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ABSTRACT

A series of missions will be launched over the next few decades that will be designed to detect and characterize
extrasolar planets around nearby stars. These missions will search for habitable environments and signs of life
(biosignatures) in planetary spectra. The vegetation’s “red edge,” an enhancement in the Earth’s spectrum near
700 nm when sunlight is reflected from greenery, is often suggested as a tool in the search for life in terrestrial-like
extrasolar planets. Here, through ground-based observations of the Earth’s spectrum, satellite observations of clouds,
and an advanced atmospheric radiative-transfer code, we determine the temporal evolution of the vegetation signature
of Earth. We find a strong correlation between the evolution of the spectral intensity of the red edge and changes in
the cloud-free vegetated area over the course of observations. This relative increase for our single day corresponds
to an apparent reflectance change of about 0.0050 + 0.0005 with respect to the mean albedo of 0.25 at 680 nm
(2.0% =+ 0.2%). The excellent agreement between models and observations motivated us to probe more deeply into
the red-edge detectability using real cloud observations at longer timescales. Overall, we find the evolution of the
red-edge signal in the globally averaged spectra to be weak, and only attributable to vegetation changes when the
real land and cloud distributions for the day are known. However, it becomes prominent under certain Sun-Earth-
Moon orbital geometries that are applicable to the search for life in extrasolar planets. Our results indicate that
vegetation detection in Earth-like planets will require a considerable level of instrumental precision and will be a

difficult task, but not as difficult as the normally weak earthshine signal might seem to suggest.

Subject headings: astrobiology — Earth — Moon
Online material: color figure

1. INTRODUCTION

A spectacular astronomical revolution is on its way with the de-
velopment of new scientific projects such as the Kepler (Borucki
etal. 2003) and COROT (Bordé et al. 2003) observatories, which
will detect Earth-size planets as they transit their parent stars, and
the subsequent SIM PlanetQuest (Space Interferometry Mission
PlanetQuest), TPF (Terrestrial Planet Finder), and Darwin mis-
sions, which will directly detect the light reflected (or emitted)
by these planets (Beichman et al. 2006; Fridlund 2004). Among
the most prominent goals of the later missions will be the search
for biosignatures indicating the presence of life, but life can
exist in a rich variety of forms, if the Earth’s past and present are
to serve as a guide.

For most of its past history, life on Earth existed solely as
unicellular microorganisms, which were able to interact with
and transform their environments. In the early Archean period
(4.0-2.6 Gyr BP), for instance, methanogens were already pro-
ducing CHy, which also has a small abiotic source, and could
have generated a detectable methane-rich atmosphere (Schindler
& Kasting 2000). With the advent of cyanobacteria and the sub-
sequent rise in O, concentration, even larger changes in atmo-
spheric composition took place. Thus, the remote detection of
such life forms might be possible by studying the atmospheric
composition of a planet (Hitchcock & Lovelock 1967).

Suppose that the necessary physical conditions for life were
found on a planet, and biological fingerprints detected in its
atmosphere (Hitchcock & Lovelock 1967; Selsis et al. 2002;
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DesMarais et al. 2002; Ford et al. 2001). Could we determine
whether this life has evolved further than unicellular organisms
into more complex organisms such as plants? The Earth’s vege-
tation has several spectral features related to chlorophyll that
make detection of plants on Earth an easy task from space when
geographical resolution is available. In particular, the “red edge,”
a sharp increase in leaf reflectance around 700 nm (Clark et al.
19931; Kiang et al. 2005), was already detected in 1990 by the
Galileo mission (Sagan et al. 1993). Nowadays, vegetation leaf
indices and phytoplankton blooms are routinely monitored from
space.

However, when observing an extrasolar planet, all the reflected
starlight and radiated emission from its surface and atmosphere
will be integrated into a single spectrum. A similar kind of glob-
ally integrated planetary spectrum for the Earth can be measured
by observing the earthshine (Montafiés-Rodriguez et al. 2004),
the light reflected by the daytime Earth onto the dark portion of
the lunar surface.

