.g., see Kopparapu et al. (2014).)  

However, additional mechanisms for generating abiotic O2 have been recently identified 

that may affect planets with different atmospheric histories than the Earth or within the HZs of 
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different types of host star than the Sun, which can be loosely grouped into three categories. 

These include: A) the photochemical production of stable concentrations of O2/O3 from 

CO2 photolysis, which depends on the UV spectral slope of the host star and abundance of H-

bearing molecules in the atmosphere (Domagal-Goldman et al. 2014; Gao et al. 2015; Harman et 

al. 2015; Selsis et al. 2002; Tian et al. 2014),  B) massive XUV-driven H-escape and O2-build up 

on planets in the HZ during the pre-main sequence, especially for planets orbiting the latest type 

stars (Luger & Barnes 2015), and C) abiotic O2 buildup due to H-escape from N2-poor 

atmospheres that lack tropospheric H2O cold traps (Wordsworth & Pierrehumbert 2014). An 

extensive review of oxygen “false positive” mechanisms can be found in Meadows (2016). 

Figure 1.3 illustrates the planetary locations within the habitable zone that are susceptible to 

these potential abiotic O2 scenarios.  

 Understanding potential false positives for O2/O3 biosignatures, and how to identify 

them, is critical and timely for informing the search for life beyond the solar system, given that 

the first potentially habitable planets to be characterized with transmission observations will 

likely orbit M dwarfs, and so will be most susceptible to O2 biosignature impostors through 

CO2 photolysis and XUV-driven hydrogen escape (mechanisms (A) and (B) above).  
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Figure 1.3. Abiotic oxygen scenarios and their locations in relation to the Habitable Zone. These 

are, briefly: 1) Runaway greenhouse-facilitated hydrogen escape inside the inner edge of the HZ 

(e.g., Chassefière 1996; Schindler & Kasting 2000); 2) Photochemical abiotic O2 buildup in H 

poor atmospheres (e.g., Domagal-Goldman et al. 2014; Gao et al. 2015; Harman et al. 2015); 3) 

Missing cold trap from depleted N2 (Wordsworth & Pierrehumbert 2014); 4) Frozen planet 

prevents reaction with surface reductants (a subset of (2); e.g., Selsis et al. 2002); and 5) massive 

XUV-mediated H loss in the CHZ during the pre-main sequence (a subset of (1); e.g., Luger & 

Barnes 2015). This figure made use of NASA images.   

 

1.5 OUTLINE OF FOLLOWING CHAPTERS  

As outlined earlier, the proper identification of planetary biosignatures will require a global 

understanding of the planetary context, not simply the knowledge that one gas is present in a 

planet’s atmosphere. This philosophy is followed throughout this dissertation. Chapter 3 (Earth 

from the Moon: A Spectral Earth Database) builds upon previous work in the spectral modeling 

of Earth’s spectral habitability markers and biosignatures by recognizing and modeling their time 

dependent components. Future observations of exoplanets will be made at a variety of viewing 

geometries, observing windows, and integration times. The study I present in Chapter 3 provides 

a test bed for the time-dependent information that can be recovered with future observations.  

Chapter 4 (Detecting N2 in Planetary Atmospheres) is relevant both because the detection of N2 

1 
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is important for determining planetary habitability, but also because the existence of sufficient 

atmospheric pressure precludes scenarios for the abiotic generation of O2, and because N2 and O2 

together with a surface ocean represent a detectable form of chemical disequilibrium that may be 

indicative of life. Chapter 5 (Detecting Oxygen “False Positives” for Life) explicitly studies the 

strategies for identifying and discriminating against planetary mechanisms that generate abiotic 

O2. Chapter 6 (Nonphotosynthetic Pigments as Potential Biosignatures) expands upon possible 

surface reflectance biosignatures from nonphotosynthetic pigments, which, if detected, would 

bolster the case of life on a planetary surface, while also acknowledging the possibility for false 

positives and the need for understanding planetary context. These chapters are thematically 

linked by the approach of using spectral models to better understand the diversity and potential 

detectability of habitability markers, biosignatures, and their false positives to better inform the 

search for life elsewhere.  

The following subsections provide a more detailed outline of each subsequent chapter, 

including some of the major findings contained therein. Additionally, each chapter possesses a 

more detailed introduction including context and references for the area investigated.   

1.5.1 Chapter 2: Models and methods 

In this chapter I introduce the most significant models and methods used throughout this 

dissertation. These include the SMART radiative transfer model, the VPL 3D spectral Earth 

model, the SMART-T transit transmission radiative transfer model, a 1D radiative-convective 

climate model, a photochemistry model, and a model that couples the climate and 

photochemistry models together. SMART is a versatile radiative transfer program used to 

generate synthetic 1D planetary spectra. The VPL Earth model is a well-developed tool that 

takes as input spacecraft observations of the Earth, including realistic snow/ice and cloud cover, 
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to generate synthetic disk-averaged and spatially resolved spectra of the Earth from the far-UV to 

the far-IR. The SMART-T transmission model is used specifically to generate synthetic transit 

transmission spectra. The 1D radiative-convective climate model calculates self-consistent 

surface temperatures of hypothetical atmospheres with given greenhouse gas concentrations. The 

photochemistry model is used to calculate self-consistent mixing ratios of gases produced or 

destroyed from photolysis and chemical reactions in a planetary atmosphere.  

1.5.2 Chapter 3: Earth from the Moon: A Spectral Earth Database 

In Chapter 3 I generate a spectral library of the Earth as seen from the Moon over the course of a 

synodic month using the VPL Earth 3D spectral Earth model. I use this dataset to examine the 

phase-dependent spectral effects in Earth’s simulated disk-averaged spectrum. I calculate 

UBVRIJHK absolute magnitudes and colors and examine the Earth’s spectrophotometric 

variation. I find significantly reddening of the planetary spectrum near crescent phase across all 

UV/VIS/NIR color bands. At phases near quadrature, significant rotational variation can be 

recovered even with broad pass bands. I describe several applications of this synthetic dataset, 

including testing our ability to retrieve temporally rotationally dependent information from 

exoplanet spectra and spectrophotometry and data model comparisons with interplanetary 

spacecraft data. The subsequent chapter provides one example of this type of application.  

1.5.3 Chapter 4: Detecting N2 in Planetary Atmospheres 

Characterizing the bulk atmosphere is important for constraining habitability. This is because the 

surface stability of liquid water, and therefore the habitability of a planet, is dependent not just 

on surface temperature but also on pressure. The modern Earth’s atmosphere is dominated by N2, 
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and it is likely that N2 will be an important constituent in terrestrial planet atmospheres and yet it 

is extremely difficult to detect.  

 Here I explore the detectability of N2 in Earth-like planetary atmospheres. I compare 

interplanetary spacecraft observations of the Earth from the EPOXI mission to VPL’s 3D 

Spectral Earth model show that N2, often considered to be a spectrally inactive gas, produces a 

~35% effect on Earth’s disk-averaged spectrum near 4.15 µm through N2-N2 collisional pairs, or 

(N2)2. I use radiative-convective models to construct self-consistent N2-H2O-CO2 atmospheres 

and, using these atmosphere profiles as input to the radiative transfer model SMART, quantify 

the effect of (N2)2 on simulated planetary radiance spectra near 4.2 µm. I show that (N2)2 begins 

to produce a spectral impact strongly dependent on N2 abundance when pN2 ≥ 0.5 bar, and can 

significantly widen the combined 4.3 µm CO2/(N2)2 band at high pN2. I create analytic N2 and 

N2-H2 atmospheres and use the SMART-T transmission model to calculate the transit depth 

signature of (N2)2 for an Earth-size planet orbiting within the habitable zone of an M5V star with 

R=0.2 R�, for which refraction allows deeper pressure levels in the planetary atmosphere to be 

probed. I demonstrate that in this case the spectral transmission signal of (N2)2 can reach 10 ppm 

for a pure N2 atmosphere with no CO2, and significantly larger for N2-H2 atmospheres with 

larger scale heights.  

1.5.4 Chapter 5: Detecting Oxygen “False Positives” for Life 

In Chapter 5 I find that the mechanisms that generate abiotic O2 will also produce potential 

spectral discriminators CO and O4. I produced self-consistent transmission spectra of these 

atmospheres and simulate observations of them with the James Webb Space Telescope (JWST). 

The observation of both CO (2.35, 4.6 µm) and CO2 (1.6, 2.0, 4.3 µm) together in a transmission 

spectrum could indicate robust CO2 photolysis that may generate significant abiotic O2 or O3. If 
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significant O4 bands at 1.06 and 1.27 µm are observed in transmission, it could indicate a 

massive O2 atmosphere originating from a history of significant hydrogen escape.  Using JWST 

instrument simulation models, I find that for an Earth-size planet orbiting a nearby M dwarf star, 

CO at 2.35 µm, CO2 at 2.0 and 4.3 µm, and O4 at 1.27 µm are stronger features in transmission 

than O2/O3 and could be detected with SNRs > 3, assuming photon-limited noise. I find that 

massive post-runaway O2 atmospheres could be identified in reflected light by a next generation 

direct-imaging telescope such as LUVOIR/HDST or HabEx with strong UV/VIS/NIR O4 bands 

(at 0.345, 0.36, 0.38, 0.445, 0.475, 0.53, 0.57, 0.63, 1.06, and 1.27 µm) that would indicate an 

oxygen atmosphere too massive to be biologically produced.  

1.5.5 Chapter 6: Nonphotosynthetic pigments as potential surface biosignatures 

This chapter consists of an interdisciplinary study of the diversity and detectability of 

nonphotosynthetic pigments as biosignatures. This includes a review of the functions of 

biological pigments and the environments in which they are found, a lab-based study of the 

reflectance spectra of different pigmented organisms, and 1D and 3D spectral modeling of 

hypothetical, but realistic planetary environments that contained surfaces with pigmented 

organisms, such as a halophile-dominated ocean on an Earth-like planet with realistic clouds.  I 

find that, given significant surface coverage, nonphotosynthetic pigments can produce significant 

effects on the disk-averaged spectrum of the planet. However, surface biosignatures are unlikely 

to be detected by broadband colors, and would require spectrally resolved data.   

 

1.5.6 Conclusions 

The concluding chapter includes a summary of each chapter and a short section on future work. 



Chapter 2. MODELS 

The subsequent chapters make wide use of various computational models for simulating aspects 

of planetary atmospheres. These include spectral radiative transfer models, a one-dimensional 

radiative-convective climate model, and a one-dimensional photochemistry model. This chapter 

describes the basic physical theory behind each computational model and includes standard 

inputs and boundary conditions for those models. I do not recapitulate every foundational detail 

of these complex models, but I do provide detailed references to the original and most recent 

publications that describe them most fully. The descriptions are ordered with respect to how 

widely used each model is throughout the subsequent chapters with the most widely used models 

in the beginning. In Section 2.1 I describe the SMART line-by-line radiative transfer model used 

for spectral modeling in each chapter, in Section 2.2 I describe the VPL spectral Earth model, 

which is used to produce high-fidelity, whole Earth spectral products in Chapters 3, 4 and 6, in 

Section 3.3 I describe the SMART transmission model used in Chapters 4 and 5, in Section 2.4 I 

describe the radiative convective climate model used in Chapters 4 and 5, and in Section 2.5 I 

describe the photochemistry model used in Chapter 5. I describe the coupling routines between 

the photochemistry and climate model in Section 2.6, which is used in Chapter 5. Small portions 

of this chapter (in Sections 2.1 and 2.2) were originally published in collaboration with T.D. 

Robinson, V. S. Meadows, A. Misra, and S.D. Domagal-Goldman in the September 2015 edition 

of the Astrophysical Journal (Schwieterman et al., 2015, ApJ, Vol. 810, 57; © 2015 American 

Astronomical Society), and are reproduced below with permission of the American Astronomical 

Society. 
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2.1 SPECTRAL MAPPING AND ATMOSPHERIC RADIATIVE TRANSFER MODEL 

(SMART)  

The Spectral Mapping Atmospheric Radiative Transfer (SMART) model, developed by D. Crisp, 

is the foundational radiative transfer program of the Virtual Planetary Laboratory (Meadows & 

Crisp 1996, Crisp 1997). Gaseous absorption coefficients over most relevant wavelength ranges 

are calculated by the companion Line-By-Line ABsorption Coefficients model (LBLABC), also 

developed by D. Crisp. In this subsection I describe LBLABC/SMART, which are used for 

spectral modeling throughout this work.  

2.1.1 Radiative Transfer Theory and SMART 

 SMART is a one-dimensional, plane-parallel, line-by-line, multi-stream, multiple-

scattering radiative transfer model. SMART takes as input vertical profiles of temperature, 

pressure, gas mixing ratios, and aerosol optical depths. With these inputs SMART calculates the 

monochromatic optical properties of each layer. Line absorption coefficients for gases with 

visible and infrared vibration-rotational transitions are calculated by LBLABC, which 

determines the absorption coefficients of spectrally active gases at each level of the atmosphere 

given a line list database. 

  The monochromatic optical depth of a vertical column of gas (τ(ν)) can be given in terms 

of the monochromatic absorption coefficient km, a function of altitude (z), temperature (T), 

wavenumber(ν), and the number density distribution of the gas, Nm(z). Thus, integrating over the 

optical path, and summing over all gases (m) with vibrational-rotation absorption, we can write 

(Tinetti et al. 2006) 

 𝑑𝜏! 𝜈 = − 𝑘! 𝜈, 𝑧,𝑇 𝑁! 𝑧 𝑑𝑧!
!!!  (2.1) 
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By assuming hydrostatic equilibrium (dp/dz = -ρg = -µng), where n is the number density, 

equation 2.1 can be written as a function of pressure p rather than altitude z  

 𝑑𝜏! 𝜈 = 𝐴!
𝑘! 𝜈,𝑝,𝑇 𝑞! 𝑝

(𝜇!𝑔) 𝑑𝑝
!
!!!  (2.2) 

where Nm(p) has been written in terms of the mass mixing ratio of the gas qm, the molecular 

weight of the gas µm, the gravitational acceleration g, the temperature T, and Avogadro’s number 

A0. The gas absorption coefficient, km, is constituted from the sum of all absorption lines that 

contribute opacity at a given ν  

 𝑘! 𝜈,𝑝,𝑇 = 𝑆!(𝑇)𝑓!(𝜈  ±  𝜐!!,𝑝,𝑇)!
!!!  (2.3) 

where Si is the strength of the ith spectral line centered at the wavenumber ν0i, fi is the line profile 

function at a distance (𝜈 - 𝜈!!) from the center of line i, and N is the number of lines that 

contribute to the absorption at wavenumber ν. LBLABC evaluates Equation 2.3 to create an 

absorption coefficient reference file for each gas, at each pressure level, at each wavenumber, 

and at from one to several reference temperatures.   

     LBLABC uses for its line shape a Voigt line profile that includes Doppler broadening, 

Lorentzian (pressure) broadening, and Dicke (pressure) narrowing within a Voigt cutoff of 40 

Doppler half-widths of the line-center (Meadows & Crisp 1996). At greater distances from the 

line center, a van Vleck-Weisskopf profile is used for all gases except for H2O, CO2, and O2 

(Goody & Yung 1989; pg. 100). For H2O, the van Vleck-Weisskopf profile is altered at greater 

distances from line center by multiplication by an empirical wavenumber-dependent χ factor 

modified from Clough et al. (1989). For CO2 a sub-Lorentzian profile is calculated based on a set 

of semi-empirical χ factors (Meadows & Crisp 1996). For O2, a super-Lorentzian shape is 

calculated from Hirono & Nakazawa (1982) with an exponent of 1.958. LBLABC was 



 

 

43 

developed to be applicable over a wide range of temperatures (130-750 K), pressures (10-5 to 100 

bar) and distances from the center of an absorbing line (10-3 to 103 cm-1) (Meadows & Crisp 

1996).  Throughout this work, when calculating gaseous absorption coefficients with LBLABC, 

a line cutoff of 1000 cm-1 is used (unless otherwise specified).  

 The gas absorption coefficients determined by LBLABC are read in by SMART and 

multiplied by the gas mixing ratios and layer thicknesses to determine the normal-incidence gas 

extinction optical depths (Equation 2.2). The total extinction at each layer and each spectral grid 

point is calculated by combining the gas extinction optical depths with those calculated for 

Rayleigh scattering and aerosol absorption. 

  SMART generates synthetic spectra of planetary atmospheres by solving the radiative 

transfer equation, which can be written as (Goody & Yung 1989; pg. 519) 

 𝜇 !" !,!,!,!
!"

= 𝐼 𝜏, 𝜇,𝜙, 𝜐 −  𝑆(𝜏, 𝜇,𝜙, 𝜐) (2.4) 

where I is the radiance, τ is again the vertical column integrated optical depth, µ is the cosine of 

the zenith angle (µ=cosθi) and ϕ is the azimuth angle. S is the source function, and it is given by 

 𝑆 𝜏, 𝜇,𝜙, 𝜐 =  ! !,!
!!

𝑑𝜙!!!
! 𝑑𝜇!𝑃 𝜏, 𝜇,𝜙, 𝜇!,𝜙!, 𝜈 𝐼 𝜏, 𝜇!,𝜙!, 𝜈!

!! +  

 1− 𝜔 𝜏, 𝜈 𝐵 𝜈,𝑇 𝜏 + ! !,!
!!

𝐹⊙𝑃(𝜏, 𝜇,𝜙,−𝜇⊙,𝜙⊙, 𝜈)𝑒
! !
!⊙ (2.5) 

where ω(τ,𝜈) is the single scattering albedo (i.e., ω(τ,𝜈) = Qscat(τ,𝜈) /Qext(τ,𝜈)), P(τ, µ, ϕ, µ’, ϕ’, 𝜈) 

is the scattering phase function, B[𝜈,T(τ)] is the Planck function, F⊙ is the solar (or, most 

generically, the illuminator) spectral irradiance at the top of the atmosphere (the calculation may 

run without or without an illumination source), µ☉ is the solar zenith angle, and ϕ☉ is the solar 

azimuth angle. The Planck function B[𝜈,T(τ)]  can be written as 
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 𝐵![𝜈,𝑇] =
!"!!!!

!!!!/!"!!
 (2.6) 

 Figure 2.1 illustrates the geometric scheme for SMART’s radiative transfer calculations. Note 

that for this geometric arrangement, a solar zenith angle of 90° represents the illumination source 

on the horizon, an angle of 0° at the zenith, and an angle of 60° approximately equal to the 

diurnal average. An observer azimuth angle of 0° represents the view directly towards the 

illumination source while a ϕ of 180° is a view directly away.  

 

Figure 2.1. Geometric scheme for SMART radiative transfer calculations. The three input angles 

are: the solar zenith angle (θi), the observer zenith angle (θr), and the observer azimuth angle (ϕr – 

ϕi), where the illuminator azimuth angle (ϕi) has been chosen as the reference direction.  Based 

on Figure 6 of Tinetti et al. (2006a).  

 

 SMART uses the discrete ordinate method to evaluate the integrals in Equation 2.5 at 

each level of the atmosphere (through the DISORT FORTRAN code; Stamnes et al. 1988). Each 

vertical layer is assumed to have constant optical properties (τ, ω, etc.) with 40-70 layers 
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typically used.  The number of streams used for the discrete ordinate method is a tunable 

parameter in SMART. I used eight streams (four up, four down) for all cases of a single SMART 

run in this work, a parameter which has been empirically evaluated by model data comparisons 

of Venus’s NIR spectrum (Meadows & Crisp 1996; Arney et al. 2014). The Gaussian quadrature 

points at 21.48°, 47.93°, 70.73°, and 86.01° are used for each of the upward and downward 

radiance streams. The output of the model contains the upward radiance streams and the sum of 

all the contributions to the disk-averaged spectrum. The streams are used directly by the VPL 

Earth model described below. In other cases the total (disk-averaged) radiance spectrum from a 

single SMART run is shown throughout this work, unless otherwise stated.  

 The mapping methods used by SMART greatly reduce computational time relative to 

strict line-by-line methods. SMART uses mapping algorithms that bin subintervals within 

spectral regions that have sufficiently similar optical properties (e.g., τ, ω, and P) along an 

optical path and then maps these subintervals into a reduced number of broader monochromatic 

bins. SMART then solves Equation 2.5 for just these bins (West et al. 1990). SMART can then 

reallocate these computed radiances back onto the original higher resolution wavenumber array, 

introducing radiance errors that are less than a few percent while increasing computational 

efficiency by two to three orders of magnitude (Meadows & Crisp 1996).  

2.1.2 Boundary conditions and standard inputs 

SMART requires atmosphere and surface parameters in order to evaluate the radiative transfer 

equation (eq. 2.5). These include the optical properties (τ, ω, and P) and temperature, T(τ), of 

each atmospheric layer. The top layer of the atmosphere is bounded by a downward thermal flux 

of zero and a non-attenuated downward shortwave (solar or stellar) flux set by the parent star (or 

generically, the illuminator) distance and appropriately scaled for the cross-sectional geometry of 
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the planet. The surface albedo, Aν, and its reflectance function, PA(µ,µ’), constitute the boundary 

conditions at the bottom layer of the atmosphere.   

 There are three types of atmospheric gas absorption evaluated by SMART: 1) absorption 

by gases with pre-computed cross-sections, 2) line absorption with temperature and pressure 

dependent profiles calculated by LBLABC, and 3) collisionally-induced absorption. I use cross-

sections for gas absorption from electronic and pre-dissociation transitions in the UV (> 0.4 µm) 

throughout this work. Figure 2.2 shows UV cross sections for the major absorbing gases in 

Earth’s atmosphere from Demore et al. (1997). Line absorption is calculated by LBLABC for 

rotational-vibrational transitions from the visible to far infrared wavelengths (0.4 to 200 µm). I 

used the HITRAN 2008 (Rothman et al. 2009) line lists in conjunction with LBLABC to 

calculate the absorption coefficients for the spectrally absorbing monomer gases in the Earth-

Lunar spectral database presented in Chapter 3 and for the spectral products in Chapter 6. The 

HITRAN 2012 (Richard et al. 2012) line lists are used for the spectral products in Chapters 4 and 

5. Figure 2.3 illustrates the HITRAN 2012 line intensities for these major absorbing gases in 

Earth’s atmosphere: O2, H2O, CO2, O3, N2O, CH4 and CO.   In the temperature, pressure, and 

spectral resolution regimes investigated in this work, the impact of using either HITRAN 2008 or 

2012 is minimal. Collisionally induced absorption (CIA) theory (3) is relevant for gas collisions 

that produce temporarily induced dipoles in collision partners, or for bound van der Waals 

molecular complexes (dimers) that typically exist at very low temperatures (Frommhold 1993). 

The strength of CIA is dependent on the square of the gas density and inversely dependent on 

temperature. SMART can accommodate temperature-dependent CIA absorption by gases given 

pre-computed binary (collisional) absorption coefficients. This is relevant for the N2-N2, N2-O2, 
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and O2-O2 CIA described in Chapters 4 and 5. I include detailed formulae for the inclusion of 

CIA in spectral calculations in those chapters.  

 
Figure 2.2. Ultraviolet (0.1-0.38 µm) cross sections (cm2) for bulk and significant trace gases in 

Earth’s atmosphere. Data are from Demore et al. (1997).  

 

 Scattering by molecules and aerosols is also included by SMART. The type of scattering 

chosen depends on the size parameter x, given by  

 𝑥 = !!"
!

 (2.7) 

where r is the radius of the particle and λ is the wavelength. For sufficiently small x, Rayleigh 

scattering dominates. This is the case for gaseous molecules in the atmosphere when interacting 

with visible and non-dissociative UV radiation in Earth’s atmosphere.  The molecular cross 

section for Rayleigh scattering is inversely dependent on wavelength to the fourth power and is 

given by (Allen 1964): 
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 𝜎! =
!"!!

!"!
⋅ (!!!)

!

!!
⋅ 𝛿 (2.8) 

where σs is the linear scattering coefficient, N is molecular number density, n is refractive index 

of the atmospheric medium, and δ = (6+3Δ)/(6-7Δ) is the depolarization factor with Δ = 0.030 for 

N2 and Δ= 0.054 for O2.  

 

 
Figure 2.3. HITRAN 2012 (Richard et al. 2012) line intensities (cm-1/(molecule�cm-2)) for each 

major absorbing gas in Earth’s atmosphere (0.4-20 µm): H2O, CO2, O3, CH4, N2O, CO, and O2. 

Includes isotopologues whose line intensities have been scaled by their natural abundance (on 

Earth).  
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 For particles with moderately large x, such as raindrops, a different scattering regime is 

reached. If the particles can be modeled as spheres than Mie theory can be used. For particles 

with non-spherical shapes, or sufficiently large x, geometrics optics must be used. SMART can 

include scattering by aerosols with pre-computed optical properties (e.g., Qext, Qscat, g) from a 

Mie scattering model or a geometric optical model. A Mie scattering model  (Wiscombe 1980; 

Crisp 1986) is used to compute the optical properties of water droplets (liquid water clouds) 

while ice (cirrus) clouds are modeled as distributions of hexagonal crystals and their optical 

properties are determined by the geometric optics approach described by Muinonen et al. (1989). 

For spherical particles a full Mie phase function can be used, otherwise a Henyey-Greenstein 

phase function is employed (Henyey & Greenstein 1941). 

2.2 VPL 3D SPECTRAL EARTH MODEL 

To generate time-dependent, high-fidelity, and well-validated disk-averaged and spatially-

resolved spectra of the Earth, I use the Virtual Planetary Laboratory (VPL) three-dimensional, 

line-by-line, multiple scattering Earth model (Tinetti et al. 2006a; Robinson et al. 2011; 

Robinson 2012). This model incorporates data from Earth-observing satellites to specify Earth’s 

atmospheric and surface state, including snow, ice, and cloud cover. The model uses these 

factors as input to generate synthetic, time-dependent spectra of Earth, including absorption and 

scattering by the atmosphere, surface, and clouds and specular reflection by the ocean (Robinson 

et al. 2010). The VPL Earth model has been validated against broadband visible and NIR data 

from NASA’s EPOXI mission, which repurposed the Deep Impact flyby spacecraft (Livengood 

et al. 2011; Robinson et al. 2011), and against phase-dependent, high-resolution visible and NIR 

spectral data from NASA’s LCROSS mission (Robinson et al. 2014). The temperature-pressure 

and gas mixing ratio profiles for each atmospheric pixel, the relative coverage of snow and 
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clouds for each pixel, and the wind speed and direction used to calculate specular reflectance for 

each ocean pixel (Cox & Munk 1954) are determined by a suite of data from Earth-observing 

satellites, described by Robinson et al. (2011), but summarized below.  I also describe the 

computed spectral library and the geometric calculations used by the Earth model to create disk-

averaged spectra for spatially resolved data cubes.  

2.2.1 Surface parameters   

There are five surface types used by the Earth model: grassland, forest, ice/snow, soil, and 

seawater. The spectral albedos for these surface types were taken from the USGS and ASTER 

spectral libraries (Clark et al. 2007; Baldridge et al. 2009) and are shown in Figure 2.4.  

The spatial distribution of land, grassland, forest and ocean are determined from an 

interpolation of a yearly averaged map3 from the Moderate Resolution Imaging 

Spectroradiometer (MODIS) instrumentation (Salomonson et al. 1989) aboard the NASA Aqua 

and Terra satellites. Snow and sea ice cover is seasonably variable and so requires a more 

temporarily restricted window for determining spatial distribution. Multi-day averaged snow and 

sea ice cover data products4 from MODIS observations are used to assign the snow/ice (Hall et 

al. 1995; Riggs et al. 1999). The SeaWinds instrument on the QuickSCAT satellite (Katsaros et 

al. 2001) provides wind speed and direction5, which are used as input by the Cox-Munk glint 

model (Cox & Munk 1954) to calculate the bidirectional reflectance distribution function 

(BDRF) of the wave-covered ocean6. Other surface types are assumed to be Lambertian 

reflectors (i.e., isotropic reflection).  

                                                
3 http://modis-land.gsfc.nasa.gov/landcover.html 
4 http://modis-snow-ice.gsfc.nasa.gov 
5 http://podaac.jpl.nasa.gov/datasetlist?ids=Measurement&values=Ocean Winds 
6 Note that QuikSCAT suffered an antennae motor failure on November 22, 2009, so wind vectors are not available 
for subsequent dates 
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Figure 2.4. Spectral albedos for each surface type used by the VPL spectral Earth model (0.2 – 

1.6 µm). The forest albedo spectrum as taken from the ASTER spectral library (Baldridge et al. 

2009), while the other surface albedos were taken from the USGS spectral library (Clark et al. 

2007). The seawater albedo spectrum is consistent with the albedo of an ocean averaged over all 

observer angles using the Cox & Munk (1954) glint model (Robinson et al. 2010, Robinson 

2012). The composite spectrum (black-dash) is based on a weighted average of 65.6% seawater, 

4% conifer forest, 13.6% grassland/brush, 5.5% soil/desert, and 11.3% snow/ice, based on an 

equatorial view during spring equinox.  

 

2.2.2 Atmosphere parameters 

Suites of instruments aboard Earth observing satellites inform the spatial distribution of trace 

gases in the atmosphere in daily averaged data products. This instrumentation includes the 



 

 

52 

Microwave Limb Sounder (MLS7; Waters et al. 2006) and Tropospheric Emission Spectrometer 

(TES8; Beer et al. 2001) aboard the NASA Aura satellite, and the Atmospheric Infrared Sounder 

(AIRS9; Aumann et al. 2003) aboard the NASA Aqua satellite. Table 2.1 provides a concise list 

of the species measured by these instruments and the dynamic range of these gases in the 

atmosphere (adapted from Robinson et al. (2011)).  Spatially resolved temperature profiles are 

derived from a combination of data from MLS/Aura and AIRS/Aqua. Other major bulk and trace 

gases such as O2, N2, and CO2 are evenly mixed in the atmosphere. See Figure 2.5 for mixing 

ratio and temperature profiles for a representative mid-latitude southern hemisphere profile.  

 

 

Table 2.1 Earth Model Trace Gas Parameters 

 Nominal Volume Mixing Ratio 
Species Instrument Range (Pa) Surface Tropopause Stratopause 
H2O AIRS/Aqua 105 - 104 10-3-10-2 3×10-6 3×10-6 
H2O MLS/Aura 3×104 - 2×10-1 - - - 
O3 MLS/Aura 2×104 – 2×100 10-8 - 10-7 1×10-7-1×10-6 5×10-6 
CH4 TES/Aura 10-5 - 5×102 10-6 10-6 2×10-7 
N2O MLS/Aura 104 – 101 5×10-7 4×10-7 2×10-8 
CO MLS/Aura 104 - 102 10-8-10-7 10-8-10-7 10-7 
Adapted from Robinson et al. (2011) with data from Livesey et al. (2007) and Payne et al. (2009) 
 

                                                
7 http://mls.jpl.nasa.gov/data 
8 http://tes.jpl.nasa.gov/data 
9 http://airs.jpl.nasa.gov 



 

 

53 

 
 

Figure 2.5. Temperature and gas volume mixing ratio profiles from a representative southern 

hemisphere mid-latitude Earth model atmospheric pixel (41.8° S, 23.5° W) calculated for March 

19, 2008 (Schwieterman et al. 2015b; also see Chapter 3) using data products summarized in 

Table 2.1.   

 

2.2.3 Inclusion of clouds  

The Earth model determines cloud spatial locations other properties with daily averaged cloud 

coverage maps from MODIS10. The MODIS data products also indicate cloud phase (liquid, ice), 

cloud top pressure (a proxy for altitude), and optical depth measurements. In the model, four 

cloud types are chosen that give a good (observationally validated) representation of the diversity 

of Earth’s cloud cover (Robinson et al. 2011; Livengood et al. 2011). Liquid water clouds 

(stratocumulus) are placed at 1.5 km (0.847 bar) while ice (cirrus) clouds are placed at 8.5 km 

                                                
10 http://modis-atmos.gsfc.nasa.gov/ 
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(0.331 bar). Both clouds are split into moderately thick and very thick categories. Liquid water 

clouds have optical depths of 5 or 15, while ice clouds have optical depths of 5 or 20. These 

optical depths bracket well the observed range of cloud optical depths and give a good fit to 

validation data (Robinson et al. 2011). A Mie algorithm is used to model the scattering properties 

of liquid water clouds (Wiscombe 1980; Crisp 1986) , while cirrus clouds are modeled as 

distributions of hexagonal ice crystals with a  geometric optics routine applied to determine their 

scattering properties (Muinonen et al. 1989; see Section 2.1.2). A full Mie phase function can be 

used for the spherical water droplets, while a Henyey-Greenstein (Henyey & Greenstein 1941) 

phase function is used for other particles.  

 

2.2.4 Earth model geometric calculations and SMART spectral library 

The VPL Earth model integrates the projected area weighted intensity of the planet (or a region 

of the planet) in the direction of the observer (Robinson et al. 2014), which can be written as  

 𝐹!(𝒐, 𝒔) =
!!!

!!
𝐼! 𝒏,𝒐, 𝒔 𝒏 ⋅ 𝒐 𝑑𝜔 (2.9) 

where 𝐹!(𝑜, 𝑠) is the flux density measured by the observer, RE is the radius of the Earth (6378 

km), d is the distance from the planet to the observer, 𝐼! 𝒏,𝒐, 𝒔  is the location-dependent 

specific intensity directed at the observer, 𝒐 and 𝒔 are unit vectors in the direction of the observer 

and the Sun, respectively, dω is an infinitesimal solid angle on the globe, and 𝒏 is a normal unit 

vector for the location of the planet’s surface corresponding to dω. To calculate the disk-

integrated spectrum, we use Equation 2.9 to integrate over the observable hemisphere (2π 

steradians).  However, Equation 2.9 may be used to integration over small regions of the planet 

to create a spatially resolved spectral data cube of the Earth. This is explored further below.   
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 The HEALpix parameterization (Gorski et al. 2005)11 is used to pixelate the atmosphere 

and surface and numerically evaluate Equation 2.9. If we divide the plane into N equal-area 

surface pixels (Robinson et al. 2014), Equation 2.9 can be written as  

 𝐹!(𝒐, 𝒔) =
!!
!
!!!

!!
𝐼! 𝒏! ,𝒐, 𝒔 𝒏! ⋅ 𝒐!∈!  (2.10) 

where 𝒏! is the unit vector describing the location on the sphere of surface pixel i, and O is the 

set of indices of all observable pixels (𝒏! ⋅ 𝒐  > 0). The HEALpix method divides a sphere into 

equal area pixels and is defined by a parameter k where the number of pixels on the sphere can 

be Npix=12*(2k)2; however the variable 2k is often written as N, so that the number of pixels is 

12*N2. A key constraint is that N is limited to a series 2k where k = 1, 2, 3, etc.  For the Earth-

Lunar spectral database presented in Chapter 3, I use 192 surface pixels (k=2,N=4) of mixed type 

(coverage weighted averages of forest, grass, desert, ocean, and snow/ice), which are nested 

below 48 atmospheric pixels (k=1,N=2) with 40 vertical atmosphere layers.  (For a subset of this 

database, higher k and N are used, up to k=6, and N=64.) 

 For each date the Earth model is run, SMART is used to generate a spectral database for 

every combination of atmospheric pixel (48), surface type (5), cloud type (4, plus clear sky), 

solar zenith angle (0°, 15°, 30°, 45°, 60°, 75°, 80°, 85°, and 90°), observer zenith angle (the 

Gaussian angles 21.48°, 47.93°, 70.73°, and 86.01°), and observer azimuth angle (0°, 30°, 60°, 

90°, 120°, 150°, and 180°). An illustration of the geometric angles used for each SMART 

calculation is shown in Figure 2.1.  The size of the composite SMART spectral library is 

approximately 10,000 one-dimensional radiative transfer (SMART) runs, which takes 

approximately three weeks to generate using 100 CPUs.  

                                                
11 http://healpix.sourceforge.net/ 
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 The Earth model interpolates over this spectral library to calculate the spectrum of each 

surface pixel that is summed in Equation 2.10 by weighting according to the observer-planet-Sun 

viewing geometry and the relative coverage of each surface and cloud type for the pixel. A 

Kurucz model spectrum of the Sun (Kurucz 1995) is used as the input solar spectrum in the Earth 

model and for all other SMART runs with the Sun as the illumination source. Figure 2.6 provides 

an illustration of the individual spectral reflectivity contributions from each combination of 

surface or cloud type with a representative mid-latitude atmosphere profile (Figure 2.5) over a 

UV to NIR wavelength interval (0.2 – 1.6 µm). The assumed solar zenith angle is 60° and the 

azimuth angle is 0°.  

 

 
 
Figure 2.6.  Example reflectivity spectra (planet flux/solar flux) of the VPL Earth model spectral 

library for each surface and cloud type.   The example spectra shown were calculated using the 

atmosphere profile in Figure 2.5 and the albedos in Figure 2.4, assuming a solar zenith angle of 

60°. The cloud types are water clouds with optical depths (τ) of 5 and 15 and ice clouds with 

optical depths of 5 and 20.  
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 Spectral data cubes of each Earth view can also be generated. This consists of a data file 

with a spectrum corresponding to the solution to the Equation 2.8 for each pixel on the 

hemisphere visible to an observer with a given viewing geometry. Spectral data cubes can be 

used for validation observations that encompass only part of the Earth’s disk (e.g., Robinson et 

al. 2014) and for visualization and other purposes. In Chapter 3 I present spectral data cube 

images of the Earth from Lunar viewing geometries.  

2.3 SMART-TRANSMISSION (SMART-T) 

The SMART Transmission model (SMART-T) uses the normal-incidence optical depths 

provided by SMART to calculate the transmission along limb-traversing paths (Misra et al. 

2014a,b; Misra 2014). The transmission spectrum for each tangent altitude h(i) (i.e., for each 

layer orthogonal to a parallel ray from the illuminating source) can be calculated with the Beer-

Lambert Law by combining the optical properties determined by SMART with the path length 

between the adjacent atmospheric layers (Misra et al. 2014b) 

 𝐹 𝜆, 𝑖 = 𝑒! !(!)∙!(!)∙!(!,!)!  (2.11) 

where F(λ i) is the fractional flux transmitted through tangent altitude h(i) at wavelength λ, σ(λ) 

is the total extinction (absorption and scattering) cross-section at wavelength λ, n(j) is the 

molecular  number density at layer j, and p(i,j) is the path length between neighboring layers j 

and j+1 at altitude h(i), and can be written as 

 𝑝 𝑖, 𝑗 = ℎ(𝑗 + 1)! − ℎ 𝑖 ! − ℎ(𝑗)! − ℎ(𝑖)! (2.12) 

The full fractional transmission through the atmosphere consists of a weighted average of 

Equation 2.12 that depends on the area of the planetary annulus at each altitude. It can be written 

as 
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 𝐹 𝜆 = !(!,!)∙![ ! !!! !!! !! ! ! !!! !]!
!(!"# ! !!!)!

 (2.13) 

where F(λ) is the fraction of flux transmitted through the entire atmosphere at a given 

wavelength and RP is the radius of the planet. The effective tangent height of at each wavelength 

(Ratm,λ) is the altitude at which less than 50% of the flux is transmitted (i.e., F(λ,i) < 0.5).  

 
 At times it is convenient to express the transmission spectrum in terms of the spectral 

transmission depth. The spectral transit depth can be calculated based on the effective tangent 

height of the atmosphere (Ratm,λ) with the following equation: 

 ∆d! =  !!!!!"#,!
!

!∗!
 ×10! (2.14) 

where ∆d! is the spectral transit depth in parts-per-million, R* is the radius of the host star, RP is 

the solid radius of the planet, and Ratm,λ is the wavelength dependent radius of the atmosphere, or 

equivalently, the effective tangent height of the atmosphere (Misra et al. 2014b).  

 Refraction is an important physical effect that is included in the SMART-T transmission 

calculation. As light originating from the star enters the planetary atmosphere from the vacuum 

of space, the change of medium creates a shift or bend in the path of the light. Rays that had been 

orthogonal to the planetary atmosphere will exit the atmosphere at an angle. This has significant 

consequences for an observer at an effectively infinite distance, which is the case for exoplanet 

observations. The primary effect of refraction is that starlight is refracted out of the beam for a 

distant observer during a transit (Sidis & Sari 2010). This effect sets a limit on the maximum 

pressure (density) that can be probed with transmission spectroscopy (García Muñoz et al. 2012; 

Bétrémieux & Kaltenegger 2014; Misra et al. 2014a,b). This limit is dependent on both the 

angular size of the star as seen by the planet (a function of stellar radius and planet-star distance) 

and the composition of the atmosphere. A secondary effect of refraction is that starlight can be 
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refracted into the observer’s beam for prior to a transit, which has useful applications for 

characterizing planetary atmospheres (e.g., Sidis & Sari 2010; Misra et al. 2014b; Misra & 

Meadows 2014).   

 A path integration method detailed in van der Werf (2008) is used to include refraction in 

the transmission calculation of SMART-T. If the final angle calculated at a given tangent altitude 

by the path integration connects the observer to the stellar disk, then that tangent altitude can be 

observed with transmission spectroscopy. If the observer is not connected to the stellar disk via 

the final angle, that level of the atmosphere is opaque to the observer no matter what the optical 

properties of the layer are. Since the star will not have a constant brightness across the disk, a 

limb-darkening model is needed to determine the amount of flux transmitted through each layer 

of the atmosphere. SMART-T uses the limb darkening coefficients of Claret (2000).  

 The input parameters to the transit transmission model are identical to those of SMART 

with a two main additions. These additional inputs are: 1) the index of refraction of the surface 

layer of the atmosphere at standard temperature and pressure (STP) and 2) the radius of the host 

star in solar radii. Table 2.2 provides the indices of refraction and molecular weights for some 

common gases in a planetary atmosphere (matched against their HITRAN gas codes). (The index 

of refraction is typically measured at the wavelength of the sodium (Na) D line at 0.589 µm).  

SMART-T can also use a planet-star distance for geometric calculations independent of the 

distance used by SMART to scale stellar flux and the effects of refraction may be turned “off”. 

Additional model details can be found in Misra et al. (2014b) and Misra (2014). 

 

 

 



 

 

60 

Table 2.2 Common Gas Properties 

Gas Index of Refraction12 Molecular Weight (amu) HITRAN Code13 
Air (Earth) 1.000293 28.97 - 
N2 1.000298 28.01 22 
O2 1.000271 32.0 7 
CO2 1.000445 44.0 2 
H2O 1.000256 18.02 1 
O3 - 48.03 3 
CH4 1.000444 16.04 6 
N2O 1.000516 44.01 4 
CO 1.000338 28.0 5 
Ar 1.000281 39.95 - 
H2 1.000132 2.02 45 
 

2.4 1D RADIATIVE-CONVECTIVE CLIMATE MODEL (CLIMA) 

For climate calculations, I use a one dimensional radiative convective climate model originally 

developed by Kasting & Ackerman (1986) with heritage from  Kasting et al. (1984) and Kasting 

& Pollack (1983). The climate model is used to calculate self-consistent planetary surface 

temperatures and atmospheric temperature profiles in Chapters 4 and 5 for various terrestrial 

atmosphere scenarios. This model has been substantially updated through the last few decades. 

The current incarnation of this climate model was recently used to calculate habitable zones for 

main sequence stars (Kopparapu et al. 2013), an update of the initial work by Kasting et al. 

(1993), and to calculate the climate of a hazy Archean Earth (Arney et al. 2016). A complete 

description of the climate model is outside the scope of this work, but I will briefly describe 

some key aspects.  

 The structure of the atmosphere is parameterized in the climate model as 101 layers, 

extending from 0 to 80 km. The troposphere temperature profile follows a wet adiabatic lapse 
                                                
12 from http://www.kayelaby.npl.co.uk/general_physics/2_5/2_5_7.html 
13 see http://www.cfa.harvard.edu/hitran/molecules.html 
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rate up to the stratospheric temperature (the cold trap) (Kasting 1988). The water vapor profile is 

based on a modified Manabe & Wetherald (1967) profile with a surface relative humidity of 80% 

(Kasting & Ackerman 1986). The temperature profile in the stratosphere is allowed to vary from 

UV heating by CO2, O3, and CH4 (if present) absorption to achieve radiative equilibrium.  

Hydrostatic equilibrium is assumed to calculate the pressure-altitude profile. A δ2-stream 

multiple scattering algorithm (Toon et al. 1989) is used to account for absorbed stellar radiation 

in each atmosphere layer from shortwave radiation spanning 0.2 to 4.5 µm in 38 spectral bins. 

The main spectrally active gases are CO2, H2O, O2, O3, and CH4. Correlated-k coefficients are 

used to compute absorption by these gases for net outgoing longwave infrared (IR) radiation 

(OLR). The correlated-k coefficients were calculated with a program called KSPECTRUM14 

using the HITRAN 2008 line lists (Rothman et al. 2009). For each gas 55 spectral intervals were 

used from 0 – 15,000 cm-1 (λ > 0.67 µm). CO2 CIA is included based on the parameterization 

presented in Halevy et al. (2009). 

 The numerical method for calculating the thermal flux and temperature at each level are 

described in Appendix A of Kasting et al. (1984). Rayleigh scattering by bulk atmospheric gases 

N2, O2, CO2 and H2O is included in the calculation of planetary albedo.   Clouds are not formally 

included, but are parameterized by a surface albedo (Asurf = 0.32) tuned to reproduce the 

temperature of modern Earth given empirical mixing ratio profiles and incident solar flux 

(Kopparapu et al. 2013).  The input stellar spectrum and the overall incident flux is a tunable 

parameter that can vary based on the modeled planet-star distance. Additional adjustable 

parameters include the surface pressure and the mixing ratio of bulk and trace atmospheric gases. 

The 1D climate model described above is one part of the coupled photochemical-climate model 

Atmos, described further below in Section 2.6.  
                                                
14 http://code.google.com/p/kspectrum/ 
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2.5 PHOTOCHEMISTRY MODEL  

For modeling the photochemistry of planetary atmospheres I used a 1D diffusive photochemical 

code originally developed by Kasting et al. (1979), Kasting & Donahue (1980) and Kasting et al. 

(1989). Numerous improvements have since been made to the photochemical code to investigate 

a wide range of phenomena (e.g., Pavlov & Kasting 2002; Zahnle et al. 2006, Segura et al. 2007; 

Domagal-Goldman et al. 2011, Zerkle et al. 2012; Claire et al. 2014; Smith et al. 2014; Arney et 

al. 2016). The version I have used in this work has been calibrated to reproduce the modern 

Earth’s chemical mixing ratio profiles for O3 and other trace gas species and has been shown to 

be valid over a wide range of O2 mixing ratios (Zahnle et al. 2006). It includes 48 gaseous 

species and 232 reactions, with the most recent heritage tracing to the study of Zahnle et al. 

(2006). 

 The photochemical code is used to calculate self-consistent gas mixing ratio profiles for 

high-O2 atmospheres in Chapter 5. I will not describe the model in comprehensive detail here, 

but will summarize some key traits of the code and describe modifications that have been made. 

The model atmosphere altitude grid spans the surface to 100 km in 0.5 km intervals with a fixed 

tropopause height of 11 km when running independently from the climate model (but with a 

tropopause determined by the climate model when running in coupled mode, see Section 2.6 

below). Hydrostatic equilibrium is assumed. The model includes physics that includes vertical 

transport by molecular and eddy diffusion, lightning, rainout, and diffusion-limited hydrogen 

escape (Claire et al. 2014). The fundamental equations solved are the continuity and flux 

equations, which are, respectively, 

 !!!
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where, ni is the number density of species i, t is model time (s), z is altitude, Pi is chemical 

production rate (in molecules cm-3 s-1), li is the chemical loss frequency (s-1), Φi is the flux of 

species i, fi is the mixing ratio of the species i (ni/n), K is the eddy diffusion coefficient (cm2 s-1), 

n is the total density, Di is the diffusion coefficient between the background atmospheres and 

species i. Hi is the scale height of species i (note H = kT/mig). Bank and Kockarts (1973) 

contains a derivation of the flux equation (eq. 2.16). These equations were integrated using a 

variable time-step reverse Euler method appropriate for stiff systems. This method relaxes to the 

steady state solution when time steps are large (e.g. 10 Gigayears). A δ2-stream algorithm (Toon 

et al. 1989) was used for the radiative transfer calculations that includes Rayleigh scattering by 

gaseous molecules. In all cases presented here, we assume a “clear sky” aerosol free atmosphere.  

A 50° solar zenith angle was used to compute diurnally averaged photolysis rates, though this 

applicable for fast-rotators only and both day and night calculations may be necessary to model a 

planet confirmed to be tidally locked, as is the case for retrieval of temperature profiles for hot 

Jupiter planets (Line et al. 2010). The model parameters can include stellar spectra of different 

types ranging from M dwarfs (e.g., GJ 876, an M3.5V star) to F dwarfs (e.g., Sigma Bootis, an 

F2V star). Minor modifications to the model have been made to increase numerical stability with 

high oxygen atmospheres.  

 

2.6 COUPLED PHOTOCHEMICAL-CLIMATE MODEL (ATMOS) 

Atmos uses an iterative process to arrive at a final atmospheric state that takes into account both 

photochemistry and climate in a self-consistent way. The original photochemistry-climate model 
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coupling routines were developed by Segura et al. (2003, 2005, 2010), and have recently been 

expanded upon by Arney et al. (2016) and Schwieterman et al. (2016). Briefly, the 

photochemistry model is first run with an initial atmospheric state with specified input 

parameters including gas mixing ratios or fluxes, the shape and intensity of the stellar spectrum, 

the total atmospheric pressure, and the pressure-temperature profiles. The photochemistry model 

runs to convergence, and passes the pressure-temperature-altitude and gas mixing ratio profiles 

to the climate model. The climate model uses this solution as an initial condition and runs to 

convergence. The climate model self-consistently calculates the surface temperature, 

temperatures of each atmosphere layer, the H2O mixing ratio profile and troposphere altitude. 

These parameters are iterated back into the photochemistry code until the convergence criteria 

are met. The convergence criteria or criterion is usually a least change in a parameter such as the 

surface temperature, or the temperature at a given altitude. For most runs presented here, the 

convergence criterion for climate and photochemical model iteration is a change in surface 

temperature of ΔT < 0.5 K between sets of iterations.  

  



Chapter 3. EARTH FROM THE MOON: A SPECTRAL EARTH 

DATABASE  

Earth is currently our only, and will always be our best, example of a living planet. Available 

whole disk observations of Earth by interplanetary spacecraft are limited to “snapshots” in terms 

of viewing geometry and Earth’s dynamic surface and atmosphere state, while low Earth orbiting 

satellites cannot contain the whole Earth within their fields of view. It has been proposed that a 

dedicated Moon-based Earth observatory would be a useful platform for carrying out whole disk 

and time-dependent studies of Earth as an exoplanet. In this chapter I use the well-validated 

Virtual Planetary Laboratory 3D spectral Earth model to generate: 1) simulated disk-averaged 

spectra and 2) high resolution, spatially resolved spectral data cubes of Earth at viewing 

geometries consistent with a Lunar vantage point at wavelengths from the far UV (0.1 µm) to the 

far IR (200 µm). The database includes disk-averaged spectra for an entire synodic month from 

dates 03/19/2008 to 04/23/2008 at one-hour cadence, and full spectral data cubes for a subset of 

those times. These spectra are additionally used to calculate broadband UBVRIJHK magnitudes 

for the Earth at all phases. These data include the phase and time-dependent changes in spectral 

biosignatures (O2, O3, CH4, N2O, VRE) and habitability markers (N2, H2O, CO2, ocean glint). 

The spectral and spectrophotometric database has a wide range of applications including direct 

use as input to instrument models for future telescopes designed to characterize Earth-like 

planets around other stars, informing the design of a future Lunar Earth observatory, and for 

testing spectral and spectrophotometric retrieval models, along with other applications. The 

advantages of the VPL Earth model data products over 1D spectra traditionally used for testing 

instrument architectures include accurate modeling of Earth’s surface inhomogeneity 
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(continental distribution and ice caps), cloud cover and variability, pole to equator temperature 

gradients, obliquity, phase-dependent scattering effects, and rotation. This preliminary study is 

done in collaboration with V.S. Meadows, T.D. Robinson, J. Lustig-Yaeger, W. Sparks, and M. 

Cracraft and is currently being prepared for publication.  

 

3.1 INTRODUCTION 

Observational and modeling studies of Earth as an exoplanet has been an active field over the 

last decade (e.g., Tinetti et al. 2006a, 2006b; Trauger & Traub 2007; Palle et al. 2008; Arnold et 

al. 2009; Cowan et al. 2009; Fujii et al. 2011; Kawahara & Fujii 2011; Livengood et al. 2011; 

Robinson et al. 2011, 2014), which has become ever more important as the state of exoplanet 

characterization evolves towards the ability to study the spectral signatures of rocky terrestrial 

planets in the habitable zones of their stars (e.g., Dalcanton et al. 2015). Observations of the 

Earth can especially inform the phase and time-dependent nature of biosignatures and 

habitability markers for Earth-like planets.  

 Observations of exoplanets in orbits that are not face on (i ≠ 0°) will have a phase-

dependent component. Phase dependent information has been recognized as a key tool for 

exoplanet characterization (e.g., Mallama 2009; Selsis et al. 2011; Maurin et al. 2012) and this 

technique has already been applied to constraining the albedos and temperatures of transiting hot 

Jupiter planets (e.g., Crossfield et al. 2012; Knutson et al. 2012; Esteves et al. 2013). Observing 

the phase-dependent variability of the Earth will inform our ability to constrain the expected 

phase variability for Earth-like terrestrial exoplanets. One example of phase-dependent 

information that could be important for assessing habitability is the detection of glint at large 
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phase angles, which indicates the presence of an ocean (Williams & Gaidos 2008, Robinson et 

al. 2010; Robinson et al. 2014).   

 To simulate the spatially unresolved "pale blue dot" of prospective future exoplanet 

observations, it is important that the Earth views used as analogs include a simultaneous view of 

the whole planetary disk. This makes low-Earth orbiting satellites poor platforms for observing 

Earth as it would appear to a distant observer, because only a portion of the planet can be 

contained within the fields of view. This has necessitated the repurposing of interplanetary 

spacecraft to observe the Earth, for which their distant vantage points guarantee full-disk views 

(e.g., Sagan et al. 1993; Livengood et al. 2011; Hurley et al. 2014). 

 To solve this issue, it has been proposed that a dedicated observatory or remotely 

operated instrument on the Lunar surface or at an Earth-Moon Lagrange point would be an ideal 

platform for time-dependent studies of the Earth as an exoplanet (e.g., Sparks et al. 2010; 

Karalidi et al. 2012). To support this mission concept, it would be useful to possess a sequence of 

model spectra of the Earth as seen from the Moon through a lunar orbit to explore the nature and 

extent of time-dependent changes that may be observed by this potential observatory and to, in 

general, possess a sequence of high resolution synthetic data that simulates both Earth’s 

rotational and phase-dependent spectral variability.  While the DSCOVR spacecraft, launched in 

2015, now provides continuous full phase observations of Earth from the Earth-Sun L1 Lagrange 

point, it is limited to narrowband visible filter photometry and broadband radiometric 

observations (Burt & Smith 2012). Additionally, its viewing location does not support 

characterization of Earth at different phase angles.  

 In this chapter I present a high-fidelity spectral Earth database using the VPL’s 3D, line-

by-line, multiple scattering spectral Earth model. Sections 2.1 and 2.2 describe key static inputs 
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to this model, including the gas absorption line lists, the main surface and cloud types, and the 

sources of the data products that provide the gas mixing ratio profiles and coverage by main 

surface types and clouds. I will briefly recapitulate some of the essential properties of the 

simulated spectra. Each spectrum extends from the far UV (0.1 µm) to the far-IR (200 µm) with 

a maximum wavenumber resolution of Δν = 1 cm-1. The radiative transfer model calculations 

include line-by-line gaseous absorption including natural, Doppler and pressure broadening; 

multiple scattering including Rayleigh scattering by gaseous molecules, Mie scattering by 

spherical liquid cloud droplets, and geometric scattering from hexagonal ice cloud particles; a 

heterogeneous surface composition including non-Lambertian reflectance from ocean surface; 

geographically distributed surface temperatures and altitude-dependent temperatures informed by 

low-Earth orbiting satellite observations; and cloud coverage, optical thicknesses, and altitudes 

informed by satellite data products.  The radiative transfer calculations are conducted for each 

observable pixel, including the true solar zenith and azimuth angles in addition to the observer 

zenith and azimuth angles for each time interval that is simulated. The majority of the spectral 

products are calculated with HEALpix (Gorski et al. 2005) parameters of Nside=2 (k=1) for the 

atmosphere pixels and Nside=4 (k=2) for the surface pixels.  

 The utility of this spectral dataset extends beyond studying the feasibility of a lunar Earth 

observatory.  The primary purpose of generating this dataset is to serve as a platform for future 

work, including informing the design of telescopes and instrumentation for future exoplanet 

observation missions and testing the retrieval models (e.g., Lustig-Yaeger et al. 2015) that will 

be employed to recover planetary properties from sparse spectral or spectrophotometric data 

(e.g., Krissansen-Totton et al. 2016b).  
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 An outline of the remaining sections in this chapter follows. In Section 3.2 I describe the 

particular model inputs and observing parameters used to generate the spectral Earth database, 

including the simulated time range, observing geometry, the gas mixing ratios, and the surface 

coverage and cloud parameters. In Section 3.3, I describe main characteristics of the spectra, 

including the effects of phase on the spectral features and overall spectral shape in the visible, 

near-infrared, and mid-infrared spectral regions. I calculate UBVRIJHK broadband colors in 

Section 3.4 and describe their phase-dependent behavior. Future applications of this dataset are 

discussed in Section 3.5. I conclude with a discussion and summary in Section 3.6.  

3.2 OBSERVING PARAMETERS AND MODEL INPUTS 

3.2.1 Modeling date range and observing geometry 

I used the VPL spectral Earth model to generate disk-averaged spectra of the Earth at one-hour 

cadence from 03.19.2008 00:00 UT to 04.23.2008 00:00 UT. An entire synodic month was 

chosen as the baseline interval to span the entire range of Sun-Earth-Moon phase angles.   This 

specific date range was chosen for three major reasons.  First, validation observations of Earth 

already exist from broadband visible and near-infrared spectral observations by the EPOXI 

mission (Livengood et al. 2011; Robinson et al. 2011; also see Chapter 4). Secondly, this date 

range includes the spring equinox (which occurred on 03.20.2008), which more accurately 

captures the seasonally averaged state of the planet than a simulated date range near a solstice, 

where seasonal hemispherical asymmetries are significant. Finally, some of the data products 

needed for the Earth model, such as wind speed data from the QuikSCAT satellite, are not 

available for more recent dates due to spacecraft failures. I chose a one-hour cadence so that both 

rotational and phase dependent changes could be accurately simulated while keeping the 

database to a manageable size.  
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 Table 3.1 presents a condensed observing table of the synthetic observation Earth 

viewing parameters, including the Julian Date (JD+2454544), phase angle (α), illumination 

percentage, sub-lunar longitude (λ☾), sub-lunar latitude (β☾), sub-solar longitude (λ☉), sub-solar 

latitude (β☉), and Earth-Moon distance (Δr). Table 3.1 extends from the first observation on 

03.19.2008 00:00 UT (ObsID 0) to the last observation on 04.23.2008 00:00 UT (ObsID 839) 

with an observing interval of 1 hour. The middle four example observations represent crescent (α 

= 130°), quadrature (α = 90°), gibbous, (α = 60°), and “full” (α = 4°) Earth view, in that order. 

 The entire observing table can be found in Appendix A, Table A.1. The JPL 

HORIZONS15 ephemeris system (Giorgini et al. 1996) was used to obtain these observing 

parameters based on a viewpoint at Tranquility Base on the lunar surface (0.66° N, 23.5° E). 

This location was chosen because it is relatively centrally located on the Earth-facing side of the 

Moon, and possesses unobstructed Earth views at all times. I have also used the VPL Earth 

model to calculate Earth spectra assuming a location in a lunar polar region in work that will be 

presented separately (Glenar et al. 2016). It should be noted that the choice of viewing location 

on the Moon has only a small effect on the sub-observer latitude and longitudes of Earth, and so 

is applicable for a wide range of Lunar observing locations.  

 The simulated Earth-Moon observations here provide a range of Earth-observer phase 

angles analogous to the observation of an Earth-twin orbiting a solar type star with an inclination 

near but not exactly 90° (“edge on”), the inclination at which a planet would transit be 

guaranteed to transit its star. An exoplanet can have a variety of orbital inclinations and 

obliquities relative to a distant observer in our solar system. Of course, the obliquity of the planet 

need not be orthogonal with its orbital plane, as is the case for Earth with its 23.5° tilt relative to 

                                                
15 http://ssd.jpl.nasa.gov/horizons.cgi 
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the plane of its orbit. The Moon’s orbital inclination about the Earth is 5.14° (with an 

eccentricity of e =  0.0549), so this observational database is more properly an analog for a very 

modestly inclined and modestly eccentric target system. These orbital parameters and observing 

window chosen limit the smallest phase angles present in the dataset to α  > 4°, but exoplanets at 

this and smaller phase angles will be unobservable directly due to the small planet-star separation 

(though they may be observed in secondary eclipse or through phase curves).  Overall the choice 

of the Moon as the Earth viewing platform creates multiple potential applications for this 

synthetic dataset (see Section 3.5), including simulated exoEarth observations.  

