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Abstract

NASA’s EPOXI mission observed the disc-integrated Earth and Moon to test techniques for reconnoitering
extrasolar terrestrial planets, using the Deep Impact flyby spacecraft to observe Earth at the beginning and end
of Northern Hemisphere spring, 2008, from a range of ~1/6 to 1/3 AU. These observations furnish high-
precision and high-cadence empirical photometry and spectroscopy of Earth, suitable as “ground truth” for
numerically simulating realistic observational scenarios for an Earth-like exoplanet with finite signal-to-noise
ratio. Earth was observed at near-equatorial sub-spacecraft latitude on 18-19 March, 28-29 May, and 4-5 June
(UT), in the range of 372-4540 nm wavelength with low visible resolving power (1/A/=5-13) and moderate IR
resolving power (1/A4=215-730). Spectrophotometry in seven filters yields light curves at ~372-948 nm filter-
averaged wavelength, modulated by Earth’s rotation with peak-to-peak amplitude of <20%. The spatially
resolved Sun glint is a minor contributor to disc-integrated reflectance. Spectroscopy at 1100-4540 nm reveals
gaseous water and carbon dioxide, with minor features of molecular oxygen, methane, and nitrous oxide. One-
day changes in global cloud cover resulted in differences between the light curve beginning and end of <5%.
The light curve of a lunar transit of Earth on 29 May is color-dependent due to the Moon’s red spectrum partially
occulting Earth’s relatively blue spectrum. The “vegetation red edge” spectral contrast observed between two
long-wavelength visible/near-IR bands is ambiguous, not clearly distinguishing between the verdant Earth
diluted by cloud cover versus the desolate mineral regolith of the Moon. Spectrophotometry in at least one other
comparison band at short wavelength is required to distinguish between Earth-like and Moon-like surfaces in
reconnaissance observations. However, measurements at 850 nm alone, the high-reflectance side of the red edge,
could be sufficient to establish periodicity in the light curve and deduce Earth’s diurnal period and the exis-
tence of fixed surface units. Key Words: Atmospheric composition—Biomarkers—Life detection—Habitability—
Extrasolar terrestrial planets—EPOXI mission—Light curves—Exoplanets. Astrobiology 11, 907-930.

1. Introduction Moon acquired by NASA’s EPOXI mission from a relatively

remote vantage point within the solar system. Signal-to-noise

MAJOR GOAL of astrobiology is to detect and characterize

Earth-like planets in extrasolar systems. The most Earth-
like planet that orbits a Sun-like star and is available for direct
inspection—Earth itself—has been given relatively little at-
tention in empirically testing methods suitable to the remote
investigation of exoplanets. Here, we describe optical spec-
trophotometry and near-IR spectroscopy of Earth and the

ratio in these measurements is high, combined with relatively
high time resolution of Earth’s varying signal, establishing a
benchmark standard for the information content in conceiv-
able astronomical measurements of an actual extrasolar ter-
restrial planet. This work presents an essentially noise-free set
of measurements that can be the basis for evaluating practical
instrument designs that have finite precision.
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The EPOXI mission re-used the Deep Impact flyby space-
craft for the Extrasolar Planetary Observation and Character-
ization (EPOCh) investigation and the Deep Impact eXtended
Investigation (DIXI), which combined to form EPOXI The
Deep Impact eXtended Investigation followed the 4 July 2005
Deep Impact flyby and impactor mission to comet 9P/Tempel
(A’Hearn et al., 2005) with the 4 November 2010 flyby of a
second cometary nucleus, 103P/Hartley. The EPOCh investi-
gation used the Deep Impact high-resolution imager visible-
light instrument (HRIVIS) as a stable photometric platform in
heliocentric orbit to obtain detailed light curves of known
transiting exoplanets from which to refine parameters for
these systems (Ballard et al., 2010; Christiansen et al., 2010). In
addition, the EPOCh investigation observed the global Earth,
using both the HRIVIS camera and the high-resolution in-
strument infrared spectrometer (HRIIR). The results reported
here are from observations at a sub-spacecraft latitude close to
Earth’s equator, at a range of ~1/6 to 1/3 AU.

Although many spacecraft missions have conducted in-
depth observations of our habitable home planet from near-
Earth orbit (e.g., Remer et al., 2008), and some from inter-
planetary spacecraft (Sagan et al., 1993; Geissler et al., 1995),
most of those measurements do not directly describe the
global Earth in a way that is directly applicable to exopla-
netary science operating at interstellar range; one notable
exception is the global-scale observation of Earth at mid-IR
wavelengths (~6-15um) by the Mars Global Surveyor
Thermal Emission Spectrometer (Christensen and Pearl,
1997). Near-Earth measurements cannot view the entire disc
at once from a single phase angle, so a global view must be
synthesized from close-in data (e.g., Tinetti et al., 2006a,
2006b; Hearty et al., 2009). The accuracy of the synthesis
needs to be checked with empirical data, to have confidence
in using the same tools to model the spectroscopy of arbi-
trarily conceived exoplanets.

Observations of Earth’s visible-light spectrum also have
been attempted by exploiting Earthshine reflected from the
Moon’s shadowed side (Woolf ef al., 2002; Seager et al., 2005;
Turnbull et al., 2006; Arnold, 2008). The accuracy of Earth-
shine observations as a global model is limited, as the mea-
sured Earthshine spectrum has passed through Earth’s
atmosphere three times, so the results depend critically on
accurate telluric absorption corrections as well as accurately
modeled lunar reflectance. Earthshine observations are ob-
tained from the dark side of the crescent Moon, so obser-
vations over a full Earth rotation must combine data from
multiple observing sites. Finally, spectral features of greatest
interest to remotely detect the composition and properties of
an Earth-like atmosphere are inaccessible from the ground
due to opacity in those same features and thus cannot be
measured well in Earthshine.

This paper documents the complete data collection and
reduction processes employed in the EPOXI mission to ac-
quire an accurate empirical description of Earth as an unre-
solved model exoplanet. Distant observations of Earth’s
whole disc accurately simulate the geometry for observations
of an extrasolar Earth-like planet and thus can measure the
spectroscopy and photometry that could be detected in such
circumstances in the limit of very high signal-to-noise ratio.
The EPOXI/EPOCh measurements were obtained by re-
peatedly viewing the global Earth directly from a remote
spaceborne platform in heliocentric orbit in the equatorial
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plane, with the same detectors on each occasion. Earth was
observed over a full 24 h rotational period in each of three
epochs, which resulted in time-resolved and time-averaged
disc-integrated visible-to-near-IR spectroscopy and fully de-
fined the rotational light curve at multiple wavelengths. This
work summarizes the major properties of Earth’s signature
as a model exoplanet, without recourse to detailed modeling,
including both visible and near-IR spectroscopic features of
the atmosphere and surface. Associated papers derived from
modeling or interpreting subsets of these data already have
been published. The present report is the primary reference
for the data used in these analyses:

(1) Cowan et al. (2009) used the visible light curves of the
first and third EPOXI observations of Earth to test
techniques for deriving first-order maps of an unre-
solved planetary surface;

(2) Crow et al. (2011) used the time-averaged visible
spectrum of Earth from the second EPOXI observation
as well as the Moon’s spectrum from the same data set
and the time-averaged visible spectrum of Mars (un-
published EPOXI data) to investigate the distinctive
character of contemporary Earth’s global color in
comparison to other Solar System objects;

Fujii ef al. (2011) used the visible light curves from the

first and third EPOXI Earth observations to evaluate

the significance of contributors to Earth’s visible
spectrum and rotational modulation;

(4) Robinson et al. (2011) used the three EPOXI Earth ob-
servations of 2008 in both visible and near-IR spectral
regimes to validate the techniques employed in the
Virtual Planetary Laboratory to synthesize the spec-
trum of planets of arbitrary construction.
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We describe the observations and calibration in Sections 2
and 3, respectively. Section 4 focuses on reflectance by veg-
etation and other surface units, and its significance for as-
trobiological sensing of extrasolar worlds. Section 5 discusses
the diurnally averaged reflectance properties of Earth and
Moon at visible to near-IR wavelengths, and Section 6 dis-
cusses multiwavelength rotational light curves of Earth and
their implications for astrobiology and exocartography.
Section 7 summarizes our results and describes the public
availability of the data for other investigators.

2. Observations

Following the Deep Impact flyby mission and impact into
comet 9P/Tempel of 4 July 2005 (A’Hearn et al., 2005), the
Deep Impact flyby spacecraft entered a trajectory for an en-
counter with Earth (Fig. 1). The encounter, on 31 December
2007, transferred the spacecraft to a heliocentric orbit similar
to Earth’s. An Earth flyby in late June 2010 sent the spacecraft
toward its encounter with comet 103P/Hartley on 4 No-
vember 2010. The EPOCh mission element was conducted
during 2008 and 2009. All the Earth observations that are
being reported here were obtained during the first 6 months
of the EPOCh investigation.

The Deep Impact spacecraft was designed specifically for
the trajectory of its encounter with comet 9P/Tempel. The
resulting instrument orientation requires that the line of sight
to a target must fall within a narrow range of 87-107° from
the spacecraft-Sun line to maintain passive cooling of the
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FIG.1. Orbital geometry for EPOXI observations of Earth E1, E4, E5, with spacecraft and planet positions as of 1 July 2008.
E2 and E3 were cancelled. The spacecraft position (red dot and orbital trajectory) led Earth (blue dot and dotted blue
trajectory), resulting in access to the dawn terminator only. Red squares show the spacecraft position, and blue squares show
the Earth position at the time of observation. Sample images show the correct relative scale of each observation. The

EarthObs4 (E4) image of the Moon transiting Earth has been deconvolved by the measured point-spread function.

three remote-sensing instruments: the high-resolution in-
strument visible camera (HRIVIS), the high-resolution in-
strument infrared spectrometer (HRIIR), and the medium-
resolution instrument visible camera (MRI). The spacecraft’s
orbit satisfied these angular constraints for observations of
Earth through most of the northern spring of 2008.

Five observations of Earth, designated EarthObsl, 2, 3, 4,
and 5, were planned for spring 2008, running from approx-
imately northern spring equinox to a little before the north-
ern summer solstice. Spacecraft telecommunication problems
prevented the execution of EarthObs2 and 3, which resulted
in three successful observations that retain the indexed des-
ignations EarthObs1, EarthObs4, and EarthObs5. Figure 1
shows the orbital geometry of these events, with comparison
images that show the relative angular size of Earth on each

date. The EarthObs1 and EarthObs5 images include the de-
focus of the HRIVIS camera, discovered after launch, yield-
ing an effective spatial resolution of ~4 arcsec (10 pixels).
The displayed EarthObs4 image, with Earth and Moon to-
gether, has been deconvolved by the measured point-spread
function (Barry et al., 2010). The spectrophotometric analysis
reported here uses the non-deconvolved images.

The HRIVIS camera defocus poses no defect for spectro-
photometric and light curve results from unresolved whole-
disc photometry. EarthObsl and EarthObs5 represent the
contrast between the beginning and the end of one northern
spring/southern autumn season. EarthObs4 and EarthObs5
are very similar but differ in that Earth was transited by the
Moon during EarthObs4, an event that might occur in actual
exoplanet observations. Table 1 summarizes the three

TABLE 1. GEOMETRY OF EPOXI EARTH OBSERVATIONS

UTC Date, Start UTC ~ Start CML  Geocentric spacecraft ~ Heliocentric range  Solar phase  Illuminated
2008 at spacecraft (west) range (AU) of Earth (AU) angle fraction
EarthObsl ~ 18-19 Mar 18:19:19 149.9° 0.18 0.996 57.7° 76.7%
EarthObs4  28-29 May 20:03:53 194.6° 0.33 1.014 75.1° 62.9%
EarthObs5  4-5 Jun 16:57:31 149.5° 0.34 1.015 76.6° 61.5%