Spectral measurements of the earthshine are one of the few
observations one can make of disk-integrated Earth spectra.
These earthshine measurements allow us to observe the Earth as
it would be seen from a distant planet, i.e., with no spatial reso-
lution. With the recent successes in the detection of exoplanets,

! US Geological Survey, Digital Spectral Library (R. N. Clark, G. A.
Swayze, A. J. Gallagher, T. V. V. King, & W. M. Calvin, 1993), available at
http://speclab.cr.usgs.gov.
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the characterization of the spatially averaged spectral reflectance
of'the Earth, as provided by the earthshine technique, is becoming
a keystone in the search for habitable worlds.

Several groups have reported in the literature analyses of their
observations (Woolf et al. 2002; Arnold et al. 2002; Montafiés-
Rodriguez et al. 2004, 2005; Seager et al. 2005; Hamdani et al.
2006) or modeling (Arnold et al. 2002; Tinetti et al. 2006a;
Kaltenegger et al. 2006) of the earthshine and tried to determine
the detectability of the red edge. While some authors claimed to
have detected the red edge, others are doubtful, and the overall
agreement between earthshine modeling and observations has
been, so far, limited. The ever-present blocking cloudiness on
global scales, with its high albedo, would be expected to obscure
the red-edge signal.

In a previous work (Montafi¢s-Rodriguez et al. 2005), we
measured with great precision the spectral albedo of the sunlit
Earth, p*(4), as reflected from the Moon on 2003 November 19.
The earthshine-contributing area during the observations was
centered sequentially over western Africa, the Atlantic Ocean,
and the Amazonian rainforest. Our analysis allowed us to deter-
mine the scale of p*(4), which was comparable to observations
of the photometric albedo for the subsequent day, and had an
average value of 0.27 4+ 0.01. In Montafiés-Rodriguez et al.
(2005), the good agreement between the independent photomet-
ric and spectroscopic observations of albedo confirmed the valid-
ity of applying our photometric data reduction methodology (Qiu
et al. 2003; Pallé et al. 2003) to spectral data reduction.

Our analysis of earthshine data for 2003 November 19 did not
show a significant vegetation signal in the Earth’s globally inte-
grated spectrum. We speculated that the lack of a strong red
edge was due to cloud obstruction, because the Earth’s albedo
is dominated by the total cloud amount and optical thickness
(Pallé et al. 2004). However, we could not compare with the
real cloud distribution at the time of observations because they
were not yet available. Since then, global satellite observations
of clouds from the International Satellite Cloud Climatology
Project (ISCCP) have been released covering 2003 November
19 in the latest update, which now covers the period from 1983
July to 2004 December. With these data, we have reproduced
the Earth’s scene for 2003 November 19, such as it would have
been viewed from a lunar perspective, and we have generated a
synthetic spectral reflectance for that date and time. Finally, we
have compared and contrasted our simulations and observations
and quantified the changing slope of the red edge as Earth ro-
tates and cloud-free vegetated areas appear and disappear from
the earthshine.

2. DATA
2.1. Earthshine Observations

Earthshine spectroscopic observations were taken from Palomar
Observatory with the 60 inch (1.52 m) telescope. A single order,
long-slit spectrograph with an entrance slit of 1732 x 6’ on the
sky was selected; for comparison, the mean lunar apparent di-
ameter during the time of observations was 32/24. We covered
the spectral region between 460 and 950 nm with a resolution of
7.1 A at 700 nm. We took alternate exposures of the bright and
dark sides of the Moon, the dark-side exposures including a
large portion of the background sky, with signal-to-noise ratios
of 500 and 30, respectively. The ratio between the signal of the
dark side and the immediately surrounding background sky was
of the order of 2.5. The ratio between dark- and bright-side spec-
tra gives us, after accounting for several geometric corrections,
the Earth’s albedo as a function of wavelength. Detailed data-

0%  50%  100%

Fic. 1.—Map of the earthshine-contributing area during the observations on
2003 November 19. Top: 10:45 UT. Bottom: 13:00 UT. Although the earthshine
contributing area and solar and lunar cosines have been calculated for the exact
times of our observations, the time resolution of the ISCCP data is 3 hr. Thus, the
cloud data represented in the two maps correspond to 9:00—12:00 UT and
12:00—-15:00 UT ISCCP data bins. Still, one can note how little the cloud cover
did change during the night. In particular, compare the clouds over South
America in the top and bottom panels.

acquisition techniques and data reduction for the earthshine
spectra presented here can be found in Montafiés-Rodriguez
et al. (2005).