 

Table 3.1 Earth-Lunar Observing Table (Abbrievated) 

ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
0 0.5 147.12 8.0 331.3 13.1 182 -0.5 383.7 
… … … … … … … … … 
174 7.75 130.0 17.9 318.1 -24.4 91.4 2.4 403.4 
… … … … … … … … … 
262 11.42 90.0 50.0 123 -27 211.1 3.8 398 
… … … … … … … … … 
325 14.04 59.9 75.1 289.9 -18.5 345.9 4.8 385.1 
… … … … … … … … … 
436 18.67 3.95 99.9 119 10.3 120.6 6.6 361.8 
… … … … … … … … … 
839 35.46 151.93 5.9 41.2 -25.4 194.6 12.7 404.3 
ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 

is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 

degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-lunar longitude, β☾ is the sub-

lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-

Moon distance (×10-3 km). This is a condensed version of Table A.1. The middle four 

observations are representative of crescent, quadrature, gibbous, and “full” views, respectively.  
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3.2.2 Atmosphere inputs 

I determined the spatial and vertical profiles of major spectrally active gases in the Earth’s 

atmosphere, and the surface and temperature profiles, with a range of data products from NASA 

Earth observing satellites that cover the modeled time interval. These data products are 

summarized in Section 2.2 and Table 2.2. The two dimensional distribution of atmosphere 

properties was parameterized using HEALpix (Gorski et al. 2005) into 48 equal area pixels (k=1, 

Nside=2). As described in Section 2.2, a spectral library is generated for every combination of 

surface type, cloud type, observing zenith and azimuth angles, and solar zenith and azimuth 

angles for each of these 48 atmosphere pixels. However, the atmosphere parameters used in the 

generation of this spectra library are daily averaged data products, while the gas mixing ratios 

and temperature for each region on the planet will change with time over the modeled interval. 

To encapsulate these atmosphere changes, the spectral database was regenerated for five points 

in time during the model interval. These were 03.19.2008, 03.26.2008, 04.02.2008, 04.09.2008, 

04.16.2008, and 04.23.2008, all at 00:00 UT. Therefore, to generate the Earth spectrum for one 

point in time, two spectra are initially generated, one for each fiducial spectral library that 

brackets that time. The final spectrum is an averaged of those two initial spectra, weighted by the 

final modeled time’s temporal proximity to the fiducial dates. This is an appropriate approach to 

including the spectral changes due to changes in gas mixing ratios and temperature, since the 

small alterations to the mixing ratios (or temperatures) will produce a linear impact on the 

spectrum.  

 Figure 3.1 illustrates the gas mixing ratio inputs I used to create the spectral database. For 

two representative pixels, one if the Northern Hemisphere (19.5° N, 90° W) and one in the 

Southern Hemisphere (41.8° S, 23.5° W), the time-averaged median atmosphere profile is shown 
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for each gas (Figure 3.1a and 3.1b, respectively). The range of mixing ratios (minimum and 

maximum) for each gas is also shown in the lighter regions of the figure. The geographic median 

and range of gas mixing ratios for all 48 atmospheric pixels are shown for the 03.19.2008 

fiducial date in Figure 3.1c. Figure 3.1d encapsulates both the geographic and temporal range of 

the gas mixing ratio profiles, illustrating the absolute minimum and maximum concentration for 

each gas over the modeled time interval. It is important to note that the median profile for each 

gas is not necessarily near the center of the range between the maximum and minimum values at 

each altitude layer, and in fact, may be very close to the maximum or minimum value in the 

range.  Figure 3.2 shows the temporal and geographic range of the temperature profiles used as 

inputs to the spectral model. The temperature profiles have very narrow ranges for each 

individual pixel of the modeled time interval, but the geographic differences are significant. This 

is due mostly to the pole-equator temperature gradient of the planet.  

3.2.3 Surface and cloud coverage 

Surface coverage maps were generated for each one-hour observation over the simulated interval 

(Table 4.1 and A.1). These maps include both surface type and cloud cover information (see 

Sections 2.2.1 and 2.2.3, respectively for details). Snow coverage is based on an eight-day 

average from MODIS data products. Sea ice cover is much more sparse, sometimes with days or 

weeks between observations, so the sea ice is static through the modeling period and is based on 

an average over the entire interval. The distribution of the four cloud types is based on daily 

cloud map coverage data from MODIS.  The distribution of surface types on the hemisphere of 

the planet visible to the observable is highly dynamic, dependent both on the viewing geometry 

of the observer and the rotation of the Earth. Figure 3.3 illustrates the relative fractional coverage 

of clear surface and cloud types on the illuminated portion of the hemisphere visible to a lunar 
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observer over the model interval. The land and ocean surface fraction shown included only land 

and ocean fractions not obscured by clouds. Note the 24-hour cycle due to Earth’s rotation and 

the necessary anti-correlation of clear sky and cloud coverage. The highest volatility in coverage 

fraction is present near zero orbital phase (crescent) due to the small area of the illuminated 

portion of Earth at these times.  At these times, even the otherwise smallest surface coverage 

constituents can dominate the illuminated crescent of the planet at certain rotational phases.  
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Figure 3.1 Volume mixing ratio profiles for atmospheric pixels in the VPL Earth model. Median 

(dark lines) and range (lighter regions) of gas concentrations as a function of altitude for A) a 

representative northern hemisphere pixel (19.5° N, 90° W), B) a representative southern 

hemisphere pixel (41.8° S, 23.5° W), C) over all 48 atmosphere pixels for modeled date 

03.19.2008, D) over 48 atmospheric pixels for date range 03.19.2008 to 04.23.2008.  
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Figure 3.2 Temperature profiles for atmospheric pixels in the VPL Earth model. Median (dark 

dashed lines) and range (gray regions) of temperatures concentrations as a function of altitude for 

A) a representative northern hemisphere pixel (19.5° N, 90° W), B) a representative southern 

hemisphere pixel (41.8° S, 23.5° W), C) over all 48 atmosphere pixels for modeled date 

03.19.2008, D) over 48 atmospheric pixels for date range 03.19.2008 to 04.23.2008.  
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Figure 3.3 Change in fractional coverage of each major surface and cloud type. Top: fractional 

coverage of clear sky ocean (blue), forest (dark green), grassland (light green), soil (brown), 

snow/ice (light blue), and total land (black). Bottom: total fraction of clear sky surfaces (cyan), 

total cloud cover (gray), total liquid low cloud (magenta), and total ice high cloud (pink).     
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3.3 MAJOR CHARACTERISTICS OF THE SPECTRAL EARTH DATABASE 

The spectral Earth database contains 840 individual disk-averaged Earth spectra that span a 

significant portion of the electromagnetic spectrum (0.1 – 200 µm). This spectral range includes 

the portions of the spectrum dominated by reflected light from the Sun and the thermal emission 

from the planet’s surface and atmosphere. Figure 3.4 shows Earth flux (W m-2 sr-1) spectrum at 

four different phases: full ((α=4°), gibbous (α=60°), quadrature (α=90°), and crescent (α=130°). 

These phases correspond to 100%, 75%, 50%, and 25% Earth illumination, respectively.  

 The major spectral features present include UV absorption from the Hartley O3 bands 

(0.2-0.35 µm), Rayleigh scattering at short wavelengths (~0.35-0.55 µm), H2O absorption 

throughout the visible and near-infrared (including a major band at 0.95 µm), the Chappuis O3 

bands from 0.5-0.7 µm m, O2 absorption in the near-infrared (specifically at 0.69, 0.76, and 1.27 

µm), O3 absorption at 9.7 µm, CH4 absorption from 7-8 µm, and significant CO2 absorption 

centered at 15 µm. Additionally, surface reflectance features include greater reflectivity in the 

near-infrared (> 0.7 µm) due to the rising reflectivity of land surfaces from the visible to the 

near-infrared, including the VRE. Notable in Figure 3.4 is the drop off in flux with wavelength 

from the visible to the near infrared, due to the decrease in incident solar light with wavelength. 

The 8-12 µm region contains the Earth’s thermal infrared window, where the atmosphere is 

relatively transparent to the thermal radiation given off by the surface. Note that the peak of 

Earth’s thermal emission is centered around 10 µm, in the middle of the window, which 

represents the peak Planck wavelength for a radiating body of 288 K, Earth’s seasonally and 

geographically averaged surface temperature.  

 Phase has a large impact on the reflected light spectrum of the planet. At full phase, the 

reflected solar light from the planet is maximized. Additionally, photons undergoing Rayleigh 
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scattering at this phase are scattered into the observers beam, leading to a strong Rayleigh effect 

at short wavelengths. At larger phase angles, this effect diminishes and begins to reverse; so that 

the largest phase angles (e.g., crescent phase) the Rayleigh scattering tail has disappeared, with 

the bluest light scattered out of the observers beam, leading to a reddened spectrum (Figure 

3.4d).  The depths and widths of major gas absorption bands can increase at larger phase angles 

(smaller illumination percentages). This is due to the higher effective atmosphere column depth 

in limb views, leading to stronger absorption in the Lorentzian wings of the absorption bands. 

Variability in the absorption depths and widths is also affected by the fractional cloud cover, 

since clouds can truncate the viewing path through the atmosphere, leading to smaller depths 

(Fujii et al. 2013).   

 In contrast to the reflected light spectrum, the mid-infrared (5-25 µm) spectrum, due to 

the thermal emission of the planet, is constant as a function of phase. This is because Earth is a 

fast rotator and its atmosphere allows efficient distribution of heat between day and night sides.  

In the model this effect is further exaggerated by the impact of the input temperature data being 

daily averages, so that the small changes in temperature between day and night sides that do exist 

are not incorporated into the spectra. The variability that does exist in the mid-infrared is 

primarily caused by changes in cloud cover and longitudinal temperature differences. Pole to 

equator temperature gradients have a small effect on the thermal-infrared of the spectra from 

Earth-Moon views, since sub-observer latitudes remain close to the Earth’s equator, but they 

would be more significant in alternative viewing geometries.  

 Planetary rotation plays a significant role in modulating the reflected light spectrum due 

to the large difference in spectral albedo between the ocean and continents. The VRE effect is 

strongest when continental landmasses dominate the visible disk and disappears when oceans do 
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the same. Rotational variation is strongest (in percentage terms) at crescent phases, when 

different surface types or cloud cover can quickly dominate the small illuminated portion of the 

planet.  

 

 
Figure 3.4. Spectral intensity (W m-2 sr-1) as a function of wavelength with illustrations for Earth 

views at four phases: A) full phase (α=4°), B) gibbous phase (α=60°), C) quadrature phase 

(α=90°), D) crescent phase (α=130°). Major gas absorption features labeled in (A).  Image insets 

(bottom) were generated with the Earth Moon Viewer originally developed by J. Walker 

(http://www.fourmilab.ch/earthview/).  
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 The Earth-Lunar spectral database includes spectral data cubes (described in Section 

2.2.4) in addition to disk-averaged spectra. The data cubes have spectral information mapped to 

spatial information and can be calculated for various HEALpix resolutions. Figure 3.5 shows 

“true color” images for Moon views of the Americas on 04.05.2008 at 17:00 UT with 0.1 µm 

wide filters centered on 0.45 µm, 0.55 µm, and 0.65 µm corresponding to blue, green, and red, 

respectively. The surface resolution is k=1,2,3,4,5,6 where the number of pixels is N=12*(2k)2, 

defined by the HEALPix scheme (Gorski et al. 2005). The VPL disk-averaged Earth-Lunar 

spectral library is calculated with an atmosphere resolution of k=1 and a surface resolution of 

k=2, though subsets of the database are calculated at higher resolution (k=5). This includes data 

cubes calculated for 24 one-hour observations at full, gibbous, quadrature, and crescent phases. 

 

 
 
Figure 3.5. Example “true color” images from spectral data cubes generated by the VPL Earth 

model.  Data cubes generated for Moon views of the Americas on 04.05.2008 at 17:00 UT with 

0.1 µm wide filters centered on 0.45 µm, 0.55 µm, and 0.65 µm corresponding to blue, green, and 

red, respectively. Each pixel contains a full weighted spectrum. 
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3.4 MAGNITUDES & BROADBAND COLORS 

3.4.1 Calculation of magnitudes and colors 

Absolute magnitudes and colors were calculated from the simulated Earth spectra using the HST 

Synphot16 package for IRAF (Laidler, et al. 2008). The filter band passes used include the 

Landolt U, B, V, R, and I filters (visible to near-infrared), and the Bessell J, H, and K (near-

infrared) set. The Landolt UBVRI set consists of Johnson UBV (Maíz Apellániz 2006)  and 

Cousins RI filters (Bessell 1983), while the Bessell JHK set is based on those of Bessell & Brett 

(1988) with modifications given in Laidler (2008). The shapes of these band passes assume a 

photon counting detector (in contrast to a flux). I used the STMAG system when calculating 

magnitudes in each band pass, which include standard color corrections (Stone 1996). STMAG 

magnitudes are designed so that an object with a constant flux per unit wavelength will have zero 

color. Recall that the absolute magnitude is the apparent magnitude for an observer at 10 parsecs.  

 Figure 3.6 illustrates the wavelength-dependent throughputs for the Landolt UBVRI filter 

set used by Synphot. Figure 3.7 shows the same for the Bessell JHK set in the near-infrared.  For 

both Figures 3.6 and 3.7, Earth’s flux spectrum (in W m-2 µm-1) at quadrature (Table 3.1, ObsID 

262) is provided to illustrate the spectral features that are encompassed by each band.  

 An abbreviated listing of the calculated UBVRIJHK absolute magnitudes is provided in 

Table 3.2. This includes the absolute magnitudes that match the observations in Table 3.1. Table 

A.2 has the complete listing of magnitudes for the entire dataset. Figure 3.8 plots the magnitudes 

of each band over the simulated observing window, illustrating the changing illumination of the 

Earth with phase. Note the offsets applied to each band, denoted in the figure key.  

 
                                                
16 http://www.stsci.edu/institute/software_hardware/stsdas/synphot 
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Figure 3.6. Landolt UBVRI standard filter band passes used by IRAF-HST Synphot to calculate 

broadband magnitudes (shaded colored regions). An Earth flux spectrum at quadrature (Table 

3.1, ObsID 262) is also shown in gray. Solid points represent the convolution of the spectrum 

with the matching band pass response function.   

 
Figure 3.7. Same as Figure 3.6, but for Bessell JHK standard filter band passes used by IRAF-

HST Synphot.  
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Table 3.2 Earth Absolute UBVRIJHK HST Standard Magnitudes (Abbreviated) 

ObsID U B V R I J H K 
0 31.71 30.98 31.01 31.05 31.09 32.33 32.92 34.42 
… … … … ... … … … … 
174 30.95 30.33 30.42 30.60 30.80 32.09 32.90 34.38 
… … … … ... … … … … 
262 29.83 29.42 29.65 29.91 30.20 31.43 32.62 34.09 
… … … … ... … … … … 
325 29.15 28.76 28.96 29.20 29.42 30.68 31.77 33.26 
… … … … ... … … … … 
436 28.60 28.26 28.52 28.79 28.98 30.30 31.43 33.03 
… … … … ... … … … … 
839 31.98 31.19 31.16 31.16 31.17 32.36 32.96 34.42 

ObsID = observation number (same as Table 4.1). Absolute HST standard (ST) magnitudes are 

given in the remaining columns. The UBVRIJHK band passes are shown in Figures 3.6 and 3.7. 

 

 
Figure 3.8. UBVRIJHK absolute HST standard magnitudes of the Earth-Lunar spectral database 

range. Offsets applied are indicated by the figure key. See Table A.1 for the full observing 

parameters. Magnitudes are also provided in tabular form in Table A.2. Both diurnal (rotational) 

and phase trends are evident.  Image insets (bottom) were generated with the Earth Moon Viewer 

originally developed by J. Walker (http://www.fourmilab.ch/earthview/). 
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 Broadband colors are the logarithmic ratios of the fluxes between two bands, with the 

shorter wavelength band usually given first (e.g., U-B). The smaller the number, the more 

dominant the flux in the first band relative to the second band. The broadband colors of each 

Earth spectrum are easily derivable from Table 3.2 through arithmetic operation, but are shown 

in Tables 3.3 (abbreviated) and A.3 (comprehensive) for completeness.  

 Figure 3.9 plots the U-B, B-V, V-R, and R-I colors as a function of phase. Figure 3.10 

similarly shows the I-J, J-H, and H-K colors during the observing interval.  These colors provide 

spectrophotometric information about the planetary state with different surface and atmosphere 

parameters affecting each band, depending on the phase of the planet. This is discussed further in 

the subsection below.  

 
 

Table 3.3 Earth UBVRIJHK HST Standard Colors (Abbreviated) 

ObsID U-B B-V V-R R-I I-J J-H H-K 
0 0.73 -0.03 -0.05 -0.03 -1.25 -0.58 -1.5 
… … … … … … … … 
174 0.61 -0.09 -0.18 -0.2 -1.29 -0.81 -1.48 
… … … … … … … … 
262 0.41 -0.23 -0.26 -0.3 -1.22 -1.2 -1.47 
… … … … … … … … 
325 0.39 -0.2 -0.24 -0.21 -1.27 -1.09 -1.49 
… … … … … … … … 
436 0.34 -0.26 -0.27 -0.18 -1.33 -1.12 -1.61 
… … … … … … … … 
839 0.79 0.03 0 -0.01 -1.19 -0.6 -1.47 

 

ObsID = observation number (same as Table 4.1). These colors are derived from the absolute 

HST standard (ST) magnitudes given in Table 4.2. Table A.3 contains the complete listing of 

colors for each spectrum in the database.  
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Figure 3.9. UBVRI colors from HST standard magnitudes of the Earth-Lunar spectral database 

range. Offset applied are indicated by the figure key. See Table A.1 for the observing 

parameters. Colors are also provided in tabular form in Table A.3. Both diurnal (rotational) and 

phase trends are evident. Image insets (bottom) were generated with the Earth Moon Viewer 

originally developed by J. Walker (http://www.fourmilab.ch/earthview/). 

 

3.4.2 Characteristics of time-dependent magnitudes and colors 

Here I will briefly describe the main time-dependent characteristic of the spectrophotometric 

information presented in Tables 3.2 and 3.3 and Figures 3.8 to 3.10. The dominant effect is from 

the changing phase (illumination percentage) of the planet from crescent phases (orbital phase 

zero, α= 180°) to full phase (orbital phase 0.5, α=0°). Near crescent phase, the overall brightness 

in reflected light is low due to the small portion of the planet that is illuminated; leading to large 
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observed magnitudes (Figure 3.8). The UBVRI magnitudes near crescent phase reach a 

minimum of 35. The planet reaches maximum brightness near full phase with UBVRI 

magnitudes of near 30. Therefore, the change in planetary brightness between full and crescent 

phases in reflected light is near a factor of 100.  

 In addition to the obvious impact on the overall brightness of the planet, the changing 

phase introduces an impact on the colors (Table 3.3, Figures 3.9 and 3.10). At crescent phase the 

atmospheric column of the illuminated portion of the planet becomes dominated by the limb, 

which produces a larger effective atmospheric column and increases the effect of Rayleigh 

scattering versus fuller phases. At large phase angles most of the scattered light is directed out of 

the observer’s beam, leading to significant observed reddening present in the colors. Rayleigh 

scattering is strongly inversely wavelength-dependent, so the impact is significantly larger for 

the shorter wavelength band passes (e.g, U-B, B-V, becoming almost negligible at the longest 

wavelength H-K colors (see Figure 3.10). Figure 3.4 can be referenced for the overall effect of 

the change of phase on the shortwave planetary spectrum.  

 Planetary rotation introduces 12 and 24 hour modulations in the color and absolute 

magnitude variations outside of crescent phase. These modulations are due to the changing 

fraction of viewable land and ocean (see Figure 3.3) and the different reflectance properties 

(wavelength-dependent albedos) of each surface type. (At crescent phase Rayleigh scattering 

opacity masks the amplitude of these modulations).  Note that the centroid of the Eurasian-Africa 

landmass is centered almost 180° away from the centroid of the North and South American 

landmass, creating a 12-hour alias in the “true” 24 hour rotation signal. The color amplitude seen 

due to the planetary rotation is dependent on the filter bands used in the color calculation. The U 

band pass has high scattering opacity even at full phase, so the U-B colors show less regular 
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amplitude variation with rotation. However, the other bands are more transparent to scattering 

opacity and so show larger variations. The R-I color shows the largest amplitude as a function of 

changing land and ocean fraction due to the large increase in continental brightness in the I band, 

partly due to the presence of the vegetation red edge (VRE) effect (see Figures 2.4 and 2.6). This 

wavelength region is also effected the least by Rayleigh scattering opacity (save for the JHK 

bands).   

 The changing depth and width of spectral features can also create a change in the 

observed colors (Fujii et al. 2013), though this effect is secondary to the primary effects listed 

above. The intersection between spectral features and the filter band passes is illustrated in 

Figure 3.6. The traditional UBVRIJHK filter bands employed in this study were originally 

designed to characterize the temperatures of stars using ground-based observatories that must 

look through Earth’s own atmosphere. Therefore, the band passes are by intention centered on 

relatively transparent portions of the atmosphere in wavelength space. However, some bands do 

possess significant overlap with key absorption features. Both the R and I bands intersect with 

the relatively narrow 0.76 µm O2-A band. All of the UBVR bands include some impact from the 

0.5-0.7 µm Chappuis O3 band, while the U band includes a small portion of the O3 UV Hartley 

bands. The most significant effects come from the overlap of the J band with the 1.1 and 1.4 µm 

H2O bands, and the H band with the 1.4 and 1.6 µm H2O bands. These overlaps with H2O 

features make the J and H bands particularly sensitive to (stochastic) cloud cover, since the H2O 

bands will be much stronger in clear sky views with viewing paths into the wet troposphere. 

Additionally, the H2O bands will be significantly larger at crescent phases, where the increased 

effective atmospheric column will enlarge the size of the bands (see Figure 3.4d). This can be 

seen as volatility in the short cadence I-J and J-H color data in Figure 3.10.  
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Figure 3.10. IJHK colors from HST standard magnitudes of the Earth-Lunar spectral database 

range. Offset applied are indicated by the figure key. See Table A.1 for the observing 

parameters. Colors are also provided in tabular form in Table A.3. Both diurnal (rotational) and 

phase trends are evident. Image insets (bottom) were generated with the Earth Moon Viewer 

originally developed by J. Walker (http://www.fourmilab.ch/earthview/). 
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3.5 APPLICATIONS 

The disk-averaged spectra and spectral data cubes presented in this chapter have myriad uses, 

some of which are already in the process of implementation. Below I briefly describe some of 

these applications.  

3.5.1 Informing telescope design and testing instrument models  

Currently several space-based telescope missions that may characterize Earth-like planets around 

other stars are in their design phases with Science and Technology Definition Teams now in 

place. This includes the LUVOIR Surveyor17 (Kouveliotou et al. 2014; Dalcanton et al. 2015; 

Postman et al. 2010) and HabEX18  (Swain et al. 2015) concepts in the UV to near-infrared 

wavelength regimes (0.2 < λ < 5.0 µm), and the Far-Infrared Surveyor19 at wavelengths > 10 µm 

(Kouveliotou et al. 2014). The disk-averaged spectra that constitute this database are useful 

inputs to instrument models (e.g., Robinson et al. 2016) that will test the feasibility of these 

concept missions to detect atmospheric or surface spectral features. This is particularly important 

for selecting the wavelengths and operating temperatures necessary for instruments to meet 

important science targets.     

 The time-dependent spectra presented in this database have several advantages as test 

cases over synthetic spectra of a static planet at a particular viewing geometry and atmosphere, 

surface state. The spectral database includes phase-dependent scattering effects, planetary 

rotation, surface inhomogeneity (continental distribution and ice caps), realistic changes in cloud 

cover and cloud fraction, spatial gradients in temperature, and non-zero obliquity. This is 

                                                
17 http://cor.gsfc.nasa.gov/studies/luvoir.php 
18 http://www.jpl.nasa.gov/habex/ 
19 http://asd.gsfc.nasa.gov/firs/ 
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especially important because integration times for rocky exoplanet spectral observations will be 

long (hours or more). Observations will also be made at various phase angles, especially in the 

case of target planets with unknown initial inclinations.  

 The calculated broadband colors or binned spectra can additionally be used to predict the 

spectrophotometric accuracy and ideal band passes required to distinguish an Earth-like planet 

from other planetary types (Krissansen-Totton et al. 2016).  Similarly, this information can be 

used to distinguish a directly imaged planet from a faint background star (Krissansen-Totton et 

al. 2017, in prep).   

3.5.2 Testing the ability of spectral retrieval models to recover planetary parameters  

Time-dependent broadband and spectral information can be decomposed into including albedo 

maps and cloud cover data (Cowan et al. 2009; Cowan et al. 2011; Cowan & Strait 2013). Time-

dependent broadband data can also be used to infer planetary obliquity (Schwartz et al. 2016; 

Kawahara 2016). Typically, complex spectral retrieval models are tested on singular 

observations to determine properties like gas abundance. Time-dependent information is 

extracted from simpler broadband models that do not encapsulate detailed spectral information or 

other complications like realistic changes in cloud cover, retreat and advance of snow, or spatial 

variation in gas mixing ratio profiles. These shortcuts are taken due to the time and expense 

required for full spectral modeling. In contrast, the spectral Earth database will be a community 

resource appropriate for both types of investigations with very high fidelity and realistic physics 

informed by actual, validated observations of the real Earth.   
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3.5.3 Modeling Earthshine on the Moon 

Recently the spectral Earth database has been used to investigate the impact of Earthshine on the 

radiation environment of permanently shadowed regions at the lunar poles (Glenar et al. 2016). 

Permanently shadowed crater regions never see the Sun, but do experience irradiation from the 

Earth’s disk. This radiation field is most accurately modeled when spatial and rotational 

heterogeneity is taken into account. This research has implications both for the stability of ice in 

the shadowed lunar regions and accurate modeling of the light field relevant to planning for 

future remote sensing and in situ exploration purposes.  

3.5.4 Other uses 

Other uses of the spectral Earth database can include, but are not limited to: third-party model 

validation, data model comparisons for future interplanetary spacecraft or lunar observatories, 

and spacecraft instrument calibration. An example of the last case is the use of an earlier Earth 

model dataset to discover an instrument calibration error discovered for the visible spectrometer 

on the Lunar CRater Observation and Sensing Satellite (LCROSS; see Robinson et al. 2014). 

The VPL Earth model spectra were used to derive a wavelength-dependent correction factor that 

can be applied to the archival observed spectra. Additionally, the following chapter, which 

explores the detectability of N2 in Earth’s atmosphere, is further illustrative of the range of 

problems that can be investigated with this and similar synthetic Earth datasets using the VPL 

Earth model.  
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3.6 SUMMARY 

In this chapter I presented the Virtual Planetary Laboratory’s Earth from the Moon Spectral 

Earth Database. The database includes disk-averaged spectra (0.1 – 200 µm) of the Earth as seen 

from the Moon during an entire synodic month at one-hour cadence with a spatially 

heterogeneous planetary atmosphere. Spectral data cubes are available for a subset of those 

times. The effects of Earth’s surface inhomogeneity (continental distribution and ice caps), cloud 

cover and variability, spatial temperature gradients, obliquity, phase-dependent absorption and 

scattering effects, and rotation are included in the model. I describe main characteristics of the 

spectra including the effects of phase on the spectral features and overall spectral shape in the 

visible, NIR, and MIR spectral regions. I calculate UBVRIJHK absolute magnitudes and colors 

from this dataset and describe their time-dependent behavior. Some future applications of the 

data set are explored including informing instrument design for future exoEarth observing 

missions, testing retrieval models and techniques, and modeling the Earthshine environment on 

the Moon. The next chapter is illustrative of the kind of problems that may be investigated with 

this or similar data sets.  

 

 
 



Chapter 4. DETECTING N2 IN PLANETARY ATMOSPHERES 

In this chapter I investigate the detectability of N2 in planetary atmospheres through (N2)2 

collisional pairs, also known as N2-N2 collisionally induced absorption (CIA). While N2 

dominates the composition of Earth’s atmosphere, it is difficult to detect spectrally because it 

lacks normal absorption features. I use data-model comparisons between spectra from NASA’s 

EPOXI mission and synthetic data from the VPL 3D spectral Earth model, described in Chapter 

2, to show that (N2)2 absorption produces a ~35% decrease in flux in Earth’s disk-averaged 

spectrum near 4.15 µm. I used a 1D radiative convective model CLIMA to produce self-

consistent N2-CO2-H2O profiles of atmospheres with different amounts of N2, but with realistic 

CO2 and H2O contents. I then used the radiative transfer model SMART to produce synthetic 

spectra of these planetary atmospheres and included (N2)2 absorption to investigate the strength 

of N2 absorption with increasing N2 abundance. I find that (N2)2 absorption in the wings of the 

4.3 µm CO2 band is strongly dependent on pN2 above 0.5 bar and can significantly widen this 

band in thick N2 atmospheres. I create analytic N2-CO2, N2-H2, and N2-H2-CO2 atmospheres that 

are used as input into the transit transmission model SMART-T to test the spectral strength of 

(N2)2 absorption in transit transmission observations. I find that for an Earth-size planet in the 

habitable zone transiting an M5V star with R* = 0.2 R⊙, the (N2)2 spectral transmission signal is 

up to 10 ppm, and could be significantly greater for atmospheres with both significant N2 and H2 

mixing ratios. Portions of this chapter were originally published in collaboration with T.D. 

Robinson, V. S. Meadows, A. Misra, and S.D. Domagal-Goldman in the September 2015 edition 

of the Astrophysical Journal (Schwieterman et al., 2015, ApJ, Vol. 810, 57; © 2015 American 
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Astronomical Society), and are reproduced below with permission of the American Astronomical 

Society. 

4.1 INTRODUCTION 

Molecular nitrogen (N2) comprises the bulk of Earth’s modern atmosphere, is an important 

constituent in the atmospheres of Venus and Mars, and dominates the atmosphere of Saturn’s icy 

moon Titan. Because of its geochemical stability, N2 has constituted the largest fraction of 

Earth’s atmosphere throughout its history, though its total abundance may have varied over time 

(Goldblatt et al. 2009; Som et al. 2012; Marty et al. 2013; Johnson & Goldblatt 2015). While N2 

is the most abundant gas in Earth’s atmosphere, it is extremely difficult to detect remotely, 

because it is a symmetric homonuclear molecule with no transitional dipole moment and 

therefore does not produce spectral features throughout the visible and near-infrared portions of 

the spectrum. N2 has a significant dissociation cross section in the Extreme Ultraviolet (EUV), λ 

< 0.1 µm (Samson et al. 1987; Stark et al. 1992), but the planetary flux at these wavelengths is 

likely to be low both due to a lack of EUV light from the incident stellar spectrum and significant 

absorption in the planet’s atmosphere.  Similarly, N2-N2 collisionally-induced absorption (CIA) 

in the far infrared (λ > 40 µm) (Borysow & Frommhold 1986) will be difficult to discern from 

many planetary spectra because it can be masked by water vapor absorption. However, N2-N2 

collisions create short-lived N2-N2 pairs, also written as (N2)2, which are spectrally active at 

shorter wavelengths.  (N2)2 has an absorption feature near 4.3 µm, nearly coincident with the 4.3 

µm CO2 band, but with broader wings at Earth-like N2 abundances. The (N2)2 absorption in this 

wavelength region is dominated by CIA, but N2 quadrupole line absorption, and absorption by 

true (N2)2 van der Waals molecules also contributes (Long et al. 1973). The temperature and 
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wavelength-dependent absorption coefficients for this primarily collisional feature have been 

measured empirically (Farmer & Houghton 1966; Lafferty et al. 1996), and (N2)2 absorption has 

been observed in solar occultation (transmission) observations by Earth-observing satellites 

(Rinsland 2004), but it has never before been considered in the context of planet characterization 

from full-disk or transit transmission observations.  

 A comprehensive study of a planetary atmosphere would require determination of its bulk 

properties, such as atmospheric mass and composition, which are crucial for ascertaining surface 

conditions. Because (N2)2 is detectable remotely, it can provide an extra tool for terrestrial planet 

characterization. For example, the level of (N2)2 absorption could be used as a pressure metric if 

N2 is the bulk gas, and break degeneracies between the abundance of traces gases and the foreign 

pressure broadening induced by the bulk atmosphere. If limits can be set on surface pressure, 

then the surface stability of water may be established if information about surface temperature is 

available. The technique of using collisional pairs (or dimers) to determine atmospheric pressure 

in the reflection and transmission spectra of exoplanets was first described by Misra et al. 

(2014a), who considered (O2)2 features specifically. The absorption by CIA or dimer molecules 

is quadratic in number density, while it is linear for monomers, making CIA or dimers especially 

sensitive to different maximum gas densities. Misra et al. (2014a) considered the strength of 

(O2)2 absorption features at 1.06 µm and 1.27 µm specifically as pressure discriminators. 

However, for almost half (Kump 2008), or possibly more (Planavsky et al. 2014), of Earth’s 

geologic history, there was little O2 present in the atmosphere, as oxygenic photosynthesis had 

not yet evolved or geochemical sinks for O2 had not yet been exhausted (Buick 2008). For a 

substantial fraction of this time period life existed on the Earth (Wacey et al. 2011; Brasier et al. 

2015). Therefore, if Earth is taken as an informative example, there may be many habitable and 
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inhabited planets with no detectable O2. For these worlds pressure determination with (O2)2 will 

be impossible and some other metric must be employed, such as quantifying (N2)2.  

 Additionally, it has been shown that atmospheres with low abundances of non-

condensable gases such as N2 and argon (Ar) are more susceptible to the abiotic accumulation of 

O2, creating a potential false positive for life (Wordsworth & Pierrehumbert 2014). This occurs 

when the surface temperature is high enough, and the non-condensable gas abundance low 

enough, for water vapor to dominate the lower atmosphere. A water dominated atmosphere lacks 

a cold trap, allowing water to more easily diffuse into the stratosphere and become 

photodissociated, leaving free O2 to build up over time.  Direct detection of N2 (through (N2)2) 

could rule out abiotic O2 via this mechanism and, in tandem with detection of significant O2 or 

O3, potentially provide a robust biosignature. Moreover, the simultaneous detection of N2, O2, 

and a surface ocean would establish the presence of a significant thermodynamic chemical 

disequilibrium (Krissansen-Totton et al. 2016) and further constrain the false positive potential. 

Finally, (N2)2 overlaps significantly with the 4.3 µm CO2 band, which may be used in future 

exoplanet observations to quantify CO2 abundances. This retrieval would be biased unless the 

absorption in the wings from (N2)2 is considered. This effect is accounted for by Earth-observers 

using solar occultation limb sounding to measure vertical CO2 profiles (e.g., Rinsland et al. 2010; 

Sioris et al. 2014).   

 Here I explore the detectability of (N2)2 in terrestrial planetary atmospheres using modern 

Earth as an exoplanet analog. In Section 4.2 I describe the inclusion of N2-N2 and N2-O2 CIA 

absorption in the VPL spectral Earth model described in Chapter 2.  In Section 4.3, I report the 

detection of (N2)2 in Earth’s disk-integrated spectrum using comparison data from EPOXI and 

perform a series of sensitivity tests to conclusively demonstrate the origin of the reported 
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absorption. Additionally, I quantify the maximum transit transmission signal produced by (N2)2 

for an Earth-Sun analog. In Section 4.4, I quantify the effect of (N2)2 in synthetic emission 

spectra of planets using self-consistent atmosphere-climate models. In Section 4.5, I simulate the 

transit transmission signal of (N2)2 for both a modern Earth analog and planets with N2-H2 

atmospheres orbiting in the habitable zone (HZ) of a late type star. I discuss the implications of 

these results further in Section 3. 

4.2 ADDITION OF (N2)2 AND N2-O2 ABSORPTION TO THE EARTH MODEL AND 

SMART 

The (N2)2 and N2-O2 absorption included in our models is treated mathematically as 

collisionally-induced absorption (CIA). In general, the temperature- and wavenumber-dependent 

CIA absorption coefficients of a pure mixture of a collisionally absorbing gas A can be given as 

 α ν,T, d! = B!!! ν,T d!!  (4.1) 

where α σ,T, d!  is the absorption coefficient (with units of cm-1) for a given temperature (T), 

wavenumber (ν), and density (dA, in units of amagat), and BA-A is a density-normalized CIA 

coefficient, usually given in cm-1 amagat-2. For a binary mixture of gases A and B, where B is 

spectrally inactive in the wavelength range of interest and is considered only as a collision 

partner to A, Equation (4.1) becomes 

 α ν,T, d! = d!B!!! ν,T + d!B!!! ν,T d! (4.2) 

Lafferty et al. (1996) present a simple empirical model to calculate the wavenumber and 

temperature-dependent normalized CIA coefficients for a mixture of pure N2 

 B!!!!! ν,T =  B!!!!!
! ν exp β!!!!!

!(ν) !
!!
− !

!
 (4.3) 
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where B!!!!!
! ν  and β!!!!!

! ν  are wavenumber-dependent empirical reference parameters 

given in Lafferty et al. (1996) (their Table 1), and T0 is a reference temperature of 296 K. The 

empirically derived normalized CIA coefficients from this model are valid for a temperature 

range of 190-300 K. Figure 4.1 illustrates the normalized CIA coefficients (as a function of 

wavenumber or wavelength) calculated from Equation (4.3) for a variety of different 

temperatures. Lafferty et al. 1996 found the efficiency of N2-O2 absorption relative to N2-N2 

absorption to be approximately independent of wavenumber, and given by 

 E!!/!!
!! T =  !!!!!! !,!

!!!!!! !,!
≅ 1.294− 0.4545 !

!!
   (4.4) 

Therefore, according to Equations (4.2, 4.3, and 4.4) the wavenumber- and temperature-

dependent absorption coefficients due to CIA from a mixture of N2 and O2 gas can be calculated 

as 

 α ν,T, d!! , d!! = B!!!!! ν,T d!! + E!!/!!
!! T d!! d!!    (4.5) 

Lafferty et al. (1996) give their absorption coefficients in wavenumbers. Note that I convert from 

wavenumber (cm-1) to wavelength units (µm) for the model results presented throughout this 

work.  I assume the CIA absorption in the 3.7-4.7 µm region is due entirely to N2-N2 and N2-O2 

CIA, though CIA from other collision partners such as N2-Ar will contribute a small, but 

insignificant, amount to the absorption, due to the small mixing ratios of these partners. It should 

be noted that there is a weaker (N2)2 band near 2.15 µm, a harmonic of the 4.3 µm band. 

However, the binary absorption coefficients for this band are more than 100 times weaker than 

those of the 4.3 µm band and poorly characterized (Shapiro & Gush 1966). While this weaker 

band is observable in N2 ices (solids) in the outer solar system (e.g., Grundy & Fink 1991), it 
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would be substantially more difficult to detect in gaseous phase than the 4.3 µm (N2)2 band. I do 

not discuss the 2.15 µm (N2)2 band further here. 

 

 
Figure 4.1. Density-normalized wavelength and temperature-dependent (N2)2 absorption 

coefficients. The normalized absorption coefficients are calculated from Equation (5) and 

reference parameters given in Table 1 of Lafferty et al. (1996) for a gas of temperature T = 190 

K (black), 220 K (dark red), 240 K (red), 260 K (dark orange), 280 K (light orange), and 300 K 

(yellow). The wavenumber (or wavelength) and temperature dependent absorption coefficients 

of a mixture of N2 and O2 gas can be calculated using Equation (4.5) given in the text. 

 

4.3 DETECTING (N2)2 IN EARTH’S DISK-AVERAGED SPECTRUM

4.3.1 EPOXI Earth observations

Our comparison observations consist of 1.0-4.5 µm disk-integrated NIR spectra taken of the 

Earth by the HRI instrument on the Deep Impact flyby spacecraft (Hampton et al. 2005; Klaasen 

et al. 2008) as part of NASA’s EPOXI mission, which was a repurposing of the Deep Impact 



 

 

101 

spacecraft.  I present data model comparisons for four observations taken from 2008-March-18 

through 2008-March-19 that span a full rotational cycle. These observations were made at a 

spacecraft to planet distance of 0.18 AU when Earth was at a phase angle of 57.7° (~77% 

illumination). Table 4.1 provides a summary of observations. Measured spectral irradiances were 

converted to distance-independent spectral radiances for data model comparison. The EPOXI 

Earth spectra are publicly available on the Planetary Data System (PDS) archive20 and described 

in more detail in Livengood et al. (2011).   

 

Table 4.1. A Summary of EPOXI Observations 

Midpoint time of 
observation (UT) 

Sub-
spacecraft 

latitude (°N) 

Sub-spacecraft 
longitude (°W) 

Sub-solar 
latitude (°S) 

Sub-solar 
longitude (°W) 

2008-03-18 18:39:11 1.7 154.6 0.6 97.1 
2008-03-18 22:39:11 1.6 214.6 0.5 157.1 
2008-03-19 04:36:50 1.6 304.4 0.4 246.8 
2008-03-19 12:36:50 1.5 64.6 0.3 6.8 
 

4.3.2 Comparisons of models and observations 

Simulated Earth model spectra were generated with a resolution of 1 cm-1 and then degraded to 

the EPOXI/HRI resolution using a Gaussian convolution with FWHMs equal to the spectral bin 

size reported by the PDS for each spectral interval (for λ = 4.15 µm, this is Δλ ~ 0.013 µm). 

Figure 4.2 compares NIR observations of the spectral radiance of the Earth with the synthetic 

Earth model data. The model cases where (N2)2 absorption is included provide a much better 

match to the data in the 4.0 – 4.15 µm range. The differences between the data and the model 

without collisional (N2)2 and N2-O2 absorption reach 31-40% at 4.15 µm, whereas the residuals 

                                                
20 http://pds.nasa.gov/ 
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between the data and the model with (N2)2 or with (N2)2 and N2-O2 absorption is less than 5%. 

The (N2)2 feature is robust and relatively constant (residuals within a few percent) through 

rotational phase, implying that the sensitivity of the spectral flux to surface features is small in 

this wavelength range.  

 There does remain a sharply peaked residual at the edge of the CO2 band even when 

accounting for (N2)2 and N2-O2 absorption.  The offset I observe between the EPOXI and Earth 

model spectra at the bottom of the 4.3 um CO2 band, and the difference in line shape at the edge 

of the band, could be explained by non-LTE emission of CO2 in the upper atmosphere, which is 

not accounted for in our model. Non-thermal emission by CO2 near 4.3 µm is a well-studied 

phenomenon, seen in limb soundings of the atmospheres of Earth (e.g., López-Puertas & Taylor 

1989), Venus (e.g., Gilli et al. 2009),  and Mars (e.g., López-Valverde et al. 2005). Non-LTE 

models predict a peak radiance near 4.28 µm (~2337 cm-1) (e.g., López-Valverde et al. 2011), 

which is the wavelength where the largest offset between our model spectra and the EPOXI data 

is observed within the bottom of the band. Disk-integrated observations of Earth (such as the 

EPOXI observations presented here) include limb paths, where non-LTE contributions can be 

relatively large due to path length effects. Non-thermal CO2 emission varies as a function of 

altitude, latitude, and solar zenith angle, and recent calculations indicate that non-LTE emission 

from CO2 can account for the offset between our model and the data at the bottom of the 4.3 um 

CO2 band (López-Valverde et al. 2011). Importantly, at wavelengths shortward of 4.15 µm 

where the effect of (N2)2 is observed, the atmospheric transmission is relatively high and 

insensitive to the temperatures in the upper atmosphere. I conduct a series of sensitivity tests in 

Section 4.3.3 to show the peaked residuals or the absorption that is attributed to (N2)2 and N2-O2 
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does not originate from simple differences between the width of the CO2 band in the data and the 

model. 

 

 

Figure 4.2. Detection of (N2)2 absorption in Earth’s NIR spectra. Spectral radiances of the Earth 

as measured by the EPOXI NIR spectrograph (black), as generated by the VPL three-

dimensional Earth Model without (N2)2 absorption (red), with (N2)2 absorption (blue), and with 

both (N2)2 and N2-O2 absorption (green). Titles provide the sub-spacecraft longitudes (also given 

in Table 1). The gray band is the calibration uncertainty for the NIR data (Klaasen et al. 2008). 

Insets: Illustrations of Earth’s illumination as seen by the EPOXI spacecraft during each 

observation. Insets were generated with the Earth Moon Viewer originally developed by J. 

Walker (http://www.fourmilab.ch/earthview/). 
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 To my knowledge, this is the first time N2 has been demonstrated in Earth’s disk-

averaged radiance spectrum. Spectra of Earth from other studies, including Galileo/NIMS 

spectra (Sagan et al. 1993; their figure 1c),  Mars Express/OMEGA21 IR spectra (Tinetti et al. 

2006; their figure 10),  and spatially resolved ROSETTA/VIRTIS spectra (Hurley et al. 2014; 

their figure 3) show a 4 um “roll off” on the short wavelength side of the CO2 band with a similar 

spectral shape to the (N2)2 feature presented here. However, these studies do not attribute this 

feature to (N2)2.  It should be noted that a disk-averaged ROSETTA/VIRTIS spectrum presented 

in Irwin et al. (2014; their figure 3) does not appear to show the same shape as seen in Figure 

4.2. However, the shape of their measured spectrum is also not consistent with the other studies 

mentioned above. Comparison synthetic spectra presented by Irwin et al. (2014) are also poor fits 

to their measured data in the 2.2-5 µm spectral range, except for the core of the 4.3 µm CO2 

band.  

4.3.3 Sensitivity tests 

To demonstrate that the spectral “roll off” seen near 4 µm is due to collisional (N2)2 absorption 

and not an artifact or the influence of other gaseous absorption, I conducted a series of sensitivity 

tests. In my first test, I examined the sensitivity of the residuals between the EPOXI spectral data 

and the synthetic Earth model comparisons to the assumed FWHM used to degrade the high-

resolution synthetic spectra. As stated in Section 4.3.2, I degraded the synthetic spectra to the 

same spectral resolution as the EPOXI measurements using a Gaussian convolution with 

FWHMs equal to the spectral bin size reported in the PDS for each wavelength. I determined the 

effect of the assumed FWHM on the shape of the data-model residuals by degrading one set of 

synthetic spectra (top left panel in Figure 4.3; sub-spacecraft longitude of 215° W) with 1, 2, and 

                                                
21 http://sci.esa.int/mars-express/31033-objectives/?fbodylongid=661 
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4 times the FWHM at 4.15 µm (0.013 µm). Figure 4.3 shows the result. While a FWHM of 0.052 

µm (4 × 0.013 µm) decreases the residuals somewhat shortward of 4.16 µm, it leads to an 

increase in the residuals longward of 4.2 µm and an overall poorer fit to the spectral shape.  

 

 

Figure 4.3. Spectral resolution sensitivity tests. The data are the same as in the upper left panel of 

Figure 2.  Lines indicate Gaussian spectral convolution with different FWHMs in factors of 1 

(solid line), 2 (dotted line), 4 (dashed line) × 0.013 um (the spectral bin size at λ = 4.15 µm 

reported by PDS). 

 

 Next I used a series of one-dimensional SMART runs to compare the absorption of (N2)2 

and N2-O2 to absorption by CO2 and N2O, which are also spectrally active in this wavelength 

region. Besides helping to demonstrate the detection of (N2)2 in Earth’s spectrum, these 

sensitivity tests are also useful guides to the robustness of (N2)2 absorption in atmospheres with 

slightly different compositions. For each of these SMART runs, I used a temperature and gas 

mixing ratio profile from one of the retrieved profiles used in the VPL Earth Model (Figure 2.5). 
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I assumed the surface was an ocean (McLinden et al. 1997) with no clouds, a surface temperature 

of Tsurf = 288.2 K, a solar zenith angle of 60° and an azimuth angle of 0°. Figure 4.4 illustrates 

the results of these tests.  

 In Figure 4.4a, I show one-dimensional clear sky SMART spectra with and without (N2)2 

and N2-O2 absorption, which looks similar to comparisons of the data and model without (N2)2 

and N2-O2 absorption in Figure 4.2 (though the one-dimensional SMART spectra are not directly 

comparable to the three-dimensional disk-integrated Earth model spectra). In the remaining tests 

I do not include collisional N2 absorption. In Figure 4.4b, I show the effect of doubling or 

halving the CO2 mixing ratio, demonstrating this saturated band is relatively insensitive to 

differences in CO2. In Figure 4.4c, I experiment with different line cutoffs used in LBLABC to 

generate our absorption coefficients (see Section 2.1). This panel shows that line cutoffs larger 

than 100 cm-1 would be adequate to model the 4.3 µm CO2 band. For all other cases I used line 

cutoffs of 1000 cm-1, which is larger than the width of the plot window (a Δν of 1000 cm-1 is a 

Δλ of ~1.76 µm at λ = 4.2 µm). Finally, in Figure 4.4d I show the effect of doubling and halving 

the N2O concentration. While N2O absorbs between 4.0-4.2 µm, its effect is negligible. In each 

of the panels of Figure 4.4, the EPOXI spectrum of the Earth with a sub-spacecraft longitude of 

215° W (see Figure 4.2 and Table 4.1) is added for contrast. Note that the EPOXI spectrum of 

the disk-integrated Earth and the 1-D SMART synthetic spectra of a single sounding are not 

directly comparable. This is because the observed Earth contains clouds, heterogeneous surfaces 

including land as well as ocean, and a distribution of solar zenith and observer angles, which are 

not present in the simple synthetic spectra - with an ocean surface and no clouds - generated to 

show sensitivity to a given atmospheric constituent or line cutoff assumption (see Figure 4.2 for 

the directly comparable synthetic spectra).  
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Figure 4.4. Sensitivity to molecular absorption by key species. Cloud-free spectra are generated 

by SMART with a solar zenith angle of 60°, an azimuth angle of 0°, and a Lambertian ocean 

surface. None of the synthetic spectra contain N2-N2 and N2-O2 absorption besides those in the 

top left panel. A) Model spectra without (N2)2 and N2-O2 absorption (black solid), with (N2)2 

absorption only (green dash-dot), with (N2)2 and N2-O2 absorption (red dotted). B) Model spectra 

with 1 × standard CO2 (black solid), 2 × standard CO2 (green dash-dot), and 0.5 × standard CO2 

(red dotted). C) Model spectra with 1000 cm-1 line cutoff for CO2 absorption coefficients (black 

solid), with a 100 cm-1 line cutoff (red dotted), and with a 25 cm-1 line cutoff (green dash-dot). 

D) Model spectra with 1 × standard N2O (black solid), 2 × standard N2O (green dash-dot), and 

0.5 × standard N2O (red dotted). Mixing ratio profiles assumed for CO2 and N2O can be found in 

Figure 1. The EPOXI Earth spectrum with a sub-spacecraft longitude of 215° W (see Figure 3 

and Table 1) is added to each panel for illustration (gray dashed), though it is not directly 

comparable with sensitivity spectra presented here. 
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4.3.4 Simulated transmission spectrum of the Earth-Sun with (N2)2 absorption 

To investigate the detectability of (N2)2 in Earth’s transmission spectrum and inform future 

observations of Earth-Sun analogs, I used the VPL one-dimensional transmission model, which 

includes the effects of refraction and has been validated for Earth observations (Misra, Meadows 

& Crisp 2014). I assumed the same temperature and mixing ratio profiles as given in Figure 2.5 

(including absorbing gases O2, H2O, CO2, O3, N2O, CH4 and CO) and no clouds or aerosols.  The 

spectral resolution for the simulated transit transmission spectrum is Δλ = 0.005 µm. Due to 

refraction only the top ~0.2 bars of the atmosphere can be probed for a distant observer with the 

Earth-Sun geometry (García Muñoz et al. 2012; Bétrémieux & Kaltenegger 2013). Figure 4.5 

shows the largest effect (N2)2 could have on the transmission spectrum of an Earth-Sun analog. 

The maximum signal is < 0.1 ppm due to the limiting tangent pressure (defined as the pressure 

above which only 50% or less of light is transmitted) of < ~0.2 bar and the strong density 

dependence of collisional pair and/or dimer absorption (Misra et al. 2014a). While N2 absorption 

would be undetectable in an Earth-Sun analog due to high limiting tangent altitudes from 

refraction, circumstances are more favorable for planets orbiting within the habitable zone of 

lower mass stars where refraction allows lower altitudes to be probed (Bétrémieux & 

Kaltenegger 2014; Misra et al. 2014b). I investigate this further in Section 4.5.  

 

 

 

 

 

 



 

 

109 

 

 

 

 

Figure 4.5. Transmission spectrum for an Earth transiting a Sun with (solid black) and without 

(dashed red) (N2)2 absorption in units of ppm. The spectral resolution is Δλ = 0.005 µm. The 

bottom panel shows the difference between the model with and without (N2)2 absorption. The 

temperature and gas mixing ratio profiles assumed were the same as in Figure 1. Note the very 

small difference in transit depth is due to high limiting tangent altitudes for Earth-Sun geometries 

due to refraction, such that these spectra do not probe the deepest parts of the atmosphere where 

(N2)2 absorption is most significant (García Muñoz et al. 2012; Bétrémieux & Kaltenegger 2013; 

Misra et al. 2014). 
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4.4 RADIANCE SPECTRA OF (N2)2 IN N2-CO2-H2O ATMOSPHERES 

4.4.1 Self-consistent N2-CO2-H2O Atmospheres 

To explore the general case of (N2)2 absorption in the emission spectra of terrestrial planets, I 

used a  modified version of a publicly available22  radiative-convective model (Kasting et al. 

1993; Segura et al. 2005; Haqq-Misra et al. 2008) to construct self-consistent temperature-

pressure and water vapor mixing ratio profiles of pure N2-CO2-H2O atmospheres to use as input 

for SMART. Atmospheres that have CO2 and H2O concentrations consistent with their surface 

temperatures are useful because of the possible degeneracy between CO2 absorption and (N2)2 

absorption in the wings of the 4.3 µm CO2 band. In contrast, I could have explored cases with 

increased N2 but with constant CO2, while maintaining the same surface temperature (which sets 

the magnitude of the thermal flux), but this would be unrealistic because the planet’s CO2 

concentration would be inconsistent with its temperature and thermal flux. Pure N2-CO2-H2O 

atmospheres are chosen to provide terrestrial planet base cases without complicating assumptions 

about the origin of major or trace gases that may be due to life (such as O2 from photosynthetic 

organisms), and the development of trace gases from photochemistry that may also be 

greenhouse absorbers (such as O3 from O2). The gray surface Bond albedo of the planet was 

chosen such that in an Earth-like scenario with modern (pre-industrial) mixing ratios of CO2, 

H2O, O3, N2O, N2, and CH4 the surface temperature converged to 288 K. This albedo (AB 

=0.238) was used for each surface pressure and temperature scenario. This is effectively a tuning 

parameter that allows a one-dimensional climate model to match Earth’s modern surface 

temperature for calibration (Kasting et al. 1993).  

                                                
22 http://vpl.astro.washington.edu/sci/AntiModels/models09.html 
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 I assumed the same incident solar flux as Earth currently receives and adjusted the CO2 

concentration until the surface temperature of the planet converged to the desired value. The 

water vapor mixing ratios were calculated using a relative humidity profile with a surface 

relative humidity of 80% (Manabe & Wetherald 1967). The CO2 mixing ratio profile was 

constant with altitude. N2 constituted the remaining atmospheric volume of each layer after CO2 

and H2O were accounted for. Six pressure scenarios were considered, with Psurf = 0.2, 0.5, 1.0, 

2.0, 5.0, and 10.0 bars. Three temperature scenarios were calculated with a solar input spectrum: 

273 K, 288 K, and 300 K. A similar set of atmospheric profiles were calculated for a 288 K 

surface temperature planet with the incident spectrum of AD Leo, an M3.5 dwarf with an 

effective temperature of 3390 K (Rojas-Ayala et al. 2012). I used the same AD Leo spectrum as 

in Segura et al. (2005, 2010), which was scaled from the Earth-Sun flux equivalent distance by 

an albedo correction factor (Afac) of 0.9 to correct for the absorption of redder stellar radiation by 

an Earth-like atmosphere. This distance from the star to the planet was calculated as r = 1 AU 

[(L/L⊙)/Afac]1/2, following Segura et al. (2005). This produced a distance of r = 0.16 AU and a 

normalized flux of 1225 W/m2 for the AD Leo cases, compared to an incident flux of 1360 W/m2 

for the Earth-Sun scenarios.  AD Leo was chosen to represent the category of stars with effective 

temperatures less than that of the Sun, where a larger number of habitable zone planets may be 

found (Dressing & Charbonneau 2013; Kopparapu 2013). AD Leo is often used in the study of 

the atmospheres of planets orbiting different spectral classes of star because a complete, 

calibrated spectrum of this star is available from the UV to the MIR (Segura et al. 2010; von 

Paris et al. 2013; Domagal-Goldman et al. 2014). 

 To study the potential for CO2-dominated (i.e., Mars-like) atmospheres to mimic the 

(N2)2 feature, a set of temperature-pressure and gas mixing ratio profiles were calculated using 
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the same radiative-convective model as described above, but for atmospheres dominated by CO2.  

This allows comparison between the change in band intensity and shape for self-consistent 

atmospheres with CO2 (broadened by N2) plus (N2)2, and self-consistent atmospheres with only 

CO2. For these atmospheres, the volume fraction of CO2 was fixed at 96%, equivalent to Mars’ 

CO2 mixing ratio, with small amounts of N2 constituting the remaining volume after accounting 

for H2O. Instead of using the CO2 fraction (fCO2) as the dial to converge the model to the desired 

surface temperatures, the surface pressure was adjusted. 

 The properties of each atmosphere are given in Table 4.2 (N2-CO2-H2O atmospheres) and 

Table 4.3 (CO2-dominated atmospheres) and their temperature-pressure profiles are shown in 

Figure 4.6. There are two competing factors that set the CO2 mixing ratio. As the surface 

pressure (equivalently atmospheric mass for constant surface gravity and temperature) increases, 

the total amount of CO2 (and H2O) also increases, forcing the CO2 mole fraction to be tuned 

downwards. However, as the atmospheric mass increases, the planetary albedo also increases 

because of enhanced Rayleigh scattering to space. This cools the surface (by reducing the 

amount of incident solar radiation) and necessitates more CO2. (It should also be noted that CO2 

is also much more efficient at Rayleigh scattering than N2 and for this reason, along with the 

saturation of CO2 absorption bands, there are diminishing returns for adding more CO2). The 

temperature-pressure profiles are affected by the mole fraction of CO2 in the upper atmosphere. 

More CO2 enhances the radiative cooling in these upper layers, and because the CO2 mixing ratio 

is constant with altitude for each scenario, this results in the radiative cooling in the upper 

atmosphere being more effective for the atmospheres with lower total surface pressure and thus 

larger CO2 mixing ratios. It is important to note that because the absorption by (N2)2 is highly 

density dependent and weakly temperature dependent, our results are insensitive to the 
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temperature profiles of the upper atmosphere.  Segura et al. (2005) showed that a lower 

integrated stellar flux is required from M dwarfs to achieve the same planetary surface 

temperature, due to the lower planetary albedo caused by gaseous absorption of more plentiful 

incoming IR radiation. I follow the convention suggested by Segura et al. (2005), and use a 

lower integrated stellar flux for our AD Leo planets. However, the pressures and compositions of 

our atmospheres differed from Segura et al. (2005). As a result, more CO2 was required for the 

Psurf ≤ 1 bar AD Leo cases to achieve the same surface temperature (Tsurf=288 K) as the Earth-

Sun cases, as these cases have less efficient albedo augmentation due to the lack of absorbing 

gases other than H2O and CO2. For the AD Leo cases with Psurf ≥ 2 bar, the combination of the 

redder spectrum of AD Leo and the greater total H2O content of the atmospheres (see Table 4.2), 

necessitated lower CO2 fractions than for the equivalent Earth-Sun cases. Note that for a surface 

pressure of P ≤ 0.2 bars, a surface temperature of 300 K assuming a solar spectrum and a surface 

temperature of 288 K with an AD Leo spectrum are inconsistent with even a pure CO2 

atmosphere, so I have not included those scenarios in Figure 4.6, Table 4.2, or subsequent 

figures.  
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Table 4.2. Parameters for N2-CO2-H2O atmospheres 

 Psurf [bar] fCO2 Total CO2 
[bar] 

Total H2O 
[bar] 

Max fH2O Planetary 
Albedo 

Tsurf = 273 K (Sun) 
0.2 7.90e-5 1.58e-5 2.32e-4 2.35e-2 0.223 
0.5 1.90e-6 9.60e-7 4.41e-4 9.54e-3 0.238 
1.0 1.10e-6 1.10e-6 7.43e-4 4.81e-3 0.260 
2.0 1.05e-6 2.10e-6 1.31e-3 2.40e-3 0.291 
5.0 6.50e-6 3.25e-6 3.00e-3 9.62e-4 0.353 
10.0 1.10e-4 1.10e-3 5.82e-3 4.82e-4 0.412 
Tsurf = 288 K (Sun) 
0.2 9.95e-2 1.99e-2 8.37e-4 6.25e-2 0.208 
0.5 3.15e-3 1.58e-3 1.66e-3 2.62e-2 0.223 
1.0 6.40e-4 6.40e-4 2.75e-3 1.33e-2 0.245 
2.0 3.65e-4 7.30e-4 4.66e-3 6.72e-3 0.276 
5.0 5.00e-4 2.50e-3 1.01e-2 2.70e-3 0.337 
10.0 9.30e-4 9.30e-3 1.90e-2 1.35e-3 0.398 
Tsurf = 288 K (AD Leo)* 
0.5 1.26e-2 6.30e-3 1.66e-3 2.62e-2 0.140 
1.0 1.30e-3 1.30e-3 2.75e-3 1.33e-2 0.145 
2.0 1.38e-4 2.76e-4 4.66e-3 6.71e-3 0.146 
5.0 7.80e-6 3.90e-5 1.01e-2 2.70e-3 0.156 
10.0 2.95e-6 2.95e-5 1.90e-2 1.35e-3 0.173 
Tsurf = 300 K (Sun)** 
0.5 7.70e-2 3.85e-2 4.27e-4 5.32e-2 0.211 
1.0 9.95e-3 9.95e-3 7.00e-3 2.75e-2 0.232 
2.0 3.35e-3 6.70e-3 1.17e-2 1.40e-2 0.263 
5.0 1.77e-3 8.85e-3 2.40e-2 5.65e-3 0.325 
10.0 1.77e-3 1.77e-2 4.38e-2 2.85e-3 0.386 
* For Psurf= 0.2 bar no N2-CO2-H2O atmosphere is possible; maximum CO2 fraction produces Tsurf = 287.0K.  