CML, central meridian longitude in west longitude.
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observations. EarthObs1 was conducted on 18-19 March 2008 §
UTC, with Earth about three-quarters illuminated and at S i i i i
about 1/6 AU distance from the spacecraft. EarthObs4 and 5 H“% H o+ H
were conducted on 28-29 May and 4-5 June 2008 UTC, re- 2 5 g § %
spectively, with Earth a bit less than two-thirds illuminated at N
about 1/3 AU range. Identical 24 h observing sequences were
executed on each occasion, which overlapped the beginning sleg § D
and end central meridian longitude by ~0.2-0.4° rotation. SEX | 333
s2d 32I% .
2.1. Acquisition of visible-light spectrophotometry oag | %o § < g
]
The HRIVIS and HRIIR share a 30 cm telescope equipped - é
with a dichroic beam splitter that supplies the HRIVIS = | %<8 °
camera with wavelength less than ~1000nm and the HRIIR LZD g s ; ‘; g ; =
with wavelength greater than ~1050nm. The HRIVIS filter 5 S & ;IQ HHHaT | §
.2 B =0 | E
wheel samples visible wavelengths from ~365nm through o | %% g S : S f o
~1100 nm in seven filters of ~100nm bandpass, on nominal < g %D
center wavelengths 350nm (centroid at 372nm), 450nm ; =
(454nm), 550nm (550nm), 650nm (647 nm), 750nm = 8 5
(745nm), 850nm (842nm), and 950nm (948 nm). Table 2 @ c2S | B33 g
tabulates the average wavelength and full width at half- S S5 h f| i 3 3 g5
maximum response of each filter, weighted by instrument and R % S8IB | 2 s
filter response (Hampton et al., 2005) to the ASTM Standard Z G AE=-Aa f &
E490-00a (2006) standard solar spectrum. The short wave- ] < el %
length cutoff of the “350” filter is longward of 350 nm due to E ooy B g
the performance of the detector and optical components. The Z| £ =8 Io88| ¢
“950” filter is a long-pass filter, cut off at ~1000nm by the = | & E% 9955 €2
dichroic and by the detector response. Detailed instrument E R3S | BRgeyn | I GSJ
properties are described by Hampton et al. (2005). The Earth & NSRS 3« e g
observations read only the central region of the 1024 x1024 5 < §;;‘ g
pixel HRIVIS detector array, resulting in 500 pixel-square z o 5 _; 2
images of 2 urad/pixel, for a 1000 urad-square (206 arcsec- = S| g E % é
square) field of view to capture Earth, which was a maximum § § § % _C:l <_T'_>| -C|->| fl °E 2
of 467 urad (96.3 arcsec) diameter. g § 5 5| wogu| g 22
The cadence and duration of observations was limited by E ¥ dad8al 32 o
a maximum of 350 megabytes of data storage between S S % ;‘j %
downlinks to Earth. Images of Earth were acquired with the c:) . g _fg: v
HRIVIS every 15 minutes through the 450, 550, 650, and & sl § N ; 5 é
850 nm nominal-wavelength filters with short exposure times ao| E§ % SoSSs |y O\L; -
of 8.5-26.1 msec, depending on the filter, so that bright snow, E:D EExs LAt = 8 E
ice, or cloud-covered terrain of ~95% albedo would be op- & RN : £ g Q é 2 g
timally exposed at about half the full dynamic range of the :: = dEg
camera system (Fig. 2). A total of 97 image sets were ac- = - ig g
quired in these four filters, separated by 3.75° rotation of 3 | w=xSo | £5F
Earth. Images were acquired in the remaining three filters Z 5% S| zZzZ2Z g%f;
(350, 750, 950) at slower cadence, once per hour, in exposure 2l g I HHHH 2Eg
times of 13.8-73.6 msec, depending on the filter. A total of 25 Bl esg AR Bl g 7§
image sets were acquired with these three filters, separated ol pd £22
by 15° rotation of Earth. Exposure times and the lag between E & 2\‘5
images were short enough that Earth’s rotation is negligible S8 S § EN § 2| £E% =z
within a set (Klaasen et al., 2008). The diurnal-average visible =8 O ol ol = % § P
spectrum of each observation derived from the filter pho- RN tesee E 8§
tometry is presented in Fig. 3. Close inspection shows “error SRRy | = %E
bars” that represent the full range of actual variability in the SE¥ I NBsS | 22 2
measured signal in each passband as Earth rotated. GRS|REERE £ *E’ é g
sgE,. £EE%
2.2. Acquisition of infrared spectroscopy Oew |S535 Bisd
ESS|oaaa™| 5§ 2¢
Spectroscopic measurements of Earth were acquired with the SAS | Tqqe g s E &
HRIIR every 2h, covering the spectral range 1100-4540 nm. A =RET é § £
total of 13 distinct spectroscopic measurements were acquired o E ;‘*% %
in each Earth observation, separated by 30° rotation of Earth. - I o SE&Y
The HRIIR slit is 10urad wide (2.1 arcsec), dispersed mm = |
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“visible”

FIG. 2. EarthObs4 images, illustrating contributions
by variable reflection from surface coverings, specular
reflection from open water (Sun glint), and the Moon.
These images have been deconvolved by the HRIVIS
point-spread function. At 0° central meridian longi-
tude (CML), the disc is dominated by Africa and the
Sahara Desert. At 180° CML, the disc is dominated by
the Pacific Ocean, with North America at the sunlit
limb. The bottom row is diurnally averaged. Sun glint
is in an extended region centered in the circular indi-
cators, most easily seen in animated imagery. The
“visible” column is a low-fidelity approximation to
human color vision, in which Earth is relatively low in
contrast. The “NIR-R, G, B” images map the 550 nm
reflectance to green, the 450 nm reflectance to blue, and
the red channel is the difference in reflectance between
850 nm (NIR) and 650 nm (R), mapping the “vegetation
red edge” spectral contrast. The diurnally averaged
image of Earth exhibits little contrast at the VRE, with
the greatest contrast at northern temperate latitudes.
The color of the arid Moon is similar to the Sahara due
to red slope in the soil spectrum.
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refractively by a prism to illuminate a 1024 x 512 pixel detector
array (Hampton ef al., 2005), operated in a binned mode to yield
an effective 512 x 128 pixel spectral “frame” with the larger di-
mension in the dispersion direction and the smaller dimension
yielding coarse spatial information along the slit length at
10 urad/ pixel. The spatial dimension was limited by binning
and by reading only the central half subarray of the detector.
The spectral resolving power (41/A%) of the HRIIR in this mode
is approximately 730 near ~1100nm, diminishing to ~215
near 2500 nm and increasing to ~ 370 near 4500 nm. The central
half of the spatial range in the binned subarray is covered by a
filter that is nearly transparent at short wavelength with in-
creasing opacity at long wavelength. Earth was placed behind
the filter in all measurements to avoid saturating the long-
wavelength portion of the spectrum with thermal emission. The
slit was oriented parallel to the direction of the Sun and thus
perpendicular to Earth’s terminator, with dispersion parallel to
the terminator. Figure 3 illustrates the diurnally averaged IR
spectrum obtained from the HRIIR for Earth and Moon. The
individual component spectra also are plotted in Fig. 3 with
dotted lines, showing the variability of the measured spectra.
The spatial dimension of the central filter is significantly
greater than the apparent diameter of Earth during these
observations, whereas the narrow spectrometer slit is many
times narrower. Earth’s globally integrated spectrum was

acquired by scanning the slit across the disc perpendicular to
the slit and parallel to the terminator, so that one integration
frame could capture the spectrum of the entire disc. A total
frame integration time of 2 sec with an angular scan rate of
300 purad/sec (62 arcsec/sec) captured Earth’s spectrum with
an optimal maximum exposure level of about half the de-
tector dynamic range for the combined Earth signal and
detector dark current. Each acquisition recorded eight con-
secutive frames: two waste frames at the beginning of a se-
quence while electronics settled and the spacecraft
accelerated to the intended angular scan rate, two frames to
acquire instrument background before the science frames,
three science frames, and one more background frame. Al-
though Earth, in principle, could be captured in a single
frame, spacecraft targeting is not sufficiently accurate to time
the beginning and end of a frame integration such that Earth
would have been entirely contained within a single scanned
frame. Instead, Earth signal is distributed unpredictably over
one or two consecutive frames of the three science frames.
Time lost during the frame read-out operation is negligible
compared to the overall integration time; thus, the sum of the
frames containing signal represents the full signal from the
target. Since spacecraft targeting was uncertain in both the
scan direction and in the cross-dispersion (spatial) direction,
spectra were acquired by scanning in three parallel strips
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FIG 3. (a) Diurnally averaged visible spec-
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trophotometry (histogram) and near-IR spec-
troscopy (bold curve) of the global Earth and
Moon at short wavelength, 372-2700 nm, with
the solar spectrum scaled to the same arbitrary
intensity in each panel. The vertical “error
bars” on the visible measurements and the
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vertical range on the displayed spectra show

the full range of actual variability in the
measurements over one Earth day. The sig-
natures of atmospheric species in absorption
against the reflected spectrum are labeled, in-
cluding five bands of H,O, CO, bands at
~1600 and ~2000nm, and a narrow band of
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shown, only the average of the few individual
spectra that were collected for the Moon. The
lunar spectrum closely resembles a reddened
reflection of the solar spectrum, with mono-
tonically decreasing reflectance toward short
wavelengths but otherwise featureless at this
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scale. (b) Diurnally averaged spectra of the
global Earth and Moon at longer wavelengths,
2700-4540 nm. The spectra are modeled by a
reflected solar spectrum plus gray-body ther-
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mal emission to recover color temperature.
The thermal emission model for the Earth
average spectrum is shown by a thin line
compared to the bold line for the measured
spectrum. Only the measured spectrum and
not the model is displayed for the Moon, as

63% illum, EarthObs4
Tc=295K, Earth
Te=314K, Moon

they are nearly indistinguishable. Color tem-
perature (T¢) of the average spectrum ranges
from 284 to 295 K for the Earth observations
and 314 K for the Moon. The reflected solar
signal is negligible for Earth in this model but
significant for the Moon, for which a reflec-
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tance model is extrapolated from the purely

Model

To=284K

62% illum, EarthObs5

reflective spectrum (a) that linearly increases
with wavelength (see Fig. 4). The full range of
measured Earth spectra is displayed along
with the averaged spectra. Two Earth spectra
from EarthObs4 combine thermal emission of
Earth and Moon during the Moon’s transit,
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wavelength (nm)

4000

diluting molecular absorption features and
increasing the apparent color temperature to
319 and 322 K, plus a nonzero reflected com-
ponent. Telluric features in Earth’s thermal

4500

emission spectrum include H,O at ~2700nm as well as several minor features, CO, at ~2800nm and the 4200-4500 nm
band, CH4 at ~3300nm (possibly blended with a small amount of O;), and a modest ~6% feature of N,O at ~3910 nm.

spaced by 150 urad (31 arcsec) so that even with the known
pointing uncertainty of up to ~145 urad (30 arcsec), at least
one of the scanned frame sets included Earth fully within the
anti-saturation filter. In those instances in which two frame
sets included a well-positioned spectrum of Earth, the spec-
tra were averaged together to improve signal to noise.

3. Data Reduction and Calibration

Visible imaging with the HRIVIS camera was corrected for
pixel-to-pixel variations in CCD detector sensitivity by using
flat-field exposures of an integrating sphere measured during
spacecraft testing and validation prior to launch (Klaasen
et al., 2008). Observations of transiting planets as part of the
EPOCh investigation (e.g., Ballard et al., 2010) showed that the

flat-field response of the detector changed in flight. Differ-
ences from the ground flats of approximately 1% are present
with a quasi-random spatial variation across the detector ar-
ray. Although these differences posed a challenge to the ul-
trahigh-precision small-aperture photometry required for
exoplanet transits, they are not a significant source of error for
the Earth observations, which combine signal from many
thousand pixels per frame and thus reduce the significance of
random deviations in flat-fielding to negligible levels.
Flat-fielding of the IR spectrometer detector was accom-
plished after launch by scanning the slit across the Moon in
the cross-dispersion direction to uniformly illuminate the slit
with reflected sunlight and thermal continuum emission.
Observations of astronomical standard stars were also used
to develop absolute intensity calibration for the visible filter
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spectrophotometry and IR spectroscopy (Klaasen et al., 2008).
All calibrations applied to the data reported here were de-
termined during the Deep Impact prime mission. While ad-
ditional calibration data have been acquired during the
EPOXI mission, the resulting updated calibrations have not
yet been incorporated into automated processing.

3.1. Extraction of calibrated visible spectrophotometry
from images

The spectrophotometric signal is extracted from Earth
images by aperture photometry, summing over a circular
extraction region centered on Earth’s disc. Earth disc center is
located automatically by maximizing the correlation product
between the measured Earth image and a model disc with
enhanced limb, for sensitivity to the location of the limb in
the images (Fig. 2). For these purposes, high precision is not
necessary, and the center location is precise to only about one
pixel. The extraction region is surrounded by an annulus of
similar surface area from which an average background
signal per pixel is determined and subtracted from pixels in
the extraction region to compensate for internal reflections
and minor defects in bias subtraction. The radius of the ex-
traction region is gradually enlarged over successive evalu-
ations of the aperture-integrated signal from slightly greater
than Earth size until the net signal stabilizes, which ensures
that signal from Earth’s image is completely captured. The
calibrated image units evaluate surface brightness in W/m?/
um/ster. Multiplication of the summed signal by the known
solid angle per pixel yields collected intensity, W/m?/um.
The net extracted signal in each individual measurement is
further scaled by the square of the spacecraft range, in as-
tronomical units, and by the square of Earth’s heliocentric
distance, in astronomical units, to yield signal equivalent to a
measurement at precisely 1 AU range, with Earth at precisely
1 AU heliocentric distance. This scaling accounts for ~3%
variability between beginning and end of EarthObs1 and the
much greater signal disparity between the individual ob-
servation events.