2.2. Satellite Cloud Data

The ISCCP data set provides continuous global coverage of
cloud amount and radiative properties from the combined ob-
servations of several intercalibrated geosynchronous and polar
satellites. In the ISCCP data set, total cloudiness is determined
using both visible and infrared radiances, whereas the separation
into low-, mid-, and high-level cloud types is determined using
infrared radiances only. The data are given for 280 x 280 km? cells
with the cloud fraction in each cell determined by dividing the
number of cloudy pixels by the total number of pixels per cell.
All ISCCP data products are available at the ISCCP Central
Archive,” and a detailed description of the whole data set can be
found in Rossow et al. (1996).

In Figure 1, we have used the ISCCP data to determine the
evolution of the cloud-geography pattern for the date (2003
November 19) and times (from 10:28:12.0 to 13:04:47.9 UT) of
our observations. Note that on the timescale of our observations
(~3 hr), the variability in the large-scale cloud patterns is very
small, and the clouds can be considered fixed with respect to the
geography. We have calculated the percentages of cloud-covered
areas and cloud-free oceans, land, ice, and vegetated areas over the
entire earthshine-contributing region during observations (given
in Table 1). The cloud percentage at each grid point of the Earth
has been further subdivided into low-, mid-, and high-level clouds

2 See http://iscep.giss.nasa.gov.
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TABLE 1

ComposITION OF THE EARTH SCENE FOR 2003 NOVEMBER 19 IN THE EARTHSHINE
FiELD OF VIEW FOR OUR OBSERVATIONS

Clouds Oceans Land Vegetation
(%) (%) (%) (%)
58.59 16.37 9.03 15.90
59.34 17.33 7.90 15.34
59.90 18.52 6.76 14.75
60.27 19.73 5.70 14.23
60.46 20.72 4.75 14.01
60.42 21.36 3.99 14.16
60.30 21.73 3.36 14.56

Notes.—“Clouds” refers to the total cloud amount, including low-, middle-,
and high-altitude clouds. Land percentages includes shrub, tundra, and desert
regions free of clouds. “Vegetation” refers to cloud-free vegetated areas. The
total ice/snow area during observations was always less than 0.1%.

according to the ISCCP IR radiance classifications. To simulate
the Sun-Earth-Moon earthshine geometry for the date/times,
and thus allow a direct comparison of the model and observations,
these global percentages have been weighted by the solar and
lunar cosines at each point of the Earth.

3. RADIATIVE-TRANSFER SIMULATIONS
OF THE EARTHSHINE

The synthetic generation of earthshine spectra has been carried
out using the state-of-the-art atmospheric code FUTBOLIN.
FUTBOLIN (Full Transfer by Optimized Line-by-Line Methods)
is a multilevel, multiple-scattering radiative-transfer model for
the calculation of line-by-line atmospheric emission/transmission
spectra in planetary atmospheres (Martin-Torres et al. 2006; Kratz
et al. 2005). It can generate high-resolution synthetic spectra in
the 0.3—1000 pm spectral range, using as its principle inputs the
atmospheric profiles from a three-dimensional global circulation
model (Garcia et al. 1992), the spectral albedos from the ASTER
(Advanced Spaceborne Thermal Emission and Reflection Radio-
meter) and TES (Thermal Emission Spectrometer) libraries, and
the spectroscopic data from the HITRAN2K (High-Resolution
Transmission Molecular Absorption) database (Rothman et al.
2003). Solar irradiance data in the 490—940 nm spectral region is
taken from the AIRS (Atmospheric InfraRed Sounder) database.

FUTBOLIN has been previously compared to other atmo-
spheric models, such as LBRTM, LINEPAK, GENLN2, and
MRTA, with a remarkably good agreement in the results, with
differences being of the order of 0.5% (Kratz et al. 2005). It has
also been successfully applied to the analysis of terrestrial and
planetary spectra of Venus and Titan (Martin-Torres et al. 2003a,
2003b).