**For Psurf  = 0.2 bar no N2-CO2-H2O atmosphere is possible; maximum CO2 fraction produces Tsurf = 284.5 K. 

 

 



 

Figure 4.6. Self-consistent N2-CO2-H2O and CO2-dominated atmosphere temperature-pressure 

profiles. The colors represent total surface pressures of 0.2 bar (orange), 0.5 bar (yellow), 1.0 bar 

(green), 2.0 bars (blue), 5 bars (purple), and 10 bars (black). The CO2-dominated atmospheres 

that produce the same surface temperature are in red. More atmosphere parameters can be found 

in Table 2 and Table 3.   
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Table 4.3. Parameters for CO2-H2O atmospheres 

Psurf [bar] fCO2 CO2 [bar] H2O [bar] Max fH2O Planetary Albedo 
Tsurf = 273 K (Sun) 

0.032 9.60e-1 3.07e-2 6.28e-5 1.38e-1 0.216 
Tsurf = 288 K (Sun) 

0.148 9.60e-1 1.42e-1 6.66e-4 8.21e-2 0.213 
Tsurf = 288 K (AD Leo) 

0.213 9.60e-1 2.04e-1 8.91e-4 5.90e-2 0.141 
Tsurf = 300 K (Sun) 

0.332 9.60e-1 3.19e-1 3.07e-3 7.77e-2 0.213 
 

 

4.4.2 Simulated radiance spectra 

For each of the self-consistent N2-CO2-H2O temperature pressure and mixing ratio profiles 

described in section 4.4.1, I generated spectra using SMART. One series of spectra assumed only 

thermal emission, shown in Figure 4.7. In these cases, the spectral albedo in the 3.4-5.0 µm range 

was set to zero and the emissivity was set to 1 to isolate thermal emission, because reflected 

stellar light contributes much less than thermal emission to the total spectral flux from the planet, 

but will depend on the surface spectral albedo and cloud emissivities and altitudes. The albedo in 

this wavelength range contributes very little to the Bond albedo of the planet, so this assumption 

is not inconsistent with Section 4.4.1. The resulting spectra demonstrate strong dependence on 

N2 abundance for surface pressures exceeding 1 bar with the flux being reduced in the wings of 

the 4.3 µm CO2 band by up to 100% for sufficiently high N2 abundances. The results from the 

one-dimensional model spectra are consistent with the EPOXI-VPL Earth model comparison. 

For the Psurf =1 bar, Tsurf = 288 K synthetic spectrum from the one dimensional model, the (N2)2 

absorption has a maximum effect of 35% on the spectral flux, which is similar to that observed 

by EPOXI for Earth’s disk-averaged spectrum. The effect of (N2)2 absorption decreases for self-

consistent scenarios with higher surface temperatures. This is because the higher temperature 
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planets require more CO2 to warm their surfaces, and thus the width of the 4.3 µm CO2 band 

increases and masks (N2)2 absorption.  

 

 

 

Figure 4.7. Thermal-only radiance spectra of model Earth-like planets showing (N2)2 absorption 

in the NIR. The temperature-pressure profiles used for these spectra are shown in Figure 4.6. In 

the top sub-panels only the Psurf = 1, 5, and 10 bar, and the CO2-dominated spectra are shown. 

The bottom sub-panels plot the wavelength-dependent percentage difference between the cases 

with (N2)2 absorption (solid) and without it (dashed) for all pressure scenarios given in the figure 

key.  

 



 

 

118 

 

 I generated another series of spectra that include reflected light, shown in Figure 4.8. In 

these cases, the spectral albedo of the planet was set to 10% for the 3.4-5.0 µm wavelength 

range. The spectrum used to model the incident light from the Sun is a Kurucz model (Kurucz 

1995), and the spectrum used for AD Leo is the same used in Section 4.4.1 (Segura et al. 2005; 

Segura et al. 2010).  The increase in the total spectral flux is especially notable for AD Leo, 

whose SED is shifted more strongly into the NIR compared to the Sun due to its lower effective 

temperature. The peak relative (N2)2 contribution is similar for the scenarios that include 

reflected light (Figure 4.8) and the scenarios that do not include reflected light (Figure 4.7), 

though the differences for the cases with reflected light are greater at shorter wavelengths where 

there is more incident flux from the star. The inverse problem is not attempted here, but note that 

accounting for (N2)2 absorption could potentially provide leverage to constrain N2 abundances 

with future retrieval algorithms when applied to direct-imaging spectra of planets with 

substantial atmospheres (e.g., Benneke & Seager 2012; Line et al. 2013; von Paris et al. 2013). 
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Figure 4.8. Same as Figure 4.7 except including both thermal emission and reflected light. The 

surface albedo is assumed to be 10% and constant over the wavelengths shown here. The 

incident stellar spectrum is either that of AD Leo (bottom left panel) or the Sun (all other panels).  

 

4.5 TRANSMISSION SPECTRA OF PLANETS WITH N2 ATMOSPHERES ORBITING 

LATE TYPE STARS 

Transit transmission observations will be more favorable for planets orbiting the HZ of late type 

stars, where the lower atmosphere may be probed because geometric refraction limits approach 

pressures greater than (or equivalent altitudes lower than) ~1 bar for N2-dominated atmospheres 

(Bétrémieux & Kaltenegger 2014; Misra et al. 2014b). Additionally, JWST may have the 
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opportunity to characterize one or more super-Earths in the habitable zones of late type stars 

(Deming et al. 2009), increasing the importance of studying these cases. I generated a synthetic 

transit transmission spectrum of an Earth orbiting in the HZ of an M5V star (a = 0.05 AU, R = 

0.2 R☉) using the model described in Misra et al. (2014b). The conservative and optimistic inner 

edge limits for the habitable zone of a Teff = 2800 K, L = 0.0022 L☉ M5V star are a = 0.049 AU 

and a = 0.039 AU, respectively (Kopparapu et al. 2013)23. I assumed the same set of temperature 

and gas mixing ratios in Figure 2.5. Figure 4.9 shows the effect of (N2)2 in this test case. The 

maximum spectral transmission depth is ~3 ppm, which is almost two orders of magnitude 

greater than that seen for the Earth-Sun analog (Figure 4.5). This difference is primarily due to 

the smaller radius of the M5V host star relative to that of the Sun.   An additional contribution 

comes from the combination of refraction - which permits deeper altitudes to be probed for a 

planet orbiting in the habitable zone of an M5V star - and the strong density dependence of 

(N2)2 absorption. However, this is still less than the anticipated noise level for JWST/NIRSPEC 

observations of an M5V host star at 4.1 µm, which Misra et al. (2014b) calculate as ~5 ppm (see 

their Figure 13) assuming all transits in a five year period are observed.  

 Figure 4.9 does not represent the most ideal scenario for detecting (N2)2. The spectral 

impact of (N2)2 is also function of the atmospheric scale height, the mean molecular weight of 

the atmosphere, and the concentrations of CO2 and N2O, since both gases have overlapping 

absorption features. To demonstrate the maximum plausible detectability of (N2)2 with transit 

transmission spectroscopy, I calculated transmission spectra of atmospheres dominated by 

mixtures of N2 and H2 with different trace fractions of CO2 and N2O. The addition of a low 

molecular weight component (H2) will increase the scale height and consequently the transit 

                                                
23 See the VPL HZ calculator based on Kopparapu et al. (2013): http://depts.washington.edu/naivpl/content/hz-
calculator 
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height variations (or, equivalently, spectral transit depths) due to the spectrally absorbing gases 

(Miller-Ricci et al. 2009). Below I describe the model atmospheres and the synthetic 

transmission spectra generated.  

 

 

Figure 4.9. Transmission spectrum for an Earth transiting an M5V star (R = 0.2 R☉; a = 0.05 

AU) with (solid black) and without (dashed red) (N2)2 absorption in units of ppm. The spectral 

resolution is Δλ = 0.005 µm. The bottom panel shows the difference between the model with and 

without (N2)2 absorption. The temperature and gas mixing ratio profiles assumed were the same 

as in Figure 2.5. 

 

4.5.1 Analytic N2-H2 Atmospheres 

I employed a simple model for calculating the temperature-pressure-altitude structure of an 

atmosphere that consists of pure mixtures of one or more gases. I assumed a surface pressure of 1 
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bar, a surface temperature of Tsurf = 288 K, and an isothermal stratospheric temperature of Tstrat = 

200 K, which is used when simulating atmospheres without stratospheric UV absorbers 

(Schindler & Kasting 2000; Haqq-Misra et al. 2008; Domagal-Goldman et al. 2011).  I used the 

thin layer approximation, so the gravity remained constant with altitude. The altitude grid 

extended from 0 km to 1000 km in intervals that increased with altitude from 3-100 km, though I 

found the results were insensitive to the altitude intervals used.  The temperature changed at each 

altitude below the stratosphere based on the lapse rate. The lapse rate of the atmosphere was 

calculated as: 

 L = !"
!"
=  − !

!!
   (4.6) 

where L is the dry adiabatic lapse rate, g is the surface gravity, and cp is the heat capacity of the 

gas mixture at constant pressure. The heat capacity is a weak function of temperature, which is 

ignored in this simple treatment. The temperature at each altitude level below the tropopause is 

calculated as:  

 T = T!"#$ + L ∗ Z    (4.7) 

where Z is the altitude point in the array and Tsurf is the input surface temperature. For all values 

of T < Tstrat the temperature is set to Tstrat. To calculate the pressure below the stratosphere, the 

barometric equation is used: 

 P =  P!"#$(
!!"#$
!
)(

!
!")  for  T > T!"#$"  (4.8) 

Here, P is the pressure at a grid point, Psurf is the surface pressure, and R is the gas constant of the 

mixture. The pressure above the troposphere is calculated as: 

 P = P!"#$" ∗ e
! !!!!"#$"

!!"#$"
    (4.9) 
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where Zstrat is the altitude where the temperature lapses to the stratospheric temperature, Pstrat is 

the pressure at that altitude as calculated by (10), and Hstrat is: 

 H!"#$" =
!!!!"#$"

!!
  (4.10) 

where kB is the Boltzmann constant, and µ is the mean molecular mass of the atmosphere. The 

properties µ (N2=28.02 !
!"#

, H2=2.06 !
!"#

), cp (N2=1040 !
!"∙!

, H2=14320 !
!"∙!

), and R (N2=296.8 

!
!"∙!

, H2= 4124 !
!"∙!

) are given in terms of mass quantities for individual gases; I therefore weight 

according to mass mixing ratio when calculating these variables. I used the above equations to 

calculate the temperature-pressure-altitude structure for gas mixtures of 100% N2, 75% N2, 50% 

N2, and 0% N2 with the remaining percentages consisting of H2.  

4.5.2 Transmission spectra of N2-H2 atmospheres 

I modeled the transmission spectra of the analytic N2-H2 atmospheres described above, including 

(N2)2 absorption (Lafferty et al. 1996). Since the (N2)2 feature substantially overlaps with the 4.3 

µm CO2 band, I modeled scenarios including different concentrations of CO2 (Rothman et al. 

2009): 0 ppm, 1 ppm, 10 ppm, 100 ppm, and 1000 ppm. Figure 4.10 shows the effect of (N2)2 in 

the transmission spectrum for the cases described from 3.5 – 5.0 µm. The only sources of opacity 

for these simple synthetic spectra are CO2 and (N2)2 absorption. I find that with a 100% N2 

atmosphere, the maximum spectral transit signal produced for the Earth-sized planet is 10 ppm, 

while the 25% N2/ 75% H2 case produces a spectral transmission signal of about 50 ppm at 4.3 

µm (with no CO2). For the 50% N2/50% H2 cases with trace CO2 concentrations, the peak 

spectral transmission depths due to (N2)2 range from 20 ppm (0 ppm CO2) to 8 ppm (1000 ppm 

CO2). The transit depth variations would be smaller for super-Earth atmospheres containing the 
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same mixing ratios of N2, H2, and CO2 due to a smaller scale height, though super-Earths are 

more likely to retain larger fractions of H2 (Miller-Ricci et al. 2009).  

 

 

Figure 4.10. (N2)2 absorption in transmission for analytic N2 and N2-H2-dominated atmospheres. 

Top panel: (N2)2 transmission depths for atmospheres that are pure N2-H2 mixtures (no CO2). 

Middle panels: Transmission spectra for 100% N2 (left), 75% N2 (middle), and 50% N2 (right) 

atmospheres with CO2 concentrations of 0 ppm (purple), 1 ppm (blue), 10 ppm (green), 100 ppm 

(orange), and 1000 ppm (red) including (N2)2 absorption (solid lines) and without (N2)2 (dashed 

lines). Bottom panels: differences in transmission depths due to (N2)2 matched to spectra in the 

middle panel. The geometry assumed is a star with 20% the radius of the Sun, a planet-star 

distance of 0.05 AU and an impact parameter of 0. 
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 Because N2O also absorbs in this wavelength range (see Figure 4.4d), here I illustrate the 

sensitivity of (N2)2 absorption in transit transmission to different N2O abundances. The 

introduction of N2O would provide opacity at these wavelengths preventing an observer from 

probing the lower altitudes where (N2)2 can most impact the spectrum. I generate transmission 

spectra for a 75% N2, 25% H2 atmosphere with 100 ppm CO2 and 0 ppb, 10 ppb, 100 ppb, 1000 

ppb, and 10000 ppb N2O (Figure 4.11). For comparison, the pre-industrial concentration of N2O 

in Earth’s atmosphere is ~265 ppb (Flückiger et al. 2002) and the atmospheric concentration of 

this biogenic gas likely varied greatly on Earth over geologic time (Buick 2007). With 100 ppm 

CO2, 75% N2, 25% H2 and trace N2O, peak spectral transmission depth variations due uniquely 

to (N2)2 range from just under 10 ppm (0 ppb N2O) to just under 6 ppm (10000 ppb N2O). The 

integrated Δ(N2)2 residuals of the spectral transmission depths from 3.7 µm to 4.8 µm decrease 

more strongly with increased N2O mixing ratios than the peak spectral transmission depths. 
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Figure 4.11. Sensitivity of (N2)2 absorption to different N2O abundances in transit transmission 

spectra. The atmosphere assumed is 75% N2 and 25% H2 with 100 ppm of CO2 and 0 ppb 

(black), 10 ppb (blue), 100 ppb (green), 1000 ppb (orange), and 10000 ppb (red) of N2O (see 

Section 4). The spectral resolution is Δλ = 0.005 µm. Top panels show the transmission spectra 

with (N2)2 (solid) or without (N2)2 (dashed) absorption. Bottom panels show differences in 

transmission depths due to (N2)2 matched to spectra in the top panel. The 0 ppb N2O case is 

identical to the 100 ppm CO2 case in the lower middle 
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4.6 DISCUSSION

4.6.1 Detecting bulk gases to establish habitability  

Here I have shown that the absolute flux differences at the relevant wavelengths for (N2)2 

absorption are significant (~30-35%) for Earth-analog cases, potentially allowing for the 

detection of N2 in exoplanet atmospheres. Characterizing the bulk atmosphere of a terrestrial 

exoplanet will allow for the determination of the atmospheric mass, and therefore the surface 

pressure if the surface gravity is known. Liquid water stability, the common definition of 

habitability, depends on both temperature and pressure. To establish habitability, it is not 

necessary to quantify the pressure exactly, but to constrain it to be above the stability criterion 

for water within a known temperature range for the planet. I have demonstrated that (N2)2 would 

not create a measurable effect at the low surface pressures that preclude surface water stability 

for habitable temperatures.  

4.6.2 Biosignature confirmation with (N2)2 

Detection of (N2)2 could also help discriminate whether the presence of O2 is more or less likely 

to be due to life. It has been postulated that the abiotic buildup of O2 could occur on planets with 

a limited abundance of non-condensable gases (Wordsworth & Pierrehumbert 2014) that would 

allow the atmosphere of those planets to become H2O-dominated. For each possible surface 

temperature a minimum non-condensable gas partial pressure is required to generate a cold trap 

and stabilize an atmosphere against rapid H loss through H2O photolysis in the stratosphere and 

consequent O2 buildup. An N2 surface pressure of above a few percent of modern day Earth’s is 

required to prevent the upper atmosphere of a planet with Tsurf = 288 K from becoming rich in 

H2O (Wordsworth & Pierrehumbert 2014). I find that the effect of (N2)2 on the spectral flux does 
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not become significant (exceeding 5%) in emission spectra unless the surface pressure is greater 

than 0.5 bar. Therefore, direct detection of (N2)2 would imply a non-condensable gas partial 

pressure larger than that required to rule out this abiotic O2 scenario and bolster the case that 

detected O2 is biological in origin. While H loss due the lack of a cold trap is not the only 

possible source of abiotic O2 in a terrestrial planet atmosphere (e.g., Domagal-Goldman et al. 

2014; Luger & Barnes 2015), it is the only mechanism that has thus far been proposed that could 

operate at all locations of the habitable zone for all spectral classes of host star. 

4.6.3 Detecting (N2)2 in transit transmission 

I have demonstrated that (N2)2 absorption can create spectral transmission depths of about 50 

ppm for N2-H2 atmospheres without CO2 and 10 ppm for N2 atmospheres without CO2. The 

detection of (N2)2 in the transit transmission spectrum of an N2-doimated atmosphere would 

require an atmosphere to be predominately cloud-free down to a ~0.5 bar pressure level. The 

requirement to probe deep altitudes is potentially problematic because long path lengths through 

an atmosphere in transit transmission mean that even tenuous clouds or hazes can be optically 

thick at high altitudes (Fortney 2005). The flat transmission spectra of GJ 1214b (Kreidberg et al. 

2014) and GJ 436b (Knutson et al. 2014) demonstrate that high-altitude clouds might be 

commonplace in close-in exoplanets. However, NIR transmission spectrum of the “warm 

Neptune” HAT-P-11 from WFC3 on Hubble demonstrates the presence of water vapor and 

indicates the planet’s atmosphere is cloud-free at least down to the 1 mbar level and perhaps to 

levels where pressure are larger than 1 bar (Fraine et al. 2014). Thus, at least some planetary 

atmospheres may be characterizable at the pressure altitudes where N2 collisional absorption 

would become detectable.  
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4.7 SUMMARY 

I have shown that (N2)2 is detectable in disk-integrated observations of the Earth from 

interplanetary spacecraft, creating a ~35% effect on the spectrum of the Earth at 4.15 µm. This 

significant because N2 has often been presumed to be a spectrally inactive molecule with no 

potentially detectable absorption features, though detecting (N2)2 will still be difficult due to the 

low planetary flux at its spectrally active wavelengths.  I calculated the strength of the (N2)2 

collisional pair on the emission spectra of self-consistent N2-H2O-CO2 atmospheres and find a 

strong spectral response for N2 abundances greater than 0.5 bar.  A detectable amount of N2 

would imply surface pressures high enough to support liquid water and rule out the production of 

abiotic O2 due to the lack of a cold trap in rarefied atmospheres with small amounts of non-

condensable gases. I find that (N2)2 absorption could produce transmission depths of 8-10 ppm at 

4.1 µm in the spectra of planets orbiting in the habitable zones of late type stars with N2-

dominated atmospheres and transit depths several factors larger, up to 50 ppm, for N2-H2 

atmospheres with larger scale heights.  I demonstrated that for both direct imaging and transit 

transmission spectroscopy, (N2)2 could significantly widen the width of the 4.3 µm CO2 band in 

thick N2 atmospheres. The detection of N2 would provide critical contextual information about 

planetary atmospheres and may be relevant to future exoplanet observing missions.  
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Chapter 5. IDENTIFYING OXYGEN “FALSE POSITIVES” FOR LIFE 

Atmospheric oxygen is the most commonly referenced target biosignature gas for future 

observations of potentially habitable exoplanets. However, multiple mechanisms that may 

abiotically produce molecular oxygen (O2), or its photochemical byproduct ozone (O3), have 

been described in the literature.  Understanding the contexts in which these “false positives for 

life” may occur, and how we may uniquely identify abiotic and biotic origins of oxygen, is 

crucial for the search for life beyond the solar system. In this chapter I investigate the ways 

mechanisms for abiotic O2 or O3 generation may modify the planetary environment in potentially 

identifiable ways. I describe specific spectroscopically observable discriminants for abiotic 

O2/O3 in a planetary atmosphere: CO and O4. I present explicit, self-consistent simulations of 

these spectral discriminants as they may be seen by the James Webb Space Telescope (JWST). 

JWST is set to launch in 2018 and is our first chance to probe the atmospheres of potentially 

habitable planets. I find that if the JWST NIRISS and/or NIRSpec instruments observe CO (2.35, 

4.6 µm) in conjunction with CO2 (1.6, 2.0, 4.3 µm) in the transmission spectrum of a terrestrial 

planet it could indicate robust CO2 photolysis and suggest that a future detection of O2 or 

O3 might not be biogenic. I show that these features are much more easily detectable in 

transmission than reflected light observations, and that to detect CO in reflected light, 

wavelength coverage to 2.5 µm would likely be required. I further find that strong O4 bands seen 

in transmission at 1.06 and 1.27 µm could be diagnostic of a post-runaway O2-dominated 

atmosphere from massive H-escape. I find that for these “false positive” scenarios, CO at 

2.35 µm, CO2 at 2.0 and 4.3 µm, and O4 at 1.06 and 1.27 µm would be stronger features in 

transmission than O2/O3 and could be detected with SNRs ≳ 3 for an Earth-size planet orbiting a 

nearby M dwarf star with as few as 10 transits, assuming photon-limited noise. I propose that 
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detection of strong O4 bands in UV/VIS/NIR reflected light (at 0.345, 0.36, 0.38, 0.445, 0.475, 

0.53, 0.57, 0.63, 1.06, and 1.27 µm) by next generation direct-imaging telescopes would indicate 

an oxygen atmosphere too massive to be biologically produced. I explore the strength of the 

UV/VIS/NIR O4 bands in transmission and reflected light over a grid of total O2 pressures. 

Portions of this chapter were originally published in collaboration with V.S. Meadows, S.D. 

Domagal-Goldman, D. Deming, G.A. Arney, C.E. Harman, A. Misra, and R. Barnes in the 

March 2016 edition of the Astrophysical Journal Letters (Schwieterman et al., 2016, ApJ, Vol. 

819, L13; © 2016 American Astronomical Society), and are reproduced below with permission 

of the American Astronomical Society. Additionally, results and analysis, but not copyrighted 

figures or text, are described from Harman, C.E., Schwieterman, E.W., Schottelkotte, J.C., 

Kasting, J.F. ApJ, Vol. 812, 137; © 2015 American Astronomical Society).  

 
5.1 INTRODUCTION 

Several planetary mechanisms that may allow for the abiotic accumulation of oxygen in 

terrestrial planet atmospheres have been identified and are reviewed in Section 1.2. Two of the 

most potentially confounding mechanisms are 1) the buildup of abiotic O2 from photolysis 

reactions in H poor atmospheres (Domagal-Goldman et al. 2014; Gao et al. 2015; Harman et al. 

2015; Tian et al. 2014), which is highly dependent on the UV spectrum of the host star, and 2) 

the accumulation of oxygen left behind by massive H escape during a runaway greenhouse, 

which can occur early in the history of planets in the habitable zones of late type stars (Luger & 

Barnes 2015; Tian 2015). Because oxygen remains a valuable target biosignature gas, it is 

important to consider how future observers may discriminate against these processes.  

  Possible discriminants for false positive mechanisms have previously been 

discussed in the literature. For instance, identifying the byproducts of CO2 photolysis, such as 
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CO, using direct imaging was discussed in recent papers that described this false positive 

mechanism (Domagal-Goldman et al. 2014; Harman et al. 2015). N2-depleted atmospheres 

without a cold trap (mechanism (3)) may be identified via the absence of pressure-sensitive N2-

N2 CIA features (Schwieterman et al. 2015b; also see Chapter 4). However, previous studies 

have not quantified the potential spectral signal from these indicators, addressed identification of 

CO2 photolysis with transmission spectroscopy, or addressed identification of the O2 -dominated 

atmospheres that result from massive H-escape.  

 This is significant because the production of CO from CO2 photolysis is much more 

potentially observable in transmission spectroscopy than in reflected light observations. This is 

partly because CO absorbs strongly at long wavelengths where the reflected light signal will be 

weak (2.35 and 4.6 µm) and partly due to the increased effective path through the atmosphere for 

transmission observations, allowing gases with weaker intrinsic absorption coefficients, but 

distributed high in the atmosphere, to have a significant impact.  

  The potentially very high O2 pressures for planets with significant oxygen buildup from 

massive H-loss could constitute a separate and discernible regime from biologically produced 

O2 in atmospheres of living worlds. This is because the atmospheric O2 abundance on Earth has 

been limited by negative environmental feedbacks to ≲ 0.3 bar (in Earth’s ~1 bar atmosphere) 

due to the chemical instability of higher O2 abundances with organic matter (Kump 2008).  

 In the following sections of this chapter, I examine the detectability, in 

simulated JWST transmission spectra, of CO from CO2 photolysis as an indicator for abiotically 

generated O2/O3 for terrestrial HZ planets. I also examine the detectability of highly pressure-

dependent O2-O2 (O4) collisionally induced absorption (CIA) features in transmission and 

reflectance spectroscopy. These features would be indicators of massive, post-runaway, abiotic 
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O2 atmospheres. This examination builds on earlier work by (Misra et al. 2014) that analyzed the 

capacity of the NIR (1.06 and 1.27 µm) O4 bands to determine pressure in O2-rich atmospheres, 

which were presumed to be photosynthetically generated (that work did not include the UV/VIS 

O4 bands). In Section 5.2, I describe the additional model modifications for this work, including 

the addition of O2-O2 (O4) absorption coefficients in SMART (Chapter 2), and the JWST noise 

model. In Section 5.3, I show how abiotic O2/O3 generation from the photolysis of CO2 may be 

spectrally identified in transmission and reflected light. In Section 5.4, I present transmission and 

reflected light spectra of high-O2 atmospheres (pO2 ≥ 1 bar), and show how O4 can be used to 

identify these atmospheres. I discuss some implications of these results in Section 5.5 and 

summarize my findings in Section 5.6.  

5.2 ADDITIONAL MODELS AND MODEL MODIFICATIONS 

5.2.1 Addition of O2-O2 (O4) absorption 

All spectra in this chapter have been calculating using SMART (Crisp 1997; Meadows & Crisp 

1996; Misra et al. 2014b; see Chapter 2). I have included O4 absorption (O2-O2 CIA) in all 

modeled spectra, although O4 only produces a strong spectral impact in the cases with O2-

dominated atmospheres. Weak O4 bands are present in Earth’s disk-averaged spectrum (Tinetti et 

al. 2006; Turnbull et al. 2006) and are observable through Earth’s atmosphere from ground-

based observations of the Moon and scattered sunlight (Wagner et al. 2002). O4 absorption has 

been found to be only very weakly temperature-dependent, suggesting that O2-O2 CIA dominates 

over true van der Waals molecule absorption (Thalman & Volkamer 2013). The CIA absorption 

from O4 varies quadratically with density, and the absorption coefficients can be given as: 

 α λ,T, d!" = B!"!!" λ,T d!"!  ~   B!"!!" λ d!"!     (5.1) 
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where α is the absorption coefficient, dO2 is the density of O2 molecules, and BO2-O2 is a density-

normalized CIA coefficient. We use the density-normalized O4 coefficients from C. Hermans1 

for the 0.333-0.666 µm spectral range (Hermans et al. 1999), and the values from Greenblatt et 

al. (1990) and Maté et al. (1999) for the 1.06 and 1.27 µm features, respectively. Figure 5.1 

shows the combined O4 binary absorption coefficients for the 0.3-1.4 µm (UV/VIS/NIR) spectral 

range.  

 

 

Figure 5.1. Collisional absorption coefficients for O4 (O2-O2 CIA) in the UV to NIR (0.3 – 1.4 

µm) spectral range. These coefficients are relevant for the high-O2 atmosphere transmission and 

reflection spectra show below.  

                                                
1 http://spectrolab.aeronomie.be/o2.htm 
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5.2.2 JWST NIRISS & NIRSpec noise model 

We calculated the synthetic JWST observations as described by Deming et al. (2009) with 

some updates. The total throughput of the Near-InfraRed Imager and Slitless Spectrograph2 

(NIRISS; Doyon et al. 2014) and the Near InfraRed Spectrograph3 (NIRSpec; Ferruit et al. 

2014)) instruments, including the telescope, were taken from Albert (2015, private 

communication) and from http://www.cosmos.esa.int/web/jwst/nirspec-pce, respectively. 

Thermal and zodiacal background were included as described by Deming et al. (2009), but the 

background only becomes significant longward of approximately 4 µm. There is very little 

overhead for NIRISS transit spectroscopy (Albert 2015, private communication), so an observing 

efficiency of unity was adopted for NIRISS. For NIRSpec, the observing efficiency was 

calculated assuming a 2048 × 32 subarray (Tumlinson 2010), and adopted a number of groups in 

an integration (ngrp) of 4 from Karakla et al. (2010). For both instruments, the observations are 

close to saturation, but we assume that saturation can be avoided by slightly dithering or 

scanning the telescope perpendicular to dispersion. For these simulations, photon-limited noise is 

adopted, dropping the hypothetical instrument systematic noise used by Deming et al. (2009). 

Recent HST experience has demonstrated close to photon-limited performance for bright stars 

(Kreidberg et al. 2014). The star is represented in the noise simulator using a Phoenix model 

atmosphere (Allard & Hauschildt 1995). For all of the transmission noise calculations presented 

in this chapter, 65-hour integrations with photon-limited noise are assumed.  

                                                
2 http://www.stsci.edu/jwst/instruments/niriss 
3 http://www.stsci.edu/jwst/instruments/nirspec 



5.3 IDENTIFYING ABIOTIC O2/O3 FROM PHOTOLYSIS OF CO2  

The first set of “O2 false positive” atmosphere scenarios I consider are habitable, but lifeless, 

planets with N2-CO2-H2O clear sky atmospheres, orbiting in the habitable zone of their host stars 

and susceptible to the abiotic accumulation of O2 and CO through CO2 photolysis: 

 CO!  + hν (λ <  175 nm)  →  CO +  O  (5.2) 

where hν represents photons of sufficient energy to dissociate CO2. Photochemically liberated O 

will lead to the formation of both O2 and O3 through the Chapman scheme, reviewed in 

Domagal-Goldman et al. (2014), and provided below.  

O2  + hν (λ <  240 nm) →  O + O 

O + O2  + M →  O3  + M 

O3  + hν (λ <  340 nm) →  O2  + O 

O + O3 →  O2  + O2 
 

 Harman et al. (2015) considered abiotic O2/O3 buildup on habitable, but uninhabited 

Earth-like (e.g., Rp=R⊕; Mp=M⊕) planets orbiting F, G, K, and M stars (see Table 5.1 for stellar 

parameters) using a 1D photochemical model (with mostly the same heritage as that described in 

Section 2.5). The focus of that work was quantifying the amount of O2/O3 generated assuming a 

prebiotic Earth-like atmosphere. My focus here is to explore the spectral detectability of the 

O2/O3 “biosignature impostors” and the spectral discriminators (CO + CO2) that show the O2/O3 

results from an abiotic process. In Figure 5.2, I show gas-mixing ratio and temperature profiles 

from Harman et al. (2015) for hypothetical planets orbiting the stars in Table 5.1. The most 

permissive boundary conditions for building up abiotic O2/O3 is assumed for all stars but “GJ 

876 – low O2”. In these cases, the ocean is assumed to be saturated in O2 and the O2 deposition 

and rainout terms are set to zero.  For the last, least permissive case for generating abiotic O2 
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(“GJ 876 – low O2”), CO2 and O2 are assumed to react directly in solution, and the deposition 

velocities are set to be their maximum, piston-limited values. See Table 5 in Harman et al. 

(2015) for more details on the boundary conditions of these model atmospheres.  

 

Table 5.1. Stellar Parameters for photochemical “false positive” atmospheres 

Star Spectral 
Type 

Teff (K) Luminosity 
(L⊙) 

Stellar 
Radius 
(R⊙) 

Distance 
(pc) 

Semi-
major 

Axis (AU) 
GJ 876 M4V 3129 0.012 0.38 4.7 0.15 

AD Leonis M3.5Ve 3390 0.023 0.39 4.9 0.21 
Epsilon Eridani K1V 5039 0.32 0.74 3.2 0.76 

Sun G2V 5780 1 1 0 1.3 
Sigma Bootis F4V 6435 3.15 1.431 15.8 2.31 

The values given above are based on Table 2 in Harman et al. (2015) and references therein. The 

spectra of these stars used by Harman et al. (2015) and in this work originate from France et al. 

(2013; for GJ 876) and appropriate scaling of the stellar spectra from Segura et al. (2005; for the 

remaining stars).  

 

 Note that the O2 and O3 mixing ratios are the highest for M stars GJ 876 and AD Leonis 

and lowest for the Sun. That abiotic O2/O3 would be generated most efficiently through 

photolysis on planets orbiting late type (K and M) stars is shown consistently between different 

model studies (Domagal-Goldman et al. 2014; Harman et al. 2015; Tian et al. 2014).  

5.3.1 Transmission spectroscopy 

I use the SMART transmission model (Chapter 2; Misra et al 2014b) to show that O3 could 

potentially be detectable for a range of these photolytic abiotic O2/O3 atmospheres. Figure 5.3 

shows the effective transit height in the UV through visible (0.15 – 1.0 µm) for each atmosphere 

described in Table 5.1 and Figure 5.2. The resolution for this figure is Δλ = 0.001 µm.  
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Figure 5.2. Gas mixing ratio and temperature profiles for the abiotic photochemical O2/O3 “false 

positives” examined in this section. These gas mixing ratios were calculated in Harman et al. 

(2015) with stellar and planetary parameters given in Table 5.1.  
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Figure 5.3. UV to visible transmission spectrum (0.15 – 1.0 µm) of each “false positive” 

atmosphere given in Table 5.1 and Figure 5.2. The O3 and O2 features are labeled. The y-axis 

shows the effective tangent height, to put the atmospheres on the same vertical scale.  

 

 Figure 5.3 shows that the O3 Hartley bands (0.2-0.3 µm) are significant for GJ 876 

(M4V), AD Leo (M3.5), and Sigma Bootis (F4V). The Chappuis O3 bands (0.5 – 0.7 µm) are 

significant for AD Leo and the high-O2 GJ 876 scenario. The significance of these O3 bands 

would be problematic for some proposed targeted observing missions that would search nearby, 

potentially habitable terrestrial exoplanets for UV O3 absorption, such as the Occulting Ozone 

Observatory (O3) concept (Pravdo et al. 2010; Savransky et al. 2010; Domagal-Goldman et al. 

2014). Current modeling shows that a search for only UV O3 absorption as an indicator of 

photosynthetic life would be susceptible to being fooled by photochemical false positives. 

However, JWST, potentially our first chance to characterize the transmission spectrum of a 

habitable zone world, will only have spectral sensitivity longward of 0.6 µm, and it is likely that 
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near to intermediate future transit transmission observations would have access to the NIR 

wavelength range. Figure 5.4 shows a simulated transmission spectrum in the NIR (1.0 – 5.0 

µm), within the spectral range of the JWST NIRISS/NIRSpec instruments (Deming et al. 2009). 

Access to the NIR would allow the detection of both CO2 (1.6, 2.0, and 4.3 µm) and CO (2.35 

and 4.6 µm) that could indicate CO2 photolysis was ongoing and a dynamic equilibrium with 

high levels of photolytic products O2 and CO had been achieved in the atmosphere.  

 

Figure 5.4. NIR transmission spectrum (1.0 – 5.0 µm) of each “false positive” atmosphere given 

in Table 5.1 and Figure 5.2. The CO and CO2 features are labeled. The y-axis shows the effective 

tangent height, to put the atmospheres on the same vertical scale. The resolution for this figure is 

Δλ =0.01 µm, which corresponds to a spectral resolving power of R = 300 at 3.0 µm. 

 

 Indeed, Figure 5.4 demonstrates that the CO spectral features at 2.35 and 4.6 µm becomes 

strongest for the GJ 876 “high-O2”, AD Leo, and Epsilon Eridani end member abiotic O2/O3 

scenarios, while the features are weak to non-existent for the GJ 876 “low-O2”, solar, and Sigma 
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Bootis atmospheres. Thus there is an overall correlation of the strength of the CO and O3 features 

in transmission observations, with two notable exceptions. The F star (Sigma Bootis) has a 

somewhat substantial O3 UV feature (though weaker than those of the GJ 876 “high-O2” and AD 

Leo cases), but no CO feature in transmission, partially due to the distribution of O3 at high 

altitudes in the F star atmosphere (Harman et al. 2015). The K star (Epsilon Eridani) has 

substantial CO, but little O3. Ultimately, the UV SEDs of these stars control both the rate of CO2 

photolysis, and the lifetime and therefore the steady state concentration of photochemically 

produced O3.  

 To quantitatively examine the detectability of spectral descriminators through 

transmission spectroscopy with JWST, I input the “high-O2” atmosphere profile for GJ 876 

(Table 5.1) from Harman et al. (2015) and Figure 5.2 to the JWST instrument simulator described 

in Section 5.2.2 (Deming et al. 2009; Schwieterman et al. 2016). Note that this N2-dominated 

atmosphere contains 5% CO2, 6% O2 and 2% CO. Ten transits and 65 hours of total integration 

time are assumed for the target with photon-limited noise.  Figure 5.5 shows the calculated 

spectral transmission depths and simulated observations for this case in the JWST NIRISS (0.6-

2.5 µm) and NIRSpec (2.9-5.0 µm) bands (left panel). The noise calculations show that the 2.0, 

and 4.3 µm CO2 bands can be detected with a SNR > 3 (4.3 and 8.0, respectively) when binned 

across the absorption bands and compared to the continuum level. The 2.35 µm CO band has a 

SNR of 3.7 while the 4.6 µm CO band has an SNR of 2.6. The combined CO + CO2 bands at 

1.65 µm have an SNR of 3.1. Other absorption bands have SNRs ≲ 1. The simultaneous 

detection of both CO2 and CO could indicate CO2 photolysis in the planet’s atmosphere. Note 

that for the integration time used here, the relatively narrow O2-A band (0.76 µm) and weaker 

O2 features would not be detectable. On the right side panel of Figure 5.5 we show a spectrum of 



 

 

142 

modern Earth orbiting GJ 876 using atmosphere profiles from Figure 1 of Schwieterman et al. 

(2015b) (also, Figure 2.5), but with otherwise the same geometric transit parameters as the left 

panel. This spectrum is provided for comparison.  

 

Figure 5.5.  Left: Spectrum (blue) of photochemical high-O2/CO GJ 876 atmosphere from Figure 

5.2 (Harman et al. 2015) in the JWST-NIRISS band (top) and in the JWST-NIRspec band 

(bottom)). Data points and 1σ error bars were generated with the JWST instrument 

simulator (Section 5.2.2; Deming et al. 2009) assuming 65-hour integrations (10 transits of GJ 

876) and photon-limited noise. Right: Comparable model spectrum (green) of Earth orbiting GJ 

876 using atmosphere profiles taken from Figure 2.5 (also Figure 1 of Schwieterman et al. 

(2015b)). 
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5.3.2 Direct-imaging spectroscopy  

Future space-based direct-imaging telescope concepts such as the HDST, LUVOIR (D ~ 10-12 

meters) or the smaller HabEx (D ~ 4 meters) missions will have the capability to directly image 

terrestrial planets in the habitable zones of their stars (Stark et al. 2014; Dalcanton et al. 2015; 

Rauscher et al. 2015; Swain et al. 2015). It is therefore useful to investigate the strength of the 

“biosignature impostor” O3 and O2 bands and their abiotic spectral discriminants (CO + CO2) in 

synthetic direct-imaging spectra. Figure 5.6 shows the UV O3 Hartley bands (0.2 – 0.3 µm) for 

each of the photochemical false positives in Table 5.1 and Figure 5.2. 

 

Figure 5.6. UV spectrum (0.15- 0.4 µm) of each photochemical “false positive” atmosphere 

given in Table 5.1 and Figure 5.2. The O3 band absorption is apparent for all cases but the solar 

(G2V) case. The y-axis shows the reflected light over the incident light from the star.  
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 Figure 5.6 shows that the O3 UV absorption for the M-star cases are most significant, 

comparable in terms of reflectivity to the Hartley O3 absorption band in Earth’s atmosphere 

(Robinson et al. 2014). Figure 5.7 shows the same photochemical false positive atmospheres, but 

in the visible (0.4 – 1.0 µm) range. This figure demonstrates that only for the late M star cases 

would the O2-A (0.76 µm) or O2-B (0.69 µm) bands be potentially detectable due to the high 

(~6%) O2 contents (though it should be emphasized that these cases are the worst case scenarios 

for abiotic O2 buildup in the presence of a surface ocean).  

 
Figure 5.7. Visible spectrum (0.4 - 1.0 µm) of each photochemical “false positive” atmosphere 

given in Table 5.1 and Figure 5.2. The O2-A, O2-B, and O3 Chappuis band absorption is apparent 

for the AD Leo and GJ 876 – High O2 cases. The y-axis shows the reflected light over the 

incident light from the star plus an offset in reflectivity indicated in the figure legend for each 

spectrum. The spectral resolution is 1 cm-1 with a boxcar smoothing factor of 10 applied for 

illustration purposes. 
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 A common wavelength range given for the Large, Ultra-Violet, Optical, and InfrarRed 

(LUVOIR) telescope is 0.2 – 2.0 µm, though instrument designs and wavelength coverage ranges 

are still in preliminary design stages (e.g., Dalcanton et al. 2015; Rauscher et al. 2015, Werner et 

al. 2016). However, without active cooling it is unlikely that wavelength coverage will extend 

beyond 2.0 µm. Therefore, the search for abiotic O2/O3 descriminators such as CO + CO2 and O4 

may be limited to this wavelength range. In Figure 5.8, I show sensitivity tests for molecular 

absorption in the NIR (1.0 – 2.0 µm) top of atmosphere flux (in W/m2/µm-1) for the Sun, Epsilon 

Eridani, AD Leo, GJ 876 – low O2, and GJ 876 – high O2 photochemical false positive 

atmospheres in Figure 5.2. The sensitivity tests remove, one at a time, the spectral contributions 

of water (H2O), CO2 (magenta), CO (goldenrod), and O2 (green), illustration the wavelength 

regions affected by each molecule. The only potentially detectable absorption band for CO in 

this wavelength range is at 1.6 µm, which overlaps substantially with the CO2 bands near 1.6 µm.  

Figure 5.9 shows the same series of sensitivity tests, but further into the near-infrared (2.0 – 5.0 

µm). The flux decreases sharply with increasing wavelength due to the drop off in stellar light 

reflected by the planet. However, these plots show a significant CO “shoulder” feature centered 

around 2.35 µm. To fully detect this feature, LUVOIR’s maximum wavelength sensitivity would 

have to extend to at least 2.5 µm, and other considerations such as signal-to-noise, integration 

times, inner-working-angle constraints, and exo-zodiacal dust emission must also be considered 

(Stark et al. 2014, Robinson et al. 2015). Overall, Sections 5.3.1 and 5.3.2 together show that the 

CO + CO2 abiotic O2/O3 spectral discriminator is much less potentially detectable in direct-

imaging spectroscopy than in transmission spectroscopy for the CO abundances predicted in 

Harman et al. 2015.   
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Figure 5.8. NIR spectrum (1.0 – 2.0 µm) in terms of top-of-atmosphere flux (in W/m2/µm-1) of 

each photochemical “false positive” atmosphere given in Table 5.1 and Figure 5.2, except for 

Sigma Bootis (F star), which has low abiotic O2 and CO abundances. The sensitivity tests 

remove, one at a time, the spectral spectra contributions of water (blue), CO2 (magenta), CO 

(goldenrod), and O2 (green), showing the wavelength regions affected by each molecule. The 

spectral resolution is 1 cm-1 with a boxcar smoothing factor of 10 applied for illustration 

purposes, equivalent to a spectral resolving power of R ~ 625 at 1.6 µm.  
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Figure 5.9. Same as Figure 5.8, but further into the NIR (2.0 – 5.0 µm). Note the decrease in 

reflected light compared to Figure 5.8, due to the fall off of reflected stellar light for each case, 

which is not counterbalanced by the increasing thermal contribution at longer wavelengths. The 

spectral resolution is 1 cm-1 with a boxcar smoothing factor of 10 applied for illustration 

purposes, equivalent to a spectral resolving power of R ~ 285 at 3.5 µm. 
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5.4 IDENTIFYING ABIOTIC O2/O3 FROM MASSIVE H ESCAPE 

Luger & Barnes (2015) calculate that up to thousands of bars of abiotic O2 can be generated by 

XUV-driven H-escape during the pre-main sequence phase of the planet’s host star. This 

depends on a number of factors, including the starting H2O inventory. One useful fiducial 

references it that losing the H from one Earth ocean leaves behind up to 240 bars of O2, 

assuming none of the O is lost due to hydrodynamic escape (Chassefière 1996). Some of this 

O2 would oxidize the surface; but eventually there would be a point where the oxidization of the 

planetary surface is complete and O2 remains stable in the atmosphere (e.g., Chassefière 1996; 

Luger & Barnes 2015). Even if geological processes slowly draw down this remaining O2, much 

could remain for extended time periods, limited by the rate of mantle overturn and available 

sinks. Since many parameters determine how much (if any) abiotic O2 would remain behind on 

these planets when they are observed, here I investigate the spectral signatures and climate of O2-

dominated atmospheres in the HZ of a Sun-like and M-type star (GJ 876; Table 5.1) with a 

prescribed range of pressures. Since the O2 content of Earth’s atmosphere has self-limited to P0 ≤ 

0.3 bar (Kump 2008; Lyons et al. 2014), my focus here is on spectrally detectable signatures that 

an atmosphere has accumulated more O2 than may be possible from biology, as a way to 

potentially identify these hypothetical atmospheres and provide future observational confidence 

about “true” O2 astronomical biosignatures. In the following subsections I describe the 

generation of the O2-dominated atmosphere profiles (5.4.1), the surface temperatures of these 

simulated planets (5.4.2), their spectral futures in simulated transmission observations (5.4.3), 

and simulated direct-imaging spectra (5.4.4).  
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5.4.1 Oxygen-dominated atmosphere profiles 

To self-consistently calculate temperature and ozone profiles for simulated O2-dominated, post-

runaway atmospheres, I used a version of the coupled photochemical-climate mode Atmos 

(Arney et al. 2016; Chapter 2) based on photochemical and climate models originating with the 

Kasting group (Kasting & Donahue 1980; Segura et al. 2005, Haqq-Misra et al. 2008; Domagal-

Goldman et al. 2014), which I upgraded to handle high-pressure O2-dominated atmospheres 

(Chapter 2). For these scenarios I assume (a) completely desiccated planets (no H2O) and (b) 

planets with an H2O reservoir remaining even after substantial H-loss (Luger & Barnes 2015), 

orbiting at the inner edge of the HZ the Sun (with a = 1.0 AU; Seff =  1.0 S�)  and a star with 

identical properties to GJ 876 (with a = 0.12 and 0.13 AU; and Seff =  1.0 and 0.866 S�, 

respectively). Self-consistent temperature-pressure and gas mixing ratio profiles were calculated 

for prescribed surface pressures (P0) ranging from 0.2 to 100 bar, with O2 fractions of 90-95% 

and with CO2 contents of fCO2 = 360 ppm (similar to modern Earth), 0.1%, 0.5%, and 1%. For 

each combination of surface pressure, CO2 fraction, and O2 fraction the coupled climate-

photochemical model was run to equilibrium. For the cases with an assumed surface ocean 

reservoir, a Manabe & Wetherald (1967) profile is assumed with a surface relative humidity of 

80%. An O2 fraction of 90% was chosen in most cases due to the instability of the 1D climate 

model in cases with both high O2 (>90%) and a high surface water vapor pressure (non-

desiccated cases). I calculated an identical series of desiccated cases with 90% O2 so they would 

be directly comparable to the scenarios where H2O remains. N2 is assumed to be a filler gas and 

constitutes the remaining atmospheric volume after accounting for O2, CO2, H2O, CO, and O3. I 

show the calculated surface temperatures (climates) for all of these cases in Section 5.4.2. Figure 

5.10 shows the chemical and temperature altitude profiles for the desiccated GJ 876 P0= 0.2, 0.5, 
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1, 2, 10, and 100 bar atmospheres with 90% O2 and fCO2 = 3.6e-4.  Figure 5.11 shows the 

chemical and temperature altitude profiles for the “wet” (H2O reservoir remaining) GJ 876 

atmospheres with otherwise the same parameters as Figure 5.10. From these series of profiles 

direct-imaging and transit transmission spectra are generated in Sections 5.4.3 and 5.4.4.  

 

 
Figure 5.10. Desiccated abiotic O2-dominated atmosphere profiles from coupled Atmos climate-

photochemistry runs for Earth-sized planets (Luger & Barnes 2015) orbiting GJ 876 with Seff = 

0.866 S⊙.  
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Figure 5.11. “Wet” abiotic O2-dominated atmosphere profiles from coupled Atmos climate-

photochemistry runs for Earth-sized planets (Luger & Barnes 2015) orbiting GJ 876 with Seff = 

0.866 S⊙ with a surface ocean remaining. 

 

5.4.2 Climates 

Here I present the surface temperatures for the grid of hypothetical O2-dominated planetary 

atmospheres described in Section 5.4.1. It is outside the scope of this work to completely 
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circumscribe the habitable zone for these high-O2 planets. Rather I explored conditions near the 

inner edge of the traditional habitable zone (Kopparapu et al. 2013) where the conditions that 

lead to oxygen-rich, post-runaway atmospheres and the potential for confusion with inhabited 

planets are most likely (Luger & Barnes 2015). Figure 5.12 shows the surface temperatures of 

these hypothetical atmospheres. The tabular data are given in Table 5.2.  

 

 
Figure 5.12. Surface temperatures from coupled Atmos climate-photochemistry runs for abiotic 

O2-dominated Earth-sized planets (Luger & Barnes 2015) orbiting the Sun at 1 AU with a 

surface H2O reservoir remaining (left) and desiccated (right); orbiting GJ 876 with Seff = 0.866 

S⊙ with an H2O reservoir remaining (left) and desiccated (right).  See tabular data in Table 5.2.  

 

 There are two factors that drive the surface temperatures shown in Figure 5.12 and Table 

5.2. Increases in total CO2 content generally lead to more greenhouse absorption, and therefore 

higher temperatures. For a fixed pressure and increased CO2, the surface temperature will always 

increase. Additional, since the CO2 fraction is always fixed in the scenarios presented here, an 

increase in total pressure is also a commensurate increase in total CO2 abundance, and therefore 

generally leads to a temperature increase. However, the increase in total pressure also increases 

the planetary albedo through enhanced Rayleigh scattering, which is a competing effect. While 
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this effect is generally small when increasing surface pressures by just fractions of a bar 

(Goldblatt & Zahnle 2011), it becomes significant when increasing the atmospheric mass by the 

equivalent of several or tens of bars. Therefore, at high pressures (i.e., large overall atmospheric 

masses) and low CO2 fractions, high albedos can produce low temperatures. These competing 

effects lead to some interesting structure in Figure 5.12.  

 Despite the complexity, Figure 5.12 shows that “habitable” (273 K – 373 K) surface 

temperature are achievable for a range of total O2 abundances and (sufficiently low) CO2 

fractions. The traditional view of the habitable zone assumes a carbonate-silicate weathering 

feedback keeps CO2 values low near the inner edge of the HZ (Walker et al. 1981; Kasting et al. 

1993). Kopparapu et al. (2013) found that while the runaway greenhouse threshold is not 

affected by CO2, a CO2 fraction ten times greater than modern Earth’s would trigger a moist 

greenhouse, which is consistent with our results.  I note here the caveat that the precondition that 

these atmospheres have gone through a runaway greenhouse may guarantee that substantially 

greater concentrations of CO2 would be present in the atmosphere (e.g., Venus) than assumed 

here, at least for the desiccated cases where the lack of an ocean would deprive the planet of a 

weathering feedback for returning atmospheric CO2 to the crust and mantle. However, for the 

cases where H2O remains it is reasonable to assume that carbonate-silicate weathering might 

continue to regulate planetary climate and buffer CO2 concentrations to these somewhat low 

values (Walker et al. 1981). Additionally the presence of a significant hydrological cycle from a 

remaining ocean reservoir would limit the lifetime of highly soluble sulfur species in the 

atmosphere, which would rain out (Giorgi & Chameides 1985). The likelihood of a Venus-like 

sulfur aerosol haze and consequent anti-greenhouse effect is therefore reduced for the non-

desiccated scenarios. 
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Table 5.2. Surface temperatures for O2-dominated atmospheres  

Star: Sun, condition: wet; Surface Temperature [K] 
Pressure [bar] fCO2 = 3.6e-4 fCO2 = 1.0e-3 fCO2 = 5.0e-3 fCO2 = 1.0e-2 
P0=0.2 273.2 274.9 278.0 279.7 
P0=0.5 278.9 281.6 287.0 289.7 
P0=1.0 283.4 288.0 297.1 301.3 
P0=2.0 294.0 299.7 310.5 317.4 
P0=3.0 299.0 294.9 319.6 327.6 
P0=5.0 277.0 295.8 332.2 340.8 
P0=10.0 273.1 291.3 341.7 352.0 
P0=20.0 271.6 284.7 359.4 371.9 
P0=30.0 267.2 284.2 371.3 385.5 
P0=100.0 239.5 238.2 415.0 432.3 
Star: GJ 876, condition: wet; Surface Temperature [K] 
P0=0.2 265.2 267.4 272.2 273.3 
P0=0.5 275.0 278.1 284.0 286.9 
P0=1.0 284.6 289.0 293.0 303.0 
P0=2.0 290.0 296.8 313.0 319.1 
P0=3.0 296.8 308.5 325.6 331.1 
P0=5.0 310.6 325.1 340.9 346.7 
P0=10.0 333.6 345.4 363.0 370.0 
P0=20.0 352.0 366.9 388.2 396.5 
P0=30.0 343.7 381.4 405.3 408.2 
P0=100.0 414.4 437.6 460.3 468.4 
Star: GJ 876, condition: dry; Surface Temperature [K] 
P0=0.2 260.3 262.6 265.2 266.5 
P0=0.5 263.9 265.6 268.7 270.2 
P0=1.0 266.6 268.6 272.3 274.5 
P0=2.0 269.4 271.6 277.5 281.6 
P0=3.0 271.1 273.8 281.8 287.5 
P0=5.0 273.6 277.4 289.2 297.2 
P0=10.0 277.8 284.4 303.0 315.8 
P0=20.0 287.5 299.4 334.0 355.2 
P0=30.0 295.5 312.6 358.4 386.9 

P0=100.0 324.4 369.8 447.4 473.7 
Star: Sun, condition: dry; Surface Temperature [K] 
P0=0.2 259.7 260.3 262.5 263.5 
P0=0.5 261.0 262.4 265.1 266.5 
P0=1.0 261.8 264.5 267.1 270.0 
P0=2.0 260.6 262.7 270.9 275.0 
P0=3.0 258.4 261.8 273.6 279.0 
P0=5.0 253.9 258.8 278.2 285.4 
P0=10.0 252.3 257.3 261.4 273.3 
P0=20.0 243.1 247.2 260.0 315.3 
P0=30.0 235.8 241.2 253.0 338.5 
P0=100.0 217.4 211.8 278.4 406.0 
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5.4.3 Transmission spectra 

Using the SMART transit transmission model (Misra et al. 2014a,b), I have calculated the 

simulated transmission spectra of the high-O2 atmospheres discussed earlier in this section. I 

have incorporated O4 absorption (Section 5.4.1) and show how the strength of the O4 features 

changes with increasing O2 abundance. Transit depth is calculated assuming a star of the radius 

of GJ 876 (Table 5.1) at 0.13 AU and a planet of Earth radius (R⊕=6371 km) transiting with an 

impact parameter of b = 0. I have not calculated transmission spectra for transits of a Sun-like 

star, due to the low much lower transit depths for an Earth-Sun case (< 1 ppm for the strongest 

absorption features due mostly to the smaller relative area of the planet’s disk compared to the 

star’s). Refraction is included in these transmission spectra assuming an index of refraction at 

standard temperature and pressure of n=1.000272, which is consistent with an O2-dominated 

atmosphere.  

 Figure 5.13 shows the visible to near-infrared (0.4 – 2.5 µm) transmission spectra of the 

desiccated O2-dominated atmospheres (Figure 5.10) with surface pressures of 0.2, 0.5, 1, 2, 10, 

and 100 bars. The transmission spectra show the Chappuis O3 bands (~0.5-0.7 µm), the narrow 

O2-A (0.76 µm) and O2-B (0.69 µm) bands, CO2 bands centered at 1.6 and 2.0 µm, and O4 bands 

at 1.06 and 1.27 µm. The UV/Visible O4 bands (0.33-0.66 µm) do not produce significant 

features in transmission even for very high total O2 abundances. Note that the 1.27 µm O4 band 

overlaps with the narrower a 1Δg O2 band near 1.27 µm (Lafferty et al. 1998).  This figure shows 

that the 1.06 and 1.27 µm O4 bands are insignificant for total O2 abundances of about 0.2 bars 

(i.e., Earth-like abundances), but increase with increasing surface pressure until plateauing 

between 2 and 10 bars. The detection of strong O4 bands would indicate a very massive 

O2 atmosphere free of aerosols at high altitudes. 
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 The increasing transit depth of the continuum in Figure 5.13 results from refraction 

setting a minimum tangent height in the atmosphere (or equivalently, a maximum pressure), 

which will also set a limit on the transit depth due to any atmospheric absorption feature, 

including O4  (Misra et al. 2014a,b). Figure 5.14 is the same as 5.13, except for the high-O2 

atmospheres with a surface ocean remaining (see Figure 5.11 for atmosphere profiles), and so 

contains some weak H2O features at 1.4 and 1.8 µm.  

 

 

 
 
Figure 5.13.  Visible to near-infrared (0.4 – 2.5 µm) transmission spectra of desiccated high-O2 

atmospheres shown in Figure 5.10. The tangent depth in pars-per-million (ppm) in indicated on 

the right y-axis, and the tangent height of the atmosphere on the left y-axis. The 1.06 and 1.27 

µm O4 features are indicated with a dashed vertical red line.  
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Figure 5.14.  Same as Figure 5.12 but for the high-O2 atmospheres with surface water whose 

profiles are shown in Figure 5.11.  

 

 

 We explored the detectability of these features in transit transmission observations with 

JWST using the instrument noise model described in Section 5.2.2 and used in Figure 5.5. Figure 

5.15 shows the calculated spectral transit depths of a P0=100 bar, desiccated high-O2 planet 

orbiting GJ 876 (a = 0.12 AU) using the JWST instrument simulator described in Section 5.2.2. 

A total integration time of 65 hours (10 transits) is assumed, as is an impact parameter of b=0. 

The input atmosphere profile is similar to that in Figure 5.10, except that the O2 concentration is 

95% instead of 90%.  The signal-to-noise ratios (S/Ns) of the 1.06 and 1.27 µm O4 bands are 2.8 

and 3.1, respectively. Note that the assumed instrument parameters are identical to those 

assumed for Figure 5.5. Therefore, assuming photon-limited noise, O4 bands could be reasonably 

detectable within 3σ for a high-O2 atmosphere transiting a late type star in the solar 

neighborhood.   
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Figure 5.15. Spectra (blue) of 100 bar post-runaway 95% O2 atmosphere in JWST-NIRISS band 

(left) and in the JWST-NIRSpec band (right). Data points and 1σ error bars were generated with 

the JWST instrument simulator (Deming et al. 2009) assuming 65 hr integrations (10 transits of 

GJ 876) and photon-limited noise. See right (top and bottom) panels of Figure 5.5 for a 

comparable Earth spectrum.  