The diurnally averaged visible spectrophotometry of
Earth and Moon is reported in Table 2 and displayed in
Fig. 3. The nominal uncertainties quoted in Table 2 represent
the outer limits of the central 68™ percentile of measured
points and thus approximate the population standard devi-
ation of the actual measured light curve. This distribution is
determined primarily by intrinsic variability of Earth’s signal
rather than measurement uncertainty. Lunar photometry
was extracted from the subset of EarthObs4 images in which
the Moon appears fully within the camera field of view and
the Moon’s signal could be extracted with neither the ex-
traction region nor the surrounding annulus encountering
Earth’s visible-light image. The lunar photometry variability
was estimated similarly to that of Earth but for fewer mea-
surements: 22 measurements in the four high-cadence filters
and 7 measurements in the three low-cadence filters. The
Moon rotated negligibly during the course of these obser-
vations; thus the variability in the lunar signal should be a
good estimator for measurement uncertainty. Scaling by the
relative diameter of Earth and Moon to account for the rel-
ative signal-to-noise ratio suggests that the measurements of
Earth signal in EarthObs4 are good to about 0.05%, or five
parts in ten thousand.
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The signal for Earth was extracted from EarthObs4 data as
described previously, except that in a subset of images the
extraction region centered on Earth unavoidably included
the image of both Earth and Moon during the transit. When
the Moon was more completely separated from Earth in
EarthObs4 observations, the Moon was masked out of the
image by replacing that region of the image with the average
signal level from the surrounding annulus, so that Earth’s
signal could be extracted without interference. The extracted
lunar signal was then added back to the Earth extraction to
yield the net signal for the observed system, since the Moon
and Earth could not be extracted separately during the actual
transit. The reported spectrophotometry in Table 2 and Fig. 3
for EarthObs4 includes a combination of measurements with
and without the Moon in the field of view, which turns out to
make very little difference in visible light.

Table 3 and Fig. 4 report the diurnally averaged visible
reflectance of Earth, computed as the measured signal in-
tensity scaled by 1/7” from the spacecraft to Earth’s surface
and divided by the surface insolation, but otherwise not
employing any particular scattering model or assumed phase
function to attempt to recover the geometric albedo. The
tabulated values thus are directly proportional to some ac-
tual phase function, but neither the phase function nor the
constant of proportionality are determined. The filter-aver-
aged insolation is determined from the ASTM Standard
E490-00a (2006) solar spectral intensity at the top of the at-
mosphere, at 1 AU heliocentric distance.

3.2. Extraction of calibrated infrared spectra
from spectral images

The IR spectrum is extracted from each scan sequence by
processing multiple spectral images (frames). The three
background frames from the sequence are spatially median-
filtered to eliminate cosmic-ray hits and co-added, then sub-
tracted from the co-added three science frames to compensate
for defects in pipeline bias subtraction. The image is summed
in the spatial (cross-dispersion) direction to construct a com-
bined disc-integrated spectrum. In EarthObs4, the lunar signal
is processed separately from Earth’s signal when they are
sufficiently spatially separated to be distinguished. Lunar data
also include signal from when the Moon is located outside the
anti-saturation filter, as the net signal is modest enough to
avoid saturation and the apparent diameter of the Moon is
small enough that it is fully captured in this region. Both Earth
and Moon spectra are displayed in Fig. 3.

The calibration of the spectra to absolute surface bright-
ness is a routine part of the automated data analysis pipeline.
Multiplication of the surface brightness in W/ m?/ um/ster
by the solid angle of each pixel, which is effectively a rect-
angular region of 10 urad by the scanned angle of 600 urad,
recovers spectral intensity in W/m?/um. Similar to the vis-
ible spectrophotometry, the variability of Earth’s illumina-
tion intensity and variability in Earth-to-spacecraft range
were compensated by scaling by the range squared. This
scaling is accurate for the reflected portion of the spectrum
but does not correctly represent the heliocentric range de-
pendence of the thermally emitted portion of the spectrum,
at long wavelength, where the spectral shape depends on the
temperature in radiant equilibrium. The inaccuracy of the
intensity scaling applied to the thermal emission has no
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4. Properties of Major Reflectance Components

Figure 4 compares the observed diurnally averaged and
disc-integrated reflectance spectrum of Earth with the re-
flectance of some common Earth surface coverings: vegeta-
tion, represented by lawn grass of indefinite species and
hardwood (maple) leaves, which have very similar spectra;
sparsely vegetated soil, represented by Western North
American range land; and seawater, covering roughly two-
thirds of Earth’s surface, by far the most significant surface
unit (spectra from U.S. Geological Survey digital spectral li-
brary, Clark et al., 2007). The reflectance of range land in-
creases monotonically toward longer wavelengths. Sea water
is dark apart from a modest blue component. These spectra
should be grossly representative of Earth surface materials,
aside from details due to specific plant or mineral species.
None of these spectra is consistent with the short-wavelength
reflectance enhancement in Earth’s spectrum, which suggests
Rayleigh scattering by Earth’s dense and transparent atmo-
sphere of molecular oxygen and nitrogen.

Earth’s atmosphere is a relatively strong Rayleigh scat-
terer. The Hy-dominated atmospheres of the giant planets
have a low cross section for Rayleigh scattering. Mars” CO,
atmosphere is relatively tenuous and does not offer sufficient
optical path length to scatter significantly. Venus, although
having a very dense CO, atmosphere, has the optical path
length cut off by high-altitude haze clouds and thus is similar
to Mars in terms of Rayleigh scattering. Earth’s strong short-
wavelength visible Rayleigh scattering thus appears to be a
unique feature within the Solar System, demonstrated em-
pirically by Crow et al. (2011) in comparisons with disc-in-
tegrated spectra of the major Solar System bodies. Radiative-
transfer modeling will be required to explore whether other
atmospheric recipes—for example, putative early-Earth at-
mospheres with little or no molecular oxygen (Kaltenegger
et al., 2007); high densities of species such as methane; a haze-
free Venus-like atmosphere; a dense Mars atmosphere; and
so on—could result in a spectrum similar to modern Earth.
Spectroscopy of Earth validates simulations such as the
Virtual Planetary Laboratory three-dimensional spectral
model for the appearance of Earth to a distant observer (e.g.,
Robinson et al., 2011), which enables this and similar tools to
be applied to model any arbitrarily imagined exoplanet, as in
the cases described above.

The “vegetation red edge” (VRE) is a distinctive feature in
the reflectance spectrum of Earth’s chlorophyllaceous plants, a
sharp discontinuity at ~700-800 nm with strong reflectance in
the near IR and weak reflectance at shorter wavelength (Fig. 4;
Seager et al., 2005). In the visible range, the spectrum of plant
leaves typically features the familiar green maximum reflec-
tance between major absorption features at blue and red
wavelengths, while the near-IR spectrum is dominated by
absorption features of adsorbed and intracellular H,O.

Earth has featured land-surface photosynthesis for no
more than the past billion years of its history (Heckman et al.,
2001) and definitively for only the past 0.5 billion years for
which there is fossil evidence (Taylor et al., 2009)—at most,
~29% of the estimated 3.5 billion years of bacterial life on
Earth (Schopf, 2006). This is the only portion of Earth’s his-
tory as a living planet during which the red edge could be
exploited to detect life by remote sensing. Phytoplankton
and cyanobacteria are much older than land plants and also
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photosynthesize, but they are submerged within seawater.
The minimal reflectance of seawater results in essentially no
contrast at 700 nm; thus, only land-based or floating surface
vegetation is detectable in the VRE contrast (Fig. 2). Some
terrestrial organisms that photosynthesize find refuge from a
harsh environment within the shallow subsurface or out of
direct light, which results in no surface spectral signature
from the VRE (Cockell et al., 2009). Many terrestrial bacteria
photosynthesize by using chemical systems other than
chlorophyll, while many other bacteria and archaea consume
chemical resources (chemotrophy) in anaerobic environ-
ments with gaseous waste products other than oxygen.
These organisms provide possible models for non-chloro-
phyll-based alternative ecosystems that may have been well
represented during the oxygen-poor first few billion years of
life on Earth. Ultimately, chlorophyll conquered Earth
through unlimited energy resources from sunlight and the
production of gaseous waste; terrestrial non-chlorophyll
photosynthesis now is relegated to niche environments such
as the purple halobacteria in the salt evaporation ponds of
South Bay, San Francisco (e.g., Rothschild, 2002). Although it
may not be the only photosynthetic system that could do so,
chlorophyll’s demonstrable domination of Earth’s biosphere
makes it plausible to consider for the remote detection of
extraterrestrial life on a planetary scale, even though in
Earth’s example it would be detectable for only a minority of
the biosphere’s lifetime.

The distribution of vegetation on Earth’s surface can be
mapped by remote sensing observations sensitive to the VRE
spectral contrast (Figs. 2, 4). The normalized difference veg-
etation index (NDVI) is commonly used for this purpose in
Earth remote sensing (Ustin et al., 1999; Bannari et al., 2007)
and has been applied to numerical simulations of Earth’s
global spectrum (Tinetti et al., 2006b). In the present case, the
NDVI is applied to Earth’s empirically determined disc-
integrated spectrum to investigate whether the combination
of Earth surface materials results in a measurable vegetation
signature in Earth’s actual rotationally averaged spectrum.
The NDVI is composed from the difference between the re-
flectances above and below the VRE, divided by their sum to
yield a dimensionless ratio that is relatively independent of
phase angle or absolute calibration. The NDVI value varies
from —1 to +1, where high positive values indicate abun-
dant chlorophyllaceous leaf cover. The relevant EPOXI/
EPOCh measurements are the reflectances measured at
650nm and at 850 nm:

Rgs0 — Reso

NDVI =
Ragso + Reso

@

where Rgsg is the reflectance at 850 nm, and Rgsg is the re-
flectance at 650nm. The NDVI computed from the reflec-
tance spectra in Fig. 4 by using the HRIVIS filter bandpasses
is +0.87 for lawn grass and maple leaves, +0.33 for range
land, and approximately zero for seawater. Images propor-
tional to NDVI (Fig. 2) distinguish continental surfaces as
brighter than ocean and vegetation as brighter than bare rock
and mineral soils in spatially resolved imaging.

The upper image of Earth and Moon in Fig. 2 is from a
phase in which Africa was presented on Earth while the
Moon was in transit across Earth’s nightside, while the next
lower row shows the opposite face of Earth, dominated by
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the Pacific Ocean with the Americas barely visible on the
daylight limb. The “visible” image column approximately
simulates human color vision with weighted linear combi-
nations of the 650, 550, and 450nm reflectance images
mapped to the red-green-blue image channels, modeled after
the more careful methods of Bell et al. (2006) and Bell and
Savransky (2006). Mapping the red image channel to an
image proportional to the NDVI, composed from the dif-
ference between the 850nm and 650nm reflectance, with
550nm reflectance in the green channel and 450 nm reflec-
tance in the blue channel, results in very bright red in the
well-vegetated regions of sub-Saharan Africa, Madagascar,
and Europe, and partially eliminates the obscuration of the
continents by low—optical depth clouds, as the gray scatter-
ing by clouds subtracts to near-zero differential between the
images.

The NDVI is effective in identifying vegetated regions in
resolved images, but the technical difficulty of sufficiently
high angular resolution is such that early reconnaissance of
exoplanets will study unresolved targets with light collected
over an extended interval. The lowest row of Fig. 2 explores
the meridional distribution of contributions to the measured
spectrum from registering and averaging Earth images
through each filter over the full rotation observed in Earth-
Obs4. The Moon’s residence time in any given part of the
image is so short, and the Moon is of such low reflectance,
that it is not a significant component of these images. The
EarthObsl and EarthObs5 data sets result in similar time-
averaged images. The time-averaged Earth is nearly uniform
gray, with a slightly brighter Sun-glint feature interior to the
illuminated crescent. Sun glint has been proposed as a
strategy to detect oceans on exoplanets from specular re-
flection by open water (e.g., Williams and Gaidos, 2008;
Robinson et al., 2010). The visible spectroscopy of the Sun
glint detected in EPOXI data will be explored by Barry et al.
(unpublished results) to assess whether the glint is produced
exclusively by specular reflection from the ocean surface or
includes sub-Sun reflection from high-altitude cirrus parti-
cles. The diurnal-average NDVI image identifies the northern
temperate and higher latitudes as the dominant location of
plant life in the rotational average, regardless of the fact that
Africa is a major vegetated region. Only about one-third of
Earth’s diurnally averaged image displays a significant
NDVI vegetation signature. This image shows that the in-
clination angle from which an Earth-like planet is observed
can have a significant effect on whether any vegetation is
available to be observed, regardless of the detection strategy
used. A view from high southern latitude would be domi-
nated by ocean, with little continental landmass.