For the simulations shown in this paper the Earth is treated in
one dimension, as a single cell for which the averaged atmo-
spheric, surface, and cloud properties are given. The atmosphere
for the night was described through standard atmospheric com-
position, temperature, and pressure profiles. The spectra are
computed for different temperature-pressure and concentration
profiles for different locations on Earth, using the output of the
last version of the Garcia & Solomon General Circulation Model
(GCM; Garcia et al. 1992; Garcia & Solomon 1994), and then
properly averaged to simulate the spectra of the sunlit earthshine-
contributing area.

We have used Voigt profiles as the lineshapes of atmospheric
gasses through the atmosphere, and a number of physical phe-

3 See http://speclib jpl.nasa.gov; http:/tes.la.asu.edu.
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Fic. 2.— Averaged observed and synthetic Earth’s apparent spectral albedo
for 2003 November 19, for the entire spectral range of our observations.

nomena such as multiple scattering, continuum absorption by water
vapor, CO,, Ny, and O,, and line mixing in the CO, bands. The
spectra have been computed with a 0.0005 cm™! resolution and
have been degraded to the observation’s instrumental resolution.

Using global cloud maps from ISCCP, we calculated a global
mean percentage of clouds and surface types, weighted by the
solar and lunar cosines. These percentages were used to average
the computed spectra for each type of surface considered into a
global mean. Clouds that were separated into the three ISCCP
IR cloud categories (low, mid, and high) have been modeled as
stratocumulus, altostratus, and cirrus, respectively (Manabe &
Strickler 1964). Cloud spectral calculations include multiple scat-
tering (Mie scattering) and are parameterized using bidirectional
reflectance functions (BDRFs) for each cloud type. The mean
solar and lunar cosine angles over the earthshine-contributing area
were defined as the incident and reflecting angles, respectively.

The resultant synthetic spectrum for 2003 November 19,
based on the mean of the percentages given in Table 1, is com-
pared to the average of all observed spectra in Figure 2. As can
be seen in the figure, there is excellent agreement over almost
the entire spectral range; the major discrepancy is in the depth of
the absorption bands and derives from the complexity of the treat-
ment of the multiple scattering in the simulations. This agreement
represents a real improvement over earlier efforts to fit earthshine
observations with models.

4. RED-EDGE EVOLUTION DURING OBSERVATIONS

In Figure 3, the eight earthshine spectra taken on 2003
November 19 are plotted. To determine the intensity of the red
edge, we calculated the slope of the straight line connecting the
red edge to the nearby spectral continuum. This is the dashed
line in each of the eight panels of Figure 3, connecting two se-
lected spectral regions (marked as shadowed strips, also in Fig. 3).
The choice of spectral regions is made to avoid the atmospheric
absorption bands of O,-B (centered at 690 nm), H,O (centered
at 720 nm), and O,-A (centered at 760 nm). The regions were
fixed to the ranges 678—682 nm and 740—750 nm and contained
6 and 14 data points, respectively. We determined the percent
increases of the spectra between 680 and 740 nm by applying a
linear fit to all data points contained within the two selected re-
gions, for each of the eight observed spectra and for a set of seven
synthetic spectra. The slope of the dashed line was relatively in-
sensitive to the choice of the narrow band near 680 nm in Figure 3.
That is, the relative slopes of the red edge where about the same
whether the band near 680 nm was made broader or moved to a
slightly different wavelength. The synthetic spectra were generated
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Fic. 3.—Evolution of the earthshine spectrum during the observations on 2003 November 19. Shadowed strips in each panel indicate the two sectors used to
determine the red-edge slope. The percentage rise between 680 and 740 nm, and the time of observation (UT) are also indicated. The narrow strip in each panel is a
continuum region that does not show much variation. Various spectral positions and widths of the narrow band of continuum were tried with similar results for the
relative increase of the red-edge bump. The dashed line in each panel connecting the broad and narrow strips indicates the slope from which the change in intensity in the

red edge is determined.

with a time step of 30 minutes, using the percentages given in
Table 1, and also distinguishing between low, middle, and high
clouds and a variety of land surfaces (shrubs, tundra, and deserts).