 

5.4.4 Direct-imaging spectra 

In this section I show simulated reflectance (direct-imaging) spectra of O2-dominated 

atmospheres (P0=1, 10, and 100 bar) seen at quadrature (solar zenith angle of 60°) using SMART 

(Chapter 2; Meadows & Crisp 1996). I use the chemical profiles shown in Section 5.4.1. A gray 

surface albedo of AB = 0.15 is assumed. Figure 5.16 shows the spectra for the desiccated, high-

O2 atmospheres orbiting GJ 876 from Figure 5.10 with P0=1, 10, and 100 bar. For comparison I 

include the spectrum of an Earth atmosphere (Schwieterman et al. 2015b; Chapter 2). The O4 

bands at 0.345, 0.36, 0.38, 0.445, 0.475, 0.53, 0.57, 0.63, 1.06, and 1.27 µm (see Figure 5.1) are 

labeled, with the NIR bands saturating at the highest O2 abundance. Figure 5.17 is the same as 

5.16 except using the atmosphere profiles from Figure 5.11 that include a surface ocean reservoir 

and water vapor in the atmosphere. The presence of water vapor effects the altitude-dependent 

concentration of O3 through photochemistry, especially the destruction of ozone by hydroxyl 
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(OH-) ions that are the product of the photolysis of water. Figure 5.18 shows the same 

information contained in Figure 5.16 and 5.17, but includes sensitivity spectra that show the 

contribution of each gas (O2/O4, O3, and H2O) the overall spectrum.  

 

 
 
Figure 5.16. Synthetic reflectance spectra of desiccated P0=1, 10, and 100 bar high-

O2 atmospheres from Figure 5.10 (yellow, green, and blue, respectively) with O2 and O4 bands 

identified. A comparable Earth spectrum is shown in black. 

 

 These simple tests cases demonstrate that if the high-O2 atmospheres proposed by Luger 

& Barnes (2015) exist, the O4 absorption band strength in those planetary spectra would rival or 

exceed that of the monomer O2 bands. These spectra are qualitatively different than modern-

Earth’s spectrum, even in the 0.3-1.0 µm range, with a different shape, broader O2 features, and 

additional features from O4. These are all signs of a much higher O2 abundance than the Earth’s 

atmosphere – environmentally controlled by negative feedbacks - has ever achieved.  
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Figure 5.17. Same as Figure 5.17 but for high-O2 atmospheres from Figure 5.11 with a surface 

ocean. Note the H2O absorption in the high-O2 atmosphere spectra for these cases.  
 

 
Figure 5.18. Sensitivity spectra. P0=1, 10 and 100 bar high-O2 (90%) atmosphere spectra for 

desiccated (top) and cases with a surface ocean remaining (bottom). Shown are the full 

composite spectra (green), spectra with O3 removed (magenta), spectra with O2 and O4 removed 

(yellow), and with H2O removed (blue).    
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 I use a coronagraph noise model (Robinson et al. 2015b; Robison 2016 private 

communication) to quantitatively demonstrate the potential detectability of the visible O4 bands 

in an observation of a planet with a large O2-dominated atmosphere orbiting a nearby late type 

star. For this test case, I assume the planet is orbiting at the inner edge of the habitable zone of 

Lalande 21185 (a = 0.149 AU), an M2V star with an effective temperature of Teff = 3,828 K that 

is 2.5 pc distant from Earth (Cenarro et al. 2007). I assume a telescope diameter (D) of 12 m, an 

inner working angle (IWA) of 3 λ/D, an outer working angle (OWA) of 30 λ/D, no active 

cooling (Tsystem = 300 K), one exozodi, and a spectral resolving power of R = 70. These 

parameters are consistent with current design proposals for HDST/LUVOIR (Dalcanton et al. 

2015; Rauscher et al. 2015). Figure 5.19 shows the simulated data and noise for a ten-hour 

integration on a planet with a 10 bar, desiccated, post-runaway O2 atmosphere (see Figure 5.10 

and Figure 5.16) orbiting Lalande 21185.  
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Figure 5.19. Simulated spectrum and noise of a desiccated 10 bar, high-O2 atmosphere orbiting 

the nearby M2V star Lalande 21185 at the inner edge of the HZ (d = 2.5pc, a = 0.149 AU). The 

y-axis indicates the planet/star flux ratio in reflected light. Labels indicate O4 and O2 bands.  

 

 The O4 and O2 bands in Figure 5.19 would be detectable with signal-to-noise ratios of 

substantially greater than 5σ with a ten-hour integration. It is important to note that the IWA and 

OWA, together with the distance to the star and the position of the planet relative to the star, set 

the maximum and minimum wavelength cutoff, respectively. The maximum wavelength in 

Figure 5.19 is ~1.1 µm, thereby excluding a large portion of the NIR spectrum. Observations of 

other target planet-star combinations will have access to different portions of the spectrum than 
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those presented here, though, in general, planets orbiting most nearby M stars will be limited to 

wavelength cutoffs of  < 1 µm due to inner working angle (IWA) constraints (assuming a 

telescope-coronagraph configuration; a starshade occulter (e.g., Cash 2006) could potentially 

remove the IWA constraint).  

5.5 DISCUSSION 

The first potentially habitable terrestrial planet atmospheres to be characterized via transmission 

spectroscopy by JWST or large ground-based observatories will likely be orbiting near the inner 

edge of the HZ of late type stars (Deming et al. 2009; Sullivan et al. 2015). This is due to the 

detection biases of planet transit searches and the shorter orbital periods of HZ planets around 

late type stars, allowing greater potential to integrate over multiple transits for 

characterization. Unfortunately, according to current modeling studies (e.g., Harman et al. 2015; 

Luger & Barnes 2015) these planets are the worlds in which “biosignature impostors”- abiotic 

O2 and O3 - are most likely. Furthermore, this potential for false positives for life is even greater 

for the extended inner habitable zone for dry planets (Abe et al. 2011), which have an even 

greater probability of being characterized earliest. The development of observing strategies to 

mitigate the potential for false positive biosignature detection is thus relevant now, when the 

missions that will have the capability to detect astronomical biosignatures are in their early 

design phases. I have demonstrated here that the detection of significant CO and CO2 could 

indicate robust CO2 photolysis, which can produce abiotic O2/O3 through photochemistry. I have 

also shown that strong O4 bands would be potentially detectable for a massive O2 atmosphere, 

and indicative of an oxygen atmosphere too massive to be biological. Thus CO2/CO and O4 are 

potentially powerful spectral discriminators against abiotic O2/O3 in future potentially habitable 

exoplanet observations. 
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 In the cases presented here, the spectral discriminators against abiotic O2/O3 are more 

detectable with a hypothetical JWST transit transmission observation than the O2 or O3 signatures 

themselves. In the presented JWST example transmission spectra, neither O2 nor O3 would be 

directly detectable with just 10 transits (65 hours of integration), but the abiotic discriminators 

CO/CO2 and O4 could be. This provides an opportunity to maximize the utility of observing time 

if the ultimate goal is to characterize planets where true biosignatures are obtainable. If spectral 

indicators for biosignature impostors are detected with reasonable confidence, the community 

may wish to reallocate the remaining time to other promising targets, rather than integrate 

further. Additionally, it may also be the case that O2 or O3 may be identified in the same targets 

via other observing strategies at a concurrent or future date. For example, it has been proposed 

that O2 may be found via ground-based Extremely Large Telescope (ELT) observations of the 

0.76 µm O2-A (Snellen et al. 2013). Observations by space-based telescopes such as JWST or a 

future LUVOIR telescope operating in transit mode on a favorable target could detect or rule out 

these indicators before significant observing time is expended by ELTs on promising targets. If 

an ELT observation of a potentially habitable planet is conducted, these potential spectral 

discriminators could be characterized in addition to the target band (e.g., the O2-A band). 

 It is important to note that the strength of an absorption band in transmission, unlike in 

reflected light, is not dependent on the mixing ratio of the gas at the surface or the absolute 

column abundance of the gas. Rather, the strength is mostly dependent on the altitude at which 

the gas produces an optical depth near unity, and thus the distribution of the gas in the 

atmosphere is extremely important. Direct imaging of CO2 and CO spectral signatures on an 

Earth twin is potentially problematic because they are weak and narrow shortward of 2.0 µm, 

they overlap with other strong absorption bands, and the reflected/emitted planetary flux at the 
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wavelengths where the absorption is relatively strongest (e.g., the 4.3 µm CO2 band) is low 

(Robinson et al. 2014; Schwieterman et al. 2015b). The work presented here shows these CO and 

CO2 bands are much stronger in transmission spectroscopy. Thus transmission spectroscopy is 

complementary to potential future direct-imaging characterization missions, and in particular for 

characterizing potential biosignature impostors. Transmission spectroscopy is also more sensitive 

to Earth-like CH4 abundances than direct-imaging. Detection of CH4 with O2/O3 would help 

confirm a true biosignature, as modeling predicts extremely low CH4 abundances in cases 

of abiotic O2/O3 generation (Domagal-Goldman et al. 2014). 

 Next-generation space-based direct-imaging telescope concepts such as 

ATLAST/LUVOIR, HDST, and HabEx would be able to directly image planets in the 

HZ (Rauscher et al. 2015; Dalcanton et al. 2015; Swain et al. 2015), and thus potentially 

characterize biosignature gases in exoplanet atmospheres. Detection of strong O4 bands in 

UV/VIS/NIR reflected light would indicate a large O2 atmosphere originating from massive H-

escape. While planets in the conservative HZ of G and F type stars would be high priority for 

these missions and are less susceptible to an extended history of runaway H-loss and O2-buildup, 

planets orbiting between the optimistic (recent Venus) and conservative (runaway greenhouse) 

inner edge of the HZ, potentially brighter targets for direct imaging, would also be susceptible to 

this process (Luger & Barnes 2015). Additionally, many nearby M and K type stars will likely be 

characterized by LUVOIR/HDST (Stark et al. 2014, Dalcanton et al. 2015; Seager et al. 2015), 

where the entire HZ could potentially be contaminated by “biosignature impostors” from 

massive H-escape and consequent O2 build up (Luger & Barnes 2015). Using a coronagraph 

model, I have shown here that if this the case, the O4 bands that indicate these atmospheres have 
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too much O2 to have resulted from biology would be detectable with LUVOIR with high signal-

to-noise ratios (S/N > 5σ) and reasonable integration times (~hours for the nearest stars). 

 

5.6 SUMMARY 

Recently proposed mechanisms for developing abiotic O2/O3 in terrestrial exoplanet atmospheres 

would produce spectral discriminators that are potentially identifiable with future telescope 

observations, including JWST. These discriminants are more detectable than O2 or O3 in 

transmission observations. CO seen at 2.35 µm or 4.6 µm with CO2 at 2 or 4.3 µm would indicate 

robust CO2 photolysis and suggest a high likelihood of abiotic O2/O3 generation. I find that CO 

in a realistic exoplanet atmosphere orbiting a late type star could be seen with a S/N > 3 at 

2.35 µm in JWST-NIRISS with as few as 10 transits. O4 bands seen in transmission or direct-

imaging can be diagnostic of high-O2 post-runaway atmospheres that have experienced a history 

of H-escape. The 1.06 and 1.27 µm O4 bands in a massive, O2-dominated atmosphere without 

high-altitude aerosols would be potentially detectable with a S/N ≳ 3 with as few as 10 transits 

with JWST-NIRISS, assuming photon-limited noise. LUVOIR would be able to detect visible 

and near-infrared O4 bands (at 0.345, 0.36, 0.38, 0.445, 0.475, 0.53, 0.57, and 0.63 µm, 1.06, and 

1.27 µm) in the spectra of high-O2 planets orbiting in the HZ of the nearest late type stars with 

integration times of order ten hours or less. The detection of these strong O4 bands would 

indicate an O2 atmosphere too massive to have been biologically produced. Taken together these 

proposed spectral discriminants against “biosignature impostors” provide strategies that will 

assist us in identifying true evidence for life beyond the solar system.  

 

 



Chapter 6. NONPHOTOSYNTHETIC PIGMENTS AS POTENTIAL 

SURFACE BIOSIGNATURES 

This chapter describes a multi-faceted, interdisciplinary study of the potential of non-

photosynthetic pigments to be astronomically detectable surface biosignatures. Previous studies 

of potential astronomical biosignatures have focused on gaseous biosignature gases such as O2, 

O3, and CH4, or analogs to surface features of photosynthetic life on Earth, such as the vegetation 

“red edge”. However, pigmentation has evolved for many purposes other than the collection of 

photons for energy to adapt organisms to their environment. The diversity of these functions 

leads to spectral breaks and features for non-photosynthetic pigments to occur at different visible 

and UV wavelengths than those for photosynthetic pigments such as chlorophyll. Here I 

investigate the diversity and detectability of non-photosynthetic pigments as biosignatures. First, 

I review the reasons why and in what cases nonphotosynthetic pigments may be important 

remotely biosignatures. Then I describe a lab-based study where I cultured and measured the 

reflectance spectrum of a collection of pigmented organisms. I then use SMART and the VPL 

spectral Earth model to investigate the spectral effect of non-photosynthetic pigments on the 

disk-averaged spectrum of a planet when including full radiative transfer through an Earth-like 

planetary atmosphere. I find that, given sufficient surface coverage, nonphotosynthetic pigments 

can, like the vegetation red edge, significantly impact the disk-averaged spectrum of a planet. I 

also find that broadband colors alone are not able to identify planets with significant coverage of 

biologically produced pigment and that spectrally resolved data would be required. Portions of 

this chapter were originally published open access in collaboration with C.S. Cockell and V.S. 

Meadows in the May 2015 edition of Astrobiology (Schwieterman, Cockell, & Meadows. 2015, 
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AsBio, Vol. 15(5), 341-361; © The authors), and are reproduced below with permission of the 

authors. The research contained in this chapter was conducted in part to fulfill the research 

rotation requirements of the University of Washington Astrobiology Dual PhD Program.  

6.1 INTRODUCTION 

Chapter 1 reviewed three plausible categories of planetary biosignatures: 1) gaseous 

biosignatures such as O2 resulting from photosynthesis, 2) surface biosignatures such as the 

“vegetation red edge” (VRE), and 3) temporal biosignatures resulting from seasonal changes in 

biologically modulated gases or surface biosignatures. This chapter focuses specifically on 

surface biosignatures in (2) from nonphotosynthetic processes. In contrast, the most commonly 

considered biosignatures are products of photosynthesis, or are phenomena otherwise associated 

with photosynthetic organisms. Photosynthesis is a method of primary production (turning CO2 

to biomass) that uses photons from the Sun (or in general, a host star or stars) as a source of 

energy and a reductant, such as H2, H2S, Fe2+, or H2O, as a source of electrons (Hohmann-

Marriott & Blankenship 2012). Oxygenic photosynthesis, which uses H2O as a reductant and 

generates O2 as a waste product, is by far the most productive metabolism by orders of 

magnitude on modern Earth (Kiang et al. 2007b). It is often reasoned that the organisms with the 

most productive metabolism will be the most plentiful and therefore will generate the most 

detectable signatures, and those signatures will be related to their primary metabolism. However, 

oxygenic photosynthesis may not have always dominated the detectable biosphere in the past. 

Geological evidence suggests that biofilms or microbial mats of anoxygenic photosynthesizers 

may have generated the most prevalent surface signatures of life for several hundred million 

years before the development of oxygenic photosynthesis.  This is inferred from the gap between 

the earliest stromatolite fossils near 3.5 Ga (Schopf 1993; Wacey et al. 2011; Brasier et al. 2015) 
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and the earliest (mostly) undisputed geochemical evidence for oxygenic photosynthesis at 2.7 Ga 

(Buick 2008).  

 There are currently no known remotely detectable gaseous biosignatures strictly 

associated with anoxygenic photosynthesis (though this is currently being investigated; N. 

Parenteau, private communication), and there are also many chemosynthetic metabolisms that do 

not produce waste gases in chemical disequilibrium with their environments (Des Marais et al. 

2002). In the absence of gaseous biosignatures, surface reflectance features would be the only 

possibly detectable biosignatures. Anoxygenic photosynthesizers and chemosynthetic pigment-

bearing species would have generated their own surface reflectance biosignatures by reflecting 

more strongly at wavelengths where their pigment absorption was least efficient.   

 Future spaced-based telescopes may have the ability to directly image Earth-sized planets 

in the habitable zones of their host stars (Des Marais et al. 2002; Cockell et al. 2009; Levine et 

al. 2009; Postman et al. 2010; Seager et al. 2014; Stapelfeldt et al. 2014; Dalcanton et al. 2015; 

Rauscher et al. 2015). To support the design and operation of these next generation telescopes, it 

is important to better understand the possible diversity of planetary biosignatures, including 

surface biosignatures. Several authors have investigated the effects of photosynthetic vegetation 

or microbial mats on the disk-averaged spectrum of the Earth or Earth-like planets (Seager et al. 

2005; Montanes-Rodriguez et al. 2006; Tinetti et al. 2006b, 2006c; Sanromá et al. 2013), and 

Sanromá et al. (2014) investigated the spectrum and temporally varying broadband colors of an 

Earth substantially covered with anoxygenic purple bacteria. Hegde & Kaltenegger (2013) 

explored whether broadband filter photometry can serve as a first step to characterizing the 

surfaces of Earth-like exoplanets, and argued that visible spectrum broadband colors could be 

used to identify certain environments or significant coverage by specific types of extremophiles, 
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lichens, or bacterial mats. However, this initial study did not consider the effects on the resulting 

broadband colors due to reflected radiation transmitted through the atmosphere.   

 I argue here that nonphotosynthetic pigments could provide alternative biosignatures to 

those generated by photosynthesis.  In particular, this may be the case for highly productive 

chemosynthetic biospheres that have evolved pigmentation to cope with extreme environments, 

or for photosynthetic biospheres where the spectral reflectance is dominated by a non-

photosynthetic pigment. In support of this argument, I detail below a range of environments on 

Earth where non-photosynthetic pigments dominate the spectral reflectance.  While my focus is 

on applications to remotely detectable surface biosignatures on exoplanets, pigmented organisms 

may also be searched for in limited environments within our own Solar System such as in the 

martian subsurface or Europa’s ocean (Dalton et al. 2003). 

 There is empirical evidence from several environments on modern Earth that even in the 

presence of photosynthetic primary producers, the dominant reflectance biosignature can be from 

biologically produced pigments that developed to provide functions other than light capture for 

photosynthesis. For example, halophilic archaea such as Halobacterium salinarum and bacteria 

such as Salinbacter ruber dominate the spectral reflectance of hypersaline lakes and saltern 

crystallizer ponds with their non-photosynthetic pigments (DasSarma 2006; Oren 2009; Oren 

2013). The pink coloration of the northern portion of the Great Salt Lake, Utah, USA, has been 

visible in photographs from the International Space Station. Owens Lake, California, USA, and 

the saltern crystallizer ponds of San Francisco, USA, are further examples of the macroscopic 

coloration effect from these pigmented organisms (see Figure 6.1a, 6.1b, and 6.1c). Other 

environments where pigmented halophiles dominate the spectral reflectance include Lake Hillier 

in Australia, the Sivash in Ukraine/Russia, and Lake Retba in Senegal. These halophilic 
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organisms contain substantial amounts of carotenoids such as bacterioruberin resulting in red, 

pink, or orange coloration to water above threshold salinities. Although the photosynthetic 

primary producers in hypersaline environments are often green algae like Dunaniella salinarum, 

which also contain carotenoid pigments, Oren et al. (1992) and Oren & Dubinsky (1994) found 

that the visible coloration of hypersaline lakes is dominated by the (smaller but more abundant) 

halophilic archaea and bacteria.  This is due to the even distribution of pigments in the archaeal 

cells, which provides them with more surface area per volume and allows them to effectively 

shade the more concentrated pigments in the Dunaniella cells (Oren et al. 1992).  

 

Figure 6.1. Macroscopic surfaces where carotenoid type pigments dominate the spectral 

reflectance. A) The Great Salt Lake, Utah, USA, seen from the International Space Station 

(credit: NASA). The Great Salt Lake is approximately 120 km long, 45 km wide and 4.9 m deep 

on average. B) Owens Lake in California, USA (credit: NASA). Owens Lake is 28 km long, 16 

km wide, and 0.9 m deep on average. C) Salt ponds in San Francisco, California, USA (credit: 

dro!d, Atlanta, Georgia). D) The Grand Prismatic Spring in Yellowstone National Park, 

Wyoming, USA (credit: National Park Service). The spring is 90 m long by 80 m wide and 

approximately 50 m deep. 
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 Another example where nonphotosynthetic pigments dominate the spectral reflectance 

comes from extremophiles (including chemotrophic thermophiles) at the edges of hot springs, 

where temperatures can exceed the 73 °C temperature limit for photosynthesis (Meeks & 

Castenholz 1971). Thermophiles such as Thermus aquaticus (Brock & Freeze 1969), whose 

pigmentation may be an adaptation to oxidative stress, generates the inner ring of yellow seen in 

the Grand Prismatic Spring in Yellowstone National Park, USA (Figure 6.1d). Pigmented 

thermophilic chemotrophs, together with carotenoid-bearing cyanobacteria, form a visible color 

gradient across the spring (Dartnell 2011). “Watermelon snow” is a designation given to the 

visible red or pink coloration of snow caused by the green algae Chlamydomonas nivalis (Painter 

et al. 2001; Williams et al. 2003). This organism thrives in high altitudes and polar regions 

during the summer with the aid of the red carotenoid pigment astaxanthin, which helps protect it 

from UV radiation and warms the cell by absorbing more incident solar radiation than the 

surrounding snow. 

 Many types of vegetation alter their spectral appearance (color) seasonally, illustrating 

another case where nonphotosynthetic pigments can dominate the visible reflectance spectrum.  

The red and orange autumn coloration of leaves is due to carotenoid pigments that are unmasked 

as chlorophyll degrades, while red pigmentation is due to anthocyanin, a pH-dependent pigment 

that is produced de-novo in autumn foliage, perhaps to provide photoprotection (Archetti et al. 

2009).  

 Nonphotosynthetic pigments can serve a variety of functions, many of which help the 

organism adapt to stressors in the environment. These compounds can be used for 

photoprotection (Proteau et al. 1993, Williams et al. 2003, Solovchenko & Merzlyak 2008; 

Archetti et al. 2009) and as quenching agents for protection against free radicals (Saito et al. 
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1997). Desiccation and ionizing-radiation resistant organisms such as Deinococcus radiodurans 

and Rubrobacter radiotolerans contain carotenoid pigments that are thought to function 

primarily as anti-oxidants (Saito et al. 1994; Cox & Battista 2005; Tian et al. 2008). Some 

pigments serve as biocontrol mechanisms to slow growth as resources are exhausted (Venil & 

Lakshmanaperumalsamy 2009) or to facilitate interactions between bacterial cells in colonies or 

aggregates through a phenomenon known as “quorum sensing” (McClean et al. 1997; Williams 

et al. 2007). Such pigments are often associated with pathogenic bacteria, as invading a host 

exposes these organisms to extremes in terms of temperature and in many cases an immune 

system attack (Liu & Nizet 2009). “Siderophore” pigments are used as Fe3+ bonding agents in 

iron-limited conditions (Meyer 2000). Plants and animals use pigments in signaling to other 

organisms (Chittka & Raine 2006), as is the case for pigments used in flowers for attracting 

pollinators. 

 The spectral properties of many biological pigments are decoupled from the light 

environment to varying degrees. While some non-photosynthetic pigments are adapted to be 

sensitive to small portions of the electromagnetic spectrum, such as UV screening pigments, 

others are hosted by organisms in zero light conditions (Kimura et al. 2003). Organisms 

possessing non-photosynthetic pigments are not necessarily closely related genetically to 

photosynthetic species, and the phylogenetic diversity of pigment-producing species in general is 

much broader than that of photosynthetic species (Klassen 2010). Table 6.1 shows a list of 

functions that pigment molecules perform other than light harvesting, and provides specific 

examples of pigments that carry out these functions, and the organisms in which they are found. 

It should be noted that some carotenoids can have a light-harvesting function in anoxygenic 

phototrophs and cyanobacteria, but predominantly function as protectants against photo-
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oxidative stress (Cogdell et al. 2000; Glaeser & Klug 2005; Ziegelhoffer & Donohue 2009). For 

the purposes of this chapter, I consider these carotenoids as photoprotectants and antioxidants, 

and thus as nonphotosynthetic pigments. 

 

Table 6.1. The diverse functions of biological pigments  

Function Pigment Type(s) Example Pigments Example Organism(s) 

(1) Photosynthesis Chlorophylls, 
Bacteriochlorophylls  

Chls a, b; Bchls a, c, g Cyanobacteria, anoxygenic 
phototrophs 

(2) Other light 
capture; other 
phototrophy 

Some rhodopsins, 
some carotenoids 

Xanthorhodopsin; 
bacteriorhodopsin 

Salinbacter ruber; 
Halobacterium salinarum 

(3) Sunscreen cyclized β-ketoacid Scytonemin Cyanobacteria 
(4) Antioxidant Carotenoids Bacterioruberin, 

Deinoxanthin  
 

Halobacterium salinarum; 
Deincoccus radiodurans 

(5) Protection against 
temperature 
extremes 

Tyrosine derivative Melanin Cryptococcus neoformans 
 

(6) Acquisition of 
nutrients such as iron 

Siderophore Pyoverdine Pseudomonas putida 

(7) Regulation of 
growth (cytotoxicity) 

Prodiginine 
 

Prodigiosin Serratia marcescens  

(8) Protection against 
competition or 
grazing 
(antimicrobial) 

Indole derivative 
 

Violacein Janithobacterium lividum 

(9) Signaling Other 
Organisms 
 

Carotenoids, 
anthocyanins, 
betalains 
 

Cryptoxanthin 
 

Narcissus psuedonarcissus 
 

(10) Bioluminescence  Luciferin Dinoflagellate luciferase 
 

Dinoflagellates 

References: [1] (Hohmann-Marriott & Blankenship 2012; Clayton 1966), [2] (Boichenko et al. 2006; Oren 2013; 
Grote & O’Malley 2011), [3] (Proteau et al. 1993), [4] (Lemee et al. 1997; Saito et al. 1997; Shahmohammadi et al. 
1998), [5] (Dadachova et al. 2007; Liu & Nizet 2009), [6] (Meyer 2000), [7] (Bennett & Bentley 2000; Hejazi & 
Falkiner 1997), [8] (Kimmel & Maier 1969; Schloss et al. 2010; Durán et al. 2007), [9] (Tanaka et al. 2008; Chittka 
& Raine 2006; Valadon & Mummery 1968), [10] (Haddock et al. 2010) 
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 To expand the study of remotely detectable surface biosignatures beyond those associated 

with photosynthesis, this chapter explores the nature, diversity, and detectability of 

nonphotosynthetic pigments. This study is broken into four components. First, I measure the 

reflectance spectra of a diverse collection of pigmented organisms on Earth. These organisms 

may be considered as analogs to the possible biologically pigmented surfaces that may be present 

on other planets. Second, I generate synthetic spectra with SMART (see Chapter 2) that 

simulates ideal cases where single surface types dominate planetary surfaces and are viewed 

through a planetary atmosphere. I compare scenarios with nonphotosynthetic pigment surfaces to 

those with other dominant surface types. I include in these simulations both the spectral 

reflectances measured in the first, experimental portion of the study and spectral reflectances of 

biotic and abiotic surfaces from literature. Third, I use a comprehensive 3D spectral model of an 

Earth-analog planet where the oceans are dominated by pigmented halophiles at the same 

densities found in high salinity ponds on Earth, and include the effects of an atmosphere, clouds, 

and a heterogeneous surface. Finally, I examine the utility of broadband colors in identifying and 

characterizing a diversity of biological and abiotic surface types when full consideration of 

atmospheric effects is made. 

6.2 LAB METHODS 

Below I describe the methods and the models for both the experimental and spectral modeling 

components of this study.  

6.2.1 Choice of cultured organisms  

I cultured and measured the spectral characteristics of a variety of pigmented bacteria (and one 

archaea) that represent various colorations, metabolisms, and phylogenies. For practical reasons, 
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I preferentially selected fast-growing, easily culturable strains. Table 6.2 lists the species, 

phylum, color, primary pigment, metabolism, and environment of the selected organisms. Below 

I briefly describe each organism. 

 

Table 6.2. Data for cultured organisms (section 6.2.1) 

Species Phylum Visual  Pigment(s) Metabolism(s) Environment(s) 
(1) Brevibacterium 
aurantiacum 

Actinobacteria Orange 3,3-dihydroxy-
Isorenieratene or 
canthaxanthin 

Aerobic Heterotroph Food products, 
rice plots, 
industrial waste 

(2) Chlorobium 
tepidum 

Chlorobi Green Bchls a,c; 
Chlorobactene 

Anaerobic 
Photolithotroph  

Anoxic zones of 
eutrophic lakes 

(3) Deinoccocus 
radiodurans 

Deinococcus-
Thermus 

Red-orange Deinoxanthin  Aerobic Heterotroph Deserts, 
desiccating 
environments 

(4) Halobacterium 
salinarium 

Euryarchaetoa Pink-red Bacterioruberin; 
bacteriohodopsin 

Aerobic 
photoheterotroph 

Hypersaline lakes, 
salterns 

(5)Janthinobacteriu
m lividum 

Proteobacteria Dark-violet Violacein Aerobic heterotroph Soils, tundra  

(6) Micrococcus 
luteus 

Actinobacteria Yellow Canthaxanthin (a 
β-carotene); α-
carotenes 

Aerobic heterotroph Soil, air, water 

(7) Phaeobacter 
inhibens 

Proteobacteria Brown Unknown Aerobic heterotroph Sea water 

(8) Rhodobacter 
sphaeroides 

Proteobacteria Brown-green Bchl a, 
b; spheroidenone; 
 neurosporene 

Anaerobic 
Photoautotroph, 
Aerobic 
chemoheterotroph 

Deep lakes, 
stagnant waters 

(9)Rhodopseudomon
as palustris  

Proteobacteria Red-purple Bchl a, 
neurosporene 

Various – 
photoautotrophic, 
photoheterotrophic, 
chemoheterotrophic, 
chemoautotrophic 

Pond water, 
coastal sediments 

(10) Rubrobacter 
radiotolerans 

Actinobacteria Red Bacterioruberin, 
monoanydrobacte
rioruberin 

Aerobic heterotroph Desert soil 

(11) Serratia 
marcescens 

Proteobacteria Red Prodigiosin Aerobic heterotroph Soils, household 
surfaces, animal 
tissue 

References: [1] (Gavrish et al. 2004), [2] (Wahlund et al. 1991), [3] (Cox & Battista 2005; Tian et al. 2008), [4] 

(DasSarma 2006; Oren 2009; Shahmohammadi et al. 1998), [5] (Kimmel & Maier 1969; Schloss et al. 2010), [6] 

(Ungers & Cooney 1968; Greenblatt et al. 2004), [7] (Porsby et al. 2008; Martens et al. 2006; Dogs et al. 2013), [8] 

(Pfennig & Truper 1971; Mackenzie et al. 2007; Wiggli et al. 1999; Glaeser & Klug 2005), [9] (Larimer et al. 2004; 

Bosak et al. 2007), [10] (Saito et al. 1994; Schabereiter-Gurtner et al. 2001; Chen et al. 2004), [11] (Hejazi & 

Falkiner 1997; Bennett & Bentley 2000; Schuerger et al. 2013; Haddix et al. 2008). 
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Brevibacterium aurantiacum – an orange Gram-positive actinobacterium that has been isolated 

from food products, rice plots, and industrial waste. The production of orange carotenoid 

pigmentation is observed to be induced by blue (~400 nm) light (Gavrish et al. 2004; Takano et 

al. 2006)(Gavrish et al. 2004; Takano et al. 2006). 

 

Chlorobium tepidum – a green sulfur Gram-negative bacterium that grows photoautotrophically 

or photoheterotrophically under anaerobic conditions. C. tepidum was isolated from an acidic 

(pH4.5 – 6.0) hot spring containing high concentrations of sulfide (Wahlund et al. 1991). 

Chlorobium species are often found in anoxic zones of eutrophic lakes (Prescott et al. 2005). 

Molecular fossils (biomarkers) indicate Chlorobium blooms were present in high numbers during 

the end-Permian mass extinction event (Cao et al. 2009).  

 

Deinococcus radiodurans – a well-known polyextremophile that stains Gram-positive (although 

its cell wall has Gram-negative characteristics), which can survive exposure to large amounts of 

ionizing radiation and desiccating conditions (Cox & Battista 2005). The primary pigment 

produced by D. radiodurans is the carotenoid deinoxanthin, which gives colonies a red-orange 

coloration. 

 

Halobacterium salinarum – a Gram-negative halophilic Archaea that contains the red 

carotenoid pigment, bacterioruberin, and achieves photoheterotrophy with bacteriorhodopsin. 

Bacterioruberin has been shown to assist H. salinarum in resisting damage to DNA by ionizing 

radiation and UV light (Shahmohammadi et al. 1998). Halobacterium species are of interest to 

astrobiologists because they are polyextremophiles and occupy a niche populated by few other 
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organisms (DasSarma 2006). H. salinarum was chosen in his work to represent the pigmented 

halophiles that give hypersaline lakes and ponds their pink or red color. 

 

Janthinobacterium lividum - a Gram-negative aerobic proteobacterium commonly found in 

soils, freshwater, and tundra. J. lividum produces the dark violet pigment violacein and can 

aggregate in dense colonies or biofilms (Kimmel & Maier 1969; Pantanella et al. 2007; Schloss 

et al. 2010). The pigment violacein is involved in “quorum sensing,” which can facilitate 

interactions between cells in a colony (McClean et al. 1997; González & Keshavan 2006; 

Williams et al. 2007).  

 

Micrococcus luteus – a Gram-positive, yellow-pigmented aerobic actinobacterium. The yellow 

pigmentation is due to the carotene derivative canthaxanthin (Ungers & Cooney 1968).  

Phaobacter inhibens – a Gram-negative brown-pigmented proteobacterium isolated from 

seawater. P. inhibens produces an uncharacterized brown pigment and displays antimicrobial 

properties (Porsby et al. 2008; Dogs et al. 2013). 

 

Rhodobacter sphaeroides – a Gram-negative purple nonsulfur anoxygenic photosynthetic 

proteobacterium. R. sphaeroides has a diverse array of metabolic pathways, growing by aerobic 

or anaerobic respiration, photosynthesis or fermentation (Mackenzie et al. 2007). Carotenoids 

produced by R. sphaeroides have been shown to reduce photo-oxidative stress against singlet 

oxygen (Glaeser & Klug 2005) and are the cause of the orange-brown coloration the organism 

exhibits in anaerobic cultures. The R. sphaeroides strain in this study was grown 

photoheterotrophically in anaerobic conditions.  
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Rhodopseudomonas palustris – a Gram-negative purple anoxygenic photosynthetic 

proteobacterium. Like R. sphaeorides, R. palustris is metabolically versatile, able to grow 

photoautotrophically, photoheterotrophically, chemoautotrophically, or chemoheterotrophically 

(Larimer et al. 2004). This diverse array of metabolisms allows the organisms to survive in a 

variety of environments.  R. plaustris is especially interesting as it has been shown to precipitate 

calcite in solutions rich in calcium carbonate, serving as a model to illuminate how ancient 

anoxygenic photosynthetic stromatolites may have been constructed (Bosak et al. 2007). The R. 

palustris strain in this study was grown photoheterotrophically in anaerobic conditions. 

 

Rubrobacter radiotolerans – a Gram-positive red pigmented actinobacterium that is isolated 

from desert soil. R. radiotolerans is highly radioresistant and can survive radiation doses higher 

than other radioresistant bacteria including Deinococcus radiodurans (Saito et al. 1994). R. 

radiotolerans contains bacterioruberin and other pigments typically found in halophilic bacteria 

(Saito et al. 1994).  

 

Serratia marcescens – a common Gram-negative environmental proteobacterium that produces 

the red pigment prodigiosin (Venil & Lakshmanaperumalsamy 2009). S. marsensas is often 

found growing as a thin pink film on bathroom surfaces and has been known to cause infections 

(Hejazi & Falkiner 1997; Haddix et al. 2008). A related organism, Serratia liquefaciens, which 

also produces prodigiosin, has been shown to grow in an anoxic, CO2-enriched 7 mbar (Mars-

like) atmosphere at 0 °C (Schuerger et al. 2013). 



6.2.2 Growth and harvesting of cells 

Each organism in Table 6.2 was acquired from Deutsche Sammlung von Mikroorganismen und 

Zellkulturen (DSMZ27) in the form of either a live culture or a freeze-dried pellet in a vacuum-

sealed glass ampoule. Standard culturing procedures were followed after assembling the 

recommended growth medium for each organism (see Table 6.3).  All species were grown in 

oxic conditions with the exception of the anaerobic anoxygenic photosynthesizers Chlorobium 

tepidum, Rhodobacter sphaeroides, and Rhodopseudomonas palustris, which were grown 

anaerobically in light. Cells were harvested for reflectance spectra measurements in one of two 

ways:  

1) Liquid cultures were transferred to 50 mL Falcon tubes and centrifuged for 10 

minutes at 2700 × g to pelletize the intact cells. The supernatant was removed and 

replaced with deionized water. The tube was agitated to rinse the cells of the growth 

media and then centrifuged again for 10 minutes at 2700 × g to re-isolate the cells as a 

pellet. A sterilized small metal spatula was used to transfer the cleaned cell pellet to black 

filter paper in a Petri dish (black paper was chosen to minimize the scattering of light 

during subsequent reflectance spectra measurements). 

2) Plate-spread cultures were allowed to proliferate until a substantial percentage of 

the plate was covered with growth. A sterilized metal spatula was then used to gently 

scrape the surface of the growth media until a thick paste of cells was gathered. This was 

transferred to filter paper in a Petri dish. 

In both (1) and (2), the sample was allowed to dry for one hour to remove any film of water on 

the surface of the sample that could cause specular reflection. The resulting cell mass was at least 

                                                
27 https://www.dsmz.de/ 



 

 

181 

0.5 x 0.5 cm and opaque. See Figure 6.2 for an example. Growth media and dead cell matter 

were removed because these factors varied from strain to strain, and would complicate the direct 

comparison of one organism to another. Their removal ensured that the spectral features 

observed in the subsequent reflectance spectra measurements originated from the pigmented 

cells.  

 

Table 6.3. Data for cultured strains.  

Species DSMZ Strain 
ID # 

DSMZ 
Media # 

Culture Type1 

Brevibacterium 
aurantiacum 

20426 92 Aerobic; plated 

Chlorobium tepidum 12025 29 Anaerobic in light; liquid 

Deinoccocus 
radiodurans 

20539 53 Aerobic; plated 
 

Halobacterium 
salinarium 

22414 97 Aerobic (37 °C); plated 

Janthinobacterium 
lividum 

1522 1, 1a Aerobic; plated 

Micrococcus luteus 20030 1 Aerobic; liquid 
Phaeobacter 
inhibens 

16374 514 Aerobic; liquid 

Rhodobacter 
sphaeroides 

158 27 Anaerobic in light; liquid 

Rhodopseudomonas 
palustris  

 
8283 

651 Anaerobic in light; liquid 

Rubrobacter 
radiotolerans 

5868 535 Aerobic; liquid 

Serratia marcescens 30121 1 Aerobic; liquid 
 

Table Details: Data for cultured strains. Aerobic cultures were grown in the presence of 

oxygen, whereas anaerobic cultures were grown in airtight bottles evacuated of oxygen. 

Further detailed information regarding strain type and culture media can be found online at 

https://www.dsmz.de/. 
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Figure 6.2. A sample of Brevibacterium aurantiacum before measurement with the Ocean Optics 

Spectrometer. 

 

6.2.3 Spectral reflectance measurements 

Spectral reflectance measurements were made of a monoculture of each species to determine the 

wavelength-dependent features of the organism’s reflectance spectrum without environmental 

effects. Specifically, I aimed to quantify the location and strength of major spectral features.  I 

assumed the samples were sufficiently thick to be diffuse reflectors due to multiple scattering 

within the cellular layers (see e.g., Broschat et al. 2014). The light environments are similarly 

diffuse above microbial mats mixed within a sediment matrix (Decho et al. 2003; Jorgensen & 

Des Marais 1988; Kühl et al. 1997).  

 Reflectance spectra measurements were made with an Ocean Optics USB2000+ UV/VIS 

spectrometer (Ocean Optics grating #3) with 2048 pixel channels, a dispersion of 0.32 nm per 

pixel and an optical resolution of 4.12 nm. The spectrometer was attached to a reflectance probe 

(Ocean Optics R400-7) via a 400-µm diameter SMA 905 fiber optic cable. The reflectance probe 

contained one read fiber and six illuminating fibers arranged in a circular pattern around the read 



 

 

183 

fiber. An Ocean Optics HL-2000 Tungsten-Halogen light source was joined to the fiber optic 

cable. A similar experimental configuration was described by Decho et al. (2003).  

 The reflectance probe was secured by an adjustable clamp attached to a vertical ring 

stand. Samples were placed on a custom holder on a level surface below the reflectance probe. 

The probe’s position was maintained 30 mm from the surface of the sample with a 0° 

(perpendicular) orientation. The entire sampling apparatus was contained within a custom built 

dark box to exclude ambient light. This box was coated in matte black paper to minimize 

scattering of light from the light source.  

 The wavelength-dependent radiance reflectance (R 𝜆 ) was calculated according to the 

following equation: 

 𝑅 𝜆 = !(!)!"#$%&!!(!)!"#$
!(!)!"#$%#&%!!(!)!"#$

 ×  !!"#$%#&%
!!"#$%&

 × 𝑘(𝜆)!"!   (6.1) 

where Csample(λ) is the counts from the sample measurement, Cdark(λ) is the dark count with no 

illumination, Cstandard(λ) is the counts measured from the standard, tsample is the integration time of 

the sample, tstandard is the integration time of the standard, and k(λ)WS-1 is the wavelength-

dependent calibration factor for the WS-1 diffuse reflectance standard. The factor k(λ)WS1 varies 

between 0.992 and 0.993 for the wavelength range measured in this work (tables with the 

wavelength-dependent calibration factors are available on the Ocean Optics website28).  

 Calibrations for reflectance measurements were made as follows. The light source was 

turned on several minutes before calibration measurements were made. The Spectralon WS-1 

diffuse reflectance standard was placed in the sample position 30 mm below the reflectance 

probe. A series of 100-500 calibration spectra with integration times of 1 millisecond were 

collected from the illuminated reflectance standard. These calibration spectra were averaged and 

                                                
28 http://www.oceanoptics.com/ 



 

 

184 

stored to computer memory. To measure the dark current, the light was blocked from entering 

the fiber with a switch-operated internal shutter, and a complementary series of calibration 

spectra were taken and stored to memory. New dark and reflectance calibration spectra were 

taken before each new sample measurement set.   

 Three to five spectral sets were recorded for each organism sample. Each set was a series 

of 100-500 spectral scans encompassing the 0.4-0.85 µm wavelength range. Each scan had an 

integration time of 1 millisecond, chosen to achieve maximum signal-to-noise without saturating 

the detector.  The series of spectral scans were then averaged to produce a composite spectrum. 

This procedure was repeated 3-5 times at different locations on the sample surface to produce a 

spectral set. The location of the sample under the fiber was adjusted for each composite spectrum 

in the set, such that the sensor viewed a smooth area of the sample to minimize the effect of 

surface roughness on the reflectance of the isolated cells. The final spectrum for each organism 

was computed by taking the median value at each wavelength point of the averaged composite 

spectra in the spectral set. This setup yields spectra with high signal-to-noise for the 0.4 – 0.85 

µm spectral range. The standard deviation for any wavelength in the composite spectra was less 

than 5%.  Although the fiber-spectrometer combination had spectral sensitivity from 0.35-0.85 

µm, shorter wavelengths were inaccessible because the Tungsten-Halogen fiber optic light 

source does not produce significant UV light.  
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6.3 MEASURED REFLECTION SPECTRA AND MODEL INPUTS

6.3.1 Reflection spectra measurements 

The reflectance spectrum for each organism measured in the laboratory is shown in Figure 6.3. 

The wavelength-dependent spectral reflectance of a conifer forest, obtained from the ASTER 

spectral library (Baldridge et al. 2009), is provided for comparison. The strength of spectral 

break features such as the vegetation red edge (VRE) can be quantified by measuring the 

reflectance change between the maximum reflectance and the nearest local minimum in 

reflectance, given here as: 

 ∆𝑅 = 𝑅!!"# − 𝑅!!"#    (6.2) 

where 𝑅!!"# is the maximum reflectance and 𝑅!!"# is the reflectance at the nearest local 

minimum. Another way to quantify the strength of the spectral feature is to calculate the change 

in reflectance factor (fΔR) over a wavelength interval: 

 𝑓∆! =
!!!"#!!!!"#

!!!"#
= !!

!!!"#
   (6.3) 

Table 6.4 reports the locations of notable spectral features in the measured reflectance spectra 

and the strength of those features as defined above.  The strength of the red edge for a conifer 

forest, an increase in reflectance from 0.69 to 0.77 µm of ΔR ~ 0.5 and f ΔR ~ 12 is in the upper 

range of red edge strength. Other vegetation and photosynthetic organisms may have 

substantially weaker red edges (Kiang al. 2007a). As shown in the figure and table, there is a 

diverse range of spectral features in the measured organisms, including edge features that are 

well within a factor of two of the conifer forest red edge strength. Especially notable is H. 



 

 

186 

salinarum, which has ΔR ~ 0.3 and fΔR ~ 4 over a wavelength interval comparable to the conifer 

forest red edge rise.  

 

 

Figure 6.3. Spectra of all 11 pigmented microorganisms studied in this work organized and 

grouped into the categories given in Table 4. The seventh panel is the reflectance spectrum of a 

conifer forest taken from the ASTER spectral library (Baldridge et al. 2009). Spectra were taken 

from 0.4-0.85 µm. The dashed lines bracket the wavelength region containing the strongest 

spectral feature (listed in Table 6.4). Note that the vertical axes have different scales in order to 

show the spectral features of all organisms. 

 

 The spectra were split into three categories based on the strength and location of major 

spectral features (also shown in Table 6.4). The first category includes spectra with a strong 

spectral break or reflectance increase into the red or near infrared. This category includes the red-

edge producing conifers and the bacterioruberin-containing Halobacterium salinarum and 

Rubrobacter radiotolerans. The second category includes spectra that show a shallow or gentle 

rise into the near infrared, including Janithobacterium lividum and Phaobacter inhibens. The 

Brevidbacterium auranticacum

0.4 0.5 0.6 0.7 0.8
0.00
0.05
0.10
0.15
0.20
0.25
0.30

Chlorobium tepidum

0.4 0.5 0.6 0.7 0.8
0.00

0.05

0.10

0.15

Deinococcus radiodurans

0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

Halobacterium salinarum

0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

Micrococcus Luteus

0.4 0.5 0.6 0.7 0.8
0.00
0.05
0.10
0.15
0.20
0.25
0.30

Rubrobacter radiotolerans

0.4 0.5 0.6 0.7 0.8
0.00
0.05
0.10
0.15
0.20
0.25

Conifers

0.4 0.5 0.6 0.7 0.8
0.0
0.1
0.2
0.3
0.4
0.5

Janithobacterium lividum

0.4 0.5 0.6 0.7 0.8
0.00
0.02
0.04
0.06
0.08
0.10

Phaeobacter inhibens

0.4 0.5 0.6 0.7 0.8
0.00

0.05

0.10

0.15

Serratia Marscensas

0.4 0.5 0.6 0.7 0.8
0.0

0.1

0.2

0.3

0.4
Rhodobacter sphaeroides

0.4 0.5 0.6 0.7 0.8
0.00
0.02
0.04
0.06
0.08
0.10
0.12

Rhodopseudomonas palustris

0.4 0.5 0.6 0.7 0.8
0.00
0.02
0.04
0.06
0.08
0.10
0.12

R
ef

le
ct

an
ce

 

Wavelength [µm] 



 

 

187 

final category includes spectra with strong features in the visible spectrum (<0.7 µm) that are 

also absorptive in the near infrared, in contrast to categories 1 and 2. The members of this 

category of organisms are the anoxygenic photosynthesizers Rhodobacter sphaeroides and 

Rhodopseudomonas palustris, which possess bacteriochlorophylls that absorb at near infrared 

wavelengths, but also show spectral features in the visible spectrum due to carotenoid pigments. 

 

Table 6.4. Empirically Measured Spectral Edges and Features 0.4-0.85 µm 

Organism “Edges” or Spectral 
Breaks [µm] 

Absorption Features 
[µm] 

Maximum 
Reflectance 
Change (ΔR) 

Maximum 
Change in 
Reflectance 
Factor (fΔR) 

Category 1 – Strong Spectral Break and Reflective in the NIR  
B. aurantiacum 0.52-0.58  0.40-0.50  0.248 5.70 
C. tepidum 0.82-0.86  0.52, 0.77 0.096 1.65 
D. radiodurans 0.54-0.58 0.51-0.55  0.197 1.26 

H. salinarium 0.56-0.70 0.48-0.55 0.298 3.70 
M. luteus 0.49-0.510 0.45, 0.485 0.158 1.01 
R. radiotolerans 0.56-0.60  0.51, 0.55 0.213 5.64 
Conifers 0.69-0.76 0.40-0.50, 0.60-0.68 0.473 11.71 
Category 2 – Gradual Rise into the NIR  
J. lividum 0.70-0.80  0.40-0.70 0.064 3.90 
P. inhibens - - 0.127 5.77 
S. Marscensas 0.44-0.46 0.41-0.43, 0.57 0.107 0.37 
Category 3 – Strong Features in Visible and Absorptive in NIR  
R. sphaeroides 0.54-0.57, 0.61-0.64 0.52, 0.60, 0.805, 0.85 0.07 1.75 
R. palustris 0.54-0.57, 0.61-0.64 0.52, 0.60, 0.805, 0.85 0.067 1.61 

 

Table Details: Spectral features in measured organisms. “Edges” or spectral breaks (column 2) 

refer to sharp changes in reflectivity over a small wavelength range. Absorption features can be 

seen as negative excursions in reflectance.  
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6.3.2 Spectral model inputs and parameters 

In the realistic case of a disk-averaged planetary observation, a pigmented surface will be viewed 

through an atmosphere, and therefore a remote observation of a planetary spectrum will include 

atmospheric absorption and scattering effects by gaseous molecules and clouds. To explore the 

effects of the atmosphere on the detectability of reflectance from surface pigments, I use 

SMART (Chapter 2) to calculate top-of-atmosphere spectra for both abiotic and biotic surfaces 

observed through an Earth-like atmosphere. I use the abiotic surfaces to compare spectra where 

surface biosignatures are present to those cases where they are not present.   

 I use the reflectance spectra measured in Section 6.3.1 as input surface reflectances for 

one series of simulated spectra. Another series of spectra uses spectral reflectances obtained from 

the literature and encompasses a wavelength range that is larger than our experimental spectra.  

Figure 6.4 shows the wavelength dependent reflectances of kaolinite soil, basaltic loam, gypsum, 

limestone, halite, snow, ocean water, a conifer forest, grass, a bacterial mat, red algae coated 

water, and a halophile-dominated saltern evaporation pond. The reflectance spectrum for the 

halophile-dominated pond (see Fig. 6.1c) was taken from the work of Dalton et al. (2009), which 

provides reflectance spectra of the San Francisco salt ponds measured in situ and therefore 

includes the spectral effects of both the pigmented organisms contained within the pond and the 

overlying layers of water. The other surface reflectances are from the USGS and ASTER spectral 

libraries (Clark et al. 2007; Baldridge et al. 2009). The conifer forest and the halophile-

dominated pond provide a comparison between surfaces dominated by photosynthetic and non-

photosynthetic organisms that are known to exist on Earth. The organisms that constitute these 

biological surfaces contain pigments that cause reflectance peaks at different wavelengths and 

thus may be distinguishable from each other.  



 

 

189 

 

 

Figure 6.4. Spectral reflectances of abiotic and biotic surfaces from the USGS (Clark et al. 

2007); and ASTER (Baldridge et al. 2009) spectral libraries from 0.35-1.2 µm. The halophile salt 

pond’s spectral reflectance is from work by (Dalton et al. 2009). Note the water absorption 

features in the bacterial mat, red algae water, and halophile salt pond cases. 

 

6.4 INCORPORATION INTO SPECTRAL MODELS 

I used SMART (1D) to generate a spectrum of a planet dominated by each of the surfaces listed 

above under an Earth-like atmosphere in a clear sky (no cloud) scenario. I then use the 3D 

spectral Earth model with clouds to explore a more realistic scenario comparing the modern 

(simulated) Earth with a plausible Earth-like planet (with clouds) containing a salty ocean 

dominated by non-photosynthetic pigmented organisms.  
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6.4.1 1D SMART model spectra 

In this case, I consider a planetary surface dominated by a single surface type possessing either 

the experimentally measured spectral reflectances, or previously known spectral reflectances 

from literature.  I use SMART (Meadows & Crisp 1996; Crisp 1997) to model the resulting 

spectra of these surfaces under an annually averaged mid-latitude Earth-like atmosphere and an 

incident stellar spectrum identical to the Sun’s. I assume the surfaces are diffuse reflectors, 

which has been demonstrated to be an adequate assumption when comparing synthetic spectra to 

validation data for Earth at gibbous phases (Williams & Gaidos 2008; Robinson et al. 2010; 

Cowan & Strait 2013). I assume an Earth-like atmosphere including average temperature-

pressure and gas mixing ratio profiles (Earth-like atmospheres are assumed because each 

biological and non-biological surface exists on modern Earth).  The spectrally active (absorptive) 

gases included are H2O, CO2, O3, O2, N2O, CO, and CH4. In this case, the HITRAN 2008 

(Rothman et al. 2009) line lists were used to calculate the absorption cross-sections for each 

spectrally active gas. The resolution of the spectral grid in the model was 1 cm-1, which 

corresponds to a wavelength resolution of Δλ = 2.5 × 10-5 µm at λ = 0.5 µm. A single solar zenith 

angle of 60 degrees was used, which approximates the illumination observed in a planetary disk 

average (Segura et al. 2005) and consider cases with no cloud cover. This mimics a clear 

sounding through the atmosphere, and is only achievable for a partially cloud-covered planet 

when the observation has adequate spatial resolution.  Realistically, some level of cloud cover is 

expected, and while obtaining longitudinally resolved observations of terrestrial exoplanets may 

be possible with adequately time-resolved photometry from future space-based telescopes ( 

Cowan 2009; Cowan et al. 2011; Cowan & Strait 2013), the spatial resolution obtainable will 

span a significant fraction of the planet, and so will likely still include clouds. While this will 
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affect absolute detectability of surface reflectance biosignatures, it will not introduce spurious 

wavelength-dependent features in the spectrum because clouds are approximately gray (i.e. they 

have largely wavelength-independent reflectivity) in the visible regime. The spectrum of a 

partially cloud-covered planet will be a linear combination of spectra from clear soundings and 

spectra from fully and partially cloud-covered soundings. The effect on the planetary spectrum of 

spatially inhomogeneous clouds are more fully captured in the 3D Earth model runs described 

below.  

6.4.2 3D Earth model spectra 

To better assess the detectability of the most promising non-photosynthetic pigmented organism 

in a plausible context, and to compare with spatially resolved models of inhabited Earth-like 

planets in the literature (e.g., Tinetti et al. 2006a,b; Robinson et al. 2011; Sanromá et al. 2013, 

2014), I produced more comprehensive whole-planet spectra that contain the confounding effects 

of spatially resolved clouds and different surface types. To do this I use the Virtual Planetary 

Laboratory’s 3-D spectrally resolved Earth model, described in Chapter 2 and Robinson et al. 

(2011). For the model runs presented here, the atmospheric parameters varied spatially over 48 

atmospheric pixels with 40 vertical layers, and the surface was approximated as 192 pixels. The 

surface reflectance of each surface pixel was calculated as a linear combination of five surface 

types (ocean, soil, snow, forest, and grassland).  The modern Earth continental arrangement is 

used for the land and ocean spatial distribution. It is assumed that the observer is viewing the 

disk-averaged planet from an approximately sub-equatorial latitude (1.6° N) and a Sun-planet-

observer phase angle of 57.7° over a 24 hour period from March 18-19. This date was chosen 

because the VPL Earth model has already been validated on this date with observed near-infrared 

and broadband visible spectra taken during the EPOXI mission by the Deep Impact Spacecraft 
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(Cowan et al. 2011; Livengood et al. 2011). The disk-integrated spectrum of the planet produced 

by the model was divided by a solar spectrum corrected for phase (i.e., partial illumination of the 

planet) with a Lambertian phase function, to produce the whole-disk planetary spectral albedo 

(hereafter referred to as the “albedo”). It has been shown that Earth’s phase function only 

deviates significantly from a Lambertian function near crescent phase (phase angles near zero) 

where glint (specular reflection from the ocean) and cloud forward scattering becomes important 

(Williams & Gaidos 2008; Robinson et al. 2010).  

 To explore the potential detectability of a non-photosynthetic pigment with as 

comprehensive a model as possible, I used the 3D spectral Earth model to compare the spectrum 

of a realistic Earth with a similar model case in which the spectral reflectance of the oceans has 

been replaced by that of the halophile-dominated saltern pond. This environment was chosen for 

further modeling because the halophile spectrum produced a strong spectral signature that was 

comparable in strength to that of photosynthetic plants (e.g., the conifer forest), and so had a 

higher probability of being detectable in the disk-average. This simulation approximates a 

scenario in which an Earth-like planet contains a very salty, shallow ocean populated by 

pigmented halophile organisms at the same density found in the San Francisco saltern ponds with 

the highest salinity (Dalton et al. 2009), but with the same cloud and snow/ice cover of modern 

Earth. This “halophile Earth” case presents a best-case end member scenario for the surface 

coverage of pigmented halophile organisms on an Earth-like planet.  

6.5 SPECTRAL MODEL RESULTS 

6.5.1 1D SMART model spectra 

Figure 6.5 shows the simulated spectral reflectivity (the top-of-atmosphere irradiance divided by 

the incident solar irradiance) for sunlight transmitted through an Earth-like atmosphere and 
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reflected from surfaces that have the same diffuse spectral reflectance properties as the 

experimentally measured microbes. Dashed vertical lines indicate the wavelength region 

containing the strongest spectral feature in the experimental reflectance spectra. Table 6.5 lists 

the maximum fractional reflectivity change in the synthetic spectra over these wavelength 

regions by using equation (6.3). Because the spectra were generated assuming the average solar 

zenith angle for a planet observed at quadrature, the reflectivity given in Figure 6.5 is not on the 

same absolute scale as the reflectance in Figure 6.3 and 6.4.  

 

 

Figure 6.5. Resulting top-of-atmosphere spectral reflectivity of planets with surfaces dominated 

by the pigmented microbes described in Sections 6.2.1 and 6.3.1 and shown in Figure 6.3. The 

microbe surfaces are modeled as diffuse reflectors.  The average solar zenith angle is assumed to 

be 60°. The reflectivity is calculated as the modeled top-of-atmosphere spectral irradiance 

divided by the spectral irradiance of the Sun and not corrected for solar zenith angle. The dashed 

lines bracket the wavelength region containing the strongest feature seen in the measured 

reflectance spectrum (listed in Table 6.4). For the purpose of illustration, the spectra have been 

smoothed with a moving 5-point statistical mean. 
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Table 6.5. 1D Synthetic spectra feature strengths.  

Surface Organism Wavelengths of 
Strongest Spectral 
Feature [µm] 

Maximum Change in 
Reflectance Factor (fΔR) 

Category 1 – Strong Spectral Break and Reflective in the NIR 
B. aurantiacum 0.52-0.58  0.53 
C. tepidum 0.82-0.86  1.17 
D. radiodurans 0.54-0.58 0.35 
H. salinarium 0.56-0.70 2.35 
M. luteus 0.49-0.510 0.21 
R. radiotolerans 0.56-0.60  0.21 
Conifers 0.69-0.76 6.96 
Category 2 – Gradual Rise into the NIR 
J. lividum 0.70-0.80  1.88 
P. inhibens - - 
S. Marscensas 0.44-0.46 0.05 
Category 3 – Strong Features in Visible and Absorptive in NIR 
R. sphaeroides 0.54-0.57 0.53 
R. palustris 0.54-0.57 0.60 

 
 

Table Details: The strengths of surface spectral reflectance features from pigmented organisms 

as seen through an Earth-like atmosphere. See Section 6.4.1 for a description of the 1D synthetic 

spectra. 
 

 Figure 6.6 shows the resulting top-of-atmosphere spectral reflectivity for cases of planets 

with Earth atmospheres and underlying surfaces dominated by kaolinite soil, basaltic loam, 

gypsum, limestone, halite, snow, ocean water, conifer forest, grass, bacterial mat, red algae 

coated water, and a halophile-dominated saltern evaporation pond (surface spectral reflectances 

shown in Figure 6.4). These spectra are presented to show the best-case scenario for detection of 

that surface type through an Earth-like atmosphere. Figure 6.7 shows, for direct comparison, the 

spectra of the conifer forest, halophile salt pond, and ocean case from Figure 6.6.   The red-edge 

feature of the forest case is apparent through the cloud-free atmosphere. The spectrum from the 

halophile salt pond case preserves the ~0.68 µm spectral reflectance peak (a 40% increase from a 
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local minimum at 0.57 µm) and is much more reflective, by a factor of ~3, than the ocean case 

from 0.6-0.7 µm.  

 

 

Figure 6.6. Resulting top-of-atmosphere spectral reflectivity of planets dominated by the abiotic 

and biotic surfaces described in Section 6.3.2 and whose spectral reflectances are shown in 

Figure 6.4. The average solar zenith angle is assumed to be 60°. The reflectivity is calculated as 

the modeled top-of-atmosphere spectral irradiance divided by the spectral irradiance of the Sun 

and not corrected for solar zenith angle. For the purpose of illustration, the spectra have been 

smoothed with a moving 5-point statistical mean. 
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Figure 6.7. Reflectivity spectra of the conifer forest, hypersaline pond, and ocean planet from 

Figure 6.6 are shown together for contrast. The dashed line brackets the wavelength region 

containing the largest feature seen in the reflectance spectrum of Halobacterium salinarum, 

which contains similar pigments to the biota in the San Francisco salt ponds. The dot-dash line 

corresponds to the local maximum reflectivity of the halophile salt pond at ~0.68 µm. For the 

purpose of illustration, the spectra have been smoothed with a moving 5-point statistical mean. 