The NDVI concept can be expanded to the rest of the
visible spectrum as a normalized difference index (NDI), in
which NDI, is a function of wavelength computed from the
difference between reflectance at 850nm and reflectance at
any other wavelength, normalized to the sum of the re-
spective reflectance measurements:

Rgso — R;
NDVI;, = ———= 2
Rgso +R; @

where Rgs is the measured reflectance at 850 nm, the long-
wavelength side of the VRE, and R, is the measured reflec-
tance at wavelength 4. The NDI spectrum is shown in Fig. 5
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for all three Earth observations as well as the Moon, with the
NDVI indicated in particular at 650 nm, and the NDI for the
example vegetation and surface units shown in the lower
part of Fig. 5. The numerical NDI values for the EPOXI
measurements of Earth and Moon are tabulated in Table 4
and compared to the vegetation, range land, and seawater
values, for which the NDI is calculated by averaging over the
band pass appropriate to each of the HRIVIS filters.

The NDI spectrum of the Moon and of range land are
superficially similar. Both increase monotonically toward
shorter wavelength, although the Moon’s slope is much less
steep than range land. Earth’s NDI spectrum is locally
peaked at 650nm, the NDVI, which would seem to be evi-
dence for vegetation on Earth. However, the NDVI for the
Moon is much greater than that for Earth, and Earth’s NDI
spectrum does not otherwise resemble any single one of the
suggested surface materials, including leaves. The actual
spectrum of Earth must result from a linear combination of
Earth surface materials as well as gray scattering by clouds
and atmospheric Rayleigh scattering. A surface of low re-
flectance, like seawater, does not significantly dilute the NDI,
as it contributes neither to the numerator nor to the de-
nominator in evaluating the NDI. A surface of relatively high
gray reflectance, like clouds, snow, or ice, contributes little to
the difference term in the numerator of the NDI but can
increase the summed term in the denominator and thereby
diminish the magnitude of the disc-integrated NDI. Earth’s
extensive cloud cover, and to a lesser extent its ice cover,
substantially masks the fraction of Earth’s surface that is
composed of minerals and vegetation. It is not clear whether
unambiguous evidence for vegetation could be extracted
from such a measurement of an exoplanet in the absence of
prior knowledge of vegetation. The significant differences
between the lunar and terrestrial NDI spectra, however,
demonstrate that measurements of three or more well-chosen
wavelengths could definitively distinguish between Earth-like
and Moon-like surfaces.

Crow et al. (2011) used EPOXI data to compare Earth’s
visible-light colors with the other major bodies of our Solar
System and found that Earth is unique in having both a blue
spectrum at short wavelengths and a red spectrum at long
wavelengths. While it is possible that Earth’s peak NDI
(minimum reflectance) at 650nm is actually due to the
spectral properties of vegetation, an alternate scenario that
happens to be untrue for Earth could account for the ob-
servation equally well: a global desert planet with red-sloped
mineral soils under a dense Rayleigh-scattering atmosphere
(@ la Herbert, 1965). The VRE appears to be, at best, ambig-
uous in describing the surface properties of Earth, much less
those of an unknown planet. The Rayleigh-scattering signa-
ture at short wavelengths, combined with the red slope at
long visible wavelengths, may be sufficient in itself to justify
a reconnaissance identification of an Earth-like planet.

5. Diurnally Averaged Reflectance
and Emission Spectra

Figure 3 displays the full wavelength range of the diur-
nally averaged and disc-integrated measured spectra for
Earth and Moon, from 300 to 4540 nm, compared to the solar
spectrum scaled to the peak in the EarthObsl visible spec-
trum for comparison. The EPOXI Earth spectrum peaks in
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FIG. 5. Normalized difference index (NDI) spectrum of
Earth and Moon (top) representing the contrast of reflectance
relative to 850 nm, in comparison to relevant Earth surface
cover materials (bottom). EarthObs4 and 5 (dotted and da-
shed histograms) are nearly indistinguishable, despite the
Moon’s unique contribution to measurements in the Earth-
Obs4 average, suggesting that spectral differences between
EarthObs1 and EarthObs4/5 are solely seasonal effects. The
special case of the normalized difference vegetation index
(NDVI) is indicated, contrasting 650 and 850 nm. The NDVI
is a modest local maximum for Earth. Lunar NDVI is greater
than Earth’s global average, and the lunar NDI monotoni-
cally increases with decreasing wavelength. NDI of plant
materials (bottorm) is elevated for all wavelengths short of 700
nm; range land is sloped similar to the lunar NDI spectrum;
seawater NDI is depressed below zero at shorter wave-
lengths due to blue reflectance of ocean water but with a
different spectral shape than Earth’s blue global spectrum.

the 450 nm band, while the lunar spectrum peaks broadly at
550-650 nm. Each body’s spectrum declines through the near
IR toward longer wavelengths. At wavelengths longer than
about 2700nm, Earth’s spectrum is dominated by thermal
emission between major absorption features of CO, at
~2800nm and at ~4200—4500 nm.

The emission spectrum between the CO, features can be fit
by a simple model of gray-body thermal continuum emission
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plus a modest solar reflected component. Ignoring the rela-
tively minor absorption features due to H,O, methane (CH,)
at ~3300nm, and a feature due to nitrous oxide (N,O) at
~3910nm, the spectrum can be fitted with a uniform re-
flectance for the solar component, uniform emissivity for
thermal emission, and the Planck function color temperature
for thermal emission measured in each of the 13 near-IR
spectra. We do not report the fitted value for the emissivity
(which is close to unity), nor brightness temperature, since
the intensity of the thermal emission component of the
spectrum is not well determined, and the precise retrieved
values therefore would be misleading.

The median color temperature and error bars estimated
from the limits of the central 68® percentile (1o) interval of
the retrieved values are reported in Table 2. The tempera-
tures retrieved from EarthObs4 and EarthObs5 spectra, re-
presenting late northern spring, are nearly identical: (283—
285)+4 K, close to the radiative equilibrium temperature at 1
AU of ~282 K for an ideal blackbody test object. The
EarthObs1 disc-integrated color temperature, representing
early northern spring/early southern autumn, is somewhat
warmer at 2916 K. The thermal continuum emission sur-
face is an indistinguishable amalgam of clouds, sea surface,
and landmasses at a variety of physical temperature. The
time-averaged EarthObs4 spectrum displayed in Fig. 3 in-
cludes spectra contaminated by lunar thermal emission and
retrieves a warmer color temperature, 295 K, due to the ad-
ded thermal emission component from the Moon. In a real
measurement of a spatially unresolved exoplanet, only the
blended spectrum would be observed except for possible
brief intervals in which the primary occults its satellite(s).

By comparison, the reflected solar spectrum is a more
substantial contributor to the observed lunar spectrum at long
wavelengths than for Earth. The lunar reflectance can be
modeled very well as a linearly increasing function from 1000
to 2500nm wavelength. By extrapolating this linear trend
through the thermal emission region, we modeled the lunar
flux as a simple sum of the solar spectrum times the linearly
varying reflectance plus a gray-body thermal emission, fitting
coefficients to the reflected and emitted components, as well
as fitting the color temperature. The retrieved color tempera-
ture for the Moon at half phase is 316+ 6 K, determined from
the median in the population of retrieved spectra; the uncer-
tainty is estimated from the full range of variability in re-
trieved values, since so few spectra are available. The
displayed spectrum and fit in Fig. 3 are for the averaged lunar
spectrum, retrieving a somewhat cooler color temperature
than the median, 314 K versus 316 K. The lunar color tem-
perature is warmer than Earth’s color temperature due to the
combination of the Moon’s lack of an atmosphere, its low
reflectance, and its slow rotation rate, with a superheated
subsolar point and little nighttime flux contribution/energy
storage (after Spencer et al., 1989, and Lisse et al., 1999, 2005),
while Earth’s atmosphere and oceans as well as its relatively
fast rotation spread the Sun’s energy around the globe and
store and release it on both the dayside and nightside.

Although the minor absorption features in Earth’s spec-
trum at 2800-4200nm are negligible for their effect on the
retrieved color temperature, they are interesting as potential
indicators for life on Earth-like exoplanets, as CHy and N,O
generally are considered to be biomarker species in Earth’s
oxidizing environment. Terrestrial N,O is created predomi-
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nantly by soil bacteria (Chamberlain and Hunten, 1987).
While methane is common in extraterrestrial environments,
terrestrial CH, is destroyed relatively rapidly in Earth’s ox-
idizing atmosphere and thus must be resupplied by, for ex-
ample, bacterial digestive processes, with only minor
contributions (~5-10%) from sources such as abiotic geo-
chemistry (Atreya et al., 2011); contributions from human
industry are more uncertain but certainly were minor until
recently. There is a minor ozone (O;) absorption roughly
coincident with the 3300nm CH, feature. Terrestrial ozone
results from photochemistry of free molecular oxygen pro-
duced by photosynthesis; free oxygen is not strictly neces-
sary as source material, however, since photochemistry in
the CO,-dominated atmosphere of Mars results in small but
measurable quantities of O; (e.g., Fast et al., 2006). The suit-
ability of these and other species as definitive biomarkers in
the current or ancient terrestrial atmosphere is a topic for
continued investigation (e.g., Schindler and Kasting, 2000).

Spectra from the EarthObs4 lunar occultation illustrate a
potential source of systematic error in characterizing an Earth-
Moon-like system by remote spectroscopy of features in the
thermal emission spectrum, as in mid-IR concepts for a Ter-
restrial Planet Finder mission. In two of the measured spectra,
the lunar and terrestrial images are not separable. In a real
exoplanet detection of an Earth-like primary with a Moon-like
secondary, no measurement could directly discriminate either
body except during an occultation or transit. The depth of
molecular features in the measured combined spectrum is
significantly weaker than in Earth alone due to the relatively
intense thermal emission by the airless lunar surface. Mosko-
vitz et al. (2009) theoretically investigated the effect of such
blended spectra on photometry of thermal emission from an
exoplanet-exomoon system as a function of orbital phase. They
found that a satellite’s unrecognized presence significantly
distorts parameters retrieved for the exoplanet, including
thermal characteristics. The presence of an unrecognized
planetary satellite in IR emission spectra of an exoplanetary
system would dilute the signature of molecular species in the
spectrum of the primary, including biomarker species. A very
large moon or a moon with a high-albedo surface could have a
similar diluting effect on the blended reflected-light spectra.

Figure 4 summarizes the diurnally averaged reflectance of
Earth and Moon for all three observations, in the shorter-
wavelength interval 300-2800nm that is dominated by re-
flected solar signal. Significant molecular absorption features
of gaseous H,O and CO; are readily observable in the EPOXI
spectra in this range. The presence of molecular oxygen (O,)
from photosynthesis on Earth is indicated directly by a
narrow feature at 1260 nm. The depth of the major H,O ab-
sorption features is variable, either due to variable cloud
height changing the path length for reflection or variable
humidity changing the extinction coefficient. Either expla-
nation can be interpreted as an indicator for weather on
contemporary Earth. Although most weather on Earth is
confined to the troposphere, a more general conception of
weather could include variable hazes in the stratosphere and
higher (e.g., noctilucent clouds).

The reflected spectra of Earth and Moon are distinct (Fig. 4).
The Moon’s spectrum is a very red continuum, contrasting
with Earth’s water-absorption—-dominated reflectance in the
near IR and enhanced reflectance at the shortest visible (blue)
wavelengths. The lunar reflectance spectrum shows no major
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molecular absorption features, which is consistent with the
lack of a significant lunar atmosphere. Detailed analysis of
other EPOXI mission spectra of the Moon has revealed subtle
but measurable water absorption signatures due to mineral
hydrates at the lunar surface (Sunshine et al., 2009).

6. Diurnal Light Curves

The EPOXI observations of Earth measured the diurnal
variation of reflectance in each visible filter. Geometrically
similar observations for exoplanets could acquire data of fi-
nite signal-to-noise ratio over an extended interval, from
which to deduce the rotation period and phase the data to
construct a time-averaged rotational light curve. Figure 6
shows light curves for the three equatorial Earth observa-
tions with the highest cadence filters, while Fig. 7 shows the
variation of the normalized difference index, which could be
used to attempt detection of variations in the VRE (e.g.,
Woolf et al., 2002). The complete measured photometry in all
seven filters and for all three Earth observations is tabulated
in Tables 5 (EarthObs1), 6 (EarthObs4), and 7 (EarthObs5),
which are scaled to uniform range at 1 AU heliocentric dis-
tance and 1 AU from the spacecraft.

Coarsely similar morphology in the three sets of light
curves establishes that Earth has fixed surface features.
Cowan et al. (2009) used principal component analysis and
data from EarthObs1 and EarthObs5 to invert Earth’s wave-
length-dependent light curves to infer the presence of oceans
and continents from linear combinations of spectral compo-
nents that resemble the spectrum of ocean and the spectrum of
continental land. Here, we apply a simpler, more direct ap-
proach to examining the general properties of the measured
light curves and compare them to model predictions.