 

6.5.2 3D model spectra with realistic clouds 

I present below the 3D Earth model synthetic spectra of the realistic Earth and the Earth with 

halophile-dominated oceans as described in Section 6.4.2. I provide the 24-hr diurnally averaged 

spectra in addition to a subset of the time-dependent longitudinally resolved spectra. 

 Figure 6.8 shows the phase-corrected spectral albedo of the modeled planet from 0.4-1.4 

µm. The diurnally averaged top-of-the-atmosphere spectral albedo of the “halophile planet” is up 

to a factor of two times more reflective than the realistic Earth case from 0.55-0.85 µm, and 

produces a characteristically different spectrum. The halophile Earth spectrum shows an increase 

in albedo of 25% from a local minimum at 0.5 µm to the reflectance peak at 0.68 µm, just 
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shortward of a water band.  The difference in albedo from the 3D halophile planet spectrum and 

the 1D halophile surface spectrum result both from the introduction of clouds and the inclusion 

of multiple surface types in the 3D model.  The local minimum in the Earth’s spectrum at ~0.6 

µm is the result of absorption from the broad Chappuis ozone band (0.5-0.7 µm).  However, in 

the halophile ocean planet spectrum, the minimum is instead seen at 0.5 µm due to the 

combination of increasing reflectivity with wavelength of the halophile pigments on the surface 

and the atmospheric absorption due to the ozone band. 

  

Figure 6.8. Diurnally averaged spectral albedos from the VPL 3D Earth model for March 18-19, 

2008, under a realistic scenario (blue) from Robinson et al. (2011) and a scenario that is identical 

with the exception that the spectral reflectance of the ocean surface has been replaced by the 

spectral reflectance of a pigmented halophile-dominated saltern pond from work by Dalton et al. 

(2009) (pink). Major gaseous absorption features are labeled. For the purpose of illustration, the 

spectra have been smoothed with a moving 20-point statistical mean. 
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 Figure 6.9 shows the spectral albedo of the disk-averaged “halophile planet” at disk 

views with sub spacecraft longitudes of 160° W and 20° E. These correspond to times when the 

planet is dominated by the Pacific Ocean (160° W) and the African and parts of the European 

and Asian continents (20° E). Unsurprisingly, the nonphotosynthetic halophile pigmentation is 

more detectible when it constitutes a larger fraction of the surface. The halophile-dominated 

ocean is more reflective at most visible wavelengths than the continents, which is the opposite of 

modern Earth’s spectral contrast between land and ocean. The magnitude of this change at 0.68 

µm is ~13%.  In near-infrared wavelengths, the land is more reflective than the halophile-

dominated ocean, which is similar to Earth’s ocean and land contrast. These effects would 

combine to produce unique spectral and time dependent behavior as a function of rotational 

phase.   This heterogeneity would allow the use of time-dependent broadband colors to 

determine the planetary rotation period and reconstruction of the longitudinal land distribution 

(Cowan et al. 2011; Cowan et al. 2009; Cowan & Strait 2013).  
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Figure 6.9. Spectra from the halophile ocean version of the Earth model at two discrete sub-

observer longitudes: 160° W (over the Pacific Ocean) and 20° E (centered over the African 

Continent and Eurasia). Note the difference in the reflectance peak at ~0.68 µm produced by the 

halophiles’ carotenoid pigments suspended in water. Insets were generated with the Earth Moon 

Viewer (http://www.fourmilab.ch/earthview/). For the purpose of illustration, the spectra have 

been smoothed with a moving 20-point statistical mean. 

 

6.6 BROADBAND COLOR CALCULATIONS AND RESULTS 

Broadband colors were calculated to investigate their usefulness in identifying exoplanet surface 

types via astronomical observations and to search for possible patterns when comparing the 

colors produced by biotic or abiotic surfaces.  I show and compare broadband colors with and 

without effects from an overlying atmosphere. Broadband color in this context is the difference 

in brightness between two bands. In astronomical observations, this is reported as a logarithm. 

To compare two bands X and Y, the following equation is used: 

 𝐶!" = 𝑋 − 𝑌 = −2.5 ∗ log!" (!!
!!
)   (6.4) 
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where rX is the reflectivity in band X and rY is the reflectivity in band Y. I define reflectivity here 

as the irradiance from the planet in a given band divided by the irradiance of the incident solar 

spectrum. Typically in astronomical observations color is a difference in observed flux between 

bands, which will vary as a function of the host star’s spectrum when the flux from the target 

object is composed of reflected light from the star. Here, reflectivity is used only in calculating 

broadband colors and assume that the host star’s spectrum, which will be known, has been 

divided out of the observed planet flux. I first calculate broadband colors of the experimentally 

measured reflectance spectra shown in Figure 6.3 and the biotic and abiotic surfaces from 

spectral libraries shown in Figure 6.4, neglecting the effects from atmospheric absorption and 

scattering. Colors and then calculating using the simulated spectra that account for the effects of 

viewing a surface through a planetary atmosphere (Figures 6.5, 6.6, and 6.8). I define three 

bands: B*= Blue= 0.4-0.5 µm, V*= Visible= 0.5-0.7 µm, and I*= Infrared= 0.7-0.85 µm. These 

bands are modeled after the Johnson-Cousins BVI bands, but differ in that they have perfect 

transmission through the entire idealized filter band-pass for comparison with other studies of 

broadband colors of planetary surfaces (e.g., Hegde & Kaltenegger 2013). The infrared band 

additionally has a smaller width and terminates at a shorter wavelength (0.85 µm vs. ~0.9 µm) 

due to limitations on our measurements from the Ocean Optics spectrometer.  

6.6.1 Broadband colors of pigmented surfaces without atmospheric effects 

A color-color plot of the idealized broadband colors of the spectra shown in Figure 6.3 is shown 

in Figure 6.10. These surface-only colors could be considered “no atmosphere” scenarios or 

cases where the effects of the atmosphere have been perfectly removed.  The colors occupy a 

wide range in color-color space with the scatter meeting or exceeding that for abiotic surface 

types shown here, though seawater, red algae water (from the USGS spectral library), and the 
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conifer forest present clear outliers. The forest presents a stronger red edge than grass or a 

bacterial mat, giving it a redder B*-I* index.  

 
 

 

Figure 6.10. Color-color plot of pigmented microorganisms from this work and biotic and abiotic 

surfaces from spectral databases. Triangles represent colors of organisms derived from 

reflectance spectra measured for this work; squares are abiotic reflectances from spectra taken 

from the USGS spectral library (Clark et al. 2007); circles are biotic reflectances from the USGS 

spectral library or the ASTER spectral library (Baldridge et al. 2009). 

6.6.2 Broadband colors of pigmented surfaces as seen through an atmosphere 

Figure 6.11 shows the broadband colors of abiotic and biological surfaces from the USGS and 

ASTER spectral libraries, and colors resulting from the normalized spectral reflectivities or 

albedos of the 1D and 3D spectral models. The colors of the 1D (no clouds) and 3D 

(heterogeneous surface and clouds) model spectra include the effects of scattering and absorption 

in the atmosphere, while the two 3D model spectral colors additionally include the effects of 

realistic clouds. As expected, the effect of Rayleigh scattering makes the colors of the clear sky 

spectra almost uniformly bluer. Red algae water, basaltic loam, and trees, apparent outliers when 
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considering only the surface reflectance function in the color calculation, begin to populate 

similar areas in B*-V* vs. B*-I* color space when the effects of scattering in a planetary 

atmosphere are included.  The presence of an atmosphere therefore reduces the spread in the 

distribution of surface colors. This is consistent with work by (Sanromá et al. 2013), which 

included fewer surface types in their analysis but noted a similar trend. For the two cases where 

heterogeneous surface distributions are assumed and cloud cover is included, that is, the ocean-

dominated realistic Earth case and the halophile-dominated oceans case, colors are redder than 

the 1D clear sky cases, but still bluer than seen for the airless, pure surface spectra cases.  This 

reddening in comparison to the clear sky cases is due to the effects of clouds, which truncate the 

atmospheric column, thereby decreasing Rayleigh scattering, while also behaving as gray 

scatterers.  

 

Figure 6.11. Color-color plot comparing the normalized colors of lifeless surfaces (squares), 

pigmented biological surfaces (circles), these surfaces under an earth-like cloudless atmosphere 

(diamonds), and two cases that are diurnal averages of a heterogeneous planet with realistic 

clouds (asterisks). Arrows are drawn from the colors with no radiative effects from the 

atmosphere included, to the colors including effects from the atmosphere. 
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 In Figure 6.12, I show the broadband colors of the simulated planet spectra with the 

experimentally measured surfaces viewed through an Earth-like atmosphere (from Figures 6.5 

and 6.6). Similar to the cases shown for Figure 6.11, the colors become bluer with the addition of 

spectral effects from the atmosphere.  

 

 

Figure 6.12. Color-color plot comparing the normalized colors of experimentally measured 

microbial spectral reflectances (triangles, non-italicized text labels) and those of surfaces 

dominated by these pigmented organisms under an Earth-like cloudless atmosphere (diamonds, 

italicized text labels). Note that the colors for pigmented microbial surfaces shown here are the 

same for Figure 6.10, but the axis limits are different to accommodate the spectral model colors. 

 

6.7 DISCUSSION 

In this study, I explored non-photosynthetic pigments as potential biosignatures and found that 

non-photosynthetic organisms display a rich diversity of spectral features. Within the example 

set of non-photosynthetic organisms investigated in this work, significant spectral breaks 

(>~10% change in reflectance) are found throughout the visible spectrum from 0.44 to 0.7 µm. In 
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contrast, Kiang et al. (2007a) showed that red-edge breaks for photosynthetic vascular plants, 

lichens, moss, algae, and seagrass clustered between 0.69-0.73 µm. Additionally, I find that for 

some visibly pigmented organisms, such as Phaeobacter inhibens, no significant spectral-break 

features are present.  

6.7.1 Challenges in identifying biological reflectance spectra signatures 

It is shown here that pigmented organisms do not occupy a unique region of visible broadband 

color-color space and that the broadband colors of biological and abiotic surfaces are altered 

significantly when viewed through a planetary atmosphere. Previous work has been done to 

calculate the visible broadband colors of biotic and abiotic surfaces, but that work did not include 

the effects of an overlying atmosphere (Hegde & Kaltenegger 2013).   The atmosphere’s effect 

on the observed colors is due primarily to Rayleigh scattering, which drives colors to bluer 

regions of color-color space, although absorption from water vapor and ozone also modify the 

colors inferred from the surface alone. A planet dominated by even a single surface type could 

exhibit a variety of broadband colors depending on the overlying atmosphere’s level of Rayleigh 

scattering and cloud cover.  Rayleigh scattering is modulated by the thickness of the atmospheric 

column, and may be difficult to determine, as some atmospheric and surface absorbing species 

can mask the presence of Rayleigh scattering even for planets with substantial atmospheres 

(Crow et al. 2010).  Realistically, planets will have a variety of surface types, atmospheric 

compositions and masses, and cloud composition and fractional coverage. The observed colors 

will therefore be highly degenerate, with similar colors being produced by a large variety of 

possible planetary environments.  

 The surface reflection signal of any possible surface biota will also be a component of a 

larger, complex planetary environment, which will have its own effects on the reflectance 
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spectrum. This will make attributing specific spectral features to life implausible without 

information about the planetary context. If the dominant pigments for the organisms are non-

photosynthetic, there is a large range of possible wavelengths where significant spectral features 

may appear. Analogs of the VRE may be predicted based on the wavelength for the peak photon-

flux at the planetary surface if the incident stellar spectrum and the planetary atmospheric 

parameters are well known (Kiang et al. 2007a,b). However, if the most widespread or detectable 

surface organisms are not photosynthetic, then the strongest spectral breaks may not be at the 

predicted wavelengths. Even many anoxygenic photosynthesizers on Earth do not have spectral 

breaks near 0.7 µm due to bacteriochlorophylls that absorb at longer wavelengths (Hohmann-

Marriott & Blankenship 2012). For this reason, and due to possible degeneracies with other 

planetary properties, a few pre-selected narrowband filters would not be able to distinguish 

between the vast diversity of possible features, and the best discrimination of the source of the 

surface reflectivity would likely require an evaluation of the whole visible spectrum with 

spectrally resolved data.  

 Examination of the planetary context could also rule out some of the false positive 

possibilities for biological surface reflectance features. For example, the minerals, such as sulfur 

compounds, that have been posited as a possible false positive for the VRE (Seager, E.L. Turner, 

et al. 2005) are much brighter at near-infrared wavelengths than water (Clark et al. 2007; 

Baldridge et al. 2009). Therefore, if a larger spectral range is accessible, it may be possible to 

discriminate minerals from pigments suspended in water, as the latter will show much lower 

albedos at near-infrared wavelengths because of absorption from the overlying water.  
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6.7.2 Plausibility of widespread environments conducive to nonphotosynthetic life 

Pigmented non-photosynthetic organisms inhabit environments on Earth that could exist on other 

habitable terrestrial planets.  An example of this type of environment is hypersaline ponds, 

whose spectral reflectances are often dominated by non-photosynthetic pigmented halophiles. 

The “halophile planet” modeled in this study is a best-case scenario for a planet that possesses 

significant coverage of non-photosynthetic pigments, although it is plausible that similar 

environments may exist on terrestrial planets with the right conditions. For example, high-

salinity environments may be more extensive on a planet with shallower oceans, or different 

weathering rates (Pierrehumbert 2010). The high salinity environment is hostile to many 

potential grazers, and the resulting lack of predation allows the microbial inhabitants of high-salt 

ponds to exist at high densities even with low levels of primary productivity (Oren 2009). The 

same type of scenario is observed in high temperature hot springs, where thermophilic bacteria 

can grow into biofilms in part because they face little to no predation. Other “extreme” 

environmental conditions, such as an anoxic atmosphere, may also preclude macroscopic 

grazers, as was the case on Earth before the origin of animals ~575 Myr ago (Narbonne 2005). 

The suppression of predation due to lack of oxygen could potentially allow for a much larger - 

and therefore more detectable - steady state biomass, without requiring extremes in salinity or 

temperature. (And note that a lack of oxygen does not necessarily imply a lack of photosynthesis 

and therefore low primary productivity Anoxygenic photosynthesis is potentially very productive 

given an adequate source of appropriate reductants. Also, existence of oxygenic photosynthesis 

does not immediately lead to the buildup of oxygen in the atmosphere (Kump 2008; Lyons et al. 

2014).)  
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6.7.3 Remote detectability of non-photosynthetic life with spectrally resolved data 

In contrast to information from broadband filters, spectrally resolved data is sensitive to 

reflectance features, such as spectral breaks, that may be indicative of surface life, such as 

photosynthetic analogs to the VRE or the non-photosynthetic organisms included in this study. 

The reflective pigments of non-photosynthetic organisms suspended in water may be 

distinguished from abiotic features by examining the spectral shape of the feature and 

determining the environmental context from the full spectrum; for example, by detecting strong 

water vapor or searching for ocean glint (Williams & Gaidos 2008; Robinson et al. 2010, 2014).  

Glint that is spatially correlated with the observed pigment signature (using a mapping technique 

such as that described in Cowan et al. 2009) would argue for co-location on the planetary 

surface. 

 For an environment hosting wide-spread nonphotosynthetic pigmented halophilic 

organisms, the 3D spectral model spectra presented here predicts a characteristic spectral feature, 

and a time-varying signal in the disk-averaged spectrum that is potentially several times larger 

than that posited for the vegetation red edge.   The VRE signal on Earth has been quantified from 

Earthshine data as the time-dependent fractional change in albedo at 0.7 µm due to the changing 

proportion of vegetation in the disk-view of the planet (Montanes-Rodriguez et al. 2006). The 

VRE signal defined in this way is a ~2% effect, though this quantification is dependent on the 

viewing geometry of the planet and would have varied through geological time (Arnold et al. 

2009). In contrast, a shallow ocean populated by a significant density of pigmented halophiles 

could produce a maximum 13% time-variable signal at 0.68 µm, assuming the modern Earth’s 

continental arrangement. The photometric variability due to changes in the proportional coverage 

of the visible planetary disk has been considered in other model scenarios as a method to 
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distinguish biological surfaces from abiotic ones (Sanromá et al. 2013, 2014). The increasing 

variability with wavelength of the amplitude of the infrared albedo modeled for the Archean 

Earth with different fractional coverage of anoxygenic photosynthetic purple bacteria (Sanromá 

et al. 2014) is due to the high reflectivity of purple bacteria at near infrared wavelengths (~1.1 

µm). In contrast, the pigmented organisms found in the salt ponds are more reflective at visible 

wavelengths, and a planet populated with them would instead exhibit the greatest difference in 

spectral albedo between ocean and land in the visible portion of the spectrum. 

6.7.4 Future implications 

Near-future space-based direct-imaging telescopes are currently being designed that can probe 

the spectral surface reflectance of planets in the habitable zones of their stars. Because some of 

these telescopes designs, such as Exo-S and Exo-C, have relatively small apertures (≤ 1.4 m), 

they will not be able to observe wavelengths as long as those of the photosynthetic red-edge 

feature for planets in the habitable zones of all but the nearest stars (Stapelfeldt et al. 2014; 

Seager et al. 2014). This results from the relationship between telescope diameter, inner working 

angle, and spectral range. Even for instruments with spectral ranges that extend over the entire 

astronomical visible wavelength range (0.4-1.0 µm), a significant portion of range will be 

excluded for many targets depending on their distance from Earth and consequently whether 

their habitable zones are accessible given the inner working angle requirements for those 

wavelengths.  In the case of long wavelength cutoffs shorter than 0.7 µm, which also excludes 

the strongest O2 and CH4 spectral features, surface reflectance biosignatures shortward of the 

traditional VRE (such as those shown in this paper) may be the only plausibly accessible class of 

biosignature. However, space based telescope concepts currently being developed have much 

larger telescope diameters, up to 10-16 meters. These include the AT-LAST, LUVOIR, HDST, 
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and HabEx concepts (Postman et al. 2010; Dalcanton et al. 2015; Rauscher et al. 2015; Swain et 

al. 2015). Such large space-based telescopes would have the capability to probe the spectra of 

many habitable zone planets throughout the visible wavelength range where surface pigments 

could produce detectable spectral features. As stated earlier, the determination of the biological 

origin of these spectral breaks will require a complete evaluation of the planetary context, 

including the presence or absence of gaseous habitability markers or biosignatures, to rule out 

potential false positives.  

6.8 SUMMARY 

In this chapter, I have examined the diversity of spectral features of organisms with 

nonphotosynthetic pigments using laboratory measurements. Using radiative transfer models of 

1D and 3D, planet-wide, spatially resolved spectra, I have shown that a nonphotosynthetic 

pigment can create a significant effect in the disk-averaged spectrum of a terrestrial planet, given 

adequate surface coverage.  I calculated broadband colors for a range of pigments and other 

biological and abiotic surface types in the visible wavelength range considering only their 

spectral reflectances, and for more realistic scenarios that included an overlying atmosphere and 

clouds.  While the resultant broadband colors are dependent on the nature of spectral reflectance 

of the surface – including those of any biologically produced pigments – it would not be feasible 

to make a definitive determination of surface type based on the broadband color alone. Higher-

resolution spectra would be far more informative, allowing observers to search for features such 

as line breaks or peaks that may indicate biological pigments. Highly reflective pigments 

suspended in water would possess a spectral reflectance that peaks in the visible spectrum, and 

would exhibit glint at small phase angles, possibly allowing an observer to distinguish between a 

nonphotosynthetic pigment biosignature and another reflective surface. This work has shown that 
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there is a diverse range of potential surface reflectance biosignatures beyond the commonly 

considered photosynthetic “red edge.” Nonphotosynthetic pigments with features in the UV-

visible range may be the only potential surface biosignature accessible for future exoplanet 

observations with long-wavelength cutoffs shortward of the traditional VRE.  

 

  



Chapter 7. CONCLUSIONS  

In the coming years and decades humanity will have its first opportunity to survey the 

atmospheres of planets in nearby systems for signs of habitability and life. Within the lifetimes 

of the majority of those alive today, we will know whether life is common or extremely rare in 

the universe. To make these determinations will require the spectral investigation terrestrial 

planetary atmospheres and surfaces for signatures of liquid water and life. The ability to 

accurately interpret this information is paramount. The James Webb Space Telescope will 

provide the first opportunity to spectrally probe a small handful of worlds for signs of 

habitability. In depth characterization of habitable zone words will be made by future space 

telescopes, such as the LUVOIR and HabEx Surveyors, and extremely large ground based 

telescopes (~30 m) coming online in the 2020s. To inform the design of these instruments and 

the implementation of a coherent biosignatures strategy, the potential detectability of proposed 

biosignatures must be investigated, and approaches to mitigate against the potential for “false 

positives” must be formulated. This dissertation advances these areas in key ways by 1) creating 

a high fidelity, high cadence spectral Earth data base that includes spectral effects, useful as 

input to instrument and retrieval models, 2) demonstrating the detectability of N2, a likely 

significant component of habitable exoplanet atmospheres, through its CIA absorption in 

transmission and direct-imaging spectroscopy, 3) determining spectral indicators for abiotic O2 

production, including CO from CO2 photolysis and O4 from large amounts of O2 left behind by 

massive H-escape, and quantifying their detectability, and 4) investigating nonphotosynthetic 

pigments as additional surface reflectance signatures to be searched for as evidence of alien life 
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in addition to conventional signatures like the vegetation red edge. I include summaries of these 

findings below.  

7.1 SUMMARY OF FINDINGS 

 In chapter 3 I presented the VPL Spectral Earth Database. The database includes disk-

averaged spectra (0.1 – 200 µm) of the Earth as seen from the Moon during an entire synodic 

month at one-hour cadence. The effects of Earth’s surface inhomogeneity, cloud variability, 

spatial temperature gradients, obliquity, phase-dependent absorption and scattering effects, and 

rotation were included in the model. I described the main characteristics of the spectra including 

the effects of phase on the spectral features and overall spectral shape in the visible, NIR, and 

MIR spectral regions. I calculated UBVRIJHK absolute magnitudes and colors from this dataset 

and describe their time-dependent behavior. Future applications of this data set include use as 

input to space telescope instrument models, data model comparisons using data from 

interplanetary space craft, accurate modeling of Earthshine radiation in permanently shadowed 

lunar craters, and test cases for developing spectral retrieval models.   

 In chapter 4 I demonstrated the detectability of N2 in Earth’s disk-averaged spectrum and 

quantified its detectability in direct-imaging and transmission spectra for both N2-H2O-CO2 and 

N2-H2 atmospheres. Using data model comparisons of spectra data form the EPOXI mission with 

synthetic spectra from the VPL spectral Earth model, I showed that (N2)2 is detectable in disk-

integrated observations of the Earth from interplanetary spacecraft, creating a ~35% effect on the 

spectrum of the Earth at 4.15 µm. This significant because N2 has often been presumed to be a 

spectrally inactive molecule with no potentially detectable absorption features, though detecting 

(N2)2 will still be difficult due to the low planetary flux at its spectrally active wavelengths.  I 

calculated the strength of the (N2)2 collisional pair on the combined emission and reflection 
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spectra of self-consistent N2-H2O-CO2 atmospheres and find a strong spectral response for N2 

abundances greater than 0.5 bar.  A detectable amount of N2 would imply surface pressures high 

enough to support liquid water. Additionally, recent studies indicate that significant abundances 

of both N2 with O2 together are a stronger and more unambiguous biosignature than O2 alone. In 

transmission observations of planets orbiting in the habitable zones of late type stars, I find that 

(N2)2 absorption could produce transmission depths of 8-10 ppm at 4.1 µm. I find transit 

transmission depths several factors larger, up to 50 ppm, for N2-H2 atmospheres with larger scale 

heights.  I demonstrated that for both direct imaging and transit transmission spectroscopy, (N2)2 

could significantly widen the width of the 4.3 µm CO2 band in thick N2 atmospheres. The 

detection of N2 would provide critical contextual information about planetary atmospheres and 

may be relevant to future exoplanet observing missions.  This work also supports the conclusion 

that N2 and O2 together a strong, detectable biosignature pair.  

 In chapter 5 I showed that recently proposed mechanisms for developing abiotic O2/O3 in 

terrestrial exoplanet atmospheres would produce spectral discriminators that are potentially 

identifiable with future telescope observations. These discriminants are more detectable than 

O2 or O3 in transmission observations with JWST. CO seen at 2.35 µm or 4.6 µm with CO2 at 2 

or 4.3 µm would indicate robust CO2 photolysis and suggest a high likelihood of abiotic 

O2/O3 generation. I find that CO in a realistic exoplanet atmosphere orbiting a late type star 

could be seen with a S/N > 3 at 2.35 µm in JWST-NIRISS with as few as 10 transits. O4 bands 

seen in transmission or direct-imaging can be diagnostic of high-O2 post-runaway atmospheres 

that have experienced a history of H-escape. The 1.06 and 1.27 µm O4 bands in a massive, O2-

dominated atmosphere without high-altitude aerosols would be potentially detectable with a 

S/N ≳ 3 with as few as 10 transits with JWST-NIRISS, assuming photon-limited noise. LUVOIR 
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would be able to detect visible and near-infrared O4 bands (at 0.345, 0.36, 0.38, 0.445, 0.475, 

0.53, 0.57, and 0.63 µm, 1.06, and 1.27 µm) in the spectra of high-O2 planets orbiting in the HZ 

of the nearest late type stars with integration times of order ten hours or less. The detection of 

these strong O4 bands would indicate an O2 atmosphere too massive to have been biologically 

produced. Taken together these proposed spectral discriminants against “biosignature impostors” 

provide strategies that will assist us in identifying true evidence for photosynthetic life beyond 

the solar system.   

 In chapter 6, I examined the diversity of spectral features of organisms with 

nonphotosynthetic pigments using laboratory measurements. Using radiative transfer models of 

1D and 3D, planet-wide, spatially resolved spectra, I showed that a nonphotosynthetic pigment 

can create a significant effect in the disk-averaged spectrum of a terrestrial planet, given 

adequate surface coverage.  I calculated broadband colors for a range of pigments and other 

biological and abiotic surface types in the visible wavelength range considering only their 

spectral reflectances, and for more realistic scenarios that included an overlying atmosphere and 

clouds. Highly reflective pigments suspended in water would possess a spectral reflectance that 

peaks in the visible spectrum, and would exhibit glint at small phase angles, possibly allowing an 

observer to distinguish between a nonphotosynthetic pigment biosignature and another reflective 

surface. This work has shown that there is a diverse range of potential surface reflectance 

biosignatures beyond the commonly considered vegetation “red edge.” Suggestive surface 

features, in conjunction with gaseous biosignatures, would provide stronger evidence that a 

planet is inhabited than gaseous biosignatures alone.  
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7.2 FUTURE WORK 

As noted in Chapter 1, the “Earth-based” approach to biosignature investigation has several 

advantages over more exotic and hypothetical approaches, including the certainty that the 

candidate gases (or surface features) are produced by life and potentially detectable. While 

modern Earth is currently our only example of a habitable and inhabited planet, our world has 

maintained many stable (bio)geochemical states throughout its history and would have appeared 

quite differently to a remote observer at various points in its planetary evolution. For example, a 

planet in an intermediate redox state, such as Earth during portions of the Proterozoic eon (0.5 – 

2.5 Ga), could have contained simultaneously large and detectable quantities of both oxidized 

and reduced gases (such as O2/O3 and CH4), representing perhaps the most detectable type of 

biosphere in the universe due to the inferable presence of chemical disequilibrium (Meadows 

2006; Kaltenegger et al. 2007). Conversely, recent work (e.g., Planavsky et al. 2014; Lyons et al. 

2014) suggests the possibility of very low levels of O2 and CH4 during this period and thus a 

feasible ‘false negative’ scenario despite the presence of oceans beneath that atmosphere that 

were teeming with life (primary production of oxygenic photosynthesis was high despite the low 

O2 concentrations). This potentially provides a strong contrast to the potential “false positive” 

scenarios outlined in Section 1.4 and Chapter 5. However, other known biosignature gases such 

as N2O, CH3Cl, and organosulfur gases DMS and DMDS would likely be linked to oxygenic 

photosynthesis through the total primary productivity of the biosphere and would potentially 

build up to detectable levels depending on the chemical state of the surface and atmosphere.  

Knowledge of the Earth’s characteristics in deep time is often difficult, but we are 

afforded far more knowledge about the young Earth than we will be able to obtain about the 

current state of most if not all exoplanets. There is therefore a need for a systemized study of the 
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suite of habitable and detectable environments informed by Earth’s early chapters, which 

requires broadly interdisciplinary knowledge of geology, geochemistry, climatology, 

photochemistry, spectroscopy, and radiative transfer. By studying the Earth over time we can 

create a robust library of planetary templates to be searched for elsewhere and mitigate against 

“false positive” and “false negative” scenarios, increasing our confidence about our search for 

life outside of our solar system.  

 The tools used in this dissertation can be brought to bear on the problem by linking them 

to results from geochemical proxies for the atmospheric composition of the early Earth, and to 

models that can determine self-consistent fluxes from plausible biogeochemical systems. An 

example of the latter is the “Grid ENabled Integrated Earth system model” (GENIE) (Ridgwell et 

al. 2007). GENIE can be used to estimate the flux of biogenic gases from a photosynthetically 

active ocean, tracing the flux of gases such as O2, CH4, and N2O. The results of GENIE can be 

linked to the photochemical-climate model (Atmos) to evaluate the impact of biogeochemical 

assumptions on the composition and climate of the early atmosphere. Inversely, the geologic 

record can provide constraints on those parameters that can then be translated to required fluxes 

and/or sinks using the photochemical model. Once these results are obtained, they can be 

iteratively applied to planets with varying types of stellar hosts or other planetary parameters -- 

which should change both the expected concentration of gases and their relative detectability -- 

and convolved with radiative transfer and instrument models. This would allow a comprehensive 

predictive analysis of biosignature detectability with planetary system models that self-consistent 

link geological, biology, photochemistry, and radiative transfer considerations. The planetary 

states need not exactly match the Earth’s actual geological history, but be plausible planetary 

states based on physical, chemical, and biological constraints. Figure 7.1 provides an illustration 
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of this proposed scheme.  The pursuit of this type of study would help prepare us to interpret the 

range of terrestrial habitable zone planets that will be characterized with ground and space-based 

telescopes in the coming years and decades.   

 

 

  

Figure 7.1. Schematic diagram of the inputs, models, and outputs described in Section 7.2 of the 

text. Inputs to models are in red/orange, models are in green, and model outputs are in purple. 

Intermediate model outputs are in blue.  
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ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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APPENDIX A 
 

Table A.1 Full Earth-Lunar Observing Table 

ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
0 0.5 147.12 8 331.3 13.1 182 -0.5 383.7 
1 0.54 147.62 7.8 316.8 12.9 167 -0.5 383.8 
2 0.58 148.13 7.5 302.2 12.6 152 -0.5 384 
3 0.62 148.63 7.3 287.7 12.4 136.9 -0.4 384.1 
4 0.67 149.13 7.1 273.2 12.2 122 -0.4 384.3 
5 0.71 149.63 6.9 258.6 11.9 107 -0.4 384.4 
6 0.75 150.13 6.6 244.1 11.7 91.9 -0.4 384.5 
7 0.79 150.63 6.4 229.5 11.5 76.9 -0.4 384.7 
8 0.83 151.14 6.2 215 11.2 61.9 -0.4 384.8 
9 0.88 151.64 6 200.5 11 46.9 -0.3 384.9 
10 0.92 152.13 5.8 185.9 10.7 31.9 -0.3 385.1 
11 0.96 152.63 5.6 171.4 10.5 16.9 -0.3 385.2 
12 1 153.13 5.4 156.8 10.3 1.9 -0.3 385.4 
13 1.04 153.63 5.2 142.3 10 346.9 -0.3 385.5 
14 1.08 154.13 5 127.7 9.8 331.9 -0.3 385.6 
15 1.12 154.63 4.8 113.2 9.5 316.9 -0.2 385.8 
16 1.17 155.12 4.6 98.6 9.3 301.9 -0.2 385.9 
17 1.21 155.62 4.5 84.1 9.1 286.9 -0.2 386.1 
18 1.25 156.11 4.3 69.5 8.8 271.9 -0.2 386.2 
19 1.29 156.61 4.1 55 8.6 256.9 -0.2 386.4 
20 1.33 157.1 3.9 40.4 8.3 241.9 -0.2 386.5 
21 1.38 157.6 3.8 25.9 8.1 226.9 -0.1 386.6 
22 1.42 158.09 3.6 11.3 7.8 211.9 -0.1 386.8 
23 1.46 158.58 3.5 356.7 7.6 196.9 -0.1 386.9 
24 1.5 159.08 3.3 342.2 7.3 181.9 -0.1 387.1 
25 1.54 159.57 3.1 327.6 7.1 166.9 -0.1 387.2 
26 1.58 160.06 3 313.1 6.8 151.9 -0.1 387.3 
27 1.62 160.55 2.9 298.5 6.6 136.9 -0.1 387.5 
28 1.67 161.04 2.7 284 6.3 121.9 0 387.6 
29 1.71 161.53 2.6 269.4 6.1 106.9 0 387.8 
30 1.75 162.02 2.4 254.8 5.8 91.9 0 387.9 
31 1.79 162.51 2.3 240.3 5.6 76.9 0 388 
32 1.83 162.99 2.2 225.7 5.3 61.9 0 388.2 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
33 1.88 163.48 2.1 211.1 5.1 46.9 0.1 388.3 
34 1.92 163.97 1.9 196.6 4.9 31.9 0.1 388.5 
35 1.96 164.45 1.8 182 4.6 16.9 0.1 388.6 
36 2 164.93 1.7 167.4 4.4 1.9 0.1 388.7 
37 2.04 165.42 1.6 152.9 4.1 346.9 0.1 388.9 
38 2.08 165.9 1.5 138.3 3.9 331.8 0.1 389 
39 2.12 166.38 1.4 123.7 3.6 316.8 0.1 389.2 
40 2.17 166.86 1.3 109.2 3.4 301.8 0.2 389.3 
41 2.21 167.34 1.2 94.6 3.1 286.8 0.2 389.5 
42 2.25 167.81 1.1 80 2.9 271.8 0.2 389.6 
43 2.29 168.29 1 65.5 2.6 256.8 0.2 389.7 
44 2.33 168.76 1 50.9 2.4 241.8 0.2 389.9 
45 2.38 169.23 0.9 36.3 2.1 226.8 0.2 390 
46 2.42 169.7 0.8 21.7 1.9 211.8 0.3 390.2 
47 2.46 170.17 0.7 7.2 1.6 196.8 0.3 390.3 
48 2.5 170.64 0.7 352.6 1.4 181.8 0.3 390.4 
49 2.54 171.1 0.6 338 1.1 166.8 0.3 390.6 
50 2.58 171.56 0.5 323.5 0.9 151.8 0.3 390.7 
51 2.62 172.01 0.5 308.9 0.6 136.8 0.3 390.9 
52 2.67 172.47 0.4 294.3 0.4 121.8 0.4 391 
53 2.71 172.91 0.4 279.7 0.1 106.8 0.4 391.1 
54 2.75 173.35 0.3 265.2 -0.1 91.8 0.4 391.3 
55 2.79 173.78 0.3 250.6 -0.4 76.8 0.4 391.4 
56 2.83 174.21 0.3 236 -0.6 61.8 0.4 391.6 
57 2.88 174.62 0.2 221.4 -0.9 46.8 0.5 391.7 
58 2.92 175.02 0.2 206.9 -1.1 31.8 0.5 391.8 
59 2.96 175.4 0.2 192.3 -1.4 16.8 0.5 392 
60 3 175.77 0.1 177.7 -1.6 1.8 0.5 392.1 
61 3.04 176.1 0.1 163.1 -1.9 346.8 0.5 392.3 
62 3.08 176.4 0.1 148.5 -2.1 331.8 0.5 392.4 
63 3.12 176.66 0.1 134 -2.4 316.8 0.6 392.5 
64 3.17 176.87 0.1 119.4 -2.6 301.8 0.6 392.7 
65 3.21 177.01 0.1 104.8 -2.9 286.8 0.6 392.8 
66 3.25 177.07 0.1 90.2 -3.1 271.8 0.6 392.9 
67 3.29 177.06 0.1 75.7 -3.4 256.8 0.6 393.1 
68 3.33 176.97 0.1 61.1 -3.6 241.8 0.6 393.2 
69 3.38 176.81 0.1 46.5 -3.9 226.8 0.7 393.4 
70 3.42 176.59 0.1 31.9 -4.1 211.8 0.7 393.5 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
71 3.46 176.32 0.1 17.3 -4.3 196.7 0.7 393.6 
72 3.5 176.01 0.1 2.8 -4.6 181.7 0.7 393.8 
73 3.54 175.67 0.1 348.2 -4.8 166.7 0.7 393.9 
74 3.58 175.3 0.2 333.6 -5.1 151.7 0.7 394 
75 3.62 174.92 0.2 319 -5.3 136.7 0.8 394.2 
76 3.67 174.52 0.2 304.5 -5.6 121.7 0.8 394.3 
77 3.71 174.11 0.3 289.9 -5.8 106.7 0.8 394.4 
78 3.75 173.69 0.3 275.3 -6 91.7 0.8 394.6 
79 3.79 173.27 0.3 260.7 -6.3 76.7 0.8 394.7 
80 3.83 172.84 0.4 246.1 -6.5 61.7 0.8 394.8 
81 3.88 172.4 0.4 231.6 -6.8 46.7 0.8 395 
82 3.92 171.96 0.5 217 -7 31.7 0.9 395.1 
83 3.96 171.51 0.5 202.4 -7.2 16.7 0.9 395.2 
84 4 171.06 0.6 187.8 -7.5 1.7 0.9 395.4 
85 4.04 170.61 0.7 173.3 -7.7 346.7 0.9 395.5 
86 4.08 170.16 0.7 158.7 -7.9 331.7 0.9 395.6 
87 4.12 169.71 0.8 144.1 -8.2 316.7 0.9 395.7 
88 4.17 169.25 0.9 129.5 -8.4 301.7 1 395.9 
89 4.21 168.79 1 115 -8.6 286.7 1 396 
90 4.25 168.34 1 100.4 -8.9 271.7 1 396.1 
91 4.29 167.88 1.1 85.8 -9.1 256.7 1 396.3 
92 4.33 167.42 1.2 71.2 -9.3 241.7 1 396.4 
93 4.38 166.96 1.3 56.7 -9.6 226.7 1.1 396.5 
94 4.42 166.5 1.4 42.1 -9.8 211.7 1.1 396.6 
95 4.46 166.04 1.5 27.5 -10 196.7 1.1 396.8 
96 4.5 165.58 1.6 12.9 -10.2 181.7 1.1 396.9 
97 4.54 165.12 1.7 358.4 -10.5 166.7 1.1 397 
98 4.58 164.65 1.8 343.8 -10.7 151.7 1.1 397.1 
99 4.62 164.19 1.9 329.2 -10.9 136.7 1.1 397.3 

100 4.67 163.73 2 314.6 -11.2 121.7 1.2 397.4 
101 4.71 163.27 2.1 300.1 -11.4 106.7 1.2 397.5 
102 4.75 162.81 2.2 285.5 -11.6 91.6 1.2 397.6 
103 4.79 162.34 2.4 270.9 -11.8 76.6 1.2 397.7 
104 4.83 161.88 2.5 256.4 -12 61.6 1.2 397.9 
105 4.88 161.42 2.6 241.8 -12.3 46.6 1.2 398 
106 4.92 160.96 2.7 227.2 -12.5 31.6 1.3 398.1 
107 4.96 160.5 2.9 212.6 -12.7 16.6 1.3 398.2 
108 5 160.03 3 198.1 -12.9 1.6 1.3 398.3 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
109 5.04 159.57 3.1 183.5 -13.1 346.6 1.3 398.4 
110 5.08 159.11 3.3 168.9 -13.3 331.6 1.3 398.5 
111 5.12 158.65 3.4 154.4 -13.6 316.6 1.3 398.7 
112 5.17 158.19 3.6 139.8 -13.8 301.6 1.4 398.8 
113 5.21 157.72 3.7 125.2 -14 286.6 1.4 398.9 
114 5.25 157.26 3.9 110.7 -14.2 271.6 1.4 399 
115 5.29 156.8 4 96.1 -14.4 256.6 1.4 399.1 
116 5.33 156.34 4.2 81.5 -14.6 241.6 1.4 399.2 
117 5.38 155.88 4.4 67 -14.8 226.6 1.4 399.3 
118 5.42 155.42 4.5 52.4 -15 211.6 1.5 399.4 
119 5.46 154.96 4.7 37.9 -15.2 196.6 1.5 399.5 
120 5.5 154.5 4.9 23.3 -15.4 181.6 1.5 399.6 
121 5.54 154.04 5 8.7 -15.6 166.6 1.5 399.7 
122 5.58 153.58 5.2 354.2 -15.8 151.6 1.5 399.8 
123 5.62 153.12 5.4 339.6 -16 136.6 1.5 399.9 
124 5.67 152.66 5.6 325.1 -16.2 121.6 1.6 400 
125 5.71 152.2 5.8 310.5 -16.4 106.6 1.6 400.1 
126 5.75 151.74 6 295.9 -16.6 91.6 1.6 400.2 
127 5.79 151.28 6.2 281.4 -16.8 76.6 1.6 400.3 
128 5.83 150.82 6.3 266.8 -17 61.6 1.6 400.4 
129 5.88 150.36 6.5 252.3 -17.2 46.6 1.6 400.5 
130 5.92 149.9 6.7 237.7 -17.4 31.6 1.7 400.6 
131 5.96 149.45 6.9 223.2 -17.6 16.6 1.7 400.7 
132 6 148.99 7.2 208.6 -17.8 1.6 1.7 400.8 
133 6.04 148.53 7.4 194.1 -18 346.6 1.7 400.9 
134 6.08 148.07 7.6 179.5 -18.2 331.5 1.7 401 
135 6.12 147.61 7.8 165 -18.4 316.5 1.7 401.1 
136 6.17 147.16 8 150.4 -18.5 301.5 1.8 401.2 
137 6.21 146.7 8.2 135.9 -18.7 286.5 1.8 401.2 
138 6.25 146.24 8.4 121.3 -18.9 271.5 1.8 401.3 
139 6.29 145.79 8.7 106.8 -19.1 256.5 1.8 401.4 
140 6.33 145.33 8.9 92.2 -19.3 241.5 1.8 401.5 
141 6.38 144.87 9.1 77.7 -19.4 226.5 1.8 401.6 
142 6.42 144.42 9.3 63.1 -19.6 211.5 1.9 401.6 
143 6.46 143.96 9.6 48.6 -19.8 196.5 1.9 401.7 
144 6.5 143.51 9.8 34 -20 181.5 1.9 401.8 
145 6.54 143.05 10 19.5 -20.1 166.5 1.9 401.9 
146 6.58 142.6 10.3 4.9 -20.3 151.5 1.9 401.9 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
147 6.62 142.14 10.5 350.4 -20.5 136.5 1.9 402 
148 6.67 141.69 10.8 335.9 -20.6 121.5 1.9 402.1 
149 6.71 141.23 11 321.3 -20.8 106.5 2 402.2 
150 6.75 140.78 11.3 306.8 -21 91.5 2 402.2 
151 6.79 140.32 11.5 292.2 -21.1 76.5 2 402.3 
152 6.83 139.87 11.8 277.7 -21.3 61.5 2 402.3 
153 6.88 139.41 12 263.2 -21.4 46.5 2 402.4 
154 6.92 138.96 12.3 248.6 -21.6 31.5 2 402.5 
155 6.96 138.51 12.6 234.1 -21.8 16.5 2.1 402.5 
156 7 138.05 12.8 219.6 -21.9 1.5 2.1 402.6 
157 7.04 137.6 13.1 205 -22.1 346.5 2.1 402.6 
158 7.08 137.15 13.3 190.5 -22.2 331.5 2.1 402.7 
159 7.12 136.69 13.6 176 -22.4 316.5 2.1 402.8 
160 7.17 136.24 13.9 161.5 -22.5 301.5 2.1 402.8 
161 7.21 135.79 14.2 146.9 -22.7 286.5 2.2 402.9 
162 7.25 135.33 14.4 132.4 -22.8 271.5 2.2 402.9 
163 7.29 134.88 14.7 117.9 -22.9 256.4 2.2 403 
164 7.33 134.43 15 103.3 -23.1 241.4 2.2 403 
165 7.38 133.98 15.3 88.8 -23.2 226.4 2.2 403 
166 7.42 133.52 15.6 74.3 -23.4 211.4 2.2 403.1 
167 7.46 133.07 15.9 59.8 -23.5 196.4 2.3 403.1 
168 7.5 132.62 16.1 45.2 -23.6 181.4 2.3 403.2 
169 7.54 132.17 16.4 30.7 -23.8 166.4 2.3 403.2 
170 7.58 131.72 16.7 16.2 -23.9 151.4 2.3 403.2 
171 7.62 131.27 17 1.7 -24 136.4 2.3 403.3 
172 7.67 130.81 17.3 347.2 -24.1 121.4 2.4 403.3 
173 7.71 130.36 17.6 332.6 -24.3 106.4 2.4 403.3 
174 7.75 129.91 17.9 318.1 -24.4 91.4 2.4 403.4 
175 7.79 129.46 18.2 303.6 -24.5 76.4 2.4 403.4 
176 7.83 129.01 18.5 289.1 -24.6 61.4 2.4 403.4 
177 7.88 128.56 18.8 274.6 -24.8 46.4 2.4 403.4 
178 7.92 128.11 19.1 260.1 -24.9 31.4 2.5 403.5 
179 7.96 127.66 19.5 245.6 -25 16.4 2.5 403.5 
180 8 127.21 19.8 231 -25.1 1.4 2.5 403.5 
181 8.04 126.76 20.1 216.5 -25.2 346.4 2.5 403.5 
182 8.08 126.31 20.4 202 -25.3 331.4 2.5 403.5 
183 8.12 125.86 20.7 187.5 -25.4 316.4 2.5 403.5 
184 8.17 125.4 21 173 -25.5 301.4 2.5 403.5 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
 

247 

ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
185 8.21 124.95 21.4 158.5 -25.6 286.4 2.6 403.6 
186 8.25 124.5 21.7 144 -25.7 271.4 2.6 403.6 
187 8.29 124.05 22 129.5 -25.8 256.4 2.6 403.6 
188 8.33 123.6 22.3 115 -25.9 241.4 2.6 403.6 
189 8.38 123.15 22.7 100.5 -26 226.4 2.6 403.6 
190 8.42 122.7 23 86 -26.1 211.4 2.6 403.6 
191 8.46 122.25 23.3 71.5 -26.2 196.4 2.7 403.6 
192 8.5 121.8 23.7 57 -26.3 181.4 2.7 403.6 
193 8.54 121.35 24 42.5 -26.4 166.4 2.7 403.5 
194 8.58 120.9 24.3 28 -26.5 151.3 2.7 403.5 
195 8.62 120.45 24.7 13.5 -26.5 136.3 2.7 403.5 
196 8.67 120 25 359 -26.6 121.3 2.7 403.5 
197 8.71 119.55 25.3 344.5 -26.7 106.3 2.8 403.5 
198 8.75 119.1 25.7 330 -26.8 91.3 2.8 403.5 
199 8.79 118.65 26 315.5 -26.8 76.3 2.8 403.5 
200 8.83 118.2 26.4 301 -26.9 61.3 2.8 403.4 
201 8.88 117.75 26.7 286.5 -27 46.3 2.8 403.4 
202 8.92 117.3 27.1 272 -27.1 31.3 2.8 403.4 
203 8.96 116.85 27.4 257.5 -27.1 16.3 2.9 403.4 
204 9 116.4 27.8 243 -27.2 1.3 2.9 403.3 
205 9.04 115.95 28.1 228.5 -27.2 346.3 2.9 403.3 
206 9.08 115.5 28.5 214 -27.3 331.3 2.9 403.3 
207 9.12 115.05 28.8 199.5 -27.4 316.3 2.9 403.2 
208 9.17 114.6 29.2 185 -27.4 301.3 2.9 403.2 
209 9.21 114.15 29.5 170.6 -27.5 286.3 3 403.1 
210 9.25 113.7 29.9 156.1 -27.5 271.3 3 403.1 
211 9.29 113.25 30.3 141.6 -27.6 256.3 3 403.1 
212 9.33 112.8 30.6 127.1 -27.6 241.3 3 403 
213 9.38 112.35 31 112.6 -27.7 226.3 3 403 
214 9.42 111.89 31.4 98.1 -27.7 211.3 3 402.9 
215 9.46 111.44 31.7 83.6 -27.7 196.3 3 402.9 
216 9.5 110.99 32.1 69.1 -27.8 181.3 3.1 402.8 
217 9.54 110.54 32.5 54.7 -27.8 166.3 3.1 402.8 
218 9.58 110.09 32.8 40.2 -27.8 151.3 3.1 402.7 
219 9.62 109.64 33.2 25.7 -27.9 136.3 3.1 402.6 
220 9.67 109.19 33.6 11.2 -27.9 121.3 3.1 402.6 
221 9.71 108.73 33.9 356.7 -27.9 106.3 3.1 402.5 
222 9.75 108.28 34.3 342.2 -28 91.3 3.2 402.4 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
223 9.79 107.83 34.7 327.7 -28 76.3 3.2 402.4 
224 9.83 107.38 35.1 313.3 -28 61.3 3.2 402.3 
225 9.88 106.93 35.4 298.8 -28 46.3 3.2 402.2 
226 9.92 106.47 35.8 284.3 -28 31.2 3.2 402.1 
227 9.96 106.02 36.2 269.8 -28 16.2 3.2 402.1 
228 10 105.57 36.6 255.3 -28.1 1.2 3.3 402 
229 10.04 105.11 37 240.9 -28.1 346.2 3.3 401.9 
230 10.08 104.66 37.3 226.4 -28.1 331.2 3.3 401.8 
231 10.12 104.21 37.7 211.9 -28.1 316.2 3.3 401.7 
232 10.17 103.75 38.1 197.4 -28.1 301.2 3.3 401.6 
233 10.21 103.3 38.5 182.9 -28.1 286.2 3.4 401.5 
234 10.25 102.85 38.9 168.5 -28.1 271.2 3.4 401.5 
235 10.29 102.39 39.3 154 -28.1 256.2 3.4 401.4 
236 10.33 101.94 39.7 139.5 -28.1 241.2 3.4 401.3 
237 10.38 101.48 40 125 -28 226.2 3.4 401.2 
238 10.42 101.03 40.4 110.5 -28 211.2 3.4 401.1 
239 10.46 100.57 40.8 96.1 -28 196.2 3.5 401 
240 10.5 100.12 41.2 81.6 -28 181.2 3.5 400.8 
241 10.54 99.66 41.6 67.1 -28 166.2 3.5 400.7 
242 10.58 99.2 42 52.6 -28 151.2 3.5 400.6 
243 10.62 98.75 42.4 38.1 -27.9 136.2 3.5 400.5 
244 10.67 98.29 42.8 23.7 -27.9 121.2 3.5 400.4 
245 10.71 97.84 43.2 9.2 -27.9 106.2 3.5 400.3 
246 10.75 97.38 43.6 354.7 -27.8 91.2 3.6 400.2 
247 10.79 96.92 44 340.2 -27.8 76.2 3.6 400 
248 10.83 96.46 44.4 325.8 -27.8 61.2 3.6 399.9 
249 10.88 96.01 44.8 311.3 -27.7 46.2 3.6 399.8 
250 10.92 95.55 45.2 296.8 -27.7 31.2 3.6 399.7 
251 10.96 95.09 45.6 282.3 -27.7 16.2 3.6 399.5 
252 11 94.63 46 267.8 -27.6 1.2 3.7 399.4 
253 11.04 94.17 46.4 253.4 -27.6 346.2 3.7 399.3 
254 11.08 93.71 46.8 238.9 -27.5 331.2 3.7 399.1 
255 11.12 93.25 47.2 224.4 -27.5 316.2 3.7 399 
256 11.17 92.79 47.6 209.9 -27.4 301.2 3.7 398.9 
257 11.21 92.33 48 195.4 -27.4 286.2 3.7 398.7 
258 11.25 91.87 48.4 181 -27.3 271.1 3.8 398.6 
259 11.29 91.41 48.8 166.5 -27.2 256.1 3.8 398.4 
260 11.33 90.95 49.2 152 -27.2 241.2 3.8 398.3 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
 

249 

ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
261 11.38 90.48 49.6 137.5 -27.1 226.1 3.8 398.1 
262 11.42 90.02 50 123 -27 211.1 3.8 398 
263 11.46 89.56 50.4 108.6 -27 196.1 3.8 397.8 
264 11.5 89.1 50.8 94.1 -26.9 181.1 3.9 397.7 
265 11.54 88.63 51.2 79.6 -26.8 166.1 3.9 397.5 
266 11.58 88.17 51.6 65.1 -26.8 151.1 3.9 397.4 
267 11.62 87.7 52 50.6 -26.7 136.1 3.9 397.2 
268 11.67 87.24 52.4 36.2 -26.6 121.1 3.9 397 
269 11.71 86.77 52.8 21.7 -26.5 106.1 3.9 396.9 
270 11.75 86.31 53.2 7.2 -26.4 91.1 4 396.7 
271 11.79 85.84 53.6 352.7 -26.3 76.1 4 396.5 
272 11.83 85.37 54 338.2 -26.2 61.1 4 396.4 
273 11.88 84.91 54.4 323.7 -26.2 46.1 4 396.2 
274 11.92 84.44 54.8 309.3 -26.1 31.1 4 396 
275 11.96 83.97 55.2 294.8 -26 16.1 4 395.8 
276 12 83.5 55.7 280.3 -25.9 1.1 4 395.7 
277 12.04 83.04 56.1 265.8 -25.8 346.1 4.1 395.5 
278 12.08 82.57 56.5 251.3 -25.7 331.1 4.1 395.3 
279 12.12 82.1 56.9 236.8 -25.6 316.1 4.1 395.1 
280 12.17 81.63 57.3 222.3 -25.4 301.1 4.1 394.9 
281 12.21 81.16 57.7 207.9 -25.3 286.1 4.1 394.7 
282 12.25 80.68 58.1 193.4 -25.2 271.1 4.2 394.5 
283 12.29 80.21 58.5 178.9 -25.1 256.1 4.2 394.4 
284 12.33 79.74 58.9 164.4 -25 241.1 4.2 394.2 
285 12.38 79.27 59.3 149.9 -24.9 226.1 4.2 394 
286 12.42 78.79 59.7 135.4 -24.8 211.1 4.2 393.8 
287 12.46 78.32 60.1 120.9 -24.6 196.1 4.2 393.6 
288 12.5 77.85 60.5 106.4 -24.5 181.1 4.2 393.4 
289 12.54 77.37 60.9 91.9 -24.4 166.1 4.3 393.2 
290 12.58 76.9 61.3 77.4 -24.2 151.1 4.3 393 
291 12.62 76.42 61.7 63 -24.1 136.1 4.3 392.8 
292 12.67 75.94 62.1 48.5 -24 121 4.3 392.6 
293 12.71 75.47 62.5 34 -23.8 106 4.3 392.4 
294 12.75 74.99 63 19.5 -23.7 91 4.3 392.2 
295 12.79 74.51 63.4 5 -23.6 76 4.4 391.9 
296 12.83 74.03 63.8 350.5 -23.4 61 4.4 391.7 
297 12.88 73.55 64.2 336 -23.3 46 4.4 391.5 
298 12.92 73.07 64.6 321.5 -23.1 31 4.4 391.3 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
299 12.96 72.59 65 307 -23 16 4.4 391.1 
300 13 72.11 65.4 292.5 -22.8 1 4.4 390.9 
301 13.04 71.63 65.8 278 -22.7 346 4.5 390.7 
302 13.08 71.15 66.2 263.5 -22.5 331 4.5 390.4 
303 13.12 70.66 66.6 249 -22.4 316 4.5 390.2 
304 13.17 70.18 67 234.5 -22.2 301 4.5 390 
305 13.21 69.69 67.3 220 -22.1 286 4.5 389.8 
306 13.25 69.21 67.7 205.5 -21.9 271 4.5 389.6 
307 13.29 68.72 68.1 191 -21.7 256 4.5 389.3 
308 13.33 68.24 68.5 176.5 -21.6 241 4.6 389.1 
309 13.38 67.75 68.9 162 -21.4 226 4.6 388.9 
310 13.42 67.26 69.3 147.5 -21.2 211 4.6 388.7 
311 13.46 66.78 69.7 133 -21.1 196 4.6 388.4 
312 13.5 66.29 70.1 118.5 -20.9 181 4.6 388.2 
313 13.54 65.8 70.5 104 -20.7 166 4.7 388 
314 13.58 65.31 70.9 89.5 -20.5 151 4.7 387.7 
315 13.62 64.82 71.3 75 -20.4 136 4.7 387.5 
316 13.67 64.33 71.7 60.5 -20.2 121 4.7 387.3 
317 13.71 63.83 72 46 -20 106 4.7 387 
318 13.75 63.34 72.4 31.5 -19.8 91 4.7 386.8 
319 13.79 62.85 72.8 17 -19.6 76 4.8 386.6 
320 13.83 62.36 73.2 2.4 -19.4 61 4.8 386.3 
321 13.88 61.86 73.6 347.9 -19.2 46 4.8 386.1 
322 13.92 61.37 74 333.4 -19 30.9 4.8 385.8 
323 13.96 60.87 74.3 318.9 -18.9 15.9 4.8 385.6 
324 14 60.37 74.7 304.4 -18.7 0.9 4.8 385.4 
325 14.04 59.88 75.1 289.9 -18.5 345.9 4.8 385.1 
326 14.08 59.38 75.5 275.4 -18.3 330.9 4.9 384.9 
327 14.12 58.88 75.8 260.9 -18.1 315.9 4.9 384.6 
328 14.17 58.38 76.2 246.4 -17.9 300.9 4.9 384.4 
329 14.21 57.88 76.6 231.8 -17.7 285.9 4.9 384.1 
330 14.25 57.38 77 217.3 -17.4 270.9 4.9 383.9 
331 14.29 56.88 77.3 202.8 -17.2 255.9 4.9 383.6 
332 14.33 56.37 77.7 188.3 -17 240.9 5 383.4 
333 14.38 55.87 78.1 173.8 -16.8 225.9 5 383.2 
334 14.42 55.37 78.4 159.3 -16.6 210.9 5 382.9 
335 14.46 54.86 78.8 144.8 -16.4 195.9 5 382.7 
336 14.5 54.36 79.1 130.2 -16.2 180.9 5 382.4 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
337 14.54 53.85 79.5 115.7 -16 165.9 5 382.2 
338 14.58 53.34 79.8 101.2 -15.7 150.9 5 381.9 
339 14.62 52.84 80.2 86.7 -15.5 135.9 5.1 381.7 
340 14.67 52.33 80.6 72.2 -15.3 120.9 5.1 381.4 
341 14.71 51.82 80.9 57.7 -15.1 105.9 5.1 381.2 
342 14.75 51.31 81.3 43.1 -14.8 90.9 5.1 380.9 
343 14.79 50.8 81.6 28.6 -14.6 75.9 5.1 380.7 
344 14.83 50.29 81.9 14.1 -14.4 60.9 5.2 380.4 
345 14.88 49.78 82.3 359.6 -14.2 45.9 5.2 380.2 
346 14.92 49.26 82.6 345.1 -13.9 30.9 5.2 379.9 
347 14.96 48.75 83 330.5 -13.7 15.9 5.2 379.7 
348 15 48.24 83.3 316 -13.5 0.9 5.2 379.4 
349 15.04 47.72 83.6 301.5 -13.2 345.9 5.2 379.2 
350 15.08 47.21 84 287 -13 330.9 5.2 378.9 
351 15.12 46.69 84.3 272.5 -12.8 315.9 5.3 378.7 
352 15.17 46.17 84.6 257.9 -12.5 300.9 5.3 378.4 
353 15.21 45.66 84.9 243.4 -12.3 285.9 5.3 378.2 
354 15.25 45.14 85.3 228.9 -12 270.9 5.3 377.9 
355 15.29 44.62 85.6 214.4 -11.8 255.8 5.3 377.7 
356 15.33 44.1 85.9 199.9 -11.5 240.8 5.3 377.4 
357 15.38 43.58 86.2 185.3 -11.3 225.8 5.4 377.2 
358 15.42 43.06 86.5 170.8 -11.1 210.8 5.4 377 
359 15.46 42.53 86.8 156.3 -10.8 195.8 5.4 376.7 
360 15.5 42.01 87.1 141.8 -10.6 180.8 5.4 376.5 
361 15.54 41.49 87.5 127.2 -10.3 165.8 5.4 376.2 
362 15.58 40.96 87.8 112.7 -10.1 150.8 5.4 376 
363 15.62 40.44 88.1 98.2 -9.8 135.8 5.5 375.7 
364 15.67 39.91 88.3 83.7 -9.5 120.8 5.5 375.5 
365 15.71 39.39 88.6 69.1 -9.3 105.8 5.5 375.2 
366 15.75 38.86 88.9 54.6 -9 90.8 5.5 375 
367 15.79 38.33 89.2 40.1 -8.8 75.8 5.5 374.8 
368 15.83 37.8 89.5 25.6 -8.5 60.8 5.5 374.5 
369 15.88 37.28 89.8 11.1 -8.3 45.8 5.5 374.3 
370 15.92 36.75 90.1 356.5 -8 30.8 5.6 374 
371 15.96 36.22 90.3 342 -7.7 15.8 5.6 373.8 
372 16 35.68 90.6 327.5 -7.5 0.8 5.6 373.6 
373 16.04 35.15 90.9 313 -7.2 345.8 5.6 373.3 
374 16.08 34.62 91.1 298.4 -6.9 330.8 5.6 373.1 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
375 16.12 34.09 91.4 283.9 -6.7 315.8 5.7 372.9 
376 16.17 33.55 91.7 269.4 -6.4 300.8 5.7 372.6 
377 16.21 33.02 91.9 254.9 -6.1 285.8 5.7 372.4 
378 16.25 32.48 92.2 240.3 -5.9 270.8 5.7 372.2 
379 16.29 31.95 92.4 225.8 -5.6 255.8 5.7 371.9 
380 16.33 31.41 92.7 211.3 -5.3 240.8 5.7 371.7 
381 16.38 30.87 92.9 196.8 -5.1 225.8 5.8 371.5 
382 16.42 30.34 93.2 182.3 -4.8 210.8 5.8 371.3 
383 16.46 29.8 93.4 167.7 -4.5 195.8 5.8 371 
384 16.5 29.26 93.6 153.2 -4.3 180.8 5.8 370.8 
385 16.54 28.72 93.8 138.7 -4 165.8 5.8 370.6 
386 16.58 28.18 94.1 124.2 -3.7 150.8 5.8 370.4 
387 16.62 27.64 94.3 109.7 -3.4 135.8 5.8 370.1 
388 16.67 27.1 94.5 95.1 -3.2 120.8 5.9 369.9 
389 16.71 26.56 94.7 80.6 -2.9 105.8 5.9 369.7 
390 16.75 26.02 94.9 66.1 -2.6 90.8 5.9 369.5 
391 16.79 25.48 95.1 51.6 -2.3 75.7 5.9 369.3 
392 16.83 24.93 95.3 37.1 -2.1 60.7 5.9 369.1 
393 16.88 24.39 95.5 22.5 -1.8 45.7 5.9 368.9 
394 16.92 23.85 95.7 8 -1.5 30.7 6 368.7 
395 16.96 23.3 95.9 353.5 -1.2 15.7 6 368.4 
396 17 22.76 96.1 339 -0.9 0.7 6 368.2 
397 17.04 22.22 96.3 324.5 -0.7 345.7 6 368 
398 17.08 21.67 96.5 310 -0.4 330.7 6 367.8 
399 17.12 21.13 96.6 295.4 -0.1 315.7 6 367.6 
400 17.17 20.58 96.8 280.9 0.2 300.7 6 367.4 
401 17.21 20.04 97 266.4 0.5 285.7 6.1 367.2 
402 17.25 19.49 97.1 251.9 0.7 270.7 6.1 367 
403 17.29 18.95 97.3 237.4 1 255.7 6.1 366.9 
404 17.33 18.4 97.4 222.9 1.3 240.7 6.1 366.7 
405 17.38 17.86 97.6 208.4 1.6 225.7 6.1 366.5 
406 17.42 17.31 97.7 193.9 1.9 210.7 6.1 366.3 
407 17.46 16.77 97.9 179.4 2.2 195.7 6.2 366.1 
408 17.5 16.23 98 164.8 2.4 180.7 6.2 365.9 
409 17.54 15.68 98.1 150.3 2.7 165.7 6.2 365.7 
410 17.58 15.14 98.3 135.8 3 150.7 6.2 365.6 
411 17.62 14.6 98.4 121.3 3.3 135.7 6.2 365.4 
412 17.67 14.06 98.5 106.8 3.6 120.7 6.2 365.2 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
413 17.71 13.52 98.6 92.3 3.8 105.7 6.3 365 
414 17.75 12.98 98.7 77.8 4.1 90.7 6.3 364.9 
415 17.79 12.44 98.8 63.3 4.4 75.7 6.3 364.7 
416 17.83 11.91 98.9 48.8 4.7 60.7 6.3 364.5 
417 17.88 11.38 99 34.3 5 45.7 6.3 364.4 
418 17.92 10.85 99.1 19.8 5.3 30.7 6.3 364.2 
419 17.96 10.32 99.2 5.3 5.5 15.7 6.3 364.1 
420 18 9.8 99.3 350.8 5.8 0.7 6.4 363.9 
421 18.04 9.29 99.3 336.3 6.1 345.6 6.4 363.8 
422 18.08 8.78 99.4 321.8 6.4 330.6 6.4 363.6 
423 18.12 8.27 99.5 307.3 6.7 315.6 6.4 363.5 
424 18.17 7.78 99.5 292.8 6.9 300.6 6.4 363.3 
425 18.21 7.29 99.6 278.3 7.2 285.6 6.5 363.2 
426 18.25 6.82 99.6 263.8 7.5 270.6 6.5 363 
427 18.29 6.36 99.7 249.4 7.8 255.6 6.5 362.9 
428 18.33 5.93 99.7 234.9 8.1 240.6 6.5 362.8 
429 18.38 5.51 99.8 220.4 8.3 225.6 6.5 362.6 
430 18.42 5.13 99.8 205.9 8.6 210.6 6.5 362.5 
431 18.46 4.79 99.8 191.4 8.9 195.6 6.5 362.4 
432 18.5 4.49 99.8 176.9 9.2 180.6 6.6 362.2 
433 18.54 4.25 99.9 162.4 9.4 165.6 6.6 362.1 
434 18.58 4.07 99.9 148 9.7 150.6 6.6 362 
435 18.62 3.97 99.9 133.5 10 135.6 6.6 361.9 
436 18.67 3.95 99.9 119 10.3 120.6 6.6 361.8 
437 18.71 4.02 99.9 104.5 10.5 105.6 6.6 361.7 
438 18.75 4.16 99.9 90 10.8 90.6 6.7 361.5 
439 18.79 4.38 99.9 75.6 11.1 75.6 6.7 361.4 
440 18.83 4.66 99.8 61.1 11.3 60.6 6.7 361.3 
441 18.88 4.98 99.8 46.6 11.6 45.6 6.7 361.2 
442 18.92 5.36 99.8 32.1 11.9 30.6 6.7 361.1 
443 18.96 5.76 99.7 17.7 12.1 15.6 6.7 361 
444 19 6.19 99.7 3.2 12.4 0.6 6.8 361 
445 19.04 6.65 99.7 348.7 12.7 345.6 6.8 360.9 
446 19.08 7.12 99.6 334.3 12.9 330.6 6.8 360.8 
447 19.12 7.61 99.6 319.8 13.2 315.6 6.8 360.7 
448 19.17 8.11 99.5 305.3 13.5 300.6 6.8 360.6 
449 19.21 8.62 99.4 290.9 13.7 285.6 6.8 360.5 
450 19.25 9.14 99.4 276.4 14 270.6 6.8 360.5 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
451 19.29 9.66 99.3 262 14.2 255.6 6.9 360.4 
452 19.33 10.19 99.2 247.5 14.5 240.6 6.9 360.3 
453 19.38 10.73 99.1 233 14.7 225.6 6.9 360.2 
454 19.42 11.27 99 218.6 15 210.6 6.9 360.2 
455 19.46 11.81 98.9 204.1 15.2 195.6 6.9 360.1 
456 19.5 12.36 98.8 189.7 15.5 180.6 6.9 360.1 
457 19.54 12.91 98.7 175.2 15.7 165.6 7 360 
458 19.58 13.47 98.6 160.8 16 150.5 7 360 
459 19.62 14.02 98.5 146.4 16.2 135.5 7 359.9 
460 19.67 14.58 98.4 131.9 16.5 120.5 7 359.9 
461 19.71 15.14 98.3 117.5 16.7 105.5 7 359.8 
462 19.75 15.7 98.1 103 17 90.5 7 359.8 
463 19.79 16.26 98 88.6 17.2 75.5 7 359.7 
464 19.83 16.83 97.9 74.1 17.4 60.5 7.1 359.7 
465 19.88 17.39 97.7 59.7 17.7 45.5 7.1 359.7 
466 19.92 17.96 97.6 45.3 17.9 30.5 7.1 359.6 
467 19.96 18.53 97.4 30.8 18.1 15.5 7.1 359.6 
468 20 19.1 97.2 16.4 18.4 0.5 7.1 359.6 
469 20.04 19.67 97.1 2 18.6 345.5 7.1 359.6 
470 20.08 20.24 96.9 347.6 18.8 330.5 7.2 359.5 
471 20.12 20.81 96.7 333.1 19 315.5 7.2 359.5 
472 20.17 21.38 96.6 318.7 19.3 300.5 7.2 359.5 
473 20.21 21.95 96.4 304.3 19.5 285.5 7.2 359.5 
474 20.25 22.52 96.2 289.9 19.7 270.5 7.2 359.5 
475 20.29 23.09 96 275.4 19.9 255.5 7.2 359.5 
476 20.33 23.67 95.8 261 20.1 240.5 7.2 359.5 
477 20.38 24.24 95.6 246.6 20.3 225.5 7.3 359.5 
478 20.42 24.81 95.4 232.2 20.6 210.5 7.3 359.5 
479 20.46 25.39 95.2 217.8 20.8 195.5 7.3 359.5 
480 20.5 25.96 95 203.4 21 180.5 7.3 359.5 
481 20.54 26.54 94.7 189 21.2 165.5 7.3 359.5 
482 20.58 27.11 94.5 174.5 21.4 150.5 7.3 359.6 
483 20.62 27.69 94.3 160.1 21.6 135.5 7.4 359.6 
484 20.67 28.26 94 145.7 21.8 120.5 7.4 359.6 
485 20.71 28.84 93.8 131.3 21.9 105.5 7.4 359.6 
486 20.75 29.41 93.6 116.9 22.1 90.5 7.4 359.6 
487 20.79 29.99 93.3 102.5 22.3 75.5 7.4 359.7 
488 20.83 30.56 93.1 88.1 22.5 60.5 7.4 359.7 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
489 20.88 31.14 92.8 73.7 22.7 45.5 7.5 359.7 
490 20.92 31.71 92.5 59.3 22.9 30.4 7.5 359.8 
491 20.96 32.29 92.3 44.9 23 15.4 7.5 359.8 
492 21 32.86 92 30.5 23.2 0.5 7.5 359.9 
493 21.04 33.44 91.7 16.2 23.4 345.4 7.5 359.9 
494 21.08 34.01 91.4 1.8 23.6 330.4 7.5 359.9 
495 21.12 34.59 91.2 347.4 23.7 315.4 7.5 360 
496 21.17 35.16 90.9 333 23.9 300.4 7.6 360.1 
497 21.21 35.74 90.6 318.6 24 285.4 7.6 360.1 
498 21.25 36.31 90.3 304.2 24.2 270.4 7.6 360.2 
499 21.29 36.89 90 289.8 24.4 255.4 7.6 360.2 
500 21.33 37.46 89.7 275.5 24.5 240.4 7.6 360.3 
501 21.38 38.04 89.4 261.1 24.7 225.4 7.6 360.4 
502 21.42 38.61 89.1 246.7 24.8 210.4 7.7 360.4 
503 21.46 39.18 88.8 232.3 24.9 195.4 7.7 360.5 
504 21.5 39.76 88.4 217.9 25.1 180.4 7.7 360.6 
505 21.54 40.33 88.1 203.6 25.2 165.4 7.7 360.6 
506 21.58 40.9 87.8 189.2 25.3 150.4 7.7 360.7 
507 21.62 41.48 87.5 174.8 25.5 135.4 7.7 360.8 
508 21.67 42.05 87.1 160.4 25.6 120.4 7.8 360.9 
509 21.71 42.62 86.8 146.1 25.7 105.4 7.8 361 
510 21.75 43.2 86.5 131.7 25.8 90.4 7.8 361 
511 21.79 43.77 86.1 117.3 26 75.4 7.8 361.1 
512 21.83 44.34 85.8 103 26.1 60.4 7.8 361.2 
513 21.88 44.91 85.4 88.6 26.2 45.4 7.8 361.3 
514 21.92 45.48 85.1 74.2 26.3 30.4 7.8 361.4 
515 21.96 46.05 84.7 59.9 26.4 15.4 7.9 361.5 
516 22 46.62 84.3 45.5 26.5 0.4 7.9 361.6 
517 22.04 47.19 84 31.1 26.6 345.4 7.9 361.7 
518 22.08 47.76 83.6 16.8 26.7 330.4 7.9 361.8 
519 22.12 48.33 83.2 2.4 26.8 315.4 7.9 361.9 
520 22.17 48.9 82.9 348 26.9 300.4 7.9 362 
521 22.21 49.47 82.5 333.7 27 285.4 8 362.1 
522 22.25 50.04 82.1 319.3 27 270.4 8 362.3 
523 22.29 50.61 81.7 305 27.1 255.4 8 362.4 
524 22.33 51.17 81.4 290.6 27.2 240.4 8 362.5 
525 22.38 51.74 81 276.2 27.3 225.3 8 362.6 
526 22.42 52.31 80.6 261.9 27.3 210.3 8 362.7 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
527 22.46 52.87 80.2 247.5 27.4 195.3 8.1 362.8 
528 22.5 53.44 79.8 233.2 27.5 180.3 8.1 363 
529 22.54 54 79.4 218.8 27.5 165.3 8.1 363.1 
530 22.58 54.57 79 204.4 27.6 150.3 8.1 363.2 
531 22.62 55.13 78.6 190.1 27.6 135.3 8.1 363.3 
532 22.67 55.7 78.2 175.7 27.7 120.3 8.1 363.5 
533 22.71 56.26 77.8 161.4 27.7 105.3 8.1 363.6 
534 22.75 56.82 77.4 147 27.8 90.3 8.2 363.7 
535 22.79 57.39 77 132.6 27.8 75.3 8.2 363.9 
536 22.83 57.95 76.5 118.3 27.8 60.3 8.2 364 
537 22.88 58.51 76.1 103.9 27.9 45.3 8.2 364.2 
538 22.92 59.07 75.7 89.6 27.9 30.3 8.2 364.3 
539 22.96 59.63 75.3 75.2 27.9 15.3 8.2 364.4 
540 23 60.19 74.9 60.9 27.9 0.3 8.2 364.6 
541 23.04 60.75 74.4 46.5 28 345.3 8.3 364.7 
542 23.08 61.31 74 32.1 28 330.3 8.3 364.9 
543 23.12 61.87 73.6 17.8 28 315.3 8.3 365 
544 23.17 62.43 73.1 3.4 28 300.3 8.3 365.2 
545 23.21 62.99 72.7 349 28 285.3 8.3 365.3 
546 23.25 63.55 72.3 334.7 28 270.3 8.3 365.5 
547 23.29 64.1 71.8 320.3 28 255.3 8.4 365.6 
548 23.33 64.66 71.4 306 28 240.3 8.4 365.8 
549 23.38 65.21 71 291.6 28 225.3 8.4 365.9 
550 23.42 65.77 70.5 277.2 28 210.3 8.4 366.1 
551 23.46 66.32 70.1 262.9 28 195.3 8.4 366.2 
552 23.5 66.88 69.6 248.5 27.9 180.3 8.4 366.4 
553 23.54 67.43 69.2 234.1 27.9 165.3 8.4 366.6 
554 23.58 67.98 68.7 219.8 27.9 150.3 8.5 366.7 
555 23.62 68.54 68.3 205.4 27.9 135.3 8.5 366.9 
556 23.67 69.09 67.8 191 27.8 120.3 8.5 367.1 
557 23.71 69.64 67.4 176.6 27.8 105.3 8.5 367.2 
558 23.75 70.19 66.9 162.3 27.8 90.3 8.5 367.4 
559 23.79 70.74 66.5 147.9 27.7 75.3 8.5 367.6 
560 23.83 71.29 66 133.5 27.7 60.3 8.6 367.7 
561 23.88 71.84 65.6 119.2 27.6 45.2 8.6 367.9 
562 23.92 72.39 65.1 104.8 27.6 30.2 8.6 368.1 
563 23.96 72.94 64.7 90.4 27.5 15.2 8.6 368.2 
564 24 73.48 64.2 76 27.5 0.2 8.6 368.4 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
565 24.04 74.03 63.8 61.6 27.4 345.2 8.6 368.6 
566 24.08 74.58 63.3 47.2 27.3 330.2 8.7 368.7 
567 24.12 75.12 62.8 32.9 27.3 315.2 8.7 368.9 
568 24.17 75.67 62.4 18.5 27.2 300.2 8.7 369.1 
569 24.21 76.21 61.9 4.1 27.1 285.2 8.7 369.3 
570 24.25 76.76 61.5 349.7 27 270.2 8.7 369.5 
571 24.29 77.3 61 335.3 27 255.2 8.7 369.6 
572 24.33 77.84 60.5 320.9 26.9 240.2 8.7 369.8 
573 24.38 78.39 60.1 306.5 26.8 225.2 8.8 370 
574 24.42 78.93 59.6 292.1 26.7 210.2 8.8 370.2 
575 24.46 79.47 59.1 277.7 26.6 195.2 8.8 370.3 
576 24.5 80.01 58.7 263.3 26.5 180.2 8.8 370.5 
577 24.54 80.55 58.2 248.9 26.4 165.2 8.8 370.7 
578 24.58 81.09 57.7 234.5 26.3 150.2 8.8 370.9 
579 24.62 81.63 57.3 220.1 26.2 135.2 8.8 371.1 
580 24.67 82.16 56.8 205.7 26.1 120.2 8.9 371.2 
581 24.71 82.7 56.4 191.3 26 105.2 8.9 371.4 
582 24.75 83.24 55.9 176.9 25.9 90.2 8.9 371.6 
583 24.79 83.78 55.4 162.5 25.8 75.2 8.9 371.8 
584 24.83 84.31 55 148.1 25.7 60.2 8.9 372 
585 24.88 84.85 54.5 133.7 25.6 45.2 8.9 372.2 
586 24.92 85.38 54 119.3 25.5 30.2 8.9 372.4 
587 24.96 85.92 53.6 104.8 25.3 15.2 9 372.5 
588 25 86.45 53.1 90.4 25.2 0.2 9 372.7 
589 25.04 86.98 52.6 76 25.1 345.2 9 372.9 
590 25.08 87.52 52.2 61.6 25 330.2 9 373.1 
591 25.12 88.05 51.7 47.2 24.8 315.2 9 373.3 
592 25.17 88.58 51.2 32.7 24.7 300.2 9.1 373.5 
593 25.21 89.11 50.8 18.3 24.6 285.2 9.1 373.7 
594 25.25 89.64 50.3 3.9 24.4 270.2 9.1 373.8 
595 25.29 90.17 49.9 349.4 24.3 255.2 9.1 374 
596 25.33 90.7 49.4 335 24.1 240.2 9.1 374.2 
597 25.38 91.23 48.9 320.6 24 225.2 9.1 374.4 
598 25.42 91.75 48.5 306.1 23.8 210.2 9.1 374.6 
599 25.46 92.28 48 291.7 23.7 195.2 9.2 374.8 
600 25.5 92.81 47.5 277.2 23.5 180.2 9.2 375 
601 25.54 93.33 47.1 262.8 23.4 165.2 9.2 375.2 
602 25.58 93.86 46.6 248.4 23.2 150.1 9.2 375.3 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
603 25.62 94.38 46.2 233.9 23.1 135.1 9.2 375.5 
604 25.67 94.91 45.7 219.5 22.9 120.1 9.2 375.7 
605 25.71 95.43 45.3 205 22.8 105.1 9.2 375.9 
606 25.75 95.96 44.8 190.5 22.6 90.1 9.3 376.1 
607 25.79 96.48 44.4 176.1 22.4 75.1 9.3 376.3 
608 25.83 97 43.9 161.6 22.3 60.1 9.3 376.5 
609 25.88 97.52 43.5 147.2 22.1 45.1 9.3 376.7 
610 25.92 98.04 43 132.7 21.9 30.1 9.3 376.8 
611 25.96 98.56 42.6 118.2 21.7 15.1 9.3 377 
612 26 99.08 42.1 103.8 21.6 0.1 9.3 377.2 
613 26.04 99.6 41.7 89.3 21.4 345.1 9.4 377.4 
614 26.08 100.12 41.2 74.8 21.2 330.1 9.4 377.6 
615 26.12 100.64 40.8 60.4 21 315.1 9.4 377.8 
616 26.17 101.16 40.3 45.9 20.8 300.1 9.4 378 
617 26.21 101.68 39.9 31.4 20.7 285.1 9.4 378.2 
618 26.25 102.19 39.4 16.9 20.5 270.1 9.4 378.3 
619 26.29 102.71 39 2.5 20.3 255.1 9.4 378.5 
620 26.33 103.23 38.6 348 20.1 240.1 9.5 378.7 
621 26.38 103.74 38.1 333.5 19.9 225.1 9.5 378.9 
622 26.42 104.25 37.7 319 19.7 210.1 9.5 379.1 
623 26.46 104.77 37.3 304.5 19.5 195.1 9.5 379.3 
624 26.5 105.28 36.8 290 19.3 180.1 9.5 379.5 
625 26.54 105.8 36.4 275.5 19.1 165.1 9.6 379.6 
626 26.58 106.31 36 261 18.9 150.1 9.6 379.8 
627 26.62 106.82 35.5 246.6 18.7 135.1 9.6 380 
628 26.67 107.33 35.1 232.1 18.5 120.1 9.6 380.2 
629 26.71 107.84 34.7 217.6 18.3 105.1 9.6 380.4 
630 26.75 108.35 34.3 203.1 18.1 90.1 9.6 380.6 
631 26.79 108.86 33.8 188.6 17.9 75.1 9.6 380.7 
632 26.83 109.37 33.4 174.1 17.7 60.1 9.7 380.9 
633 26.88 109.88 33 159.6 17.5 45.1 9.7 381.1 
634 26.92 110.39 32.6 145 17.3 30.1 9.7 381.3 
635 26.96 110.9 32.2 130.5 17.1 15.1 9.7 381.5 
636 27 111.4 31.8 116 16.9 0.1 9.7 381.7 
637 27.04 111.91 31.3 101.5 16.7 345.1 9.7 381.8 
638 27.08 112.42 30.9 87 16.4 330.1 9.7 382 
639 27.12 112.92 30.5 72.5 16.2 315.1 9.8 382.2 
640 27.17 113.43 30.1 58 16 300.1 9.8 382.4 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
641 27.21 113.93 29.7 43.5 15.8 285 9.8 382.5 
642 27.25 114.44 29.3 28.9 15.6 270 9.8 382.7 
643 27.29 114.94 28.9 14.4 15.4 255 9.8 382.9 
644 27.33 115.45 28.5 359.9 15.1 240 9.8 383.1 
645 27.38 115.95 28.1 345.4 14.9 225 9.8 383.3 
646 27.42 116.45 27.7 330.8 14.7 210 9.9 383.4 
647 27.46 116.95 27.3 316.3 14.5 195 9.9 383.6 
648 27.5 117.45 26.9 301.8 14.3 180 9.9 383.8 
649 27.54 117.95 26.6 287.3 14 165 9.9 384 
650 27.58 118.46 26.2 272.7 13.8 150 9.9 384.1 
651 27.62 118.96 25.8 258.2 13.6 135 9.9 384.3 
652 27.67 119.45 25.4 243.7 13.3 120 9.9 384.5 
653 27.71 119.95 25 229.1 13.1 105 10 384.7 
654 27.75 120.45 24.7 214.6 12.9 90 10 384.8 
655 27.79 120.95 24.3 200 12.7 75 10 385 
656 27.83 121.45 23.9 185.5 12.4 60 10 385.2 
657 27.88 121.95 23.5 171 12.2 45 10 385.3 
658 27.92 122.44 23.2 156.4 12 30 10 385.5 
659 27.96 122.94 22.8 141.9 11.7 15 10.1 385.7 
660 28 123.43 22.4 127.3 11.5 360 10.1 385.8 
661 28.04 123.93 22.1 112.8 11.3 345 10.1 386 
662 28.08 124.42 21.7 98.2 11 330 10.1 386.2 
663 28.12 124.92 21.4 83.7 10.8 315 10.1 386.4 
664 28.17 125.41 21 69.1 10.6 300 10.1 386.5 
665 28.21 125.91 20.7 54.6 10.3 285 10.1 386.7 
666 28.25 126.4 20.3 40 10.1 270 10.2 386.9 
667 28.29 126.89 20 25.5 9.9 255 10.2 387 
668 28.33 127.38 19.6 10.9 9.6 240 10.2 387.2 
669 28.38 127.88 19.3 356.4 9.4 225 10.2 387.3 
670 28.42 128.37 19 341.8 9.1 210 10.2 387.5 
671 28.46 128.86 18.6 327.3 8.9 195 10.2 387.7 
672 28.5 129.35 18.3 312.7 8.7 180 10.2 387.8 
673 28.54 129.84 18 298.2 8.4 165 10.3 388 
674 28.58 130.33 17.6 283.6 8.2 150 10.3 388.2 
675 28.62 130.82 17.3 269 7.9 135 10.3 388.3 
676 28.67 131.31 17 254.5 7.7 120 10.3 388.5 
677 28.71 131.8 16.7 239.9 7.5 105 10.3 388.6 
678 28.75 132.28 16.4 225.3 7.2 90 10.3 388.8 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
679 28.79 132.77 16 210.8 7 75 10.3 388.9 
680 28.83 133.26 15.7 196.2 6.7 60 10.4 389.1 
681 28.88 133.74 15.4 181.6 6.5 44.9 10.4 389.3 
682 28.92 134.23 15.1 167.1 6.2 29.9 10.4 389.4 
683 28.96 134.72 14.8 152.5 6 14.9 10.4 389.6 
684 29 135.2 14.5 137.9 5.7 359.9 10.4 389.7 
685 29.04 135.69 14.2 123.4 5.5 344.9 10.4 389.9 
686 29.08 136.17 13.9 108.8 5.3 329.9 10.5 390 
687 29.12 136.65 13.6 94.2 5 314.9 10.5 390.2 
688 29.17 137.14 13.3 79.7 4.8 299.9 10.5 390.3 
689 29.21 137.62 13.1 65.1 4.5 284.9 10.5 390.5 
690 29.25 138.1 12.8 50.5 4.3 269.9 10.5 390.6 
691 29.29 138.59 12.5 36 4 254.9 10.5 390.8 
692 29.33 139.07 12.2 21.4 3.8 239.9 10.5 390.9 
693 29.38 139.55 11.9 6.8 3.5 224.9 10.6 391.1 
694 29.42 140.03 11.7 352.2 3.3 209.9 10.6 391.2 
695 29.46 140.51 11.4 337.7 3.1 194.9 10.6 391.4 
696 29.5 140.99 11.1 323.1 2.8 179.9 10.6 391.5 
697 29.54 141.47 10.9 308.5 2.6 164.9 10.6 391.7 
698 29.58 141.95 10.6 293.9 2.3 149.9 10.6 391.8 
699 29.62 142.43 10.4 279.4 2.1 134.9 10.7 392 
700 29.67 142.91 10.1 264.8 1.8 119.9 10.7 392.1 
701 29.71 143.39 9.9 250.2 1.6 104.9 10.7 392.2 
702 29.75 143.86 9.6 235.6 1.3 89.9 10.7 392.4 
703 29.79 144.34 9.4 221 1.1 74.9 10.7 392.5 
704 29.83 144.82 9.1 206.5 0.8 59.9 10.7 392.7 
705 29.88 145.29 8.9 191.9 0.6 44.9 10.7 392.8 
706 29.92 145.77 8.7 177.3 0.4 29.9 10.8 392.9 
707 29.96 146.25 8.4 162.7 0.1 14.9 10.8 393.1 
708 30 146.72 8.2 148.1 -0.1 359.9 10.8 393.2 
709 30.04 147.2 8 133.6 -0.4 344.9 10.8 393.4 
710 30.08 147.67 7.7 119 -0.6 329.9 10.8 393.5 
711 30.12 148.14 7.5 104.4 -0.9 314.9 10.8 393.6 
712 30.17 148.62 7.3 89.8 -1.1 299.9 10.8 393.8 
713 30.21 149.09 7.1 75.2 -1.4 284.9 10.8 393.9 
714 30.25 149.56 6.9 60.7 -1.6 269.9 10.9 394 
715 30.29 150.03 6.7 46.1 -1.8 254.9 10.9 394.2 
716 30.33 150.5 6.5 31.5 -2.1 239.9 10.9 394.3 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
717 30.38 150.98 6.3 16.9 -2.3 224.9 10.9 394.4 
718 30.42 151.45 6.1 2.3 -2.6 209.9 10.9 394.6 
719 30.46 151.92 5.9 347.7 -2.8 194.8 10.9 394.7 
720 30.5 152.38 5.7 333.2 -3 179.8 11 394.8 
721 30.54 152.85 5.5 318.6 -3.3 164.8 11 395 
722 30.58 153.32 5.3 304 -3.5 149.8 11 395.1 
723 30.62 153.79 5.1 289.4 -3.8 134.8 11 395.2 
724 30.67 154.26 5 274.8 -4 119.8 11 395.3 
725 30.71 154.72 4.8 260.2 -4.3 104.8 11 395.5 
726 30.75 155.19 4.6 245.7 -4.5 89.8 11 395.6 
727 30.79 155.65 4.4 231.1 -4.7 74.8 11.1 395.7 
728 30.83 156.12 4.3 216.5 -5 59.8 11.1 395.8 
729 30.88 156.58 4.1 201.9 -5.2 44.8 11.1 396 
730 30.92 157.05 4 187.3 -5.4 29.8 11.1 396.1 
731 30.96 157.51 3.8 172.8 -5.7 14.8 11.1 396.2 
732 31 157.97 3.6 158.2 -5.9 359.8 11.1 396.3 
733 31.04 158.43 3.5 143.6 -6.2 344.8 11.1 396.5 
734 31.08 158.89 3.4 129 -6.4 329.8 11.2 396.6 
735 31.12 159.35 3.2 114.4 -6.6 314.8 11.2 396.7 
736 31.17 159.81 3.1 99.8 -6.9 299.8 11.2 396.8 
737 31.21 160.27 2.9 85.3 -7.1 284.8 11.2 396.9 
738 31.25 160.73 2.8 70.7 -7.3 269.8 11.2 397 
739 31.29 161.18 2.7 56.1 -7.6 254.8 11.2 397.2 
740 31.33 161.64 2.5 41.5 -7.8 239.8 11.2 397.3 
741 31.38 162.09 2.4 26.9 -8 224.8 11.3 397.4 
742 31.42 162.55 2.3 12.4 -8.3 209.8 11.3 397.5 
743 31.46 163 2.2 357.8 -8.5 194.8 11.3 397.6 
744 31.5 163.45 2.1 343.2 -8.7 179.8 11.3 397.7 
745 31.54 163.9 2 328.6 -8.9 164.8 11.3 397.8 
746 31.58 164.35 1.9 314 -9.2 149.8 11.3 398 
747 31.62 164.8 1.7 299.5 -9.4 134.8 11.3 398.1 
748 31.67 165.24 1.6 284.9 -9.6 119.8 11.4 398.2 
749 31.71 165.69 1.6 270.3 -9.8 104.8 11.4 398.3 
750 31.75 166.13 1.5 255.7 -10.1 89.8 11.4 398.4 
751 31.79 166.57 1.4 241.2 -10.3 74.8 11.4 398.5 
752 31.83 167.01 1.3 226.6 -10.5 59.8 11.4 398.6 
753 31.88 167.44 1.2 212 -10.7 44.8 11.4 398.7 
754 31.92 167.87 1.1 197.4 -11 29.8 11.4 398.8 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
755 31.96 168.3 1 182.9 -11.2 14.8 11.5 398.9 
756 32 168.73 1 168.3 -11.4 359.8 11.5 399 
757 32.04 169.15 0.9 153.7 -11.6 344.8 11.5 399.1 
758 32.08 169.57 0.8 139.1 -11.8 329.8 11.5 399.2 
759 32.12 169.99 0.8 124.6 -12.1 314.8 11.5 399.3 
760 32.17 170.4 0.7 110 -12.3 299.8 11.5 399.4 
761 32.21 170.81 0.6 95.4 -12.5 284.8 11.6 399.5 
762 32.25 171.21 0.6 80.8 -12.7 269.8 11.6 399.6 
763 32.29 171.6 0.5 66.3 -12.9 254.8 11.6 399.7 
764 32.33 171.98 0.5 51.7 -13.1 239.8 11.6 399.8 
765 32.38 172.36 0.4 37.1 -13.3 224.8 11.6 399.9 
766 32.42 172.72 0.4 22.6 -13.6 209.8 11.6 400 
767 32.46 173.08 0.4 8 -13.8 194.7 11.6 400.1 
768 32.5 173.42 0.3 353.4 -14 179.7 11.7 400.2 
769 32.54 173.74 0.3 338.9 -14.2 164.7 11.7 400.3 
770 32.58 174.04 0.3 324.3 -14.4 149.7 11.7 400.4 
771 32.62 174.33 0.2 309.7 -14.6 134.7 11.7 400.5 
772 32.67 174.58 0.2 295.2 -14.8 119.7 11.7 400.6 
773 32.71 174.81 0.2 280.6 -15 104.7 11.7 400.7 
774 32.75 175.01 0.2 266 -15.2 89.7 11.7 400.7 
775 32.79 175.17 0.2 251.5 -15.4 74.7 11.8 400.8 
776 32.83 175.29 0.2 236.9 -15.6 59.7 11.8 400.9 
777 32.88 175.37 0.2 222.3 -15.8 44.7 11.8 401 
778 32.92 175.41 0.2 207.8 -16 29.7 11.8 401.1 
779 32.96 175.39 0.2 193.2 -16.2 14.7 11.8 401.2 
780 33 175.33 0.2 178.7 -16.4 359.7 11.8 401.3 
781 33.04 175.23 0.2 164.1 -16.6 344.7 11.8 401.3 
782 33.08 175.09 0.2 149.5 -16.8 329.7 11.8 401.4 
783 33.12 174.91 0.2 135 -17 314.7 11.9 401.5 
784 33.17 174.69 0.2 120.4 -17.2 299.7 11.9 401.6 
785 33.21 174.45 0.2 105.9 -17.4 284.7 11.9 401.7 
786 33.25 174.18 0.3 91.3 -17.6 269.7 11.9 401.7 
787 33.29 173.88 0.3 76.8 -17.7 254.7 11.9 401.8 
788 33.33 173.57 0.3 62.2 -17.9 239.7 11.9 401.9 
789 33.38 173.24 0.3 47.7 -18.1 224.7 11.9 402 
790 33.42 172.9 0.4 33.1 -18.3 209.7 12 402 
791 33.46 172.54 0.4 18.6 -18.5 194.7 12 402.1 
792 33.5 172.18 0.5 4 -18.7 179.7 12 402.2 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
793 33.54 171.8 0.5 349.5 -18.8 164.7 12 402.3 
794 33.58 171.42 0.6 334.9 -19 149.7 12 402.3 
795 33.62 171.03 0.6 320.4 -19.2 134.7 12 402.4 
796 33.67 170.63 0.7 305.8 -19.4 119.7 12.1 402.5 
797 33.71 170.23 0.7 291.3 -19.5 104.7 12.1 402.5 
798 33.75 169.83 0.8 276.7 -19.7 89.7 12.1 402.6 
799 33.79 169.42 0.9 262.2 -19.9 74.7 12.1 402.7 
800 33.83 169 0.9 247.6 -20.1 59.7 12.1 402.7 
801 33.88 168.59 1 233.1 -20.2 44.7 12.1 402.8 
802 33.92 168.17 1.1 218.6 -20.4 29.7 12.1 402.8 
803 33.96 167.75 1.1 204 -20.6 14.7 12.2 402.9 
804 34 167.32 1.2 189.5 -20.7 359.7 12.2 403 
805 34.04 166.9 1.3 174.9 -20.9 344.7 12.2 403 
806 34.08 166.47 1.4 160.4 -21 329.7 12.2 403.1 
807 34.12 166.04 1.5 145.9 -21.2 314.7 12.2 403.1 
808 34.17 165.61 1.6 131.3 -21.4 299.7 12.2 403.2 
809 34.21 165.18 1.7 116.8 -21.5 284.7 12.2 403.2 
810 34.25 164.74 1.8 102.3 -21.7 269.6 12.2 403.3 
811 34.29 164.31 1.9 87.7 -21.8 254.7 12.3 403.4 
812 34.33 163.87 2 73.2 -22 239.7 12.3 403.4 
813 34.38 163.44 2.1 58.7 -22.1 224.7 12.3 403.5 
814 34.42 163 2.2 44.1 -22.3 209.6 12.3 403.5 
815 34.46 162.56 2.3 29.6 -22.4 194.6 12.3 403.5 
816 34.5 162.12 2.4 15.1 -22.6 179.6 12.3 403.6 
817 34.54 161.68 2.5 0.6 -22.7 164.6 12.3 403.6 
818 34.58 161.24 2.7 346 -22.8 149.6 12.4 403.7 
819 34.62 160.8 2.8 331.5 -23 134.6 12.4 403.7 
820 34.67 160.36 2.9 317 -23.1 119.6 12.4 403.8 
821 34.71 159.92 3 302.5 -23.3 104.6 12.4 403.8 
822 34.75 159.48 3.2 287.9 -23.4 89.6 12.4 403.8 
823 34.79 159.04 3.3 273.4 -23.5 74.6 12.4 403.9 
824 34.83 158.59 3.5 258.9 -23.6 59.6 12.4 403.9 
825 34.88 158.15 3.6 244.4 -23.8 44.6 12.5 404 
826 34.92 157.71 3.7 229.9 -23.9 29.6 12.5 404 
827 34.96 157.26 3.9 215.3 -24 14.6 12.5 404 
828 35 156.82 4 200.8 -24.2 359.6 12.5 404.1 
829 35.04 156.38 4.2 186.3 -24.3 344.6 12.5 404.1 
830 35.08 155.93 4.3 171.8 -24.4 329.6 12.5 404.1 



 

ObsID is the simulated observation number (the first observation is 2008-03-19 00:00 UT), JD 
is the Julian Date of the observation minus 2454544, α is the Sun-Earth-Moon phase angle in 
degrees, illum is the Earth’s illumination percentage, λ☾ is the sub-Lunar longitude, β☾ is the sub-
Lunar latitude, λ☉ is the sub-solar longitude, β☉ is the sub-solar latitude, and Δr is the Earth-
Moon distance (×10-3 km).  
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ObsID JD(+2454544) α(°) Illum(%) λ☾(°) β☾(°) λ☉(°) β☉(°) Δr (×10-3 km) 
831 35.12 155.49 4.5 157.3 -24.5 314.6 12.5 404.1 
832 35.17 155.04 4.7 142.8 -24.6 299.6 12.6 404.2 
833 35.21 154.6 4.8 128.2 -24.7 284.6 12.6 404.2 
834 35.25 154.15 5 113.7 -24.9 269.6 12.6 404.2 
835 35.29 153.71 5.2 99.2 -25 254.6 12.6 404.2 
836 35.33 153.26 5.3 84.7 -25.1 239.6 12.6 404.3 
837 35.38 152.82 5.5 70.2 -25.2 224.6 12.6 404.3 
838 35.42 152.37 5.7 55.7 -25.3 209.6 12.6 404.3 
839 35.46 151.93 5.9 41.2 -25.4 194.6 12.7 404.3 



ObsID = observation number (same as Table A.1). UBVRIJHK absolute STMAG magnitudes 
are given in the remaining columns.  
 