The EPOXI-measured rotational light curves broadly re-
semble models by Ford, Seager, and Turner (2001), but with
significant differences. The degree of overall modulation in a
measured light curve will be a function of the phase angle,
that is, the degree of illumination. When only a small fraction
of the visible disc is illuminated, the passage of continents
and cloud features through the visible crescent causes larger
relative light curve variations in comparison to a gibbous
disc, in which a wide range of surface units may be well
represented simultaneously. Ford ef al. modeled Earth at 50%
illumination fraction, similar to the EarthObs4 and 5 obser-
vations. Their Fig. 3b model, which combines a 50% illumi-
nated Earth at equinox with annual-average cloud cover, has
a peak-to-peak variation at 550 nm of ~16%, similar to the
rotational contrast in the EPOXI measurements at the same
wavelength. The EPOXI observations had limited sensitivity
to diurnal variability, with discontinuities between the start
and the end of each light curve that were <5%. The models
of Ford et al. that test day-to-day variability in global cloud
cover over a few days can vary quite widely at some sub-
observer longitudes, up to ~37% peak to peak. It is not clear
whether the discrepancy is a feature of variability in a par-
ticular region on Earth, a feature of the particular day of each
EPOXI observation or the particular days that Ford et al.
selected for cloud data, or an artifact of the model. The light
curve contrast in the longitude region in which they find the
greatest variability, ~230-290°W central meridian longitude,
is reproduced to within a few percent in each of the three
EPOXI observations.
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The EPOXI light curves differ by wavelength, with the
greatest rotationally modulated contrast at long visible/short
near-IR wavelength (Fig. 6), which is consistent with the high
contrast in reflectance between continental materials (range
land, leaves) and ocean at 850 nm (see Fig. 4). The observed
peak-to-peak variation is about 18-23% at 850nm for ob-
servations in all three epochs. Ford et al. (2001) modeled
multiwavelength light curves in a cloud-free model that
predicts the greatest variability at 750nm, the longest
wavelength that they model, with about 90% peak-to-peak
contrast relative to the mean. The cloud-free multiwave-
length model is qualitatively consistent with the EPOXI data,
but the observed rotational modulation is much smaller than
the cloud-free model, which is consistent with masking by
cloud cover at all wavelengths.

The lunar transit during EarthObs4 imposes a significantly
wavelength-dependent feature on the light curve. At long
wavelength, the Moon'’s reflectance is on the order of a factor
of 2 less than Earth’s reflectance (Table 3), whereas the
Moon’s albedo is 10 times less than Earth’s albedo at the
shortest measured wavelength. The lunar transit signature is
broadest at short wavelength, where even the Moon’s day-
light side is relatively dark and thus the photometric signal
decreases as soon as the Moon’s limb occults the terminator.
At long wavelength, the Moon’s daylight side is sufficiently
bright that the signal does not significantly decrease until the
Moon’s terminator crosses Earth’s terminator, so the Moon’s
nightside occults Earth’s daylight side. The transit ends si-
multaneously in all filters shortly after the Moon’s terminator
crosses Earth’s daylight limb, and then the Moon’s nightside
limb passes beyond Earth’s limb.

Even without a sophisticated inversion analysis, the
measured light curves clearly indicate the presence of per-
sistent reflectance contrast features on the surface of the
planet and provide some evidence to associate these features
with continental surfaces versus ocean. All three epochs of
observation, in spite of variable cloud conditions, show a
brightness minimum near 180°W longitude, when the view
is dominated by the Pacific ocean, and brightness peaks as-
sociated with Northern Hemisphere landmasses. This pat-
tern is especially prominent at the longest wavelength,
850 nm, where landmasses are highly reflective regardless of
whether the reflectance is due to soil or vegetation cover.
These properties of the global Earth, that is, bright, spectrally
red units separated by dark, spectrally flat units, are the
predominant contributors to the normalized difference index
(NDI or color) curves in Fig. 7. Cowan ef al. (2009) exploited
the light curves in greater detail to deduce an approximate
map for Earth that can be interpreted in terms of continental
masses separated by oceans according to the distribution of
the dominant spectral units.

The observed modulation of the NDVI in the NDI curves
suggests a standard for the signal-to-noise ratio required in
real photometry of an Earth-like exoplanet to evaluate the
modulation of spectral properties in surface features. The
maximum and the minimum of the NDI modulation must be
distinguishable from the mean value by at least three stan-
dard deviations, which is a minimal standard to demonstrate
confidence that a distinguishable maximum and minimum
actually exist. The maximum and minimum therefore must
differ from each other by six standard deviations. The dif-
ference in NDVI observed in EarthObsl, for example, is
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FIG. 6. Disc-integrated light curves vs. west longitude in high-cadence visible photometry of Earth, normalized by the
average photometric signal in each filter. The physical extent of the continents is indicated as they transited the central
meridian, which was near the dawn terminator, thus illuminated only for west longitude greater than the nominal longitude
of the continent. The discontinuity in the middle of the light curves is due to variable cloud cover between beginning and end
of the measurement period. The greatest modulation is in 850nm photometry, dark over the Pacific Ocean (transition
between North America and Asia) and brighter over Europe and the Americas. The lunar transit in EarthObs4 resulted in a
sharp decrease in signal at ~10-40°W, as the Moon transited the day-lit portion of Earth’s visible disc. The Moon entered the
camera frame at about 277°W and exited at about 90°W.
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FIG. 7. Modulation of the NDI vs. west longitude, from disc-integrated photometry of the high-cadence filters. Maximum
NDI corresponds to Africa and Europe dominating the visible disc, consistent with reflectance from continental surfaces. The
modulated NDI in EarthObs4 varies significantly at shorter wavelengths while the Moon transited the day-lit portion of
Earth’s disc but has minimal effect in the NDVI curve (850 vs. 650 nm contrast). The Moon'’s contribution to reflectance from
the total Earth-Moon system has a negligible effect on visible contrast of the total system.
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TaBLE 5. EARTHOBs1 LiGHT CURVE, SCALED TO 1 AU RANGE

Mar urc Julian 350nm  450nm  550nm  650nm  750nm  850nm 950 nm
2008  at spacecraft +2454544 CML S-O-SC Illum % 372nm 454nm 550nm  647nm 745nm  842nm 948 nm

18 18:19:19.428  0.263419 149.9° 57.52° 76.846 3551 4976  3.685 2942 2352 2039 1.330

18 18:34:20.520 0.273849  153.7° 57.52°  76.844 4971 3.664 2928 2.016
18 18:49:14.156  0.284192 157.4° 57.53°  76.842 4964  3.652 2911 2.002
18 19:04:20.553  0.294682 161.2° 57.53°  76.839 4961 3.647 2909 1.990
18 19:19:18.229  0.305072 164.9° 57.53° 76.837  3.553  4.981 3.655 2910 2310 1.987  1.298
18 19:34:20.497 0.315515 168.7° 57.54°  76.835 4987  3.671 2.925 1.990
18 19:49:14.066  0.325857 172.4° 57.54°  76.833 5010 3.687  2.940 2.001
18 20:04:20.534 0.336349 176.2° 57.54°  76.830 5040 3714 2961 2.012
18 20:19:18.217 0.346739  179.9° 57.55° 76.828  3.604 5.073  3.741 2979 2359 2023 1.324
18 20:34:20.477 0.357181 183.7° 57.55°  76.826 5088 3.774  3.004 2.031
18 20:49:14.058 0.367524 187.4° 57.55° 76.824 5125 3.793  3.021 2.047
18 21:04:20.514 0.378015 191.2° 57.55° 76.821 5135 3.817  3.046 2.058
18 21:19:18.198  0.388405 194.9° 57.56° 76.819  3.653 5169 3.834 3.060 2423 2074 1.362
18 21:34:20.454  0.398848 198.7° 57.56°  76.817 5170  3.845  3.078 2.092
18 21:49:14.039  0.409190 202.4° 57.56°  76.815 5186  3.860  3.090 2.109
18 22:04:20.397  0.419680 206.2° 57.57°  76.812 5.188  3.871 3.105 2.119
18 22:19:18.166  0.430071  210.0° 57.57° 76.810 3.660 5187 3.876  3.108  2.481 2.132 1.408
18 22:34:20.434  0.440514 213.7° 57.57°  76.808 5165 3.872  3.115 2.146
18 22:49:14.000 0.450856 217.5° 57.57°  76.806 5168  3.875 3.110 2.154
18 23:04:20.374  0.461347 221.2° 57.58° 76.803 5157  3.869  3.116 2.165
18 23:19:18.143 0471738 225.0° 57.58° 76.801 3.628 5146 3.868 3.115 2510 2171 1.431
18 23:34:20.411  0.482181  228.7° 57.59°  76.799 5133 3.872  3.127 2.186
18 23:49:13.906  0.492522  232.5° 57.59°  76.797 5142  3.878  3.137 2.210
19 00:04:20.354  0.503013  236.2° 57.59°  76.794 5142  3.899  3.165 2.227
19 00:19:18.112  0.513404 240.0° 57.59° 76.792  3.605 5137  3.899 3172 2582 2238 1.475
19 00:34:20.391  0.523847  243.8° 57.60°  76.790 5115 3.893 3.175 2.249
19 00:49:13.886  0.534189  247.5° 57.60°  76.788 5120 3.892  3.171 2.263
19 01:04:20.343  0.544680 251.3° 57.60°  76.785 5112 3.901 3.187 2.274
19 01:19:18.042  0.555070  255.0° 57.61° 76.783 3586  5.126 3917 3.191 2.620  2.289 1.503
19 01:34:20.286  0.565513  258.8° 57.61°  76.781 5122 3935 3.213 2.303
19 01:49:13.867 0.575855  262.5° 57.61°  76.779 5146 3940 3.221 2.315
19 02:04:20.323  0.586346  266.3° 57.61°  76.776 5149 3954  3.241 2.329
19 02:19:18.022  0.596736  270.0° 57.62° 76.774 3584 5154 3971 3245  2.665 2330 1.540
19 02:34:20.255  0.607179  273.8° 57.62°  76.772 5155 3.968  3.251 2.335
19 02:49:13.855  0.617522  277.5° 57.62°  76.770 5170  3.979 3.258 2.343
19 03:04:20.292  0.628013  281.3° 57.63°  76.767 5166 3986  3.258 2.344
19 03:19:17.917  0.638402  285.0° 57.63° 76.765 3.598 5167 3972 3256  2.676  2.341 1.555
19 03:34:20.188  0.648845 288.8° 57.63°  76.763 5163 3971 3.251 2.333
19 03:49:13.758  0.659187  292.5° 57.64°  76.761 5.147  3.969 3.248 2.332
19 04:04:20.225 0.669678  296.3° 57.64°  76.758 5.131 3958  3.249 2.329
19 04:19:17.897  0.680068  300.1° 57.64° 76.756  3.550  5.125 3967 3252 2667 2331 1.539
19 04:34:20.165  0.690511  303.8° 57.65°  76.754 5100 3.956  3.245 2.329
19 04:49:13.738  0.700854  307.5° 57.65°  76.752 5068 3933  3.233 2.333
19 05:04:20.202  0.711345 311.3° 57.65°  76.749 5.024 3903 3.217 2.328
19 05:19:17.878  0.721735 315.1° 57.65° 76.747  3.483 4985  3.871 3207  2.656  2.332 1.535
19 05:34:20.145 0.732178  318.8° 57.66°  76.745 4944  3.839 3.194 2.341
19 05:49:13.726  0.742520  322.6° 57.66°  76.743 4913 3.824  3.190 2.359
19 06:04:20.085 0.753010 326.3° 57.66°  76.740 4872  3.805  3.190 2.367
19 06:19:17.862  0.763401 330.1° 57.67° 76.738 3397 4849 3792 3192 2685  2.383 1.562
19 06:34:20.122  0.773844 333.8° 57.67°  76.736 4813 3788  3.198 2.400
19 06:49:13.664 0.784186  337.6° 57.67°  76.734 4790 3765  3.194 2419
19 07:04:20.065 0.794677  341.4° 57.68° 76.731 4750 3740  3.182 2.420
19 07:19:17.831  0.805068 345.1° 57.68° 76.729  3.321 4708 3708 3162 2697 2417 1576
19 07:34:20.103  0.815510 348.9° 57.68°  76.727 4.668  3.676  3.147 2.415
19 07:49:13.644  0.825852  352.6° 57.69°  76.725 4649  3.658  3.132 2418
19 08:04:20.042  0.836343 356.4° 57.69°  76.722 4.631 3.652  3.130 2.416
19 08:19:17.811  0.846734 0.1° 57.69° 76720 3279  4.618  3.639 3.126  2.690 2418 1.571
19 08:34:20.079  0.857177 3.9° 57.69° 76.718 4.605  3.625 3.117 2411
19 08:49:13.574  0.867518 7.6° 57.70°  76.716 4595  3.611 3.108 2.402
19 09:04:20.023  0.878009 11.4° 57.70°  76.713 4588 3594  3.094 2.386

19 09:19:17.780  0.888400 15.1° 57.70° 76711  3.268 4585 3595 3.077 2639 2366 1.536

(continued)
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TaBLE 5. (CONTINUED)

Mar urc Julian 350nm 450nm  550nm  650nm 750nm  850nm 950 nm
2008  at spacecraft +2454544 CML S-O-SC Illum % 372nm  454nm  550nm  647nm  745nm  842nm 948 nm
19 09:34:19.974  0.898842 18.9¢ 57.71°  76.709 4.585 3.582 3.064 2.348

19 09:49:13.555 0.909185  22.6° 57.71°  76.707 4592 3568  3.044 2.332

19 10:04:20.011 0919676  26.4° 57.71°  76.704 4592 3555  3.028 2.308

19 10:19:17.710  0.930066 ~ 30.1° 57.72° 76.702  3.288 4597 3550 3.004 2560 2288  1.480
19 10:34:19.943  0.940509  33.9° 57.72°  76.700 4603  3.537 2985 2.269

19 10:49:13.477  0.950850  37.6° 57.72°  76.698 4610  3.532 2965 2.248

19 11:04:19.980 0.961342  41.4° 57.73°  76.695 4618 3524 2945 2.229

19 11:19:17.608 0971732  45.2° 57.73° 76.693  3.322 4632 3523 2930 2481 2216 1421
19 11:34:19.923 0982175  48.9° 57.73°  76.691 4664 3533 2926 2.205

19 11:49:13.449 0992517  52.7° 57.73°  76.689 4664 3525 2902 2.186

19 12:04:19.960 1.003009  56.4° 57.74°  76.686 4689 3535 2893 2173

19 12:19:17.589  1.013398  60.2° 57.74° 76.684  3.383 4730 3.557 2899 2442 2173  1.379
19 12:34:19.857  1.023841 63.9° 57.74°  76.682 4756 3569  2.896 2.167

19 12:49:13.422  1.034183  67.7° 57.75°  76.680 4788 3595 2901 2.169

19 13:04:19.890 1.044675  71.5° 57.75°  76.677 4809  3.609 2902 2.167

19 13:19:17.566  1.055064  75.2° 57.75° 76.675 3.461 4845 3.618 2912 2439 2174 1.374
19 13:34:19.833  1.065507  79.0° 57.75°  76.673 4874  3.638 2923 2.182

19 13:49:13.403 1.075850  82.7° 57.76°  76.671 4901 3.670 2937 2192

19 14:04:19.777  1.086340  86.5° 57.76°  76.668 4932  3.684 2948 2.197

19 14:19:17.554  1.096731  90.2° 57.76° 76.666  3.521 4950 3.709 2961 2485 2209  1.399
19 14:34:19.814 1.107174  94.0° 57.77°  76.664 4963 3730 2975 2.215

19 14:49:13.364 1.117516  97.7° 57.77°  76.662 4982  3.738 2989 2224

19 15:04:19.753  1.128006 101.5° 57.77°  76.659 4996  3.762  3.009 2.234

19 15:19:17.519  1.138397 105.2° 57.78° 76.657 3.546 5011 3.777  3.026 2521 2244 1428
19 15:34:19.790  1.148840 109.0° 57.78°  76.655 5019 3792  3.042 2.250

19 15:49:13.344 1.159182  112.7° 57.78°  76.653 5034 3.802 3.054 2.250

19 16:04:19.734 1169673 116.5° 57.79°  76.650 5032  3.806  3.059 2.245

19 16:19:17.499  1.180064 120.2° 57.79° 76.648 3.536 5016 3.786 3.044 2511 2219 1416
19 16:34:19.771  1.190507 124.0° 57.79°  76.646 4997 3761  3.028 2.196

19 16:49:13.313  1.200848 127.8° 57.79°  76.644 4.973 3.731 2.999 2.164

19 17:04:19.710 1.211339  131.5° 57.80°  76.642 4935  3.690 2960 2.120

19 17:19:17.480 1.221730 135.3° 57.80° 76.640 3.493 4905 3.648 2918 2374 2079  1.339
19 17:34:19.654  1.232172  139.0° 57.80°  76.638 4891 3.614 2892 2.045

19 17:49:13.247  1.242514 142.7° 57.81°  76.636 4867 3590  2.869 2.018

19 18:04:19.691  1.253006 146.5° 57.81°  76.633 4855 3580 2855 1.996

19 18:19:17.449  1.263396 150.3° 57.81° 76.631  3.480 4857 3.567 2842 2280 1979  1.293

CML, central meridian longitude in west longitude.
S-O-SC, Sun-object-spacecraft angle.

Columns record the measured disc-integrated photometry in each filter in radiance units of 1077 W/m?/um, scaled to 1 AU equivalent

range from the spacecraft and 1 AU equivalent heliocentric range.

Upper wavelength listed is nominal design wavelength for each filter; lower wavelength listed is average filter wavelength.

0.091 —0.024=0.067, so the maximum and the minimum of
the NDVI must be determined to within+0.0112 or better to
demonstrate with confidence that the index actually is
modulated by the rotation of a planet with color properties
consistent with Earth. Assume that the reflectance values
determined for an exoplanet at two comparison wavelengths
differ only slightly, which is consistent with the EPOXI
measurements, and have similar measurement uncertainty.
In this case, the required signal-to-noise ratio in the pho-
tometry of each comparison color in order to distinguish the
maximum and the minimum of the rotational modulation
can be estimated by standard propagation-of-error tech-
niques applied to Eq. 2. The required minimum signal-to-
noise ratio in each photometric measurement is inversely
proportional to the target maximum uncertainty in the di-
mensionless normalized difference index as:

1

SNR > ———
GNDI,A\/E

)

in which onpr, is the maximum allowable uncertainty
permissible for distinguishing between the maximum and
the minimum of the normalized difference index for
wavelength 4. With the measured color contrast modulation
in the NDVI for EarthObsl (onpr,,=0.0112), the minimum
required signal-to-noise ratio in photometry at 850 nm and
at 650nm is 63.

7. Conclusions

As part of the Extrasolar Planetary Observation and
Characterization (EPOCh) investigation of NASA’s Discovery
program mission of opportunity, EPOXI, we have observed
the whole disc of Earth in partial phase from near the equa-
torial plane on three occasions, using visible-light imaging and
globally integrated near-IR spectroscopy, including a transit of
Earth by the Moon. These observations were conducted from
the Deep Impact flyby spacecraft during an extended mission.
The present report summarizes the range of phenomena
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TABLE 6. EARTHOBs4 LiGHT CURVE, SCALED TO 1 AU RANGE

May urc Julian 350nm  450nm  550nm  650nm  750nm  850nm 950 nm
2008  at spacecraft +2454544 CML S-O-SC Illum % 372nm 454nm 550nm  647nm  745nm  842nm 948 nm

28 20:03:52.662 71.336026 194.6° 74.99° 62951 2559 3700 2752 2199 1.749 1.513  0.962

28 20:18:53.746  71.346455 198.3° 74.99°  62.949 3713 2768 2213 1.518
28 20:33:47.388 71.356798 202.0° 74.99°  62.947 3730 2784 2225 1.531
28 20:48:53.773  71.367289 205.8° 74.99°  62.945 3753 2804 2246 1.540
28 21:03:51.444 71.377679 209.6° 75.00° 62943 2599 3770 2815 2270 1.805 1.559 1.004
28 21:18:53.706  71.388122 213.3° 75.00°  62.941 3.803  2.842  2.286 1.575
28 21:33:47.263 71.398464 217.1° 75.00°  62.939 3.807 2865 2314 1.600
28 21:48:53.734 71.408955 220.8° 75.00° 62937 3.826 2887 2328 1.620
28 22:03:51.405 71.419345 224.6° 75.01° 62936 2629 3.848 2904 2353 1.890 1.642 1.070
28 22:18:53.663 71.429788 228.3° 75.01° 62934 3.866 2923 2370 1.665
28 22:33:47.177 71.440129 232.1° 75.01° 62932 3.871 2.941 2.387 1.684
28 22:48:53.691 71.450621 235.8° 75.01°  62.930 3.870  2.945 2.397 1.702
28 23:03:51.377 71.461011 239.6° 75.01° 62928 2638 3.870 2954 2409 1.966 1.716 1.117
28 23:18:53.624 71.471454 243.3° 75.02°  62.926 3.865 2952 2410 1.733
28 23:33:47.142 71.481796 247.1° 75.02° 62924 3.852 2952 2415 1.742
28 23:48:53.566 71.492287 250.9° 75.02° @ 62.922 3.841 2944 2407 1.753
29 00:03:51.318 71.502677 254.6° 75.03° 62920 2610  3.821 2944 2411 2.003 1.761 1.149
29 00:18:53.593  71.513120 258.4° 75.03° 62918 3.817 2939 2412 1.773
29 00:33:47.103  71.523462 262.1° 75.03° 62916 3.810 2957 2424 1.790
29 00:48:53.515 71.533953 265.9° 75.03° 62914 3.820 2962 2443 1.806
29 01:03:51.221 71.544343 269.6° 75.03° 62912 2587  3.819 2987 2464  2.076 1.842 1.197
29 01:18:53.542  71.554786 273.4° 75.04° 62910 3.807 2982 2471 1.852
29 01:33:47.032 71.565128 277.1° 75.04°  62.908 3.784 2958 2452 1.847
29 01:48:53.476  71.575619 280.9° 75.04°  62.906 3.768 2948 2444 1.841
29 02:03:51.182 71.586009 284.6° 75.04° 62904 2543 3.745 2934 2428  2.060 1.830 1.187
29 02:18:53.503 71.596453 288.4° 75.05°  62.902 3724 20911 2413 1.818
29 02:33:46.993 71.606794 292.1° 75.05°  62.900 3.703  2.899 2390 1.807
29 02:48:53.386  71.617285 295.9° 75.05°  62.898 3.685 2873 2381 1.794
29 03:03:51.139  71.627675 299.6° 75.05° 62.896 2502  3.664 2863 2366  2.005 1.784 1.193
29 03:18:53.319 71.638117 303.4° 75.05° 62.894 3.645 2.847 2356 1.777
29 03:33:46.950 71.648460 307.1° 75.06°  62.892 3.629  2.829 2342 1.770
29 03:48:53.347 71.658951 310.9° 75.06°  62.890 3.611 2813 2336 1.763
29 04:03:51.100 71.669341 314.6° 75.06° 62.888 2463  3.591 2812  2.329 1976  1.761 1.158
29 04:18:53.280 71.679783 318.4° 75.06°  62.886 3572 2804 2331 1.766
29 04:33:46.919 71.690126 322.1° 75.07° 62.884 3556 2796 2335 1.774
29 04:48:53.308 71.700617 325.9° 75.07°  62.882 3526 2.781 2.336 1.784
29 05:03:50.986 71.711007 329.6° 75.07° 62.880 2406  3.507 2765  2.336 1.996  1.789 1.171
29 05:18:53.237 71.721449 333.4° 75.07°  62.878 3477 2748 2326 1.792
29 05:33:46.817 71.731792 337.1° 75.08°  62.876 3439 2732 2326 1.803
29 05:48:53.265 71.742283 340.9° 75.08°  62.874 3406 2712 2315 1.811
29 06:03:50.947 71.752673 344.6° 75.08° 62.873 2331 3373  2.688 2318  2.010 1.822 1.183
29 06:18:53.198 71.763116 348.4° 75.08°  62.871 3346  2.675 2304 1.832
29 06:33:46.759  71.773458 352.1° 75.09°  62.869 3325 2663 2308 1.847
29 06:48:53.226  71.783949 355.9° 75.09°  62.867 3.308  2.658 2311 1.861
29 07:03:50.892  71.794339 359.7° 75.09° 62.865 2293 3307 2667 2330 2.052 1.875 1.200
29 07:18:53.159  71.804782 3.4° 75.09° 62863 329  2.671 2.335 1.889
29 07:33:46.677 71.815124 7.1°  75.09°  62.861 3264  2.647 2323 1.880
29 07:48:53.089 71.825614  10.9° 75.10°  62.859 3.186  2.585 2271 1.845
29 08:03:50.857 71.836005  14.7° 75.10° 62.857 2143  3.091 2506 2197  1.950 1.786 1.144
29 08:18:53.116  71.846448  18.4° 75.10°  62.855 3.014 2423 2111 1.709
29 08:33:46.606 71.856789  22.1° 75.10°  62.853 2958  2.341 2.022 1.620
29 08:48:53.057 71.867281  25.9° 75.11°  62.851 2953  2.302 1.944 1.539
29 09:03:50.752  71.877671  29.7° 75.11° 62.849 2.064 2987  2.302 1.899 1.638 1.473  0.946
29 09:18:53.085 71.888114  33.4° 75.11°  62.847 2973 2272 1.857 1.421
29 09:33:46.567 71.898456  37.2° 75.11°  62.845 3.014 2313 1.904 1.449
29 09:48:53.007 71.908947  40.9° 75.12°  62.843 3.178 2463  2.053 1.562
29 10:03:50.720 71.919337  44.7° 75.12° 62.841  2.321 3352 2625 2209 1.877  1.682 1.074
29 10:18:53.034 71.929781  48.4° 75.12°  62.839 3478 2713 2290 1.732
29 10:33:46.524 71940122  52.2° 75.12°  62.837 3.491 2717 2274 1.708
29 10:48:52.968 71.950613  55.9° 75.13°  62.835 3515 2.696 2249 1.687