Table A.2 Absolute Earth HST Standard Magnitudes  

ObsID U B V R I J H K 
0 31.71 30.98 31.01 31.05 31.09 32.33 32.92 34.42 
1 31.75 30.99 31.00 31.01 31.03 32.26 32.86 34.32 
2 31.76 30.98 30.95 30.95 30.98 32.18 32.75 34.21 
3 31.79 30.98 30.93 30.92 30.93 32.13 32.66 34.15 
4 31.78 30.96 30.90 30.89 30.92 32.14 32.66 34.14 
5 31.78 30.97 30.91 30.87 30.86 32.06 32.69 34.17 
6 31.81 30.96 30.87 30.84 30.84 32.04 32.58 34.08 
7 31.88 31.05 30.95 30.91 30.91 32.14 32.66 34.17 
8 31.92 31.09 31.01 30.97 30.94 32.16 32.77 34.26 
9 31.97 31.16 31.09 31.06 31.04 32.25 32.87 34.36 
10 31.94 31.11 31.12 31.13 31.13 32.28 33.04 34.48 
11 31.99 31.17 31.17 31.17 31.15 32.33 33.00 34.50 
12 32.05 31.29 31.32 31.26 31.20 32.41 33.00 34.51 
13 32.13 31.34 31.31 31.22 31.14 32.36 32.86 34.39 
14 32.22 31.48 31.53 31.47 31.39 32.65 33.14 34.68 
15 32.25 31.52 31.65 31.63 31.52 32.73 33.31 34.81 
16 32.25 31.50 31.63 31.64 31.54 32.71 33.36 34.85 
17 32.28 31.50 31.59 31.54 31.44 32.59 33.21 34.69 
18 32.28 31.49 31.51 31.37 31.19 32.40 32.86 34.39 
19 32.36 31.51 31.34 31.09 30.88 32.14 32.46 34.00 
20 32.35 31.44 31.28 31.07 30.87 32.07 32.51 34.02 
21 32.40 31.51 31.37 31.18 30.99 32.17 32.63 34.14 
22 32.42 31.53 31.42 31.26 31.08 32.26 32.75 34.24 
23 32.47 31.56 31.40 31.20 31.01 32.20 32.65 34.14 
24 32.51 31.66 31.55 31.34 31.14 32.38 32.75 34.29 
25 32.57 31.69 31.55 31.30 31.07 32.28 32.65 34.18 
26 32.58 31.62 31.44 31.18 30.93 32.07 32.52 34.01 
27 32.66 31.70 31.48 31.18 30.91 32.09 32.46 33.97 
28 32.65 31.65 31.44 31.16 30.89 32.04 32.44 33.96 
29 32.70 31.66 31.41 31.13 30.86 32.01 32.42 33.93 
30 32.71 31.64 31.36 31.08 30.81 31.95 32.37 33.87 
31 32.81 31.78 31.50 31.17 30.88 32.05 32.39 33.92 
32 32.88 31.86 31.61 31.29 31.00 32.17 32.52 34.05 
33 32.94 31.90 31.69 31.41 31.14 32.26 32.68 34.18 
34 32.90 31.78 31.60 31.38 31.13 32.15 32.73 34.17 
35 33.00 31.90 31.73 31.51 31.26 32.30 32.86 34.30 
36 33.10 32.04 31.81 31.53 31.26 32.37 32.80 34.30 
37 33.20 32.17 31.97 31.67 31.38 32.52 32.91 34.42 
38 33.29 32.28 32.03 31.64 31.30 32.48 32.79 34.34 
39 33.42 32.53 32.47 32.18 31.85 32.98 33.36 34.87 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
40 33.47 32.53 32.54 32.34 32.03 33.05 33.57 35.02 
41 33.48 32.43 32.33 32.12 31.82 32.84 33.41 34.83 
42 33.60 32.57 32.38 32.05 31.72 32.81 33.21 34.68 
43 33.72 32.69 32.39 31.95 31.55 32.70 32.97 34.49 
44 33.75 32.64 32.33 31.90 31.50 32.62 32.94 34.44 
45 33.83 32.65 32.38 32.02 31.64 32.67 33.10 34.55 
46 33.98 32.91 32.72 32.38 31.99 33.00 33.41 34.84 
47 34.13 33.14 32.88 32.45 32.05 33.17 33.45 34.92 
48 34.28 33.32 33.02 32.55 32.14 33.32 33.50 35.02 
49 34.37 33.38 33.09 32.61 32.18 33.36 33.56 35.10 
50 34.44 33.32 32.99 32.53 32.11 33.21 33.49 34.99 
51 34.54 33.33 32.98 32.53 32.12 33.15 33.48 34.96 
52 34.70 33.52 33.18 32.71 32.27 33.34 33.62 35.13 
53 34.83 33.61 33.26 32.80 32.37 33.42 33.71 35.21 
54 34.95 33.65 33.27 32.83 32.43 33.45 33.78 35.25 
55 35.08 33.72 33.35 32.93 32.51 33.50 33.88 35.34 
56 35.30 34.02 33.69 33.26 32.84 33.82 34.18 35.64 
57 35.52 34.29 33.98 33.56 33.13 34.10 34.43 35.89 
58 35.64 34.30 33.99 33.59 33.17 34.08 34.49 35.91 
59 35.86 34.54 34.20 33.78 33.36 34.28 34.65 36.07 
60 36.07 34.73 34.36 33.92 33.49 34.42 34.76 36.20 
61 36.34 35.09 34.73 34.26 33.80 34.75 35.02 36.49 
62 36.57 35.32 34.97 34.47 34.00 34.97 35.25 36.73 
63 36.84 35.75 35.46 34.95 34.45 35.42 35.64 37.14 
64 36.97 35.86 35.64 35.18 34.70 35.57 35.85 37.28 
65 37.03 35.75 35.45 35.01 34.54 35.36 35.72 37.12 
66 37.18 35.83 35.47 35.00 34.52 35.34 35.67 37.08 
67 37.17 35.83 35.50 35.05 34.57 35.38 35.75 37.16 
68 37.14 35.84 35.55 35.12 34.65 35.45 35.85 37.25 
69 37.10 35.89 35.65 35.21 34.73 35.52 35.88 37.29 
70 36.90 35.71 35.47 35.04 34.57 35.38 35.75 37.16 
71 36.69 35.50 35.24 34.81 34.34 35.16 35.50 36.92 
72 36.46 35.25 34.98 34.54 34.08 34.91 35.24 36.66 
73 36.19 34.87 34.57 34.17 33.73 34.57 34.99 36.39 
74 36.00 34.78 34.51 34.12 33.68 34.56 34.97 36.39 
75 35.78 34.57 34.32 33.92 33.49 34.37 34.78 36.20 
76 35.56 34.28 34.01 33.64 33.22 34.08 34.54 35.94 
77 35.41 34.22 33.97 33.58 33.16 34.02 34.42 35.82 
78 35.23 34.09 33.80 33.37 32.94 33.89 34.21 35.64 
79 35.05 33.83 33.51 33.09 32.68 33.62 34.00 35.42 
80 34.88 33.66 33.35 32.95 32.54 33.51 33.91 35.35 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
81 34.70 33.47 33.16 32.78 32.40 33.35 33.77 35.20 
82 34.59 33.43 33.16 32.80 32.43 33.40 33.83 35.25 
83 34.43 33.22 32.94 32.61 32.25 33.19 33.65 35.05 
84 34.30 33.15 32.83 32.43 32.06 33.11 33.49 34.93 
85 34.24 33.07 32.73 32.31 31.92 32.94 33.29 34.75 
86 34.05 32.83 32.50 32.12 31.76 32.78 33.20 34.65 
87 34.00 32.84 32.53 32.13 31.74 32.76 33.14 34.59 
88 33.82 32.58 32.29 31.95 31.60 32.57 33.05 34.46 
89 33.71 32.46 32.17 31.83 31.49 32.49 32.96 34.40 
90 33.58 32.38 32.06 31.73 31.40 32.45 32.92 34.34 
91 33.60 32.43 32.12 31.77 31.44 32.47 32.88 34.32 
92 33.48 32.32 32.03 31.70 31.38 32.41 32.89 34.33 
93 33.48 32.45 32.22 31.89 31.56 32.62 33.03 34.50 
94 33.42 32.41 32.20 31.88 31.55 32.59 33.01 34.45 
95 33.32 32.27 32.03 31.72 31.41 32.46 32.88 34.33 
96 33.17 32.10 31.82 31.51 31.21 32.29 32.73 34.17 
97 33.18 32.12 31.85 31.52 31.23 32.32 32.71 34.19 
98 33.11 32.08 31.80 31.46 31.15 32.28 32.65 34.14 
99 33.03 31.98 31.73 31.44 31.16 32.25 32.68 34.17 
100 33.03 32.06 31.81 31.50 31.22 32.36 32.74 34.22 
101 33.00 32.10 31.94 31.67 31.40 32.53 32.93 34.41 
102 32.84 31.86 31.63 31.35 31.09 32.22 32.63 34.10 
103 32.86 31.91 31.62 31.29 31.02 32.21 32.52 34.04 
104 32.77 31.78 31.50 31.19 30.92 32.08 32.46 33.96 
105 32.68 31.63 31.37 31.11 30.87 31.98 32.44 33.93 
106 32.62 31.58 31.38 31.19 31.00 32.07 32.64 34.10 
107 32.64 31.70 31.56 31.38 31.19 32.30 32.83 34.28 
108 32.58 31.66 31.47 31.24 31.04 32.21 32.62 34.10 
109 32.57 31.67 31.41 31.14 30.92 32.16 32.47 34.00 
110 32.51 31.58 31.32 31.05 30.83 32.05 32.40 33.92 
111 32.49 31.58 31.35 31.10 30.90 32.11 32.48 33.99 
112 32.40 31.44 31.24 31.03 30.85 32.01 32.47 33.97 
113 32.35 31.40 31.22 31.03 30.87 32.02 32.52 34.02 
114 32.31 31.38 31.20 31.01 30.86 32.04 32.50 33.99 
115 32.26 31.35 31.15 30.97 30.84 32.04 32.50 34.01 
116 32.27 31.37 31.18 30.99 30.85 32.05 32.51 34.01 
117 32.26 31.41 31.29 31.14 31.01 32.21 32.70 34.19 
118 32.21 31.37 31.30 31.21 31.11 32.28 32.87 34.34 
119 32.18 31.33 31.24 31.16 31.08 32.24 32.83 34.30 
120 32.11 31.24 31.12 31.03 30.97 32.15 32.72 34.19 
121 32.08 31.22 31.10 30.99 30.91 32.13 32.65 34.15 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
122 32.08 31.22 31.07 30.96 30.90 32.13 32.61 34.10 
123 32.05 31.20 31.09 30.99 30.93 32.14 32.66 34.15 
124 32.06 31.23 31.10 31.02 30.98 32.24 32.70 34.20 
125 32.04 31.26 31.20 31.18 31.15 32.39 32.93 34.42 
126 32.03 31.25 31.20 31.21 31.23 32.47 33.02 34.49 
127 31.96 31.14 30.99 30.93 30.93 32.21 32.64 34.13 
128 31.90 31.09 30.97 30.91 30.91 32.17 32.68 34.16 
129 31.83 31.00 30.90 30.87 30.86 32.04 32.62 34.11 
130 31.81 30.98 30.90 30.90 30.93 32.12 32.76 34.23 
131 31.86 31.09 31.07 31.09 31.12 32.36 32.94 34.40 
132 31.85 31.10 31.07 31.10 31.17 32.45 33.01 34.47 
133 31.78 30.98 30.89 30.89 30.96 32.21 32.67 34.16 
134 31.77 30.97 30.85 30.84 30.92 32.19 32.62 34.11 
135 31.73 30.94 30.86 30.84 30.89 32.13 32.67 34.14 
136 31.68 30.88 30.81 30.83 30.88 32.11 32.69 34.17 
137 31.64 30.84 30.76 30.79 30.88 32.07 32.68 34.15 
138 31.63 30.86 30.83 30.88 30.97 32.15 32.76 34.22 
139 31.57 30.78 30.72 30.77 30.85 32.07 32.70 34.15 
140 31.57 30.80 30.76 30.81 30.90 32.12 32.73 34.20 
141 31.56 30.82 30.80 30.83 30.90 32.11 32.72 34.20 
142 31.56 30.84 30.87 30.96 31.05 32.26 32.96 34.42 
143 31.52 30.79 30.81 30.91 31.02 32.22 32.97 34.41 
144 31.47 30.73 30.73 30.82 30.93 32.11 32.82 34.27 
145 31.40 30.64 30.62 30.73 30.90 32.10 32.76 34.23 
146 31.48 30.73 30.69 30.78 30.94 32.18 32.77 34.23 
147 31.45 30.73 30.71 30.78 30.92 32.14 32.68 34.16 
148 31.44 30.73 30.73 30.86 31.03 32.23 32.80 34.30 
149 31.43 30.73 30.75 30.87 31.00 32.29 32.87 34.36 
150 31.43 30.74 30.78 30.92 31.06 32.33 32.98 34.45 
151 31.34 30.61 30.60 30.75 30.94 32.18 32.83 34.28 
152 31.31 30.58 30.55 30.67 30.85 32.12 32.70 34.15 
153 31.25 30.53 30.53 30.65 30.83 32.06 32.76 34.21 
154 31.24 30.50 30.49 30.63 30.83 32.03 32.74 34.20 
155 31.26 30.57 30.60 30.74 30.91 32.14 32.84 34.30 
156 31.27 30.60 30.66 30.82 30.97 32.24 32.98 34.43 
157 31.23 30.54 30.56 30.73 30.93 32.20 32.84 34.29 
158 31.23 30.53 30.54 30.69 30.93 32.19 32.84 34.27 
159 31.20 30.50 30.51 30.65 30.86 32.12 32.77 34.20 
160 31.15 30.46 30.47 30.62 30.83 32.05 32.70 34.15 
161 31.12 30.43 30.45 30.60 30.83 32.05 32.81 34.24 
162 31.10 30.44 30.51 30.66 30.88 32.09 32.88 34.34 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
163 31.06 30.39 30.45 30.62 30.87 32.04 32.79 34.25 
164 31.05 30.40 30.46 30.62 30.86 32.07 32.85 34.30 
165 31.01 30.35 30.41 30.59 30.83 32.02 32.93 34.36 
166 31.01 30.36 30.43 30.60 30.81 32.02 32.90 34.35 
167 30.97 30.32 30.40 30.57 30.78 31.98 32.92 34.36 
168 30.97 30.31 30.38 30.57 30.83 32.04 32.88 34.34 
169 30.92 30.26 30.32 30.50 30.76 31.98 32.82 34.26 
170 30.96 30.31 30.37 30.56 30.81 32.04 32.83 34.30 
171 30.97 30.34 30.39 30.57 30.86 32.13 32.91 34.34 
172 30.95 30.34 30.43 30.63 30.90 32.15 32.96 34.42 
173 30.95 30.32 30.39 30.58 30.81 32.08 32.89 34.35 
174 30.95 30.33 30.42 30.60 30.80 32.09 32.90 34.38 
175 30.89 30.26 30.34 30.53 30.76 32.01 32.86 34.31 
176 30.86 30.21 30.27 30.45 30.71 31.95 32.76 34.20 
177 30.83 30.18 30.24 30.41 30.68 31.93 32.75 34.18 
178 30.78 30.14 30.20 30.38 30.64 31.86 32.73 34.15 
179 30.77 30.13 30.20 30.38 30.60 31.83 32.70 34.13 
180 30.81 30.20 30.29 30.47 30.66 31.92 32.75 34.20 
181 30.79 30.19 30.29 30.49 30.71 31.97 32.78 34.22 
182 30.80 30.20 30.29 30.49 30.76 32.01 32.82 34.23 
183 30.80 30.20 30.29 30.48 30.76 32.01 32.80 34.20 
184 30.77 30.17 30.26 30.46 30.74 31.97 32.79 34.19 
185 30.74 30.13 30.22 30.41 30.69 31.91 32.76 34.17 
186 30.71 30.12 30.22 30.41 30.68 31.89 32.79 34.21 
187 30.67 30.09 30.20 30.40 30.67 31.86 32.83 34.27 
188 30.65 30.07 30.18 30.38 30.66 31.85 32.83 34.25 
189 30.64 30.07 30.20 30.39 30.67 31.87 32.84 34.28 
190 30.64 30.07 30.18 30.39 30.62 31.83 32.81 34.25 
191 30.62 30.05 30.18 30.37 30.58 31.80 32.79 34.25 
192 30.60 30.03 30.16 30.35 30.57 31.80 32.80 34.27 
193 30.58 30.01 30.13 30.34 30.58 31.83 32.78 34.25 
194 30.61 30.06 30.19 30.40 30.66 31.94 32.83 34.30 
195 30.63 30.09 30.23 30.45 30.72 32.02 32.85 34.32 
196 30.62 30.09 30.23 30.45 30.73 32.01 32.88 34.35 
197 30.59 30.04 30.17 30.38 30.62 31.89 32.80 34.26 
198 30.57 30.02 30.14 30.33 30.54 31.81 32.71 34.19 
199 30.55 30.00 30.13 30.33 30.53 31.80 32.68 34.15 
200 30.54 29.99 30.12 30.32 30.55 31.81 32.65 34.10 
201 30.50 29.94 30.07 30.27 30.53 31.78 32.61 34.04 
202 30.47 29.91 30.04 30.25 30.51 31.75 32.64 34.07 
203 30.43 29.86 29.98 30.19 30.44 31.68 32.62 34.06 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
204 30.45 29.90 30.03 30.23 30.43 31.68 32.60 34.06 
205 30.46 29.93 30.08 30.29 30.48 31.74 32.64 34.10 
206 30.47 29.94 30.10 30.32 30.55 31.81 32.70 34.14 
207 30.47 29.95 30.12 30.34 30.61 31.86 32.72 34.16 
208 30.46 29.95 30.12 30.35 30.64 31.87 32.76 34.19 
209 30.42 29.90 30.06 30.29 30.59 31.81 32.72 34.14 
210 30.38 29.85 30.00 30.22 30.52 31.72 32.69 34.12 
211 30.34 29.81 29.97 30.20 30.50 31.69 32.74 34.18 
212 30.34 29.82 29.99 30.22 30.52 31.71 32.79 34.23 
213 30.33 29.82 29.97 30.20 30.48 31.69 32.73 34.18 
214 30.32 29.80 29.96 30.19 30.46 31.67 32.74 34.19 
215 30.30 29.78 29.94 30.16 30.39 31.61 32.69 34.16 
216 30.29 29.78 29.93 30.15 30.37 31.60 32.68 34.16 
217 30.28 29.78 29.94 30.15 30.38 31.63 32.67 34.17 
218 30.29 29.79 29.96 30.19 30.44 31.74 32.69 34.22 
219 30.32 29.84 30.01 30.25 30.52 31.85 32.72 34.25 
220 30.32 29.85 30.04 30.27 30.54 31.85 32.72 34.23 
221 30.32 29.84 30.02 30.24 30.49 31.77 32.69 34.19 
222 30.31 29.83 29.99 30.20 30.40 31.69 32.60 34.11 
223 30.32 29.85 30.03 30.24 30.40 31.70 32.59 34.11 
224 30.30 29.84 30.02 30.24 30.43 31.71 32.58 34.07 
225 30.26 29.78 29.96 30.19 30.43 31.70 32.57 34.03 
226 30.21 29.72 29.90 30.14 30.41 31.66 32.60 34.04 
227 30.18 29.68 29.86 30.09 30.35 31.60 32.60 34.06 
228 30.16 29.67 29.83 30.05 30.27 31.53 32.56 34.03 
229 30.17 29.69 29.86 30.08 30.27 31.53 32.55 34.03 
230 30.18 29.71 29.90 30.13 30.33 31.59 32.57 34.04 
231 30.19 29.73 29.93 30.17 30.41 31.67 32.62 34.07 
232 30.18 29.73 29.95 30.21 30.50 31.74 32.68 34.12 
233 30.16 29.71 29.93 30.19 30.51 31.73 32.67 34.09 
234 30.13 29.67 29.88 30.13 30.45 31.66 32.66 34.08 
235 30.08 29.62 29.82 30.07 30.39 31.59 32.68 34.11 
236 30.07 29.61 29.82 30.07 30.40 31.59 32.75 34.20 
237 30.07 29.61 29.81 30.05 30.36 31.56 32.70 34.15 
238 30.06 29.60 29.79 30.04 30.32 31.53 32.66 34.13 
239 30.04 29.58 29.76 30.00 30.25 31.47 32.62 34.10 
240 30.02 29.54 29.72 29.95 30.17 31.41 32.54 34.03 
241 30.01 29.54 29.72 29.95 30.16 31.42 32.49 34.00 
242 30.03 29.57 29.76 29.99 30.22 31.51 32.49 34.03 
243 30.05 29.62 29.82 30.06 30.31 31.65 32.55 34.13 
244 30.08 29.66 29.88 30.13 30.40 31.74 32.63 34.20 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
245 30.09 29.67 29.88 30.12 30.36 31.67 32.58 34.12 
246 30.08 29.66 29.86 30.08 30.26 31.57 32.49 34.03 
247 30.07 29.66 29.85 30.06 30.20 31.51 32.43 33.98 
248 30.06 29.65 29.85 30.06 30.21 31.50 32.42 33.95 
249 30.03 29.61 29.82 30.04 30.24 31.52 32.44 33.94 
250 29.99 29.56 29.77 30.02 30.26 31.54 32.51 33.99 
251 29.94 29.51 29.72 29.96 30.21 31.48 32.52 33.99 
252 29.92 29.47 29.67 29.91 30.13 31.40 32.49 33.97 
253 29.91 29.47 29.66 29.90 30.09 31.36 32.44 33.93 
254 29.92 29.49 29.69 29.93 30.11 31.39 32.44 33.92 
255 29.94 29.52 29.74 29.99 30.21 31.47 32.48 33.95 
256 29.95 29.55 29.80 30.06 30.33 31.58 32.56 34.01 
257 29.93 29.54 29.80 30.07 30.38 31.62 32.60 34.03 
258 29.89 29.48 29.73 30.00 30.33 31.55 32.59 34.01 
259 29.85 29.43 29.66 29.93 30.27 31.48 32.60 34.03 
260 29.84 29.42 29.66 29.92 30.26 31.47 32.65 34.10 
261 29.84 29.43 29.66 29.93 30.25 31.46 32.66 34.11 
262 29.83 29.42 29.65 29.91 30.20 31.43 32.62 34.09 
263 29.82 29.39 29.61 29.86 30.12 31.35 32.55 34.04 
264 29.79 29.36 29.56 29.80 30.03 31.27 32.47 33.98 
265 29.76 29.32 29.50 29.74 29.95 31.21 32.39 33.92 
266 29.76 29.32 29.51 29.75 29.96 31.25 32.37 33.93 
267 29.79 29.37 29.58 29.82 30.06 31.39 32.42 34.02 
268 29.84 29.45 29.69 29.94 30.18 31.54 32.49 34.10 
269 29.86 29.49 29.73 29.97 30.19 31.53 32.43 34.01 
270 29.87 29.50 29.72 29.95 30.12 31.45 32.37 33.95 
271 29.85 29.47 29.67 29.89 30.03 31.33 32.28 33.85 
272 29.84 29.45 29.66 29.87 30.00 31.29 32.26 33.83 
273 29.81 29.43 29.63 29.86 30.01 31.30 32.28 33.82 
274 29.77 29.38 29.60 29.84 30.04 31.32 32.33 33.84 
275 29.73 29.33 29.56 29.81 30.04 31.32 32.36 33.85 
276 29.69 29.29 29.51 29.75 29.97 31.24 32.35 33.84 
277 29.67 29.26 29.46 29.71 29.90 31.17 32.29 33.78 
278 29.67 29.27 29.47 29.71 29.89 31.16 32.26 33.76 
279 29.68 29.30 29.52 29.77 29.95 31.22 32.29 33.79 
280 29.69 29.32 29.56 29.82 30.05 31.31 32.37 33.85 
281 29.69 29.32 29.59 29.86 30.15 31.39 32.45 33.90 
282 29.66 29.29 29.56 29.85 30.18 31.40 32.50 33.93 
283 29.63 29.25 29.52 29.80 30.15 31.36 32.51 33.94 
284 29.62 29.24 29.50 29.79 30.14 31.35 32.54 33.97 
285 29.61 29.23 29.50 29.78 30.11 31.33 32.54 33.99 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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286 29.60 29.22 29.47 29.74 30.05 31.28 32.49 33.95 
287 29.58 29.20 29.44 29.70 29.97 31.21 32.40 33.88 
288 29.56 29.16 29.38 29.63 29.86 31.11 32.29 33.80 
289 29.53 29.12 29.32 29.56 29.78 31.04 32.21 33.74 
290 29.53 29.12 29.32 29.56 29.77 31.06 32.20 33.76 
291 29.55 29.16 29.37 29.61 29.82 31.15 32.24 33.83 
292 29.58 29.21 29.45 29.70 29.92 31.27 32.28 33.90 
293 29.62 29.26 29.51 29.75 29.96 31.30 32.25 33.85 
294 29.64 29.29 29.52 29.75 29.91 31.24 32.16 33.75 
295 29.62 29.26 29.47 29.69 29.82 31.13 32.07 33.66 
296 29.60 29.23 29.42 29.64 29.75 31.05 32.01 33.59 
297 29.56 29.18 29.38 29.59 29.73 31.01 31.99 33.55 
298 29.51 29.13 29.33 29.55 29.72 31.00 32.01 33.54 
299 29.46 29.08 29.29 29.52 29.73 31.00 32.05 33.56 
300 29.42 29.03 29.24 29.49 29.70 30.97 32.06 33.55 
301 29.40 29.00 29.21 29.45 29.64 30.91 32.03 33.51 
302 29.40 29.00 29.21 29.45 29.63 30.90 32.01 33.50 
303 29.42 29.04 29.25 29.50 29.67 30.94 32.03 33.52 
304 29.44 29.07 29.31 29.57 29.76 31.03 32.10 33.58 
305 29.44 29.09 29.36 29.63 29.87 31.13 32.19 33.65 
306 29.44 29.09 29.38 29.67 29.97 31.21 32.27 33.72 
307 29.42 29.08 29.37 29.67 30.01 31.24 32.33 33.75 
308 29.41 29.07 29.36 29.66 30.02 31.24 32.35 33.77 
309 29.40 29.06 29.36 29.65 30.00 31.23 32.37 33.80 
310 29.39 29.05 29.33 29.62 29.95 31.18 32.34 33.79 
311 29.38 29.02 29.29 29.56 29.85 31.10 32.28 33.75 
312 29.35 28.98 29.22 29.48 29.72 30.98 32.18 33.68 
313 29.32 28.94 29.16 29.41 29.63 30.91 32.09 33.62 
314 29.31 28.93 29.15 29.40 29.60 30.90 32.05 33.61 
315 29.33 28.96 29.18 29.43 29.62 30.95 32.05 33.65 
316 29.37 29.02 29.25 29.50 29.70 31.06 32.09 33.71 
317 29.40 29.06 29.31 29.55 29.74 31.10 32.06 33.69 
318 29.42 29.08 29.32 29.55 29.71 31.05 31.99 33.61 
319 29.40 29.06 29.28 29.49 29.63 30.94 31.90 33.51 
320 29.37 29.02 29.22 29.43 29.54 30.84 31.82 33.41 
321 29.33 28.96 29.15 29.36 29.49 30.77 31.77 33.35 
322 29.28 28.90 29.09 29.30 29.46 30.74 31.75 33.30 
323 29.23 28.84 29.04 29.26 29.46 30.72 31.77 33.29 
324 29.18 28.79 28.99 29.23 29.44 30.70 31.77 33.27 
325 29.15 28.76 28.96 29.20 29.42 30.68 31.77 33.26 
326 29.15 28.76 28.96 29.21 29.41 30.68 31.77 33.26 
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327 29.17 28.78 28.99 29.23 29.43 30.70 31.78 33.27 
328 29.19 28.82 29.05 29.30 29.50 30.77 31.82 33.31 
329 29.21 28.86 29.11 29.37 29.60 30.87 31.90 33.37 
330 29.22 28.88 29.16 29.44 29.72 30.98 31.99 33.45 
331 29.21 28.88 29.18 29.47 29.79 31.04 32.08 33.52 
332 29.20 28.87 29.17 29.47 29.82 31.06 32.13 33.57 
333 29.19 28.86 29.16 29.45 29.81 31.05 32.17 33.61 
334 29.17 28.83 29.12 29.41 29.75 31.00 32.15 33.60 
335 29.14 28.80 29.06 29.34 29.65 30.90 32.08 33.55 
336 29.11 28.75 28.99 29.26 29.53 30.79 31.99 33.49 
337 29.09 28.72 28.95 29.21 29.44 30.73 31.91 33.44 
338 29.09 28.72 28.95 29.20 29.41 30.71 31.85 33.42 
339 29.11 28.75 28.97 29.22 29.42 30.75 31.84 33.43 
340 29.14 28.80 29.03 29.27 29.46 30.81 31.83 33.47 
341 29.17 28.83 29.06 29.30 29.48 30.84 31.79 33.43 
342 29.18 28.84 29.06 29.30 29.45 30.80 31.73 33.35 
343 29.17 28.82 29.03 29.24 29.38 30.71 31.63 33.25 
344 29.15 28.79 28.98 29.19 29.32 30.62 31.56 33.17 
345 29.12 28.75 28.93 29.14 29.27 30.55 31.52 33.10 
346 29.07 28.69 28.87 29.08 29.23 30.50 31.49 33.05 
347 29.03 28.64 28.83 29.05 29.23 30.49 31.50 33.05 
348 28.99 28.61 28.80 29.03 29.24 30.51 31.55 33.07 
349 28.97 28.58 28.79 29.03 29.24 30.51 31.58 33.10 
350 28.96 28.58 28.79 29.03 29.23 30.52 31.61 33.13 
351 28.97 28.60 28.81 29.06 29.25 30.54 31.64 33.15 
352 28.99 28.62 28.85 29.10 29.29 30.59 31.67 33.18 
353 29.00 28.65 28.89 29.15 29.36 30.66 31.71 33.21 
354 29.01 28.68 28.94 29.22 29.47 30.76 31.79 33.28 
355 29.01 28.69 28.97 29.26 29.56 30.82 31.86 33.33 
356 29.00 28.67 28.96 29.26 29.59 30.85 31.92 33.38 
357 28.98 28.65 28.94 29.24 29.59 30.84 31.97 33.42 
358 28.96 28.62 28.90 29.19 29.53 30.78 31.96 33.42 
359 28.93 28.58 28.84 29.12 29.44 30.70 31.91 33.39 
360 28.90 28.54 28.78 29.05 29.34 30.61 31.81 33.33 
361 28.89 28.52 28.75 29.01 29.26 30.54 31.73 33.27 
362 28.89 28.52 28.75 29.00 29.23 30.53 31.66 33.23 
363 28.90 28.54 28.76 29.01 29.21 30.53 31.62 33.21 
364 28.92 28.56 28.79 29.03 29.22 30.56 31.59 33.21 
365 28.94 28.59 28.81 29.05 29.23 30.57 31.56 33.18 
366 28.95 28.60 28.80 29.03 29.20 30.54 31.49 33.11 
367 28.95 28.58 28.78 28.99 29.14 30.47 31.41 33.03 
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368 28.93 28.56 28.75 28.96 29.10 30.40 31.35 32.96 
369 28.90 28.53 28.71 28.91 29.05 30.33 31.31 32.91 
370 28.87 28.49 28.66 28.87 29.03 30.30 31.29 32.86 
371 28.83 28.44 28.62 28.84 29.02 30.28 31.29 32.85 
372 28.80 28.41 28.60 28.83 29.03 30.29 31.32 32.86 
373 28.78 28.39 28.59 28.83 29.04 30.31 31.35 32.88 
374 28.77 28.39 28.60 28.84 29.06 30.34 31.39 32.91 
375 28.77 28.40 28.61 28.87 29.07 30.36 31.42 32.95 
376 28.78 28.42 28.64 28.89 29.10 30.39 31.45 32.97 
377 28.80 28.44 28.67 28.93 29.15 30.44 31.48 32.99 
378 28.81 28.46 28.71 28.98 29.23 30.52 31.53 33.03 
379 28.81 28.47 28.74 29.03 29.31 30.58 31.59 33.08 
380 28.81 28.48 28.76 29.06 29.38 30.63 31.66 33.13 
381 28.78 28.46 28.75 29.05 29.39 30.64 31.69 33.16 
382 28.76 28.43 28.71 29.01 29.36 30.61 31.69 33.16 
383 28.75 28.41 28.68 28.97 29.31 30.56 31.68 33.16 
384 28.74 28.39 28.65 28.93 29.24 30.50 31.64 33.14 
385 28.74 28.38 28.63 28.91 29.18 30.46 31.60 33.13 
386 28.74 28.39 28.63 28.90 29.14 30.44 31.57 33.12 
387 28.75 28.40 28.64 28.90 29.11 30.43 31.54 33.11 
388 28.76 28.41 28.65 28.91 29.10 30.43 31.51 33.11 
389 28.77 28.43 28.66 28.91 29.09 30.43 31.48 33.09 
390 28.78 28.43 28.64 28.88 29.05 30.38 31.41 33.02 
391 28.77 28.41 28.61 28.84 28.99 30.31 31.32 32.94 
392 28.76 28.40 28.58 28.80 28.95 30.25 31.26 32.87 
393 28.74 28.37 28.55 28.76 28.91 30.19 31.20 32.80 
394 28.71 28.34 28.51 28.73 28.88 30.15 31.16 32.75 
395 28.69 28.31 28.49 28.71 28.89 30.14 31.15 32.72 
396 28.66 28.28 28.48 28.71 28.90 30.15 31.17 32.72 
397 28.64 28.27 28.47 28.71 28.91 30.17 31.19 32.73 
398 28.63 28.27 28.48 28.73 28.94 30.21 31.22 32.75 
399 28.64 28.27 28.49 28.74 28.96 30.23 31.25 32.78 
400 28.64 28.28 28.51 28.77 28.98 30.26 31.29 32.81 
401 28.65 28.30 28.53 28.80 29.01 30.30 31.31 32.83 
402 28.66 28.31 28.55 28.82 29.06 30.34 31.34 32.85 
403 28.66 28.32 28.58 28.86 29.13 30.41 31.40 32.90 
404 28.66 28.32 28.60 28.89 29.20 30.46 31.45 32.94 
405 28.65 28.32 28.61 28.90 29.24 30.49 31.50 32.97 
406 28.63 28.31 28.60 28.90 29.25 30.49 31.53 33.00 
407 28.62 28.29 28.58 28.88 29.22 30.47 31.53 33.01 
408 28.61 28.28 28.55 28.84 29.16 30.42 31.51 33.01 
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409 28.61 28.27 28.54 28.82 29.10 30.38 31.50 33.03 
410 28.62 28.28 28.55 28.82 29.07 30.37 31.50 33.05 
411 28.64 28.30 28.56 28.83 29.04 30.36 31.48 33.06 
412 28.66 28.33 28.59 28.85 29.04 30.37 31.47 33.07 
413 28.68 28.35 28.60 28.86 29.03 30.37 31.44 33.06 
414 28.68 28.36 28.60 28.85 29.00 30.33 31.38 33.01 
415 28.68 28.34 28.56 28.80 28.95 30.27 31.30 32.93 
416 28.67 28.32 28.52 28.75 28.88 30.19 31.21 32.83 
417 28.65 28.29 28.48 28.70 28.84 30.12 31.14 32.76 
418 28.62 28.26 28.45 28.66 28.81 30.08 31.10 32.70 
419 28.60 28.23 28.42 28.64 28.80 30.06 31.08 32.67 
420 28.57 28.20 28.40 28.63 28.81 30.06 31.09 32.67 
421 28.56 28.19 28.39 28.63 28.83 30.08 31.12 32.68 
422 28.55 28.18 28.40 28.65 28.85 30.11 31.15 32.70 
423 28.55 28.19 28.42 28.67 28.87 30.14 31.18 32.72 
424 28.56 28.20 28.43 28.69 28.89 30.17 31.20 32.74 
425 28.56 28.20 28.44 28.70 28.91 30.19 31.21 32.75 
426 28.56 28.20 28.45 28.72 28.94 30.22 31.22 32.75 
427 28.56 28.21 28.46 28.74 28.99 30.26 31.25 32.77 
428 28.56 28.22 28.48 28.76 29.05 30.31 31.29 32.80 
429 28.56 28.22 28.49 28.78 29.10 30.35 31.35 32.84 
430 28.55 28.21 28.49 28.79 29.12 30.36 31.39 32.89 
431 28.58 28.25 28.53 28.84 29.17 30.40 31.45 32.94 
432 28.54 28.19 28.46 28.76 29.08 30.33 31.43 32.94 
433 28.58 28.24 28.51 28.80 29.09 30.34 31.45 32.98 
434 28.56 28.21 28.48 28.76 29.01 30.30 31.44 33.00 
435 28.58 28.23 28.49 28.77 28.98 30.30 31.43 33.02 
436 28.60 28.26 28.52 28.79 28.98 30.30 31.43 33.03 
437 28.62 28.29 28.54 28.81 28.97 30.31 31.41 33.03 
438 28.63 28.30 28.54 28.80 28.95 30.28 31.36 32.99 
439 28.64 28.30 28.53 28.77 28.91 30.24 31.29 32.93 
440 28.63 28.28 28.49 28.73 28.86 30.17 31.20 32.82 
441 28.62 28.26 28.46 28.68 28.80 30.09 31.11 32.73 
442 28.61 28.24 28.42 28.64 28.77 30.05 31.05 32.66 
443 28.58 28.21 28.39 28.61 28.76 30.02 31.02 32.62 
444 28.56 28.18 28.37 28.60 28.77 30.02 31.03 32.61 
445 28.55 28.17 28.37 28.61 28.79 30.05 31.06 32.63 
446 28.54 28.17 28.38 28.62 28.82 30.08 31.09 32.65 
447 28.55 28.18 28.40 28.65 28.84 30.11 31.13 32.69 
448 28.56 28.19 28.42 28.68 28.87 30.16 31.17 32.72 
449 28.56 28.21 28.44 28.70 28.90 30.19 31.20 32.76 
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450 28.57 28.21 28.45 28.72 28.93 30.23 31.23 32.77 
451 28.58 28.23 28.48 28.75 28.98 30.28 31.28 32.81 
452 28.58 28.24 28.50 28.78 29.05 30.34 31.35 32.86 
453 28.58 28.24 28.52 28.80 29.11 30.39 31.42 32.92 
454 28.58 28.25 28.52 28.82 29.15 30.42 31.48 32.97 
455 28.58 28.24 28.52 28.82 29.16 30.43 31.52 33.01 
456 28.57 28.23 28.51 28.80 29.13 30.41 31.54 33.04 
457 28.58 28.24 28.51 28.80 29.10 30.39 31.54 33.06 
458 28.60 28.26 28.52 28.80 29.07 30.37 31.54 33.08 
459 28.62 28.28 28.54 28.81 29.04 30.35 31.53 33.10 
460 28.64 28.30 28.56 28.82 29.01 30.35 31.52 33.12 
461 28.66 28.32 28.57 28.83 29.00 30.34 31.50 33.12 
462 28.68 28.35 28.58 28.83 28.98 30.33 31.47 33.10 
463 28.70 28.36 28.58 28.82 28.96 30.30 31.41 33.05 
464 28.70 28.36 28.56 28.79 28.92 30.25 31.32 32.96 
465 28.71 28.35 28.54 28.75 28.88 30.19 31.25 32.88 
466 28.70 28.34 28.52 28.73 28.85 30.14 31.19 32.81 
467 28.68 28.32 28.50 28.71 28.84 30.12 31.16 32.77 
468 28.67 28.30 28.48 28.70 28.86 30.13 31.16 32.76 
469 28.66 28.29 28.49 28.71 28.89 30.16 31.19 32.77 
470 28.66 28.29 28.50 28.74 28.93 30.21 31.24 32.80 
471 28.66 28.30 28.53 28.77 28.96 30.26 31.29 32.85 
472 28.67 28.32 28.55 28.81 28.99 30.30 31.34 32.90 
473 28.68 28.32 28.56 28.82 29.00 30.32 31.37 32.92 
474 28.68 28.32 28.55 28.82 29.01 30.34 31.39 32.94 
475 28.68 28.32 28.55 28.82 29.04 30.37 31.42 32.96 
476 28.67 28.31 28.55 28.82 29.08 30.41 31.47 32.99 
477 28.67 28.32 28.58 28.86 29.15 30.47 31.57 33.07 
478 28.67 28.32 28.59 28.88 29.20 30.50 31.62 33.11 
479 28.68 28.33 28.59 28.88 29.23 30.52 31.66 33.15 
480 28.68 28.33 28.60 28.88 29.23 30.52 31.70 33.18 
481 28.70 28.34 28.61 28.89 29.22 30.52 31.72 33.22 
482 28.72 28.37 28.62 28.90 29.19 30.51 31.72 33.24 
483 28.73 28.38 28.63 28.90 29.15 30.48 31.70 33.26 
484 28.75 28.40 28.64 28.90 29.10 30.46 31.68 33.26 
485 28.77 28.42 28.64 28.89 29.07 30.43 31.64 33.25 
486 28.80 28.44 28.67 28.91 29.06 30.43 31.62 33.24 
487 28.82 28.47 28.68 28.91 29.05 30.41 31.56 33.19 
488 28.83 28.47 28.67 28.89 29.02 30.36 31.47 33.10 
489 28.83 28.46 28.64 28.85 28.97 30.30 31.38 33.02 
490 28.83 28.45 28.61 28.82 28.94 30.25 31.31 32.94 
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491 28.82 28.44 28.60 28.80 28.93 30.22 31.28 32.90 
492 28.81 28.43 28.59 28.80 28.95 30.23 31.28 32.88 
493 28.81 28.43 28.61 28.83 29.00 30.27 31.31 32.89 
494 28.81 28.43 28.63 28.86 29.05 30.33 31.35 32.92 
495 28.81 28.44 28.65 28.88 29.08 30.38 31.40 32.96 
496 28.82 28.45 28.66 28.91 29.10 30.42 31.45 32.99 
497 28.82 28.45 28.67 28.92 29.11 30.45 31.49 33.03 
498 28.81 28.44 28.65 28.91 29.11 30.45 31.49 33.03 
499 28.81 28.42 28.64 28.89 29.11 30.46 31.49 33.01 
500 28.81 28.43 28.65 28.91 29.15 30.49 31.54 33.05 
501 28.82 28.44 28.67 28.94 29.22 30.55 31.62 33.11 
502 28.83 28.46 28.70 28.98 29.29 30.61 31.70 33.18 
503 28.83 28.47 28.72 29.00 29.33 30.64 31.76 33.23 
504 28.84 28.47 28.72 29.00 29.34 30.65 31.79 33.26 
505 28.85 28.48 28.73 29.01 29.35 30.66 31.82 33.29 
506 28.87 28.51 28.76 29.03 29.34 30.66 31.84 33.34 
507 28.89 28.52 28.76 29.03 29.29 30.63 31.81 33.35 
508 28.92 28.54 28.77 29.02 29.23 30.60 31.78 33.34 
509 28.94 28.56 28.77 29.02 29.19 30.57 31.76 33.35 
510 28.96 28.59 28.79 29.03 29.18 30.55 31.74 33.35 
511 28.99 28.61 28.81 29.04 29.17 30.55 31.72 33.34 
512 29.00 28.62 28.81 29.03 29.16 30.52 31.66 33.28 
513 29.01 28.62 28.79 29.00 29.12 30.46 31.57 33.19 
514 29.02 28.62 28.78 28.97 29.09 30.41 31.48 33.10 
515 29.02 28.62 28.77 28.96 29.08 30.38 31.43 33.04 
516 29.02 28.62 28.78 28.97 29.09 30.38 31.41 33.00 
517 29.03 28.64 28.80 29.00 29.15 30.44 31.44 33.02 
518 29.03 28.65 28.84 29.05 29.23 30.51 31.51 33.06 
519 29.04 28.66 28.86 29.09 29.29 30.59 31.57 33.11 
520 29.04 28.66 28.87 29.11 29.31 30.63 31.64 33.16 
521 29.03 28.65 28.86 29.11 29.31 30.65 31.68 33.20 
522 29.01 28.62 28.83 29.08 29.28 30.63 31.68 33.19 
523 29.01 28.61 28.81 29.05 29.26 30.62 31.66 33.16 
524 29.00 28.61 28.81 29.06 29.29 30.64 31.67 33.16 
525 29.01 28.61 28.83 29.08 29.34 30.68 31.72 33.19 
526 29.02 28.64 28.86 29.12 29.42 30.74 31.79 33.25 
527 29.04 28.65 28.90 29.16 29.48 30.79 31.85 33.30 
528 29.04 28.66 28.90 29.17 29.50 30.80 31.89 33.33 
529 29.04 28.66 28.89 29.16 29.50 30.80 31.93 33.38 
530 29.06 28.67 28.91 29.17 29.49 30.81 31.97 33.44 
531 29.08 28.69 28.92 29.18 29.46 30.79 31.99 33.49 
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532 29.10 28.71 28.92 29.17 29.40 30.76 31.98 33.51 
533 29.13 28.73 28.93 29.17 29.35 30.72 31.95 33.52 
534 29.15 28.76 28.95 29.18 29.33 30.70 31.93 33.53 
535 29.19 28.79 28.99 29.21 29.34 30.72 31.93 33.54 
536 29.22 28.83 29.01 29.23 29.35 30.72 31.89 33.51 
537 29.24 28.85 29.02 29.23 29.35 30.70 31.83 33.44 
538 29.26 28.86 29.02 29.22 29.33 30.67 31.74 33.35 
539 29.27 28.87 29.02 29.20 29.31 30.62 31.65 33.26 
540 29.27 28.87 29.01 29.19 29.30 30.60 31.59 33.19 
541 29.28 28.88 29.04 29.22 29.35 30.63 31.61 33.20 
542 29.29 28.90 29.08 29.28 29.44 30.72 31.69 33.25 
543 29.29 28.91 29.12 29.35 29.54 30.83 31.80 33.34 
544 29.30 28.92 29.15 29.39 29.59 30.91 31.90 33.42 
545 29.29 28.91 29.14 29.38 29.58 30.93 31.98 33.49 
546 29.27 28.88 29.10 29.35 29.54 30.91 32.01 33.52 
547 29.26 28.86 29.07 29.31 29.50 30.88 32.00 33.51 
548 29.26 28.86 29.06 29.30 29.51 30.88 32.00 33.50 
549 29.26 28.86 29.07 29.31 29.55 30.91 32.02 33.50 
550 29.27 28.87 29.09 29.34 29.61 30.95 32.05 33.52 
551 29.28 28.88 29.11 29.37 29.66 30.99 32.08 33.53 
552 29.28 28.89 29.13 29.39 29.71 31.02 32.12 33.55 
553 29.30 28.90 29.14 29.41 29.74 31.04 32.17 33.60 
554 29.31 28.91 29.16 29.43 29.75 31.06 32.24 33.68 
555 29.33 28.92 29.16 29.42 29.72 31.04 32.28 33.75 
556 29.34 28.93 29.15 29.40 29.66 31.00 32.27 33.78 
557 29.36 28.95 29.15 29.39 29.60 30.96 32.24 33.79 
558 29.38 28.96 29.15 29.37 29.54 30.91 32.19 33.77 
559 29.41 29.00 29.18 29.39 29.54 30.91 32.16 33.76 
560 29.45 29.04 29.22 29.43 29.56 30.94 32.15 33.76 
561 29.49 29.08 29.26 29.47 29.59 30.95 32.12 33.74 
562 29.52 29.12 29.29 29.49 29.60 30.95 32.06 33.69 
563 29.55 29.14 29.30 29.49 29.59 30.92 31.97 33.60 
564 29.56 29.14 29.29 29.47 29.56 30.87 31.88 33.51 
565 29.57 29.15 29.30 29.48 29.58 30.88 31.86 33.47 
566 29.58 29.17 29.35 29.54 29.67 30.95 31.93 33.51 
567 29.58 29.20 29.41 29.62 29.79 31.09 32.06 33.62 
568 29.58 29.20 29.43 29.67 29.88 31.19 32.21 33.73 
569 29.56 29.18 29.41 29.66 29.88 31.22 32.31 33.82 
570 29.54 29.14 29.35 29.60 29.81 31.17 32.33 33.85 
571 29.53 29.11 29.31 29.55 29.74 31.12 32.32 33.83 
572 29.53 29.11 29.30 29.54 29.74 31.12 32.31 33.83 
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(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
573 29.55 29.13 29.34 29.58 29.79 31.18 32.35 33.86 
574 29.56 29.15 29.37 29.62 29.86 31.23 32.40 33.89 
575 29.57 29.16 29.39 29.65 29.92 31.27 32.43 33.89 
576 29.57 29.16 29.40 29.66 29.96 31.29 32.45 33.89 
577 29.58 29.17 29.41 29.67 29.99 31.30 32.48 33.91 
578 29.59 29.17 29.41 29.67 30.00 31.30 32.52 33.95 
579 29.59 29.17 29.40 29.66 29.97 31.28 32.54 33.99 
580 29.60 29.17 29.38 29.63 29.92 31.24 32.54 34.03 
581 29.61 29.17 29.36 29.60 29.84 31.18 32.49 34.02 
582 29.63 29.19 29.37 29.59 29.79 31.14 32.45 34.01 
583 29.67 29.22 29.40 29.62 29.77 31.14 32.42 34.02 
584 29.71 29.28 29.46 29.67 29.80 31.17 32.42 34.04 
585 29.76 29.33 29.52 29.73 29.85 31.22 32.43 34.05 
586 29.79 29.38 29.56 29.76 29.89 31.24 32.39 34.02 
587 29.82 29.39 29.56 29.75 29.87 31.21 32.29 33.91 
588 29.84 29.41 29.57 29.75 29.86 31.18 32.21 33.84 
589 29.86 29.43 29.58 29.76 29.85 31.15 32.14 33.76 
590 29.87 29.45 29.62 29.80 29.90 31.19 32.15 33.75 
591 29.88 29.47 29.67 29.87 30.02 31.30 32.26 33.83 
592 29.87 29.46 29.68 29.91 30.12 31.40 32.39 33.91 
593 29.84 29.42 29.65 29.89 30.13 31.43 32.48 33.97 
594 29.81 29.37 29.58 29.82 30.06 31.38 32.49 33.98 
595 29.80 29.35 29.54 29.77 29.98 31.33 32.46 33.95 
596 29.81 29.35 29.53 29.75 29.95 31.32 32.43 33.94 
597 29.83 29.38 29.58 29.81 30.01 31.40 32.51 34.02 
598 29.86 29.42 29.63 29.87 30.09 31.47 32.57 34.06 
599 29.87 29.43 29.65 29.90 30.15 31.51 32.58 34.06 
600 29.87 29.43 29.65 29.90 30.18 31.50 32.57 34.01 
601 29.86 29.42 29.64 29.89 30.19 31.49 32.58 34.01 
602 29.87 29.42 29.64 29.89 30.20 31.48 32.62 34.05 
603 29.88 29.42 29.64 29.89 30.20 31.48 32.66 34.09 
604 29.89 29.43 29.64 29.88 30.18 31.48 32.71 34.16 
605 29.90 29.43 29.64 29.87 30.14 31.45 32.72 34.21 
606 29.90 29.43 29.61 29.84 30.06 31.39 32.66 34.18 
607 29.94 29.46 29.64 29.85 30.04 31.38 32.63 34.18 
608 29.98 29.52 29.70 29.91 30.06 31.42 32.65 34.23 
609 30.03 29.58 29.76 29.98 30.11 31.47 32.68 34.28 
610 30.08 29.64 29.83 30.03 30.17 31.52 32.69 34.29 
611 30.12 29.68 29.86 30.07 30.20 31.54 32.63 34.25 
612 30.14 29.70 29.88 30.07 30.19 31.51 32.55 34.17 
613 30.16 29.72 29.89 30.08 30.18 31.49 32.48 34.10 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
614 30.18 29.74 29.91 30.09 30.18 31.48 32.43 34.05 
615 30.19 29.75 29.95 30.14 30.26 31.54 32.49 34.08 
616 30.17 29.74 29.95 30.17 30.36 31.62 32.59 34.13 
617 30.14 29.69 29.90 30.14 30.38 31.64 32.66 34.16 
618 30.10 29.62 29.82 30.05 30.30 31.57 32.63 34.10 
619 30.08 29.58 29.75 29.98 30.21 31.51 32.58 34.04 
620 30.09 29.59 29.75 29.97 30.17 31.51 32.55 34.02 
621 30.11 29.62 29.78 30.00 30.20 31.56 32.59 34.08 
622 30.16 29.68 29.87 30.10 30.31 31.67 32.72 34.23 
623 30.19 29.71 29.92 30.16 30.38 31.73 32.77 34.26 
624 30.18 29.69 29.89 30.12 30.39 31.70 32.71 34.15 
625 30.16 29.66 29.86 30.09 30.38 31.65 32.64 34.07 
626 30.16 29.66 29.86 30.10 30.39 31.65 32.67 34.09 
627 30.19 29.69 29.89 30.12 30.42 31.68 32.74 34.16 
628 30.21 29.71 29.90 30.14 30.43 31.71 32.80 34.24 
629 30.23 29.73 29.92 30.15 30.43 31.72 32.89 34.35 
630 30.23 29.73 29.91 30.13 30.37 31.68 32.85 34.34 
631 30.25 29.74 29.90 30.12 30.33 31.64 32.81 34.34 
632 30.27 29.76 29.93 30.14 30.32 31.64 32.82 34.36 
633 30.30 29.80 29.97 30.18 30.34 31.67 32.85 34.40 
634 30.34 29.85 30.02 30.23 30.38 31.71 32.86 34.42 
635 30.39 29.91 30.09 30.29 30.46 31.77 32.90 34.48 
636 30.43 29.95 30.12 30.32 30.48 31.78 32.83 34.41 
637 30.47 30.01 30.20 30.39 30.51 31.82 32.81 34.42 
638 30.49 30.01 30.18 30.37 30.48 31.77 32.73 34.34 
639 30.50 30.02 30.20 30.39 30.51 31.78 32.74 34.33 
640 30.49 30.01 30.21 30.41 30.57 31.82 32.77 34.31 
641 30.47 29.98 30.17 30.39 30.62 31.85 32.82 34.30 
642 30.44 29.92 30.08 30.31 30.57 31.81 32.78 34.22 
643 30.43 29.88 30.03 30.24 30.48 31.75 32.68 34.13 
644 30.43 29.87 30.01 30.22 30.44 31.74 32.67 34.13 
645 30.45 29.90 30.04 30.25 30.46 31.79 32.71 34.17 
646 30.49 29.97 30.13 30.34 30.53 31.88 32.81 34.29 
647 30.53 30.02 30.20 30.42 30.63 31.96 32.92 34.41 
648 30.51 29.98 30.15 30.36 30.59 31.89 32.84 34.29 
649 30.50 29.94 30.10 30.30 30.56 31.82 32.72 34.14 
650 30.50 29.93 30.07 30.29 30.56 31.79 32.70 34.11 
651 30.52 29.96 30.11 30.32 30.59 31.83 32.78 34.19 
652 30.55 29.99 30.14 30.34 30.61 31.84 32.81 34.24 
653 30.55 29.98 30.12 30.33 30.59 31.82 32.86 34.30 
654 30.57 30.00 30.13 30.34 30.59 31.85 32.90 34.35 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
 

281 

ObsID U B V R I J H K 
655 30.61 30.04 30.18 30.38 30.59 31.87 32.89 34.36 
656 30.62 30.05 30.20 30.40 30.58 31.87 32.91 34.41 
657 30.64 30.09 30.24 30.44 30.61 31.89 32.98 34.49 
658 30.66 30.11 30.25 30.44 30.60 31.88 32.94 34.46 
659 30.70 30.15 30.30 30.50 30.66 31.95 33.03 34.56 
660 30.76 30.22 30.37 30.56 30.73 32.02 33.01 34.54 
661 30.83 30.32 30.49 30.67 30.82 32.12 33.02 34.58 
662 30.85 30.34 30.52 30.69 30.80 32.09 32.97 34.55 
663 30.84 30.32 30.49 30.68 30.80 32.08 32.99 34.55 
664 30.84 30.31 30.47 30.66 30.81 32.04 32.93 34.47 
665 30.82 30.27 30.42 30.61 30.80 32.02 32.92 34.41 
666 30.80 30.21 30.31 30.50 30.74 31.95 32.83 34.26 
667 30.81 30.18 30.28 30.46 30.71 31.95 32.79 34.20 
668 30.81 30.17 30.24 30.43 30.66 31.92 32.75 34.19 
669 30.82 30.19 30.29 30.48 30.71 32.00 32.86 34.30 
670 30.87 30.25 30.35 30.55 30.77 32.08 32.94 34.38 
671 30.91 30.33 30.46 30.66 30.86 32.17 33.05 34.52 
672 30.91 30.32 30.44 30.63 30.84 32.12 32.97 34.43 
673 30.90 30.28 30.38 30.56 30.79 32.02 32.86 34.27 
674 30.90 30.25 30.33 30.51 30.76 31.98 32.79 34.20 
675 30.92 30.26 30.32 30.50 30.76 31.97 32.78 34.21 
676 30.94 30.29 30.38 30.55 30.79 32.01 32.83 34.25 
677 30.96 30.29 30.36 30.53 30.78 31.99 32.90 34.32 
678 30.95 30.27 30.33 30.51 30.77 32.00 32.84 34.31 
679 31.01 30.34 30.40 30.59 30.83 32.08 32.89 34.35 
680 31.04 30.39 30.47 30.66 30.87 32.12 33.04 34.49 
681 31.06 30.44 30.56 30.76 30.97 32.20 33.10 34.61 
682 31.08 30.47 30.60 30.78 30.92 32.15 33.10 34.59 
683 31.10 30.47 30.58 30.75 30.92 32.19 33.16 34.65 
684 31.18 30.57 30.70 30.88 31.06 32.33 33.15 34.68 
685 31.26 30.66 30.76 30.93 31.06 32.38 33.07 34.59 
686 31.29 30.70 30.86 31.01 31.10 32.39 33.14 34.67 
687 31.28 30.67 30.83 30.99 31.11 32.36 33.19 34.70 
688 31.26 30.64 30.78 30.94 31.07 32.27 33.10 34.61 
689 31.26 30.63 30.76 30.91 31.05 32.24 33.07 34.56 
690 31.28 30.65 30.72 30.84 30.99 32.19 32.89 34.35 
691 31.30 30.60 30.62 30.74 30.90 32.14 32.74 34.21 
692 31.31 30.56 30.54 30.66 30.82 32.08 32.73 34.16 
693 31.31 30.57 30.57 30.71 30.88 32.15 32.84 34.27 
694 31.33 30.63 30.66 30.80 30.96 32.26 32.86 34.32 
695 31.41 30.72 30.76 30.88 31.02 32.33 32.95 34.41 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
696 31.42 30.72 30.78 30.91 31.06 32.34 33.01 34.47 
697 31.43 30.75 30.80 30.89 30.98 32.24 32.89 34.35 
698 31.43 30.72 30.75 30.82 30.93 32.16 32.77 34.21 
699 31.44 30.67 30.66 30.75 30.89 32.09 32.75 34.18 
700 31.43 30.68 30.67 30.76 30.88 32.10 32.71 34.18 
701 31.48 30.72 30.69 30.75 30.85 32.10 32.67 34.15 
702 31.48 30.67 30.61 30.69 30.79 32.01 32.64 34.11 
703 31.52 30.73 30.70 30.77 30.87 32.12 32.72 34.24 
704 31.56 30.78 30.74 30.83 30.94 32.18 32.77 34.29 
705 31.59 30.85 30.85 30.95 31.03 32.28 32.95 34.44 
706 31.61 30.89 30.98 31.10 31.18 32.35 33.13 34.60 
707 31.61 30.86 30.89 30.97 31.06 32.27 33.02 34.52 
708 31.69 30.97 31.01 31.10 31.15 32.40 33.07 34.59 
709 31.79 31.08 31.11 31.17 31.23 32.56 33.06 34.57 
710 31.83 31.14 31.23 31.35 31.45 32.70 33.17 34.75 
711 31.85 31.19 31.36 31.46 31.47 32.73 33.41 34.93 
712 31.83 31.14 31.30 31.40 31.42 32.62 33.36 34.85 
713 31.79 31.08 31.19 31.22 31.24 32.40 33.13 34.60 
714 31.89 31.17 31.22 31.21 31.18 32.40 32.95 34.46 
715 31.91 31.13 31.08 31.03 31.02 32.25 32.74 34.22 
716 31.93 31.14 31.06 31.00 30.97 32.23 32.69 34.19 
717 31.93 31.10 31.00 30.96 30.95 32.21 32.70 34.19 
718 31.96 31.16 31.11 31.07 31.05 32.30 32.77 34.28 
719 32.00 31.22 31.14 31.08 31.05 32.36 32.75 34.26 
720 32.07 31.28 31.20 31.11 31.06 32.38 32.82 34.34 
721 32.07 31.27 31.20 31.12 31.06 32.34 32.79 34.31 
722 32.08 31.26 31.17 31.08 31.02 32.28 32.73 34.21 
723 32.12 31.28 31.15 31.01 30.90 32.15 32.60 34.10 
724 32.12 31.23 31.08 30.94 30.83 32.03 32.51 34.01 
725 32.11 31.23 31.08 30.93 30.82 32.06 32.49 34.01 
726 32.18 31.27 31.07 30.89 30.77 32.03 32.44 33.97 
727 32.18 31.26 31.10 30.94 30.81 32.02 32.49 34.01 
728 32.25 31.34 31.16 31.00 30.87 32.12 32.52 34.06 
729 32.28 31.39 31.25 31.09 30.96 32.19 32.65 34.18 
730 32.29 31.37 31.28 31.17 31.04 32.20 32.76 34.25 
731 32.26 31.33 31.25 31.16 31.04 32.16 32.79 34.25 
732 32.38 31.45 31.35 31.22 31.08 32.22 32.79 34.29 
733 32.45 31.56 31.41 31.21 31.04 32.28 32.66 34.21 
734 32.55 31.72 31.59 31.36 31.16 32.46 32.73 34.31 
735 32.60 31.85 31.93 31.85 31.68 32.90 33.38 34.91 
736 32.58 31.73 31.78 31.71 31.55 32.66 33.28 34.75 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
737 32.59 31.70 31.67 31.54 31.36 32.47 33.02 34.49 
738 32.67 31.79 31.69 31.48 31.27 32.46 32.87 34.39 
739 32.75 31.87 31.63 31.31 31.03 32.30 32.55 34.11 
740 32.79 31.88 31.66 31.35 31.08 32.29 32.59 34.11 
741 32.80 31.85 31.65 31.38 31.13 32.30 32.69 34.19 
742 32.83 31.86 31.68 31.43 31.17 32.31 32.74 34.22 
743 32.90 31.94 31.69 31.38 31.10 32.29 32.62 34.12 
744 32.97 32.01 31.74 31.41 31.12 32.34 32.63 34.16 
745 33.03 32.08 31.79 31.43 31.14 32.39 32.63 34.19 
746 33.06 32.05 31.74 31.38 31.07 32.27 32.56 34.10 
747 33.13 32.12 31.81 31.44 31.12 32.30 32.60 34.10 
748 33.16 32.10 31.79 31.41 31.08 32.26 32.56 34.09 
749 33.16 32.00 31.69 31.35 31.04 32.15 32.54 34.05 
750 33.23 32.07 31.74 31.38 31.06 32.18 32.56 34.06 
751 33.29 32.14 31.83 31.48 31.17 32.29 32.66 34.17 
752 33.39 32.24 31.95 31.61 31.29 32.40 32.79 34.30 
753 33.53 32.48 32.21 31.84 31.50 32.67 32.97 34.50 
754 33.56 32.43 32.15 31.80 31.47 32.58 32.95 34.44 
755 33.54 32.28 32.01 31.72 31.42 32.43 32.94 34.37 
756 33.62 32.32 32.01 31.70 31.40 32.41 32.91 34.37 
757 33.84 32.72 32.38 31.97 31.62 32.77 33.07 34.60 
758 34.02 33.03 32.68 32.18 31.78 33.05 33.18 34.78 
759 34.08 33.07 32.90 32.56 32.20 33.31 33.65 35.16 
760 34.12 33.03 32.88 32.63 32.31 33.30 33.82 35.23 
761 34.20 33.02 32.77 32.45 32.12 33.14 33.58 35.02 
762 34.37 33.28 32.99 32.58 32.20 33.28 33.60 35.09 
763 34.50 33.43 33.09 32.60 32.17 33.32 33.54 35.07 
764 34.59 33.44 33.10 32.65 32.25 33.34 33.60 35.11 
765 34.68 33.53 33.27 32.90 32.52 33.52 33.90 35.34 
766 34.81 33.66 33.43 33.08 32.70 33.67 34.07 35.49 
767 34.92 33.72 33.38 32.95 32.54 33.52 33.85 35.28 
768 35.11 34.02 33.64 33.13 32.69 33.74 33.96 35.45 
769 35.22 34.07 33.69 33.20 32.77 33.82 34.06 35.55 
770 35.27 33.94 33.54 33.11 32.70 33.68 34.04 35.50 
771 35.36 34.01 33.62 33.19 32.78 33.73 34.11 35.56 
772 35.49 34.14 33.77 33.35 32.93 33.87 34.27 35.71 
773 35.61 34.25 33.88 33.46 33.04 33.97 34.36 35.79 
774 35.72 34.38 34.03 33.61 33.18 34.08 34.48 35.90 
775 35.94 34.76 34.46 33.99 33.52 34.46 34.78 36.24 
776 36.01 34.80 34.55 34.14 33.70 34.56 34.97 36.39 
777 35.98 34.73 34.47 34.07 33.63 34.49 34.92 36.32 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
778 36.01 34.73 34.45 34.05 33.60 34.44 34.87 36.27 
779 35.99 34.68 34.39 33.98 33.53 34.39 34.82 36.23 
780 35.90 34.56 34.28 33.90 33.46 34.31 34.81 36.20 
781 35.84 34.42 34.12 33.74 33.31 34.13 34.64 36.03 
782 35.75 34.31 34.00 33.63 33.22 34.04 34.57 35.95 
783 35.62 34.19 33.87 33.51 33.11 33.93 34.46 35.83 
784 35.52 34.06 33.74 33.39 33.01 33.83 34.39 35.76 
785 35.38 33.92 33.59 33.25 32.86 33.69 34.25 35.62 
786 35.28 33.87 33.54 33.19 32.81 33.65 34.18 35.56 
787 35.14 33.73 33.40 33.04 32.67 33.53 34.04 35.43 
788 35.01 33.58 33.24 32.88 32.51 33.37 33.91 35.30 
789 34.91 33.52 33.20 32.86 32.48 33.36 33.90 35.29 
790 34.82 33.50 33.21 32.88 32.51 33.38 33.90 35.30 
791 34.71 33.43 33.12 32.75 32.36 33.28 33.77 35.16 
792 34.61 33.35 33.05 32.69 32.31 33.22 33.70 35.11 
793 34.51 33.34 33.04 32.65 32.26 33.27 33.68 35.12 
794 34.41 33.24 32.94 32.54 32.14 33.15 33.55 35.01 
795 34.28 33.03 32.74 32.39 32.02 32.98 33.46 34.88 
796 34.14 32.88 32.62 32.29 31.93 32.86 33.38 34.79 
797 34.00 32.75 32.52 32.21 31.87 32.82 33.40 34.78 
798 34.01 32.79 32.54 32.19 31.81 32.75 33.23 34.64 
799 33.82 32.59 32.30 31.96 31.62 32.62 33.12 34.53 
800 33.74 32.49 32.20 31.85 31.49 32.48 32.96 34.40 
801 33.71 32.54 32.27 31.93 31.58 32.58 33.04 34.47 
802 33.53 32.23 31.98 31.73 31.44 32.35 32.99 34.37 
803 33.40 32.14 31.90 31.65 31.38 32.34 32.97 34.37 
804 33.49 32.31 32.04 31.72 31.39 32.38 32.87 34.31 
805 33.36 32.24 31.91 31.54 31.21 32.32 32.70 34.20 
806 33.36 32.27 31.95 31.57 31.23 32.31 32.69 34.16 
807 33.22 32.02 31.70 31.37 31.07 32.11 32.57 34.04 
808 33.18 32.06 31.75 31.42 31.13 32.21 32.62 34.11 
809 33.15 32.11 31.80 31.43 31.11 32.23 32.60 34.09 
810 33.11 32.00 31.69 31.35 31.05 32.12 32.54 34.02 
811 32.95 31.85 31.54 31.22 30.95 32.07 32.47 33.98 
812 32.99 31.96 31.68 31.34 31.05 32.17 32.55 34.05 
813 32.97 32.00 31.77 31.47 31.19 32.30 32.71 34.20 
814 32.92 31.98 31.80 31.54 31.28 32.37 32.81 34.29 
815 32.78 31.73 31.52 31.28 31.02 32.07 32.61 34.05 
816 32.76 31.70 31.45 31.19 30.93 32.01 32.50 33.98 
817 32.65 31.60 31.33 31.05 30.81 31.95 32.39 33.90 
818 32.69 31.71 31.45 31.15 30.90 32.07 32.44 33.95 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG magnitudes 
(Stone 1996; Laidler 2008) are given in the remaining columns.  
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ObsID U B V R I J H K 
819 32.69 31.76 31.52 31.22 30.97 32.16 32.50 34.03 
820 32.57 31.57 31.38 31.18 30.99 32.09 32.61 34.09 
821 32.58 31.68 31.58 31.41 31.22 32.33 32.87 34.32 
822 32.59 31.73 31.60 31.39 31.17 32.35 32.76 34.27 
823 32.44 31.47 31.26 31.04 30.84 31.99 32.46 33.95 
824 32.41 31.45 31.23 30.99 30.79 31.96 32.39 33.90 
825 32.39 31.46 31.26 31.04 30.85 32.01 32.48 33.98 
826 32.33 31.38 31.26 31.13 31.00 32.09 32.71 34.16 
827 32.34 31.46 31.41 31.33 31.21 32.33 32.96 34.41 
828 32.34 31.50 31.40 31.27 31.13 32.33 32.82 34.32 
829 32.29 31.40 31.19 31.00 30.85 32.07 32.48 33.99 
830 32.27 31.41 31.19 30.97 30.82 32.09 32.45 33.97 
831 32.19 31.30 31.07 30.88 30.75 31.97 32.40 33.91 
832 32.21 31.33 31.11 30.92 30.81 32.07 32.45 33.97 
833 32.18 31.31 31.09 30.92 30.81 32.08 32.47 33.99 
834 32.14 31.28 31.10 30.93 30.83 32.08 32.47 34.00 
835 32.10 31.23 31.03 30.88 30.80 32.06 32.47 33.99 
836 32.05 31.20 31.04 30.90 30.83 32.09 32.52 34.04 
837 32.02 31.19 31.08 30.98 30.91 32.11 32.62 34.12 
838 32.05 31.28 31.22 31.16 31.11 32.34 32.85 34.35 
839 31.98 31.19 31.16 31.16 31.17 32.36 32.96 34.42 

 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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Table A.3 Earth HST Standard UBVRIJHK Colors 

ObsID U-B B-V V-R R-I I-J J-H H-K 
0 0.73 -0.03 -0.05 -0.03 -1.25 -0.58 -1.5 
1 0.76 -0.01 -0.02 -0.02 -1.23 -0.6 -1.46 
2 0.78 0.02 0 -0.03 -1.19 -0.57 -1.46 
3 0.81 0.05 0.01 -0.01 -1.19 -0.54 -1.49 
4 0.82 0.06 0.01 -0.03 -1.22 -0.53 -1.47 
5 0.82 0.06 0.04 0.01 -1.19 -0.63 -1.48 
6 0.84 0.09 0.03 0 -1.2 -0.54 -1.5 
7 0.84 0.1 0.04 0 -1.23 -0.52 -1.51 
8 0.83 0.08 0.04 0.02 -1.22 -0.61 -1.49 
9 0.81 0.07 0.03 0.02 -1.21 -0.62 -1.48 
10 0.83 -0.01 -0.01 0 -1.15 -0.76 -1.45 
11 0.82 0 0 0.02 -1.18 -0.67 -1.5 
12 0.76 -0.03 0.06 0.06 -1.21 -0.59 -1.51 
13 0.79 0.03 0.08 0.08 -1.22 -0.5 -1.53 
14 0.74 -0.04 0.06 0.08 -1.26 -0.49 -1.53 
15 0.72 -0.13 0.02 0.1 -1.21 -0.58 -1.51 
16 0.74 -0.13 -0.01 0.09 -1.17 -0.65 -1.49 
17 0.77 -0.08 0.04 0.11 -1.16 -0.61 -1.49 
18 0.79 -0.01 0.14 0.18 -1.2 -0.46 -1.53 
19 0.85 0.17 0.25 0.21 -1.26 -0.32 -1.54 
20 0.91 0.16 0.21 0.19 -1.2 -0.44 -1.51 
21 0.89 0.14 0.19 0.19 -1.18 -0.46 -1.5 
22 0.89 0.11 0.16 0.18 -1.18 -0.49 -1.5 
23 0.92 0.16 0.2 0.19 -1.19 -0.45 -1.49 
24 0.85 0.11 0.21 0.2 -1.24 -0.37 -1.54 
25 0.88 0.14 0.25 0.23 -1.21 -0.37 -1.53 
26 0.96 0.18 0.26 0.25 -1.14 -0.44 -1.5 
27 0.95 0.22 0.3 0.27 -1.17 -0.37 -1.52 
28 1 0.21 0.29 0.27 -1.16 -0.4 -1.52 
29 1.04 0.24 0.29 0.27 -1.15 -0.41 -1.5 
30 1.07 0.27 0.29 0.26 -1.13 -0.42 -1.5 
31 1.03 0.28 0.33 0.29 -1.17 -0.34 -1.52 
32 1.02 0.25 0.32 0.29 -1.18 -0.35 -1.53 
33 1.03 0.22 0.28 0.27 -1.12 -0.42 -1.5 
34 1.12 0.18 0.22 0.26 -1.03 -0.58 -1.44 
35 1.1 0.17 0.22 0.25 -1.04 -0.57 -1.44 
36 1.07 0.23 0.28 0.27 -1.11 -0.43 -1.5 
37 1.03 0.21 0.3 0.29 -1.15 -0.38 -1.52 
38 1.01 0.26 0.38 0.34 -1.18 -0.31 -1.55 
39 0.89 0.05 0.29 0.34 -1.13 -0.37 -1.51 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
40 0.94 -0.01 0.2 0.32 -1.03 -0.52 -1.44 
41 1.05 0.09 0.22 0.29 -1.02 -0.57 -1.42 
42 1.03 0.19 0.33 0.34 -1.09 -0.4 -1.48 
43 1.03 0.29 0.44 0.4 -1.15 -0.27 -1.52 
44 1.12 0.31 0.43 0.4 -1.12 -0.32 -1.5 
45 1.18 0.27 0.36 0.37 -1.02 -0.43 -1.45 
46 1.08 0.19 0.34 0.38 -1.01 -0.41 -1.43 
47 1 0.26 0.43 0.4 -1.13 -0.28 -1.47 
48 0.96 0.29 0.47 0.41 -1.18 -0.18 -1.53 
49 0.99 0.29 0.48 0.42 -1.18 -0.2 -1.54 
50 1.13 0.33 0.46 0.42 -1.1 -0.28 -1.5 
51 1.21 0.35 0.45 0.42 -1.03 -0.33 -1.48 
52 1.18 0.34 0.48 0.44 -1.08 -0.27 -1.51 
53 1.22 0.35 0.46 0.43 -1.05 -0.29 -1.49 
54 1.3 0.38 0.43 0.41 -1.02 -0.33 -1.48 
55 1.35 0.37 0.43 0.41 -0.99 -0.38 -1.46 
56 1.28 0.33 0.43 0.42 -0.98 -0.36 -1.46 
57 1.23 0.31 0.42 0.42 -0.96 -0.34 -1.45 
58 1.34 0.31 0.4 0.42 -0.91 -0.41 -1.42 
59 1.32 0.34 0.42 0.42 -0.92 -0.37 -1.43 
60 1.34 0.37 0.44 0.43 -0.93 -0.34 -1.44 
61 1.25 0.36 0.48 0.46 -0.95 -0.27 -1.46 
62 1.25 0.35 0.49 0.47 -0.97 -0.29 -1.48 
63 1.1 0.29 0.51 0.5 -0.97 -0.22 -1.49 
64 1.11 0.23 0.45 0.48 -0.87 -0.27 -1.44 
65 1.29 0.3 0.44 0.47 -0.82 -0.36 -1.4 
66 1.35 0.35 0.48 0.48 -0.82 -0.33 -1.42 
67 1.34 0.32 0.45 0.48 -0.81 -0.37 -1.4 
68 1.3 0.28 0.43 0.47 -0.81 -0.4 -1.4 
69 1.21 0.25 0.43 0.48 -0.79 -0.36 -1.41 
70 1.19 0.24 0.43 0.47 -0.81 -0.37 -1.41 
71 1.19 0.26 0.44 0.47 -0.82 -0.34 -1.41 
72 1.21 0.28 0.44 0.46 -0.84 -0.32 -1.42 
73 1.32 0.3 0.4 0.44 -0.83 -0.43 -1.4 
74 1.23 0.26 0.4 0.43 -0.88 -0.41 -1.42 
75 1.22 0.25 0.39 0.43 -0.88 -0.42 -1.42 
76 1.28 0.27 0.37 0.42 -0.86 -0.46 -1.4 
77 1.19 0.25 0.39 0.42 -0.87 -0.4 -1.4 
78 1.14 0.29 0.43 0.43 -0.94 -0.33 -1.43 
79 1.23 0.32 0.42 0.41 -0.94 -0.38 -1.43 
80 1.22 0.31 0.4 0.4 -0.97 -0.4 -1.44 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
81 1.23 0.31 0.38 0.38 -0.95 -0.42 -1.42 
82 1.16 0.27 0.36 0.37 -0.97 -0.43 -1.42 
83 1.21 0.27 0.34 0.36 -0.94 -0.47 -1.4 
84 1.15 0.32 0.4 0.37 -1.05 -0.37 -1.44 
85 1.17 0.34 0.42 0.39 -1.02 -0.35 -1.46 
86 1.22 0.32 0.38 0.37 -1.02 -0.42 -1.45 
87 1.16 0.31 0.4 0.38 -1.02 -0.38 -1.45 
88 1.24 0.3 0.34 0.35 -0.97 -0.48 -1.41 
89 1.25 0.3 0.34 0.34 -1 -0.47 -1.44 
90 1.21 0.31 0.34 0.32 -1.05 -0.46 -1.43 
91 1.17 0.31 0.35 0.34 -1.03 -0.42 -1.44 
92 1.16 0.29 0.33 0.32 -1.04 -0.47 -1.44 
93 1.03 0.23 0.33 0.33 -1.06 -0.41 -1.47 
94 1.01 0.21 0.32 0.33 -1.04 -0.42 -1.44 
95 1.04 0.24 0.32 0.31 -1.06 -0.42 -1.45 
96 1.07 0.28 0.32 0.3 -1.08 -0.44 -1.44 
97 1.06 0.28 0.32 0.3 -1.1 -0.39 -1.48 
98 1.03 0.28 0.35 0.31 -1.13 -0.37 -1.5 
99 1.05 0.24 0.3 0.28 -1.09 -0.43 -1.48 
100 0.97 0.25 0.31 0.28 -1.14 -0.38 -1.49 
101 0.9 0.16 0.26 0.27 -1.12 -0.4 -1.48 
102 0.97 0.23 0.28 0.26 -1.13 -0.41 -1.47 
103 0.95 0.29 0.33 0.27 -1.19 -0.31 -1.52 
104 1 0.28 0.31 0.27 -1.16 -0.38 -1.51 
105 1.05 0.26 0.26 0.24 -1.11 -0.45 -1.49 
106 1.04 0.19 0.19 0.19 -1.07 -0.57 -1.45 
107 0.93 0.14 0.18 0.19 -1.11 -0.53 -1.45 
108 0.91 0.2 0.23 0.21 -1.17 -0.42 -1.47 
109 0.9 0.26 0.28 0.22 -1.23 -0.32 -1.53 
110 0.93 0.26 0.27 0.22 -1.21 -0.36 -1.52 
111 0.91 0.23 0.25 0.2 -1.22 -0.37 -1.51 
112 0.96 0.21 0.21 0.18 -1.16 -0.47 -1.5 
113 0.95 0.18 0.19 0.16 -1.15 -0.5 -1.5 
114 0.93 0.19 0.19 0.15 -1.19 -0.46 -1.49 
115 0.92 0.19 0.18 0.13 -1.21 -0.45 -1.51 
116 0.91 0.19 0.18 0.14 -1.2 -0.45 -1.5 
117 0.85 0.12 0.15 0.13 -1.2 -0.49 -1.49 
118 0.85 0.06 0.09 0.1 -1.17 -0.59 -1.47 
119 0.85 0.09 0.08 0.08 -1.16 -0.58 -1.47 
120 0.87 0.12 0.08 0.06 -1.18 -0.57 -1.47 
121 0.86 0.13 0.11 0.08 -1.22 -0.52 -1.5 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
122 0.86 0.15 0.11 0.06 -1.23 -0.48 -1.49 
123 0.84 0.12 0.1 0.05 -1.21 -0.52 -1.49 
124 0.83 0.14 0.08 0.03 -1.26 -0.46 -1.5 
125 0.78 0.05 0.03 0.02 -1.24 -0.54 -1.49 
126 0.78 0.05 -0.01 -0.02 -1.25 -0.54 -1.48 
127 0.81 0.15 0.06 0 -1.28 -0.43 -1.49 
128 0.81 0.12 0.07 -0.01 -1.26 -0.51 -1.48 
129 0.83 0.1 0.04 0.01 -1.18 -0.59 -1.49 
130 0.84 0.08 0 -0.03 -1.19 -0.63 -1.47 
131 0.77 0.03 -0.02 -0.04 -1.24 -0.58 -1.46 
132 0.76 0.03 -0.03 -0.07 -1.28 -0.56 -1.46 
133 0.8 0.09 0 -0.07 -1.25 -0.46 -1.49 
134 0.8 0.12 0.01 -0.07 -1.27 -0.43 -1.5 
135 0.79 0.08 0.02 -0.04 -1.24 -0.54 -1.46 
136 0.8 0.07 -0.02 -0.05 -1.23 -0.58 -1.48 
137 0.8 0.07 -0.03 -0.08 -1.19 -0.61 -1.47 
138 0.77 0.02 -0.04 -0.09 -1.18 -0.61 -1.46 
139 0.8 0.06 -0.05 -0.08 -1.22 -0.62 -1.45 
140 0.77 0.04 -0.05 -0.09 -1.22 -0.61 -1.47 
141 0.74 0.02 -0.04 -0.07 -1.21 -0.61 -1.48 
142 0.72 -0.03 -0.09 -0.09 -1.21 -0.7 -1.46 
143 0.73 -0.03 -0.1 -0.1 -1.2 -0.75 -1.44 
144 0.75 0 -0.09 -0.11 -1.18 -0.71 -1.45 
145 0.76 0.02 -0.12 -0.17 -1.2 -0.65 -1.47 
146 0.75 0.04 -0.09 -0.16 -1.24 -0.59 -1.46 
147 0.72 0.03 -0.07 -0.14 -1.22 -0.54 -1.48 
148 0.71 0 -0.13 -0.17 -1.2 -0.57 -1.5 
149 0.7 -0.02 -0.12 -0.13 -1.29 -0.57 -1.49 
150 0.69 -0.04 -0.14 -0.13 -1.28 -0.64 -1.47 
151 0.73 0.01 -0.15 -0.19 -1.24 -0.64 -1.46 
152 0.73 0.03 -0.12 -0.18 -1.27 -0.59 -1.45 
153 0.72 0 -0.12 -0.17 -1.24 -0.69 -1.45 
154 0.74 0.01 -0.14 -0.2 -1.21 -0.71 -1.46 
155 0.69 -0.03 -0.14 -0.17 -1.23 -0.7 -1.46 
156 0.67 -0.06 -0.16 -0.15 -1.27 -0.74 -1.45 
157 0.69 -0.02 -0.17 -0.2 -1.27 -0.64 -1.45 
158 0.7 -0.01 -0.15 -0.24 -1.26 -0.65 -1.42 
159 0.7 -0.01 -0.14 -0.21 -1.26 -0.64 -1.43 
160 0.69 -0.01 -0.15 -0.21 -1.22 -0.65 -1.45 
161 0.69 -0.02 -0.15 -0.23 -1.22 -0.76 -1.43 
162 0.66 -0.06 -0.16 -0.21 -1.21 -0.78 -1.47 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
163 0.66 -0.06 -0.17 -0.24 -1.18 -0.75 -1.46 
164 0.65 -0.06 -0.16 -0.24 -1.21 -0.78 -1.45 
165 0.66 -0.06 -0.17 -0.24 -1.19 -0.91 -1.43 
166 0.65 -0.07 -0.17 -0.21 -1.21 -0.88 -1.45 
167 0.65 -0.08 -0.17 -0.21 -1.21 -0.94 -1.44 
168 0.66 -0.07 -0.19 -0.26 -1.21 -0.85 -1.46 
169 0.66 -0.06 -0.18 -0.26 -1.22 -0.84 -1.43 
170 0.65 -0.06 -0.19 -0.26 -1.23 -0.79 -1.46 
171 0.63 -0.05 -0.18 -0.29 -1.27 -0.77 -1.43 
172 0.61 -0.09 -0.19 -0.27 -1.25 -0.81 -1.46 
173 0.63 -0.08 -0.19 -0.23 -1.26 -0.81 -1.46 
174 0.61 -0.09 -0.18 -0.2 -1.29 -0.81 -1.48 
175 0.62 -0.08 -0.19 -0.23 -1.25 -0.85 -1.45 
176 0.65 -0.06 -0.19 -0.26 -1.24 -0.8 -1.44 
177 0.65 -0.05 -0.18 -0.27 -1.24 -0.82 -1.43 
178 0.64 -0.06 -0.18 -0.26 -1.22 -0.87 -1.42 
179 0.64 -0.07 -0.18 -0.22 -1.23 -0.87 -1.43 
180 0.61 -0.09 -0.18 -0.19 -1.26 -0.83 -1.45 
181 0.6 -0.1 -0.19 -0.22 -1.26 -0.81 -1.44 
182 0.6 -0.09 -0.2 -0.27 -1.25 -0.81 -1.41 
183 0.6 -0.09 -0.19 -0.28 -1.25 -0.79 -1.4 
184 0.6 -0.09 -0.2 -0.28 -1.23 -0.81 -1.41 
185 0.6 -0.09 -0.19 -0.28 -1.22 -0.86 -1.4 
186 0.6 -0.1 -0.19 -0.28 -1.21 -0.9 -1.42 
187 0.58 -0.12 -0.2 -0.27 -1.19 -0.97 -1.43 
188 0.58 -0.11 -0.2 -0.28 -1.19 -0.97 -1.43 
189 0.57 -0.13 -0.19 -0.28 -1.2 -0.97 -1.44 
190 0.57 -0.12 -0.2 -0.23 -1.21 -0.98 -1.45 
191 0.57 -0.12 -0.19 -0.22 -1.21 -0.99 -1.46 
192 0.57 -0.13 -0.2 -0.22 -1.22 -1.01 -1.46 
193 0.57 -0.12 -0.21 -0.24 -1.25 -0.96 -1.47 
194 0.55 -0.13 -0.21 -0.26 -1.28 -0.89 -1.47 
195 0.54 -0.15 -0.21 -0.27 -1.3 -0.83 -1.48 
196 0.53 -0.14 -0.22 -0.27 -1.28 -0.87 -1.47 
197 0.55 -0.13 -0.2 -0.24 -1.27 -0.91 -1.46 
198 0.55 -0.12 -0.19 -0.2 -1.28 -0.9 -1.48 
199 0.54 -0.13 -0.2 -0.19 -1.27 -0.88 -1.48 
200 0.55 -0.13 -0.2 -0.23 -1.26 -0.85 -1.45 
201 0.56 -0.12 -0.21 -0.26 -1.24 -0.83 -1.43 
202 0.56 -0.13 -0.21 -0.27 -1.24 -0.89 -1.43 
203 0.57 -0.12 -0.21 -0.25 -1.24 -0.95 -1.43 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
204 0.55 -0.13 -0.2 -0.2 -1.25 -0.92 -1.46 
205 0.52 -0.15 -0.21 -0.19 -1.26 -0.9 -1.47 
206 0.52 -0.16 -0.22 -0.23 -1.26 -0.89 -1.45 
207 0.51 -0.16 -0.23 -0.27 -1.25 -0.87 -1.44 
208 0.51 -0.17 -0.23 -0.29 -1.23 -0.89 -1.42 
209 0.52 -0.17 -0.23 -0.29 -1.22 -0.92 -1.42 
210 0.53 -0.15 -0.22 -0.29 -1.2 -0.97 -1.43 
211 0.52 -0.16 -0.23 -0.3 -1.19 -1.05 -1.44 
212 0.52 -0.17 -0.23 -0.3 -1.19 -1.09 -1.44 
213 0.52 -0.16 -0.23 -0.29 -1.2 -1.04 -1.44 
214 0.52 -0.16 -0.22 -0.27 -1.21 -1.07 -1.45 
215 0.52 -0.16 -0.22 -0.24 -1.22 -1.08 -1.47 
216 0.51 -0.15 -0.22 -0.22 -1.23 -1.08 -1.48 
217 0.51 -0.16 -0.22 -0.22 -1.26 -1.04 -1.5 
218 0.5 -0.17 -0.23 -0.25 -1.3 -0.95 -1.53 
219 0.48 -0.18 -0.23 -0.28 -1.32 -0.88 -1.53 
220 0.47 -0.19 -0.23 -0.27 -1.3 -0.88 -1.51 
221 0.48 -0.18 -0.22 -0.24 -1.29 -0.92 -1.5 
222 0.48 -0.16 -0.21 -0.19 -1.29 -0.92 -1.51 
223 0.46 -0.18 -0.21 -0.16 -1.3 -0.9 -1.52 
224 0.46 -0.19 -0.22 -0.18 -1.28 -0.87 -1.5 
225 0.47 -0.18 -0.23 -0.24 -1.26 -0.87 -1.46 
226 0.49 -0.18 -0.23 -0.27 -1.25 -0.94 -1.44 
227 0.49 -0.17 -0.23 -0.26 -1.25 -1.01 -1.46 
228 0.49 -0.16 -0.23 -0.22 -1.25 -1.04 -1.47 
229 0.48 -0.17 -0.22 -0.19 -1.26 -1.02 -1.48 
230 0.47 -0.19 -0.23 -0.2 -1.26 -0.97 -1.47 
231 0.46 -0.2 -0.24 -0.25 -1.26 -0.95 -1.45 
232 0.45 -0.22 -0.25 -0.29 -1.24 -0.94 -1.43 
233 0.45 -0.22 -0.26 -0.32 -1.22 -0.95 -1.42 
234 0.46 -0.21 -0.25 -0.32 -1.21 -1 -1.42 
235 0.47 -0.2 -0.25 -0.32 -1.2 -1.09 -1.44 
236 0.46 -0.21 -0.25 -0.33 -1.19 -1.16 -1.45 
237 0.46 -0.2 -0.24 -0.31 -1.2 -1.14 -1.45 
238 0.46 -0.2 -0.24 -0.28 -1.21 -1.13 -1.46 
239 0.47 -0.19 -0.24 -0.25 -1.22 -1.14 -1.48 
240 0.47 -0.18 -0.23 -0.23 -1.23 -1.13 -1.49 
241 0.47 -0.18 -0.23 -0.22 -1.25 -1.08 -1.51 
242 0.46 -0.19 -0.23 -0.23 -1.3 -0.98 -1.54 
243 0.44 -0.2 -0.24 -0.25 -1.34 -0.9 -1.57 
244 0.42 -0.22 -0.25 -0.27 -1.34 -0.89 -1.57 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
245 0.41 -0.21 -0.24 -0.24 -1.32 -0.9 -1.54 
246 0.42 -0.2 -0.22 -0.18 -1.31 -0.92 -1.54 
247 0.42 -0.19 -0.22 -0.14 -1.3 -0.92 -1.55 
248 0.42 -0.2 -0.22 -0.14 -1.29 -0.92 -1.54 
249 0.42 -0.21 -0.23 -0.19 -1.28 -0.92 -1.5 
250 0.43 -0.21 -0.24 -0.25 -1.27 -0.98 -1.47 
251 0.43 -0.21 -0.25 -0.25 -1.27 -1.04 -1.47 
252 0.44 -0.19 -0.24 -0.22 -1.27 -1.09 -1.48 
253 0.44 -0.19 -0.24 -0.19 -1.27 -1.09 -1.49 
254 0.43 -0.2 -0.24 -0.18 -1.27 -1.05 -1.49 
255 0.41 -0.22 -0.25 -0.21 -1.27 -1.01 -1.47 
256 0.4 -0.25 -0.26 -0.27 -1.25 -0.98 -1.45 
257 0.39 -0.26 -0.27 -0.31 -1.23 -0.99 -1.43 
258 0.41 -0.24 -0.27 -0.34 -1.21 -1.05 -1.42 
259 0.42 -0.23 -0.27 -0.34 -1.2 -1.12 -1.43 
260 0.42 -0.24 -0.27 -0.34 -1.2 -1.19 -1.44 
261 0.41 -0.24 -0.27 -0.33 -1.21 -1.2 -1.45 
262 0.41 -0.23 -0.26 -0.3 -1.22 -1.2 -1.47 
263 0.42 -0.21 -0.25 -0.26 -1.23 -1.2 -1.49 
264 0.43 -0.2 -0.24 -0.23 -1.24 -1.2 -1.51 
265 0.44 -0.19 -0.23 -0.22 -1.26 -1.18 -1.53 
266 0.43 -0.19 -0.23 -0.22 -1.29 -1.12 -1.56 
267 0.41 -0.21 -0.24 -0.23 -1.33 -1.03 -1.6 
268 0.38 -0.24 -0.25 -0.24 -1.36 -0.94 -1.61 
269 0.37 -0.24 -0.24 -0.22 -1.35 -0.9 -1.58 
270 0.37 -0.22 -0.23 -0.17 -1.33 -0.92 -1.58 
271 0.38 -0.2 -0.22 -0.13 -1.31 -0.95 -1.57 
272 0.38 -0.2 -0.22 -0.12 -1.3 -0.97 -1.57 
273 0.39 -0.21 -0.22 -0.15 -1.29 -0.98 -1.54 
274 0.39 -0.22 -0.24 -0.2 -1.28 -1 -1.51 
275 0.39 -0.23 -0.25 -0.23 -1.28 -1.05 -1.49 
276 0.4 -0.22 -0.25 -0.21 -1.28 -1.1 -1.49 
277 0.41 -0.21 -0.24 -0.19 -1.27 -1.12 -1.5 
278 0.4 -0.21 -0.24 -0.17 -1.28 -1.1 -1.5 
279 0.39 -0.22 -0.25 -0.18 -1.27 -1.07 -1.5 
280 0.38 -0.25 -0.26 -0.23 -1.26 -1.05 -1.48 
281 0.37 -0.27 -0.28 -0.29 -1.24 -1.06 -1.45 
282 0.37 -0.27 -0.28 -0.33 -1.22 -1.1 -1.43 
283 0.38 -0.26 -0.28 -0.35 -1.21 -1.15 -1.43 
284 0.38 -0.26 -0.28 -0.35 -1.21 -1.19 -1.44 
285 0.38 -0.26 -0.28 -0.34 -1.21 -1.22 -1.45 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
286 0.38 -0.25 -0.27 -0.31 -1.23 -1.21 -1.46 
287 0.39 -0.24 -0.26 -0.27 -1.24 -1.19 -1.48 
288 0.4 -0.22 -0.25 -0.23 -1.25 -1.18 -1.51 
289 0.41 -0.2 -0.24 -0.21 -1.27 -1.17 -1.53 
290 0.4 -0.2 -0.24 -0.21 -1.29 -1.14 -1.56 
291 0.39 -0.21 -0.24 -0.21 -1.32 -1.09 -1.59 
292 0.37 -0.23 -0.25 -0.22 -1.35 -1.02 -1.62 
293 0.35 -0.24 -0.25 -0.21 -1.34 -0.95 -1.6 
294 0.35 -0.23 -0.23 -0.17 -1.33 -0.92 -1.59 
295 0.36 -0.21 -0.22 -0.13 -1.31 -0.93 -1.59 
296 0.37 -0.2 -0.21 -0.12 -1.29 -0.96 -1.58 
297 0.38 -0.19 -0.21 -0.13 -1.28 -0.98 -1.56 
298 0.39 -0.2 -0.22 -0.17 -1.28 -1.01 -1.53 
299 0.39 -0.21 -0.24 -0.21 -1.27 -1.05 -1.5 
300 0.39 -0.21 -0.24 -0.21 -1.27 -1.09 -1.49 
301 0.4 -0.21 -0.24 -0.2 -1.27 -1.11 -1.49 
302 0.4 -0.21 -0.24 -0.18 -1.27 -1.11 -1.49 
303 0.38 -0.22 -0.24 -0.17 -1.27 -1.08 -1.49 
304 0.37 -0.24 -0.25 -0.2 -1.27 -1.07 -1.49 
305 0.35 -0.26 -0.27 -0.25 -1.26 -1.06 -1.47 
306 0.34 -0.29 -0.28 -0.3 -1.24 -1.06 -1.45 
307 0.34 -0.29 -0.29 -0.34 -1.23 -1.09 -1.43 
308 0.34 -0.29 -0.3 -0.36 -1.22 -1.11 -1.42 
309 0.34 -0.29 -0.3 -0.35 -1.23 -1.14 -1.43 
310 0.35 -0.28 -0.29 -0.33 -1.24 -1.16 -1.45 
311 0.35 -0.26 -0.27 -0.29 -1.25 -1.18 -1.48 
312 0.37 -0.24 -0.26 -0.24 -1.26 -1.19 -1.5 
313 0.38 -0.23 -0.25 -0.22 -1.28 -1.19 -1.53 
314 0.38 -0.22 -0.24 -0.2 -1.3 -1.15 -1.56 
315 0.37 -0.22 -0.24 -0.2 -1.33 -1.1 -1.6 
316 0.35 -0.24 -0.25 -0.2 -1.36 -1.03 -1.63 
317 0.34 -0.24 -0.24 -0.19 -1.36 -0.97 -1.63 
318 0.33 -0.24 -0.23 -0.16 -1.34 -0.94 -1.62 
319 0.34 -0.22 -0.22 -0.13 -1.32 -0.95 -1.61 
320 0.35 -0.2 -0.21 -0.12 -1.3 -0.98 -1.6 
321 0.37 -0.19 -0.21 -0.13 -1.28 -1 -1.58 
322 0.38 -0.19 -0.21 -0.16 -1.27 -1.02 -1.55 
323 0.39 -0.19 -0.22 -0.19 -1.27 -1.04 -1.52 
324 0.39 -0.2 -0.23 -0.22 -1.26 -1.07 -1.5 
325 0.39 -0.2 -0.24 -0.21 -1.27 -1.09 -1.49 
326 0.39 -0.21 -0.24 -0.2 -1.27 -1.09 -1.49 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
327 0.38 -0.21 -0.24 -0.19 -1.27 -1.08 -1.49 
328 0.37 -0.23 -0.25 -0.2 -1.28 -1.05 -1.49 
329 0.35 -0.25 -0.26 -0.23 -1.27 -1.02 -1.48 
330 0.33 -0.28 -0.28 -0.27 -1.26 -1.02 -1.46 
331 0.33 -0.29 -0.29 -0.32 -1.25 -1.04 -1.44 
332 0.33 -0.3 -0.3 -0.35 -1.24 -1.08 -1.43 
333 0.33 -0.3 -0.3 -0.36 -1.24 -1.12 -1.43 
334 0.34 -0.28 -0.29 -0.34 -1.25 -1.16 -1.45 
335 0.35 -0.26 -0.28 -0.31 -1.26 -1.18 -1.47 
336 0.36 -0.24 -0.26 -0.27 -1.27 -1.2 -1.5 
337 0.37 -0.23 -0.25 -0.24 -1.28 -1.19 -1.53 
338 0.37 -0.23 -0.25 -0.21 -1.3 -1.14 -1.56 
339 0.36 -0.23 -0.25 -0.2 -1.33 -1.09 -1.59 
340 0.35 -0.23 -0.25 -0.19 -1.36 -1.02 -1.63 
341 0.34 -0.23 -0.24 -0.17 -1.36 -0.95 -1.64 
342 0.34 -0.22 -0.23 -0.16 -1.35 -0.93 -1.63 
343 0.35 -0.2 -0.22 -0.14 -1.33 -0.92 -1.62 
344 0.36 -0.19 -0.21 -0.12 -1.3 -0.95 -1.6 
345 0.37 -0.18 -0.21 -0.13 -1.28 -0.97 -1.59 
346 0.38 -0.18 -0.21 -0.15 -1.27 -0.99 -1.56 
347 0.39 -0.18 -0.22 -0.18 -1.26 -1.01 -1.55 
348 0.39 -0.2 -0.23 -0.2 -1.27 -1.04 -1.53 
349 0.38 -0.2 -0.24 -0.21 -1.27 -1.07 -1.52 
350 0.38 -0.21 -0.24 -0.2 -1.28 -1.09 -1.51 
351 0.37 -0.22 -0.25 -0.19 -1.29 -1.1 -1.51 
352 0.36 -0.22 -0.25 -0.19 -1.3 -1.08 -1.51 
353 0.35 -0.24 -0.26 -0.21 -1.3 -1.05 -1.5 
354 0.34 -0.27 -0.28 -0.25 -1.29 -1.03 -1.49 
355 0.33 -0.28 -0.29 -0.3 -1.27 -1.04 -1.47 
356 0.33 -0.29 -0.3 -0.34 -1.25 -1.07 -1.46 
357 0.33 -0.29 -0.3 -0.35 -1.25 -1.13 -1.45 
358 0.34 -0.28 -0.29 -0.35 -1.25 -1.17 -1.47 
359 0.35 -0.26 -0.28 -0.32 -1.26 -1.21 -1.49 
360 0.36 -0.24 -0.27 -0.29 -1.27 -1.21 -1.51 
361 0.37 -0.23 -0.26 -0.26 -1.28 -1.18 -1.54 
362 0.37 -0.22 -0.25 -0.23 -1.3 -1.14 -1.57 
363 0.36 -0.22 -0.25 -0.2 -1.32 -1.09 -1.59 
364 0.36 -0.22 -0.25 -0.19 -1.34 -1.03 -1.62 
365 0.35 -0.22 -0.24 -0.18 -1.35 -0.98 -1.63 
366 0.35 -0.21 -0.23 -0.16 -1.34 -0.96 -1.62 
367 0.36 -0.19 -0.22 -0.15 -1.32 -0.95 -1.62 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
368 0.37 -0.18 -0.21 -0.14 -1.3 -0.96 -1.61 
369 0.37 -0.18 -0.21 -0.14 -1.28 -0.98 -1.6 
370 0.38 -0.18 -0.21 -0.15 -1.27 -0.99 -1.58 
371 0.39 -0.18 -0.22 -0.18 -1.26 -1 -1.56 
372 0.39 -0.19 -0.23 -0.2 -1.26 -1.02 -1.54 
373 0.39 -0.2 -0.24 -0.22 -1.27 -1.04 -1.53 
374 0.38 -0.21 -0.25 -0.22 -1.27 -1.05 -1.52 
375 0.37 -0.21 -0.25 -0.21 -1.29 -1.06 -1.52 
376 0.37 -0.22 -0.26 -0.21 -1.29 -1.06 -1.52 
377 0.36 -0.23 -0.26 -0.22 -1.29 -1.03 -1.51 
378 0.35 -0.25 -0.27 -0.25 -1.29 -1.01 -1.5 
379 0.34 -0.27 -0.28 -0.29 -1.27 -1 -1.49 
380 0.33 -0.28 -0.29 -0.32 -1.25 -1.02 -1.47 
381 0.33 -0.29 -0.3 -0.35 -1.25 -1.05 -1.47 
382 0.34 -0.28 -0.3 -0.35 -1.25 -1.09 -1.47 
383 0.34 -0.27 -0.29 -0.34 -1.25 -1.12 -1.48 
384 0.35 -0.26 -0.28 -0.31 -1.27 -1.14 -1.5 
385 0.35 -0.25 -0.27 -0.27 -1.28 -1.14 -1.53 
386 0.35 -0.24 -0.27 -0.24 -1.3 -1.13 -1.56 
387 0.35 -0.24 -0.26 -0.21 -1.32 -1.11 -1.58 
388 0.34 -0.24 -0.26 -0.19 -1.33 -1.08 -1.59 
389 0.34 -0.23 -0.25 -0.18 -1.34 -1.05 -1.61 
390 0.35 -0.22 -0.24 -0.17 -1.33 -1.03 -1.62 
391 0.36 -0.2 -0.23 -0.16 -1.32 -1.01 -1.62 
392 0.36 -0.19 -0.22 -0.15 -1.3 -1.01 -1.61 
393 0.37 -0.18 -0.21 -0.15 -1.28 -1.01 -1.6 
394 0.38 -0.18 -0.21 -0.16 -1.26 -1.01 -1.59 
395 0.38 -0.18 -0.22 -0.17 -1.25 -1.01 -1.57 
396 0.38 -0.19 -0.23 -0.19 -1.25 -1.01 -1.55 
397 0.38 -0.2 -0.24 -0.21 -1.26 -1.01 -1.54 
398 0.37 -0.21 -0.25 -0.21 -1.27 -1.02 -1.53 
399 0.36 -0.22 -0.25 -0.21 -1.28 -1.02 -1.53 
400 0.36 -0.23 -0.26 -0.21 -1.28 -1.03 -1.53 
401 0.35 -0.23 -0.26 -0.22 -1.29 -1.01 -1.52 
402 0.35 -0.24 -0.27 -0.24 -1.28 -0.99 -1.51 
403 0.34 -0.26 -0.28 -0.27 -1.27 -0.99 -1.5 
404 0.33 -0.28 -0.29 -0.31 -1.26 -0.99 -1.49 
405 0.33 -0.29 -0.3 -0.33 -1.25 -1.01 -1.48 
406 0.33 -0.29 -0.3 -0.35 -1.24 -1.04 -1.47 
407 0.33 -0.29 -0.3 -0.34 -1.25 -1.06 -1.48 
408 0.34 -0.27 -0.29 -0.32 -1.26 -1.09 -1.5 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
 

296 

ObsID U-B B-V V-R R-I I-J J-H H-K 
409 0.34 -0.27 -0.28 -0.28 -1.28 -1.12 -1.53 
410 0.34 -0.26 -0.28 -0.24 -1.3 -1.13 -1.55 
411 0.33 -0.26 -0.27 -0.21 -1.32 -1.12 -1.58 
412 0.33 -0.26 -0.27 -0.19 -1.33 -1.1 -1.6 
413 0.33 -0.25 -0.26 -0.17 -1.34 -1.08 -1.62 
414 0.33 -0.24 -0.25 -0.15 -1.33 -1.05 -1.63 
415 0.34 -0.22 -0.24 -0.14 -1.32 -1.03 -1.63 
416 0.35 -0.2 -0.23 -0.14 -1.3 -1.02 -1.62 
417 0.36 -0.19 -0.22 -0.14 -1.28 -1.02 -1.61 
418 0.37 -0.19 -0.22 -0.15 -1.27 -1.02 -1.6 
419 0.37 -0.19 -0.22 -0.16 -1.25 -1.03 -1.59 
420 0.37 -0.2 -0.23 -0.18 -1.25 -1.03 -1.57 
421 0.37 -0.21 -0.24 -0.2 -1.25 -1.03 -1.56 
422 0.37 -0.22 -0.25 -0.2 -1.26 -1.04 -1.55 
423 0.36 -0.23 -0.25 -0.2 -1.27 -1.04 -1.55 
424 0.36 -0.23 -0.26 -0.2 -1.28 -1.03 -1.54 
425 0.36 -0.24 -0.26 -0.2 -1.28 -1.02 -1.54 
426 0.36 -0.24 -0.27 -0.22 -1.28 -1 -1.53 
427 0.35 -0.25 -0.28 -0.25 -1.27 -0.98 -1.52 
428 0.35 -0.26 -0.28 -0.28 -1.26 -0.98 -1.51 
429 0.34 -0.27 -0.29 -0.31 -1.25 -1 -1.5 
430 0.34 -0.28 -0.3 -0.33 -1.24 -1.03 -1.49 
431 0.33 -0.29 -0.3 -0.33 -1.23 -1.05 -1.5 
432 0.35 -0.27 -0.29 -0.32 -1.26 -1.1 -1.51 
433 0.34 -0.27 -0.29 -0.29 -1.25 -1.11 -1.53 
434 0.34 -0.26 -0.28 -0.25 -1.29 -1.14 -1.56 
435 0.34 -0.26 -0.28 -0.21 -1.31 -1.14 -1.58 
436 0.34 -0.26 -0.27 -0.18 -1.33 -1.12 -1.61 
437 0.33 -0.25 -0.26 -0.16 -1.34 -1.1 -1.62 
438 0.33 -0.24 -0.25 -0.15 -1.34 -1.07 -1.63 
439 0.34 -0.23 -0.24 -0.14 -1.33 -1.05 -1.64 
440 0.35 -0.21 -0.23 -0.13 -1.31 -1.03 -1.63 
441 0.36 -0.19 -0.22 -0.13 -1.29 -1.01 -1.62 
442 0.37 -0.19 -0.22 -0.13 -1.27 -1.01 -1.61 
443 0.38 -0.18 -0.22 -0.15 -1.26 -1.01 -1.6 
444 0.38 -0.19 -0.22 -0.17 -1.25 -1.01 -1.58 
445 0.38 -0.2 -0.23 -0.19 -1.25 -1.01 -1.57 
446 0.37 -0.21 -0.24 -0.2 -1.26 -1.02 -1.56 
447 0.37 -0.22 -0.25 -0.2 -1.27 -1.02 -1.56 
448 0.36 -0.23 -0.26 -0.19 -1.28 -1.02 -1.55 
449 0.36 -0.23 -0.26 -0.19 -1.3 -1.01 -1.55 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
450 0.36 -0.24 -0.27 -0.21 -1.3 -1 -1.54 
451 0.35 -0.25 -0.28 -0.23 -1.3 -1 -1.53 
452 0.34 -0.26 -0.28 -0.27 -1.3 -1.01 -1.52 
453 0.34 -0.27 -0.29 -0.3 -1.28 -1.03 -1.5 
454 0.34 -0.28 -0.29 -0.33 -1.27 -1.06 -1.49 
455 0.34 -0.28 -0.3 -0.34 -1.27 -1.09 -1.49 
456 0.34 -0.28 -0.29 -0.33 -1.27 -1.13 -1.5 
457 0.34 -0.27 -0.29 -0.3 -1.28 -1.16 -1.52 
458 0.34 -0.26 -0.28 -0.27 -1.3 -1.17 -1.54 
459 0.34 -0.26 -0.27 -0.22 -1.32 -1.18 -1.57 
460 0.34 -0.25 -0.27 -0.19 -1.33 -1.17 -1.6 
461 0.34 -0.25 -0.26 -0.16 -1.35 -1.16 -1.62 
462 0.33 -0.24 -0.25 -0.15 -1.35 -1.14 -1.63 
463 0.34 -0.22 -0.24 -0.14 -1.34 -1.11 -1.64 
464 0.35 -0.21 -0.23 -0.13 -1.33 -1.08 -1.63 
465 0.36 -0.19 -0.22 -0.12 -1.31 -1.06 -1.63 
466 0.36 -0.18 -0.21 -0.13 -1.29 -1.05 -1.62 
467 0.37 -0.18 -0.21 -0.14 -1.28 -1.04 -1.61 
468 0.37 -0.19 -0.22 -0.16 -1.27 -1.03 -1.59 
469 0.37 -0.2 -0.23 -0.18 -1.27 -1.03 -1.58 
470 0.36 -0.21 -0.24 -0.19 -1.28 -1.03 -1.57 
471 0.36 -0.22 -0.25 -0.19 -1.29 -1.03 -1.56 
472 0.35 -0.23 -0.25 -0.19 -1.31 -1.04 -1.55 
473 0.35 -0.23 -0.26 -0.19 -1.32 -1.04 -1.55 
474 0.36 -0.23 -0.26 -0.19 -1.33 -1.05 -1.54 
475 0.36 -0.24 -0.27 -0.22 -1.33 -1.05 -1.53 
476 0.36 -0.24 -0.27 -0.25 -1.33 -1.07 -1.52 
477 0.35 -0.26 -0.28 -0.29 -1.32 -1.1 -1.51 
478 0.35 -0.27 -0.29 -0.32 -1.3 -1.12 -1.49 
479 0.35 -0.27 -0.29 -0.34 -1.3 -1.14 -1.48 
480 0.35 -0.27 -0.29 -0.34 -1.3 -1.17 -1.49 
481 0.35 -0.26 -0.28 -0.32 -1.3 -1.2 -1.5 
482 0.35 -0.26 -0.28 -0.29 -1.32 -1.21 -1.53 
483 0.35 -0.25 -0.27 -0.24 -1.34 -1.22 -1.56 
484 0.35 -0.24 -0.26 -0.2 -1.35 -1.22 -1.59 
485 0.36 -0.23 -0.25 -0.17 -1.37 -1.21 -1.61 
486 0.35 -0.22 -0.24 -0.15 -1.37 -1.19 -1.63 
487 0.35 -0.21 -0.23 -0.14 -1.36 -1.15 -1.63 
488 0.36 -0.2 -0.22 -0.13 -1.35 -1.11 -1.63 
489 0.37 -0.18 -0.21 -0.12 -1.33 -1.09 -1.63 
490 0.38 -0.16 -0.2 -0.12 -1.31 -1.07 -1.62 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
491 0.39 -0.16 -0.2 -0.13 -1.29 -1.06 -1.62 
492 0.39 -0.17 -0.21 -0.15 -1.28 -1.05 -1.6 
493 0.38 -0.18 -0.22 -0.17 -1.28 -1.03 -1.58 
494 0.38 -0.2 -0.23 -0.19 -1.28 -1.02 -1.57 
495 0.37 -0.21 -0.24 -0.2 -1.3 -1.02 -1.55 
496 0.37 -0.21 -0.25 -0.2 -1.32 -1.03 -1.54 
497 0.37 -0.22 -0.25 -0.19 -1.34 -1.04 -1.54 
498 0.38 -0.22 -0.25 -0.2 -1.35 -1.04 -1.54 
499 0.38 -0.21 -0.25 -0.22 -1.35 -1.03 -1.52 
500 0.38 -0.22 -0.26 -0.24 -1.34 -1.05 -1.51 
501 0.38 -0.23 -0.27 -0.28 -1.34 -1.07 -1.5 
502 0.37 -0.25 -0.27 -0.31 -1.32 -1.09 -1.48 
503 0.37 -0.25 -0.28 -0.33 -1.31 -1.12 -1.47 
504 0.37 -0.25 -0.28 -0.34 -1.31 -1.14 -1.47 
505 0.37 -0.25 -0.28 -0.34 -1.31 -1.16 -1.48 
506 0.37 -0.25 -0.27 -0.31 -1.33 -1.18 -1.5 
507 0.37 -0.24 -0.26 -0.26 -1.35 -1.18 -1.53 
508 0.37 -0.22 -0.25 -0.21 -1.36 -1.18 -1.56 
509 0.38 -0.21 -0.24 -0.18 -1.37 -1.19 -1.59 
510 0.37 -0.21 -0.23 -0.15 -1.38 -1.19 -1.61 
511 0.37 -0.2 -0.23 -0.13 -1.37 -1.18 -1.62 
512 0.38 -0.19 -0.22 -0.13 -1.36 -1.14 -1.62 
513 0.39 -0.17 -0.2 -0.12 -1.34 -1.1 -1.62 
514 0.4 -0.15 -0.19 -0.12 -1.33 -1.07 -1.62 
515 0.4 -0.15 -0.19 -0.12 -1.31 -1.04 -1.61 
516 0.4 -0.15 -0.19 -0.13 -1.29 -1.02 -1.6 
517 0.39 -0.17 -0.2 -0.15 -1.28 -1 -1.58 
518 0.38 -0.19 -0.21 -0.18 -1.29 -0.99 -1.56 
519 0.38 -0.2 -0.23 -0.2 -1.3 -0.99 -1.54 
520 0.38 -0.21 -0.24 -0.2 -1.32 -1 -1.52 
521 0.38 -0.21 -0.24 -0.2 -1.34 -1.03 -1.52 
522 0.39 -0.21 -0.25 -0.2 -1.36 -1.04 -1.51 
523 0.4 -0.2 -0.24 -0.21 -1.36 -1.04 -1.5 
524 0.4 -0.2 -0.25 -0.23 -1.35 -1.03 -1.49 
525 0.4 -0.21 -0.25 -0.26 -1.34 -1.03 -1.48 
526 0.39 -0.23 -0.26 -0.29 -1.33 -1.05 -1.46 
527 0.38 -0.24 -0.27 -0.31 -1.32 -1.06 -1.45 
528 0.38 -0.24 -0.27 -0.33 -1.3 -1.09 -1.44 
529 0.39 -0.24 -0.27 -0.34 -1.3 -1.13 -1.45 
530 0.39 -0.24 -0.27 -0.32 -1.31 -1.16 -1.47 
531 0.39 -0.23 -0.26 -0.28 -1.33 -1.2 -1.5 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
532 0.39 -0.21 -0.25 -0.23 -1.35 -1.22 -1.54 
533 0.4 -0.2 -0.24 -0.19 -1.37 -1.23 -1.57 
534 0.4 -0.19 -0.23 -0.15 -1.37 -1.23 -1.6 
535 0.39 -0.19 -0.22 -0.13 -1.38 -1.21 -1.61 
536 0.39 -0.19 -0.21 -0.12 -1.37 -1.17 -1.61 
537 0.39 -0.18 -0.2 -0.12 -1.36 -1.12 -1.62 
538 0.4 -0.16 -0.19 -0.11 -1.34 -1.07 -1.61 
539 0.4 -0.15 -0.18 -0.11 -1.32 -1.02 -1.61 
540 0.41 -0.14 -0.18 -0.11 -1.29 -1 -1.6 
541 0.4 -0.16 -0.19 -0.13 -1.28 -0.98 -1.58 
542 0.39 -0.18 -0.2 -0.16 -1.28 -0.97 -1.56 
543 0.38 -0.21 -0.22 -0.19 -1.29 -0.97 -1.54 
544 0.37 -0.23 -0.24 -0.21 -1.32 -0.99 -1.52 
545 0.38 -0.23 -0.25 -0.2 -1.35 -1.05 -1.51 
546 0.39 -0.22 -0.25 -0.19 -1.37 -1.1 -1.51 
547 0.4 -0.21 -0.24 -0.19 -1.38 -1.12 -1.51 
548 0.41 -0.2 -0.24 -0.2 -1.38 -1.11 -1.51 
549 0.41 -0.21 -0.25 -0.23 -1.37 -1.1 -1.49 
550 0.4 -0.22 -0.25 -0.27 -1.35 -1.1 -1.47 
551 0.4 -0.23 -0.26 -0.29 -1.33 -1.09 -1.45 
552 0.39 -0.24 -0.26 -0.31 -1.31 -1.1 -1.43 
553 0.4 -0.24 -0.27 -0.33 -1.3 -1.13 -1.43 
554 0.4 -0.24 -0.27 -0.33 -1.31 -1.18 -1.44 
555 0.4 -0.23 -0.26 -0.3 -1.32 -1.24 -1.47 
556 0.41 -0.22 -0.25 -0.26 -1.34 -1.27 -1.51 
557 0.41 -0.2 -0.24 -0.21 -1.36 -1.28 -1.55 
558 0.42 -0.19 -0.23 -0.17 -1.37 -1.27 -1.58 
559 0.42 -0.18 -0.22 -0.14 -1.38 -1.25 -1.6 
560 0.41 -0.18 -0.21 -0.13 -1.38 -1.21 -1.61 
561 0.41 -0.18 -0.21 -0.12 -1.37 -1.17 -1.62 
562 0.4 -0.17 -0.2 -0.11 -1.35 -1.11 -1.63 
563 0.41 -0.16 -0.19 -0.1 -1.33 -1.05 -1.63 
564 0.41 -0.15 -0.18 -0.09 -1.31 -1.01 -1.62 
565 0.41 -0.15 -0.18 -0.1 -1.29 -0.99 -1.61 
566 0.4 -0.17 -0.19 -0.13 -1.29 -0.97 -1.58 
567 0.39 -0.21 -0.21 -0.17 -1.29 -0.98 -1.55 
568 0.38 -0.23 -0.24 -0.22 -1.31 -1.02 -1.52 
569 0.39 -0.23 -0.25 -0.23 -1.34 -1.09 -1.51 
570 0.4 -0.22 -0.24 -0.21 -1.37 -1.16 -1.51 
571 0.42 -0.2 -0.24 -0.19 -1.38 -1.19 -1.52 
572 0.43 -0.2 -0.24 -0.19 -1.39 -1.18 -1.52 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
573 0.42 -0.21 -0.24 -0.21 -1.39 -1.17 -1.51 
574 0.41 -0.22 -0.25 -0.24 -1.37 -1.16 -1.49 
575 0.41 -0.23 -0.26 -0.27 -1.35 -1.16 -1.46 
576 0.41 -0.24 -0.26 -0.3 -1.33 -1.16 -1.44 
577 0.41 -0.24 -0.26 -0.32 -1.31 -1.18 -1.43 
578 0.42 -0.24 -0.26 -0.32 -1.3 -1.22 -1.43 
579 0.42 -0.23 -0.26 -0.31 -1.3 -1.27 -1.45 
580 0.43 -0.22 -0.25 -0.28 -1.32 -1.31 -1.49 
581 0.44 -0.2 -0.24 -0.24 -1.34 -1.32 -1.53 
582 0.44 -0.18 -0.22 -0.19 -1.35 -1.31 -1.56 
583 0.44 -0.18 -0.22 -0.16 -1.37 -1.28 -1.59 
584 0.43 -0.18 -0.21 -0.13 -1.38 -1.25 -1.61 
585 0.42 -0.18 -0.21 -0.12 -1.37 -1.21 -1.62 
586 0.42 -0.18 -0.2 -0.12 -1.35 -1.16 -1.63 
587 0.43 -0.17 -0.19 -0.12 -1.33 -1.08 -1.62 
588 0.42 -0.16 -0.18 -0.1 -1.32 -1.03 -1.63 
589 0.43 -0.15 -0.17 -0.09 -1.3 -0.98 -1.62 
590 0.42 -0.17 -0.18 -0.1 -1.29 -0.96 -1.6 
591 0.41 -0.2 -0.2 -0.14 -1.28 -0.96 -1.57 
592 0.41 -0.22 -0.23 -0.21 -1.28 -0.99 -1.53 
593 0.42 -0.23 -0.24 -0.24 -1.3 -1.05 -1.5 
594 0.43 -0.21 -0.24 -0.23 -1.33 -1.1 -1.49 
595 0.45 -0.19 -0.23 -0.21 -1.35 -1.13 -1.49 
596 0.46 -0.18 -0.23 -0.19 -1.37 -1.11 -1.5 
597 0.45 -0.19 -0.23 -0.2 -1.39 -1.11 -1.51 
598 0.44 -0.21 -0.24 -0.22 -1.38 -1.09 -1.5 
599 0.44 -0.22 -0.25 -0.25 -1.36 -1.07 -1.47 
600 0.44 -0.22 -0.25 -0.28 -1.32 -1.07 -1.45 
601 0.45 -0.23 -0.25 -0.3 -1.3 -1.09 -1.43 
602 0.45 -0.22 -0.25 -0.31 -1.28 -1.14 -1.43 
603 0.46 -0.22 -0.25 -0.31 -1.28 -1.18 -1.44 
604 0.46 -0.21 -0.24 -0.29 -1.3 -1.23 -1.46 
605 0.47 -0.2 -0.24 -0.27 -1.31 -1.27 -1.49 
606 0.47 -0.18 -0.23 -0.23 -1.33 -1.27 -1.53 
607 0.47 -0.17 -0.22 -0.18 -1.34 -1.25 -1.55 
608 0.46 -0.18 -0.21 -0.15 -1.36 -1.23 -1.57 
609 0.45 -0.19 -0.21 -0.13 -1.36 -1.21 -1.59 
610 0.44 -0.19 -0.21 -0.13 -1.36 -1.17 -1.6 
611 0.44 -0.19 -0.2 -0.13 -1.34 -1.1 -1.61 
612 0.44 -0.18 -0.19 -0.12 -1.32 -1.04 -1.62 
613 0.44 -0.17 -0.18 -0.1 -1.31 -0.99 -1.62 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
614 0.44 -0.17 -0.18 -0.09 -1.3 -0.95 -1.61 
615 0.43 -0.19 -0.19 -0.12 -1.28 -0.95 -1.59 
616 0.44 -0.21 -0.22 -0.19 -1.26 -0.97 -1.54 
617 0.45 -0.22 -0.24 -0.25 -1.26 -1.02 -1.49 
618 0.48 -0.2 -0.23 -0.25 -1.27 -1.06 -1.46 
619 0.5 -0.17 -0.23 -0.23 -1.3 -1.06 -1.47 
620 0.5 -0.16 -0.22 -0.2 -1.33 -1.04 -1.48 
621 0.5 -0.16 -0.22 -0.2 -1.36 -1.03 -1.49 
622 0.48 -0.19 -0.23 -0.21 -1.36 -1.05 -1.5 
623 0.47 -0.21 -0.24 -0.23 -1.35 -1.04 -1.48 
624 0.48 -0.2 -0.24 -0.26 -1.31 -1.01 -1.45 
625 0.5 -0.19 -0.24 -0.29 -1.27 -0.99 -1.43 
626 0.5 -0.2 -0.24 -0.29 -1.26 -1.02 -1.42 
627 0.5 -0.2 -0.24 -0.3 -1.26 -1.06 -1.42 
628 0.5 -0.2 -0.24 -0.29 -1.27 -1.09 -1.44 
629 0.5 -0.19 -0.23 -0.28 -1.29 -1.16 -1.46 
630 0.51 -0.18 -0.22 -0.24 -1.31 -1.16 -1.49 
631 0.51 -0.17 -0.22 -0.2 -1.32 -1.17 -1.52 
632 0.51 -0.17 -0.21 -0.18 -1.32 -1.18 -1.54 
633 0.5 -0.17 -0.21 -0.16 -1.33 -1.18 -1.55 
634 0.49 -0.17 -0.21 -0.15 -1.33 -1.15 -1.56 
635 0.48 -0.18 -0.21 -0.16 -1.32 -1.13 -1.58 
636 0.48 -0.17 -0.2 -0.16 -1.3 -1.05 -1.58 
637 0.47 -0.19 -0.2 -0.12 -1.3 -0.99 -1.61 
638 0.48 -0.17 -0.19 -0.11 -1.3 -0.96 -1.61 
639 0.47 -0.18 -0.19 -0.12 -1.28 -0.96 -1.59 
640 0.48 -0.2 -0.2 -0.16 -1.25 -0.95 -1.54 
641 0.5 -0.19 -0.22 -0.24 -1.23 -0.97 -1.48 
642 0.52 -0.17 -0.23 -0.26 -1.24 -0.97 -1.44 
643 0.55 -0.15 -0.22 -0.24 -1.27 -0.94 -1.45 
644 0.55 -0.14 -0.21 -0.22 -1.3 -0.93 -1.45 
645 0.55 -0.14 -0.21 -0.21 -1.33 -0.92 -1.46 
646 0.53 -0.17 -0.21 -0.19 -1.34 -0.93 -1.48 
647 0.51 -0.18 -0.22 -0.2 -1.33 -0.97 -1.49 
648 0.53 -0.17 -0.21 -0.23 -1.3 -0.95 -1.45 
649 0.56 -0.15 -0.21 -0.26 -1.26 -0.9 -1.42 
650 0.57 -0.14 -0.21 -0.27 -1.23 -0.9 -1.41 
651 0.56 -0.15 -0.21 -0.27 -1.24 -0.95 -1.42 
652 0.56 -0.15 -0.2 -0.27 -1.23 -0.97 -1.43 
653 0.57 -0.14 -0.21 -0.26 -1.23 -1.04 -1.44 
654 0.57 -0.14 -0.2 -0.25 -1.26 -1.05 -1.45 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
655 0.57 -0.14 -0.2 -0.21 -1.28 -1.02 -1.47 
656 0.56 -0.15 -0.2 -0.18 -1.28 -1.05 -1.5 
657 0.55 -0.15 -0.2 -0.17 -1.29 -1.09 -1.51 
658 0.56 -0.14 -0.19 -0.16 -1.28 -1.06 -1.53 
659 0.55 -0.15 -0.19 -0.17 -1.28 -1.08 -1.53 
660 0.54 -0.15 -0.19 -0.17 -1.29 -0.99 -1.53 
661 0.51 -0.17 -0.18 -0.15 -1.31 -0.9 -1.56 
662 0.51 -0.18 -0.18 -0.11 -1.29 -0.88 -1.58 
663 0.53 -0.17 -0.19 -0.13 -1.27 -0.91 -1.56 
664 0.53 -0.17 -0.18 -0.15 -1.23 -0.9 -1.53 
665 0.55 -0.15 -0.19 -0.2 -1.22 -0.9 -1.49 
666 0.6 -0.1 -0.19 -0.24 -1.22 -0.88 -1.43 
667 0.63 -0.09 -0.19 -0.24 -1.24 -0.84 -1.42 
668 0.65 -0.07 -0.19 -0.23 -1.26 -0.83 -1.43 
669 0.63 -0.09 -0.19 -0.23 -1.29 -0.86 -1.44 
670 0.62 -0.1 -0.19 -0.22 -1.31 -0.87 -1.43 
671 0.59 -0.13 -0.2 -0.21 -1.3 -0.89 -1.46 
672 0.59 -0.12 -0.19 -0.21 -1.28 -0.86 -1.46 
673 0.62 -0.11 -0.18 -0.23 -1.23 -0.83 -1.41 
674 0.65 -0.08 -0.18 -0.25 -1.22 -0.82 -1.4 
675 0.66 -0.07 -0.18 -0.25 -1.22 -0.81 -1.43 
676 0.65 -0.09 -0.17 -0.24 -1.22 -0.82 -1.42 
677 0.67 -0.07 -0.18 -0.25 -1.21 -0.91 -1.42 
678 0.68 -0.06 -0.18 -0.26 -1.23 -0.84 -1.47 
679 0.68 -0.07 -0.18 -0.24 -1.26 -0.81 -1.46 
680 0.65 -0.09 -0.19 -0.21 -1.25 -0.92 -1.45 
681 0.62 -0.12 -0.2 -0.2 -1.23 -0.9 -1.51 
682 0.61 -0.13 -0.17 -0.14 -1.23 -0.95 -1.49 
683 0.63 -0.11 -0.17 -0.17 -1.27 -0.97 -1.5 
684 0.6 -0.13 -0.18 -0.17 -1.27 -0.82 -1.53 
685 0.6 -0.11 -0.16 -0.14 -1.31 -0.69 -1.52 
686 0.58 -0.15 -0.16 -0.09 -1.29 -0.75 -1.53 
687 0.6 -0.15 -0.17 -0.12 -1.25 -0.82 -1.51 
688 0.61 -0.14 -0.16 -0.12 -1.2 -0.82 -1.52 
689 0.62 -0.13 -0.14 -0.14 -1.2 -0.82 -1.49 
690 0.64 -0.08 -0.12 -0.15 -1.2 -0.7 -1.46 
691 0.7 -0.02 -0.12 -0.16 -1.25 -0.6 -1.47 
692 0.75 0.01 -0.12 -0.15 -1.26 -0.65 -1.43 
693 0.74 -0.01 -0.14 -0.16 -1.27 -0.69 -1.43 
694 0.71 -0.04 -0.14 -0.16 -1.3 -0.59 -1.47 
695 0.69 -0.04 -0.13 -0.14 -1.31 -0.62 -1.46 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
 

303 

ObsID U-B B-V V-R R-I I-J J-H H-K 
696 0.69 -0.05 -0.14 -0.14 -1.28 -0.67 -1.47 
697 0.69 -0.05 -0.1 -0.09 -1.26 -0.65 -1.46 
698 0.72 -0.03 -0.07 -0.11 -1.24 -0.6 -1.45 
699 0.77 0.01 -0.1 -0.14 -1.2 -0.65 -1.43 
700 0.76 0.01 -0.09 -0.12 -1.22 -0.61 -1.48 
701 0.77 0.03 -0.06 -0.1 -1.25 -0.57 -1.48 
702 0.81 0.05 -0.07 -0.1 -1.22 -0.64 -1.47 
703 0.78 0.04 -0.08 -0.1 -1.25 -0.61 -1.51 
704 0.79 0.03 -0.09 -0.11 -1.24 -0.59 -1.52 
705 0.75 0 -0.1 -0.08 -1.25 -0.67 -1.49 
706 0.72 -0.08 -0.12 -0.08 -1.17 -0.77 -1.48 
707 0.75 -0.03 -0.08 -0.09 -1.21 -0.75 -1.5 
708 0.72 -0.04 -0.08 -0.05 -1.25 -0.68 -1.51 
709 0.71 -0.03 -0.06 -0.07 -1.33 -0.5 -1.51 
710 0.69 -0.09 -0.12 -0.09 -1.25 -0.47 -1.58 
711 0.66 -0.17 -0.1 0 -1.26 -0.68 -1.52 
712 0.69 -0.16 -0.09 -0.02 -1.2 -0.74 -1.49 
713 0.71 -0.11 -0.04 -0.01 -1.16 -0.74 -1.47 
714 0.72 -0.05 0.01 0.03 -1.22 -0.55 -1.51 
715 0.78 0.05 0.05 0.02 -1.23 -0.49 -1.48 
716 0.8 0.08 0.06 0.02 -1.25 -0.47 -1.49 
717 0.83 0.1 0.04 0.01 -1.26 -0.49 -1.5 
718 0.8 0.05 0.03 0.03 -1.26 -0.47 -1.51 
719 0.78 0.08 0.06 0.03 -1.31 -0.4 -1.51 
720 0.79 0.08 0.09 0.05 -1.31 -0.44 -1.52 
721 0.8 0.07 0.08 0.06 -1.28 -0.45 -1.52 
722 0.82 0.09 0.09 0.06 -1.26 -0.45 -1.49 
723 0.84 0.13 0.14 0.11 -1.25 -0.45 -1.51 
724 0.89 0.15 0.14 0.11 -1.2 -0.48 -1.5 
725 0.88 0.15 0.15 0.11 -1.24 -0.43 -1.52 
726 0.9 0.2 0.18 0.12 -1.26 -0.41 -1.53 
727 0.93 0.16 0.15 0.13 -1.21 -0.47 -1.51 
728 0.9 0.18 0.17 0.13 -1.26 -0.4 -1.54 
729 0.89 0.14 0.16 0.13 -1.23 -0.46 -1.53 
730 0.92 0.09 0.11 0.13 -1.16 -0.56 -1.5 
731 0.94 0.08 0.09 0.12 -1.11 -0.63 -1.47 
732 0.93 0.1 0.13 0.14 -1.14 -0.57 -1.5 
733 0.89 0.15 0.2 0.17 -1.23 -0.38 -1.55 
734 0.83 0.13 0.23 0.2 -1.3 -0.27 -1.58 
735 0.76 -0.09 0.09 0.17 -1.22 -0.48 -1.53 
736 0.85 -0.05 0.07 0.16 -1.11 -0.63 -1.47 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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737 0.89 0.03 0.13 0.18 -1.11 -0.55 -1.47 
738 0.88 0.1 0.21 0.21 -1.19 -0.41 -1.52 
739 0.88 0.23 0.33 0.27 -1.27 -0.24 -1.56 
740 0.91 0.22 0.31 0.28 -1.21 -0.3 -1.52 
741 0.95 0.2 0.27 0.25 -1.18 -0.38 -1.5 
742 0.97 0.18 0.25 0.26 -1.14 -0.43 -1.48 
743 0.96 0.24 0.31 0.28 -1.18 -0.34 -1.5 
744 0.96 0.27 0.33 0.29 -1.22 -0.29 -1.54 
745 0.95 0.29 0.36 0.29 -1.25 -0.24 -1.56 
746 1.01 0.31 0.37 0.31 -1.2 -0.29 -1.54 
747 1.01 0.31 0.37 0.32 -1.18 -0.3 -1.5 
748 1.06 0.31 0.38 0.33 -1.17 -0.31 -1.53 
749 1.16 0.31 0.34 0.31 -1.12 -0.39 -1.51 
750 1.16 0.33 0.36 0.32 -1.12 -0.38 -1.5 
751 1.16 0.31 0.35 0.32 -1.12 -0.38 -1.51 
752 1.16 0.29 0.34 0.32 -1.11 -0.4 -1.5 
753 1.05 0.27 0.37 0.34 -1.17 -0.3 -1.53 
754 1.13 0.28 0.35 0.33 -1.12 -0.36 -1.49 
755 1.26 0.27 0.28 0.3 -1 -0.52 -1.43 
756 1.29 0.31 0.31 0.3 -1.02 -0.5 -1.46 
757 1.13 0.34 0.41 0.36 -1.15 -0.3 -1.53 
758 0.99 0.36 0.5 0.39 -1.26 -0.14 -1.59 
759 1 0.18 0.34 0.36 -1.11 -0.34 -1.51 
760 1.1 0.14 0.25 0.32 -0.99 -0.52 -1.41 
761 1.17 0.25 0.32 0.33 -1.02 -0.44 -1.44 
762 1.08 0.29 0.41 0.38 -1.09 -0.31 -1.49 
763 1.07 0.35 0.49 0.42 -1.15 -0.22 -1.53 
764 1.15 0.34 0.44 0.4 -1.09 -0.27 -1.5 
765 1.16 0.26 0.37 0.38 -1 -0.38 -1.44 
766 1.15 0.24 0.35 0.38 -0.97 -0.4 -1.42 
767 1.2 0.34 0.43 0.41 -0.98 -0.33 -1.44 
768 1.1 0.37 0.51 0.44 -1.05 -0.21 -1.49 
769 1.15 0.38 0.49 0.43 -1.05 -0.24 -1.5 
770 1.34 0.4 0.43 0.41 -0.98 -0.36 -1.46 
771 1.35 0.39 0.43 0.41 -0.96 -0.38 -1.45 
772 1.35 0.37 0.42 0.42 -0.94 -0.39 -1.45 
773 1.36 0.37 0.42 0.42 -0.93 -0.39 -1.44 
774 1.34 0.35 0.42 0.43 -0.9 -0.4 -1.43 
775 1.17 0.31 0.47 0.47 -0.94 -0.32 -1.46 
776 1.21 0.26 0.41 0.44 -0.87 -0.41 -1.42 
777 1.25 0.26 0.4 0.44 -0.85 -0.43 -1.4 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
778 1.29 0.28 0.4 0.44 -0.84 -0.43 -1.4 
779 1.31 0.29 0.41 0.45 -0.85 -0.43 -1.41 
780 1.35 0.28 0.38 0.43 -0.85 -0.5 -1.4 
781 1.42 0.3 0.38 0.43 -0.82 -0.51 -1.39 
782 1.44 0.31 0.37 0.41 -0.82 -0.53 -1.38 
783 1.43 0.31 0.36 0.41 -0.82 -0.53 -1.37 
784 1.46 0.32 0.34 0.39 -0.83 -0.56 -1.37 
785 1.46 0.33 0.35 0.39 -0.83 -0.55 -1.37 
786 1.41 0.33 0.35 0.38 -0.85 -0.53 -1.38 
787 1.41 0.34 0.35 0.38 -0.86 -0.51 -1.39 
788 1.43 0.34 0.35 0.38 -0.87 -0.54 -1.38 
789 1.39 0.32 0.34 0.37 -0.87 -0.54 -1.39 
790 1.32 0.29 0.34 0.37 -0.87 -0.52 -1.4 
791 1.27 0.31 0.37 0.39 -0.92 -0.49 -1.4 
792 1.27 0.29 0.36 0.38 -0.92 -0.48 -1.4 
793 1.18 0.3 0.39 0.39 -1.01 -0.41 -1.44 
794 1.18 0.3 0.4 0.4 -1.01 -0.4 -1.45 
795 1.24 0.29 0.35 0.37 -0.96 -0.48 -1.43 
796 1.26 0.26 0.33 0.36 -0.93 -0.52 -1.42 
797 1.24 0.24 0.3 0.35 -0.95 -0.58 -1.38 
798 1.21 0.26 0.35 0.38 -0.95 -0.48 -1.41 
799 1.23 0.29 0.34 0.35 -1 -0.49 -1.42 
800 1.24 0.29 0.35 0.36 -1 -0.47 -1.44 
801 1.17 0.27 0.34 0.35 -0.99 -0.46 -1.43 
802 1.3 0.26 0.25 0.29 -0.91 -0.64 -1.38 
803 1.26 0.24 0.24 0.27 -0.96 -0.63 -1.41 
804 1.18 0.27 0.32 0.33 -0.99 -0.49 -1.44 
805 1.13 0.33 0.37 0.33 -1.1 -0.38 -1.5 
806 1.09 0.33 0.38 0.34 -1.09 -0.37 -1.48 
807 1.2 0.32 0.33 0.3 -1.04 -0.46 -1.47 
808 1.13 0.31 0.33 0.3 -1.08 -0.42 -1.48 
809 1.04 0.31 0.37 0.32 -1.12 -0.37 -1.49 
810 1.11 0.31 0.33 0.3 -1.07 -0.41 -1.48 
811 1.1 0.31 0.32 0.27 -1.12 -0.4 -1.51 
812 1.03 0.29 0.34 0.3 -1.13 -0.37 -1.5 
813 0.97 0.22 0.3 0.28 -1.11 -0.41 -1.49 
814 0.95 0.18 0.26 0.26 -1.09 -0.44 -1.48 
815 1.05 0.21 0.24 0.26 -1.05 -0.54 -1.44 
816 1.06 0.24 0.26 0.25 -1.07 -0.49 -1.48 
817 1.05 0.27 0.28 0.24 -1.14 -0.44 -1.51 
818 0.98 0.26 0.3 0.25 -1.17 -0.37 -1.52 



 

ObsID = observation number (same as Table 1). UBVRIJHK absolute STMAG colors (Stone 
1996; Laidler 2008) are given in the remaining columns.  
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ObsID U-B B-V V-R R-I I-J J-H H-K 
819 0.93 0.24 0.3 0.25 -1.19 -0.34 -1.53 
820 1 0.19 0.2 0.19 -1.1 -0.52 -1.48 
821 0.91 0.1 0.16 0.2 -1.11 -0.54 -1.45 
822 0.86 0.13 0.21 0.22 -1.18 -0.42 -1.51 
823 0.97 0.21 0.22 0.19 -1.15 -0.47 -1.49 
824 0.97 0.22 0.23 0.2 -1.16 -0.43 -1.51 
825 0.94 0.19 0.22 0.19 -1.16 -0.47 -1.5 
826 0.95 0.12 0.13 0.14 -1.09 -0.62 -1.45 
827 0.88 0.05 0.08 0.12 -1.11 -0.64 -1.45 
828 0.84 0.1 0.14 0.14 -1.2 -0.49 -1.5 
829 0.89 0.21 0.19 0.14 -1.22 -0.41 -1.51 
830 0.86 0.22 0.22 0.15 -1.27 -0.35 -1.52 
831 0.9 0.22 0.19 0.13 -1.22 -0.43 -1.51 
832 0.88 0.22 0.18 0.11 -1.26 -0.39 -1.52 
833 0.87 0.22 0.18 0.1 -1.27 -0.39 -1.52 
834 0.86 0.19 0.17 0.1 -1.25 -0.39 -1.53 
835 0.87 0.2 0.15 0.08 -1.26 -0.41 -1.52 
836 0.85 0.16 0.14 0.07 -1.26 -0.43 -1.53 
837 0.83 0.11 0.1 0.07 -1.2 -0.51 -1.5 
838 0.77 0.05 0.07 0.05 -1.23 -0.51 -1.5 
839 0.79 0.03 0 -0.01 -1.19 -0.6 -1.47 
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