29 11:03:50.673  71.961003  59.7° 75.13° 62.833 2437 3512 2710 2246 1.885 1.675 1.093

(continued)
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TABLE 6. (CONTINUED)

May urc Julian 350nm  450nm  550nm  650nm  750nm  850nm 950 nm
2008  at spacecraft +2454544 CML S-O-SC Illum % 372nm 454nm 550nm  647nm 745nm  842nm 948 nm
29 11:18:52.854 71.971445  63.5° 75.13°  62.831 3536 2712 2240 1.667

29 11:33:46.485 71.981788  67.2° 75.13°  62.829 3.556 2719 2245 1.669

29 11:48:52.878 71.992279  71.0° 75.13°  62.827 3.577 2737 2246 1.673

29 12:03:50.630 72.002669  74.7° 75.14° 62.825 2482 3.611 2759 2257 1888 1.674  1.091
29 12:18:52.811 72.013111  78.5° 75.14°  62.823 3.645 2785 2273 1.691

29 12:33:46.383  72.023454  82.2° 75.14°  62.821 3.673 2813 2296 1.714

29 12:48:52.839 72.033945  86.0° 75.14°  62.819 3.704 2.841 2314 1.738

29 13:03:50.505 72.044335 89.7° 75.15° 62.818 2549 3736 2876 2341 1972 1759  1.149
29 13:18:52.772  72.054778  93.5° 75.15°  62.816 3.753  2.871 2340 1.767

29 13:33:46.344 72.065120  97.2° 75.15°  62.814 3.754 2886 2339 1.757

29 13:48:52.799 72.075611 101.0° 75.15°  62.812 3782 2917 2359 1.774

29 14:03:50.482 72.086001 104.7° 75.15°  62.810  2.601 3.820 2.945 2.394 2.013 1.795 1.171
29 14:18:52.729  72.096444 108.5° 75.16°  62.808 3851 2976 2413 1.812

29 14:33:46.293 72.106786 112.2° 75.16°  62.806 3.869  3.005 2442 1.822

29 14:48:52.756  72.117277 116.0° 75.16°  62.804 3.882  3.014 2450 1.831

29 15:03:50.423 72127667 119.7° 75.17°  62.802  2.639  3.892  3.017 2458 2058 1.833 1.174
29 15:18:52.690 72.138110 123.5° 75.17°  62.800 3.878  3.017 2455 1.823

29 15:33:46.254 72.148452 127.2° 75.17°  62.798 3.880  3.013 2458 1.814

29 15:48:52.620 72.158942 131.0° 75.17°  62.796 3.866 2997 2444 1.801

29 16:03:50.384 72.169333 134.7° 75.17° 62794 2611  3.848 2972 2425 2014 1783  1.139
29 16:18:52.647 72.179776 138.5° 75.18°  62.792 3.806 2939  2.397 1.751

29 16:33:46.137 72.190117 142.2° 75.18°  62.790 3.783 2908 2360 1.719

29 16:48:52.580 72.200609 146.0° 75.18°  62.788 3.756  2.864 2328 1.683

29 17:03:50.333  72.210999 149.7° 75.18° 62786 2548  3.720 2835 2287 1876  1.647  1.051
29 17:18:52.608 72.221442 153.5° 75.19°  62.784 3.684 2792 2259 1.612

29 17:33:46.098 72.231783 157.2° 75.19°  62.782 3.664 2766 2224 1.582

29 17:48:52.549 72.242275 161.0° 75.19°  62.780 3.646 2749 2214 1.560

29 18:03:50.243  72.252665 164.8° 75.19° 62778 2515  3.638 2736 2201 1780 1547  0.993
29 18:18:52.576  72.263108 168.5° 75.19°  62.776 3.627 2723  2.1% 1.531

29 18:33:46.059 72.273450 172.2° 75.20°  62.774 3.638 2719 2189 1.528

29 18:48:52.498 72.283941 176.0° 75.20°  62.772 3.646 2722 2193 1.520

29 19:03:50.204 72.294331 179.8° 75.20° 62770 2528 3.650 2731 2199 1751 1518 0.975
29 19:18:52.432  72.304774 183.5° 75.20°  62.768 3.670 2740  2.198 1.516

29 19:33:46.016 72.315116 187.2° 75.21°  62.766 3.677 2742 2201 1.516

29 19:48:52.459 72.325607 191.0° 75.21°  62.764 3.684 2752 2206 1.518

29 20:03:50.165 72.335997 194.8° 75.21° 62762 2557  3.699 2764 2211 1760 1521  0.984

CML, central meridian longitude in west longitude.
S-O-SC, Sun-object-spacecraft angle.

Columns record the measured disc-integrated photometry in each filter in radiance units of 10~7 W/m?/um, scaled to 1 AU equivalent

range from the spacecraft and 1 AU equivalent heliocentric range.

Upper wavelength listed is nominal design wavelength for each filter; lower wavelength listed is average filter wavelength.

Shaded region includes the Moon in field of view.

represented in this data set, some of which are exploited
quantitatively in other publications.

The EPOXI Earth observations test strategies to investi-
gate exoplanets and set an empirical standard for designing
and interpreting future observations of extrasolar terrestrial
planets. The Deep Impact instruments cover the spectrum
from ~372-4540nm wavelength, which includes spectral
intervals that can only be observed from space due to
molecular opacity in Earth’s atmosphere. These observa-
tions measured the disc-integrated and time-averaged
spectroscopy of Earth at the beginning and the end of a
Northern Hemisphere spring; the time-resolved spectros-
copy of the disc-integrated spectrum; and time-resolved
spectrophotometry as an indicator of the inhomogeneous
surface. Detailed investigations of some components of
this data set have begun, including azimuthal mapping
of Earth’s surface units from multicolor light curves

(Cowan et al., 2009); constraining models for Earth’s emer-
gent visible spectrum and light curve based on properties of
the surface and atmosphere (Fujii et al., 2011; Robinson
et al., 2011); and empirically categorizing Earth among the
planets of our Solar System by using visible colors (Crow
et al., 2011).

The existence of Earth’s atmosphere and the identity of
some constituents is unambiguously demonstrated by the
time-averaged global spectrum, which is summarized in
Fig. 8. Signatures of gaseous H,O and CO, appear as multiple
absorption-band structures in the near IR, as well as a weak
feature of molecular oxygen at 1260 nm. Thermal emission at
wavelengths longer than about 2800 nm is marked by features
of gaseous H,O and CO, as well as methane (CH,) and ni-
trous oxide (N,O). Significant gaseous water indicates tem-
peratures that could be too hot to be habitable but not too cold
to be habitable. Terrestrial N,O primarily is a metabolic
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TaABLE 7. EARTHOBS5 LiGHT CURVE, SCALED TO 1 AU RANGE

Jun urc Julian 350nm  450nm  550mm  650nm  750nm  850nm 950 nm
2008  at spacecraft  +2454544 CML  S-O-SC  Illum% 372nm  454nm 550nm  647nm 745mm  842nm 948 nm
04 16:57:30.863 78.206607 149.5° 76.53° 61.638 2483  3.623 2762 2224 1.820 1.596  0.986
04 17:12:31.946  78.217036 153.3° 76.53°  61.636 3.612 2727 2200 1.567

04 17:27:25.577 78227379 157.0° 76.54° 61.634 3592 2702 2174 1.544

04 17:42:31.974 78237870 160.8° 76.54° 61.632 3572 2687  2.158 1.524

04 17:57:29.644 78248260 164.5° 76.54° 61.630 2.451 3.556 2667  2.153 1.726 1.507  0.929
04 18:12:31.907 78.258703 168.3° 76.54°  61.628 3567 2657 2133 1.495

04 18:27:25.483 78.269045 172.0° 76.55°  61.626 3.548  2.651 2.136 1.487

04 18:42:31.934 78.279536 175.8° 76.55° 61.624 3556 2655 2126 1.480

04 18:57:29.613  78.289926 179.5° 76.55° 61.622 2456 3559 = 2.661 2.138 1.704 1476 0914
04 19:12:31.864 78.300369 183.3° 76.55°  61.620 3578 2664 2135 1.482

04 19:27:25.425 78.310711 187.0° 76.56° 61.618 3586 2676 2151 1.481

04 19:42:31.891 78.321202 190.8° 76.56° 61.616 3.601 2,687  2.150 1.481

04 19:57:29.582 78.331592 1945° 76.56° 61.614 2490 3.609 2.696  2.162 1.713 1.481 0928
04 20:12:31.825 78.342035 198.3° 76.56° 61.612 3.625 2702 2162 1.486

04 20:27:25.393  78.352377 202.0° 76.57°  61.610 3.629 2.712 2.176 1.490

04 20:42:31.755 78.362868 205.8° 76.57°  61.608 3.640 2712 2175 1.496

04 20:57:29.523 78.373258 209.6° 76.57° 61.606 2510 3.640 2.723 2175 1.737 1.498 0.954
04 21:12:31.782  78.383701 213.3° 76.57° 61.604 3.643 2716 2178 1.502

04 21:27:25.303  78.394043 217.0° 76.57°  61.602 3.642 2724 2173 1.506

04 21:42:31.716  78.404534 220.8° 76.58°  61.600 3.657 2714 2176 1.513

04 21:57:29.468 78.414924 224.6° 76.58° 61.598 2516  3.638 2727 2184 1.755 1.520 0.981
04 22:12:31.743 78.425367 228.3° 76.58° 61.596 3.638 2729 2186 1.534

04 22:27:25.233  78.435709 232.0° 76.59° 61.594 3.643 2738 2201 1.550

04 22:42:31.684 78.446200 235.8° 76.59°  61.592 3.647 2753  2.209 1.568

04 22:57:29.378 78.456590 239.6° 76.59° 61.590 2510  3.651 2755 2219 1.816 1.585 1.025
04 23:12:31.712  78.467034 243.3° 76.59°  61.588 3.651 2762 2232 1.605

04 23:27:25.194 78.477375 247.1° 76.59°  61.586 3.647 2764 2242 1.621

04 23:42:31.633 78.487866 250.8° 76.60° 61.584 3.644 2778 2254 1.640

04 23:57:29.339 78.498256 254.6° 76.60° 61.582 2498 3.636  2.784 2257  1.880 1.659  1.077
05 00:12:31.567 78.508699 258.3° 76.60° 61.580 3.642 2782 2260 1.672

05 00:27:25.151 78.519041 262.1° 76.60° 61.578 3.637 2.781 2.269 1.686

05 00:42:31.594 78.529532 265.8° 76.61° 61.576 3.636 2790  2.268 1.693

05 00:57:29.300 78.539923 269.6° 76.61° 61574 2490 3.637 2.798 2276 1.922 1.703  1.105
05 01:12:31.481 78.550364 273.4° 76.61° 61.572 3.642 2807  2.289 1.715

05 01:27:25.120 78.560707 277.1° 76.61° 61.570 3.648 2832 2312 1.737

05 01:42:31.504 78.571198 280.9° 76.61° 61.568 3.664 2848  2.333 1.758

05 01:57:29.179 78.581588 284.6° 76.62° 61566 2504  3.687 2.855 2355 1.994 1.773  1.158
05 02:12:31.438 78.592031 288.4° 76.62° 61.564 3.696 2879 2361 1.784

05 02:27:24.998 78.602373 292.1° 76.62° 61.562 3.703 2900  2.388 1.799

05 02:42:31.465 78.612864 295.9° 76.63° 61.560 3710 2916  2.398 1.812

05 02:57:29.128 78.623254 299.6° 76.63° 61.558 2508  3.703 2907 2408  2.045 1.808  1.190
05 03:12:31.399  78.633697 303.4° 76.63° 61.556 3.696 2904  2.388 1.802

05 03:27:24.975 78.644039 307.1° 76.63° 61.554 3.663  2.891 2.386 1.794

05 03:42:31.426  78.654530 310.9° 76.63° 61.552 3.635 2857  2.360 1.781

05 03:57:29.105 78.664920 314.6° 76.64° 61.550 2447  3.593  2.821 2.343 1.983 1.763  1.155
05 04:12:31.356  78.675363 318.4° 76.64° 61.548 3550 2789 2314 1.750

05 04:27:24.932  78.685705 322.1° 76.64° 61.546 3.501 2.756  2.298 1.736

05 04:42:31.289 78.696195 325.9° 76.64° 61.544 3458 2711 2.266 1.721

05 04:57:29.066 78.706586 329.6° 76.65° 61.542 2337 3405 2.678 2238 1.918 1.711  1.101
05 05:12:31.317 78.717029 333.4° 76.65° 61.540 3356 2636 2216 1.706

05 05:27:24.854 78.727371 337.1° 76.65° 61.538 3292 2595  2.189 1.704

05 05:42:31.246  78.737862 340.9° 76.65° 61.536 3253 2560 @ 2.166 1.703

05 05:57:29.011 78.748252 344.6° 76.65° 61534 2225 3208 2533 2152 1.877 1.699 1.074
05 06:12:31.274 78.758695 348.4° 76.66° 61.532 3173 2505  2.138 1.704

05 06:27:24.764  78.769037 352.1° 76.66°  61.530 3.141 2490 2133 1.714

05 06:42:31.207 78.779528 355.9° 76.66°  61.528 3.128 2485  2.139 1.721

05 06:57:28.968 78.789919 359.6° 76.67° 61526 2170 3.118 2485  2.146 1.900 1.734  1.068
05 07:12:31.235  78.800362 34° 76.67° 61.524 3119 2486  2.160 1.747

05 07:27:24.725 78.810703 7.1° 76.67° 61.522 3.128 2499 2176 1.759

05 07:42:31.176  78.821194  10.9° 76.67° 61.520 3.147 2520  2.193 1.774

05 07:57:28.870 78.831584  14.7° 76.67° 61518 2189  3.169 2549 2215 1.957 1.786  1.094

(continued)
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TABLE 7. (CONTINUED)

Jun urc Julian 350nm  450nm  550nm  650nm  750nm  850nm 950 nm
2008  at spacecraft —+2454544 CML S-O-SC Illum% 372nm 454nm 550nm 647nm 745nm  842nm 948 nm
05 08:12:31.110 78.842027  18.4° 76.68° 61.516 3205 2576 2237 1.796

05 08:27:24.686 78.852369  22.1° 76.68° 61.514 3228 2598 2257 1.802

05 08:42:31.137 78.862860  25.9° 76.68°  61.512 3262 2612 2272 1.803

05 08:57:28.831 78.873250  29.7° 76.68° 61510 2254 3291 2.640 2283 1984 1796 1.099
05 09:12:31.059 78.883693  33.4° 76.69°  61.508 3326 2655  2.290 1.785

05 09:27:24.572  78.894034  37.2° 76.69° 61.506 3.350 2.666 2.297 1.767

05 09:42:31.086 78.904527  40.9° 76.69°  61.504 3373 2663 2278 1.742

05 09:57:28.710 78.914916  44.7° 76.69° 61502 2317 3.388 2.665 2268 1914 1712 1.052
05 10:12:30.969 78.925358  48.4° 76.70°  61.500 3.403  2.655  2.242 1.685

05 10:27:24.533  78.935701  52.2° 76.70°  61.498 3.406  2.652  2.229 1.656

05 10:42:30.996 78.946192  55.9° 76.70°  61.496 3414 2631 2197 1.625

05 10:57:28.663  78.956582  59.7° 76.70° 61494  2.349 3.407 2.622 2177 1.806 1.604 0984
05 11:12:30.930 78.967025  63.4° 76.71° 61.492 3413 2602 2142 1.589

05 11:27:24.490 78.977367  67.2° 76.71°  61.490 3409 2,600  2.130 1.574

05 11:42:30.957 78.987858  70.9° 76.71°  61.488 3416 2593 2111 1.573

05 11:57:28.639 78.998248  74.7° 76.71° 61486 2378 3441 2,602 2117 1773 1580 0.9686
05 12:12:30.891 79.008691  78.5° 76.71°  61.484 3456 2621 2118 1.594

05 12:27:24.467 79.019033  82.2° 76.72° 61.482 3475 2645 2144 1.609

05 12:42:30.820 79.029523  86.0° 76.72°  61.480 3514 2667 2159 1.634

05 12:57:28.596 79.039914  89.7° 76.72° 61478 2429 3534 2700 2.181 1.850  1.660 1.017
05 13:12:30.848 79.050357  93.5° 76.72°  61.476 3558 2719 2203 1.679

05 13:27:24.385 79.060699  97.2° 76.73° 61474 3582 2745 2219 1.696

05 13:42:30.781 79.071190 101.0° 76.73°  61.472 3.608 2766  2.241 1.716

05 13:57:28.542  79.081580 104.7° 76.73° 61.469 2474 3.623 2793 2260 1926 1732 1.067
05 14:12:30.808  79.092023 108.5° 76.73°  61.467 3.643 2803  2.281 1.745

05 14:27:24.345 79.102365 112.2° 76.74°  61.465 3.664 2827  2.289 1.755

05 14:42:30.738  79.112856 116.0° 76.74°  61.463 3.673 2841  2.303 1.760

05 14:57:28.491 79.123246 119.7° 76.74° 61461 2515 3.695 2862 2322 1960 1757 1.079
05 15:12:30.765 79.133689 123.5° 76.74°  61.459 3712 2861  2.328 1.755

05 15:27:24.259  79.144031 127.2° 76.75° 61457 3724 2877  2.333 1.748

05 15:42:30.699 79.154522 131.0° 76.75°  61.455 3.728 2875 2337 1.738

05 15:57:28.452  79.164913 134.7° 76.75° 61453 2532 3730 2886 2339 1952 1727 1.064
05 16:12:30.640 79.175355 138.5° 76.75°  61.451 3.730 2.882  2.334 1.720

05 16:27:24.216 79.185697 142.2° 76.75°  61.449 3724 2866  2.323 1.699

05 16:42:30.668 79.196188 146.0° 76.76°  61.447 3711 2853  2.318 1.679

05 16:57:28.362  79.206578 149.7° 76.76° 61.445 2520 3.701 2.848 2297 1.880 1.659 1.022

CML, central meridian longitude in west longitude.
S-O-SC, Sun-object-spacecraft angle.

Columns record the measured disc-integrated photometry in each filter in radiance units of 10~7 W/m?/um, scaled to 1 AU equivalent

range from the spacecraft and 1 AU equivalent heliocentric range.

Upper wavelength listed is nominal design wavelength for each filter; lower wavelength listed is average filter wavelength.

product of soil bacteria, and CH, primarily is a product of
various terrestrial bacteriological processes. These species
within an oxidizing atmosphere thus provide some evidence
for life on Earth (Des Marais et al., 2002). Molecular oxygen
can result from abiotic processes such as the photolysis of
CO,, which occurs in the atmosphere of Mars (e.g., Fast et al.,
2006), albeit in low concentrations by comparison to the
modern Earth atmosphere. A simple gray-body fit to Earth’s
thermal emission spectrum between major molecular features
yields a disc-integrated color temperature of ~(283-291)£5 K
for Earth, well below the standard pressure boiling point of
water and thus suggestive evidence that Earth is cool enough
to be thermally habitable by known biological processes.
The Moon'’s disc-integrated color temperature of 316+6 K
apparently also meets the criterion of thermal habitability,
but the conspicuous lack of evidence for a significant mo-
lecular atmosphere demonstrates that the Moon does not
have a habitable surface environment. Thermal emission by

an exoplanet’s satellite(s) could be a major component of
observed thermal emission from an unresolved exoplanet.
Despite the comparatively small surface area of the Moon, its
high brightness temperature dilutes molecular signatures in
the combined spectrum of Earth and Moon, which skews the
overall color temperature and the apparent abundance of gas
species. The satellites of terrestrial exoplanets could con-
ceivably be very different from the Earth-Moon system:
exomoon(s) comparable in size to the primary and possess-
ing an atmosphere, a situation not observed in our Solar
System; significantly smaller than the primary and airless,
like our Moon; small enough to be negligible, like the satel-
lites of Mars; or absent entirely. Reflected-light spectropho-
tometry of the actual unresolved Earth-Moon system is
nearly insensitive to the Moon except during transit, due to
its smaller size and low albedo. Ultraviolet/visible/near-in-
frared measurements of an Earth-like exoplanet probably can
be interpreted with reasonable accuracy without explicitly
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accounting for satellites, unless a satellite is a significantly
greater fraction of the primary’s size or possesses a signifi-
cant atmosphere, or both—for example, a Mars-scale satellite
of an Earth-like parent. A comparison between reflected-light
and thermal emission measurements may be the only way to
definitively identify the presence of one or more moons in an
unresolved system.

The VRE spectral discontinuity is not supported as the basis
for an effective strategy to detect life on Earth-like exoplanets.
Although the modest reflectance contrast between 650 nm and
850 nm superficially is consistent with the signature of land-
based vegetation, the magnitude of Earth’s disc-integrated
reflectance contrast is diluted by spectrally gray cloud and
snow/ice cover. The same spectral contrast is significantly
greater for the lifeless Moon due to the red slope of the lunar
reflectance spectrum. Earth’s actual spectrum includes atmo-
spheric properties, such as short-wavelength Rayleigh scat-
tering, visible-light molecular absorption features that are
unresolved in these measurements, time-variable scattering
and opacity from cloud cover, as well as linear combinations
of surface units. Only detailed modeling of these contributions
can determine whether a vegetation component can be dem-
onstrated with realistic confidence limits applicable to inter-
preting an exoplanetary spectrum, which has been considered
theoretically by, for example, Kiang et al. (2007), Kaltenegger
et al. (2007), Seager et al. (2005), and Des Marais et al. (2002).
This effort is pursued in interpreting the EPOXI/EPOCh
empirical data by Robinson et al. (2011) and by Fujii et al.
(2011), with future work expected, since these data are avail-
able to the entire scientific community.
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The major spectral distinction between Earth and Moon is
at short visible wavelengths, where Rayleigh scattering
contributes significantly to Earth’s reflectance versus the
dark Moon. A minimum of three samples, distributed across
the visual spectrum, can discriminate between an exoplanet
analogous to modern Earth and a lunar analogue (Crow
et al., 2011). Deeper investigation is required to determine
whether early Earth and early versions of other terrestrial
planets, with different atmospheric conditions than today,
could be distinguished by the same broad spectral features.

Phased modulation of Earth'’s light curve provides evidence
for surface properties. The general form of the modulation in
the light curve is preserved in all three spectrophotometric
observations, which is consistent with the fixed distribution of
landmasses and oceans. The measured disc-integrated reflec-
tance varies by up to ~5% between beginning and end of a
rotational light curve, due to variability in global cloud cover
(weather). The wavelength of strongest modulation is 850 nm.
Measurements at 850 nm alone would be sufficient to establish
periodicity in the light curve and thus deduce the diurnal
period as well as the existence of fixed surface units. The most
striking difference between the measured light curves is the
transit of Earth by the Moon in one observation. The Moon’s
steeply red spectrum differs sharply from Earth, with signif-
icant consequences for the apparent progress of the occulta-
tion light curve.

Identifying life on an Earth-like exoplanet will be chal-
lenging. EPOXI shows that even with high-quality mea-
surements, the global signature of known life is relatively
modest. The difficulty of identifying an unambiguous signal
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mineral hydration feature described by Sunshine et al. (2009).
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for vegetation, combined with the evolutionary inventive-
ness of microbial life and the long history of life prior to land
vegetation and the oxygen-rich atmosphere of the last
quarter of Earth’s history (approximately), suggests that
pursuing the unique signature of the modern biosphere is an
ineffective strategy to identify life. An inhabited terrestrial
planet could be “Earth-like” in all fundamentally important
respects—such as a biosphere founded on phototrophic or-
ganisms (“plants”) with macroscopic heterotrophic organ-
isms (“herbivores”)—yet it seems most likely that it would
be chemically and spectroscopically unique. The differences
between Earth and the non-living Moon, however, are clear
even at low spectral resolution. Identifying the degree to
which a planet is similar to Earth is difficult; identifying the
degree to which a planet is dissimilar from non-Earth-like
bodies such as the Moon, Mars, Venus, Mercury, or other
known Solar System bodies is a more tractable problem and
more consistent with the scientific method of rejecting null
hypotheses rather than seeking confirmation of a theory.

The EPOXI archive includes three other sets of terrestrial-
planet observations: two sequences from above Earth’s poles
and an observation of Mars. These data will be presented in
subsequent publications. The complete EPOCh component of
the EPOXI mission data is already available in the Multi-
mission Archive at Space Telescope (MAST) and in the Small
Bodies Node of the Planetary Data System (PDS-SBN), which
is currently hosted at the University of Maryland. These sites
also record the measured filter transmission functions and
other features necessary to interpret the data. We encourage
other researchers to exploit this as-yet unique resource for
astrobiology.
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