The percent increase in reflectance for the observed spectra
varied between 2.77% = 0.22% and 2.23% + 0.16%, and are
indicated in Figure 3. In the case of the synthetic spectra, the
slopes were consistent with, but more subtle than, the variations
in the observational data. In detail, the percent increases in the
models varied between 0.30% =+ 0.01% and 0.07% =+ 0.01%.
We attribute the more subtle model variations to the difficulty in
the treatment of the scattering. In particular, the continuum near

680 nm is inside a weak O; band, and we anticipate that this part
of the spectrum would drop with an improved treatment of the
multiple scattering, thus improving the agreement with the ob-
served slopes in Figure 3. The rise in the observed spectra was,
in general, more sensitive to the width of the spectral regions se-
lected for the linear fit than it was in the synthetic spectra, due to
the noise in the observational data.

We emphasize that for both models and observations the slopes
varied according to the change in the percentage of cloud-free
vegetated areas, and in opposition (anticorrelation) to the change
in total cloud amount. The normalized evolution of the cloud-free
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Fic. 4—Evolution of different signals during observations: 680—740 nm rise
for the models (blue line), 680—740 nm rise for the observations (red line), total
cloud-free vegetated areas ( green line), total-cloud amount (solid gray line), and
low-cloud amount (dotted gray line).

vegetated areas, cloud coverage, and the red-edge rises are shown
in Figure 4. We calculated the correlation between the decline
of normalized cloud-free areas of vegetation and the red-edge
decline for models and observations over the course of the ob-
servations. To correlate the areas of vegetation with the rise of
the red edge in the observations, the former were interpolated to
the times of our observations. The correlations were 0.95 for the
models and 0.91 for the observations, respectively. In Figure 5
the observed red-edge slope in our earthshine measurements is
plotted against the cloud-free vegetated area measured from sat-
ellite data. The significant correlation shown in the plot is prob-
ably the first unambiguous detection of vegetation on Earth on
global scales.

However, we note that vegetation is not the only possible
source of the bump in the 680—740 nm region; clouds effects may
also cause it, because varying the quantity or type of clouds into
the scenery will produce differential changes in albedo along the
spectra (Tinetti et al. 2006a). In particular, low clouds are bright
at these wavelengths and add to the red-edge slope, while other
relatively darker surface components, such as oceans, nonvegetated
land areas, and snow or ice, cause a decline in the red-edge in-
tensity (Tinetti et al. 2006a). Thus, the quantification of the red-
edge slope does not alone provide a direct vegetation strength
index in globally integrated measurements. However, we find no
significant correlation between the low-cloud amount and the red-
edge variability during our observations (see Fig. 4).

To eliminate the possibility that the decrease found in the red-
edge slope was due to changes in cloud percentage in the evolv-
ing field of view during the observations, we carried out a final
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Fic. 5.—Scatter plot of the projected cloud-free vegetated areas measured
from satellite, and the strength of the red-edge slope in the earthshine observations.
[See the electronic edition of the Journal for a color version of this figure.)
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Fic. 6.—Top: Percentage of the total earthshine-contributing area that is
simultaneously cloud-free and covered by vegetation (black) through the year
2003. The percentages are weighted by the solar and lunar cosines and calcu-
lated with a 1 hr time resolution. In yellow are the percentages of total sunlit area
that are simultaneously cloud-free and covered by vegetation. Note the largest
excursion of the black curve due to the Moon’s orbital cycle (glint scattering of
sunlight from a heavily vegetated areas of a crescent Earth). Bottom: Top panel
data for 3 particular days, but showing the part of the earthshine heading toward
the Moon. Blue: 2003 November 19, a day with an average vegetation percentage
contribution. Black: 2002 December 19, a day with extreme vegetation percentage
(and with an earthshine-contributing area near zero). Red: 2003 December 7, a day
with a large, detectable vegetation percentage (30%) and an earthshine-contributing
area 10% of the maximum (half the total of the Earth’s surface). The three peaks
in the red and black curves correspond to times when heavily vegetated areas
rotate into view (in this case Asia, Africa, and South America, from left to right).

test. New models were calculated for the times shown in Table 1,
all of them with a fixed cloud amount in the field of view (the same
found at the beginning of our observations). The same percen-
tages shown in Table 1 were used for the remaining components
of the scene, except for the oceans. The percentage of total ocean
area was slightly modified to ensure that the total of all compo-
nents add to 100% and compensate for the fixed cloud percent-
ages. The correlation found between the red-edge rises for these
new models and the evolution of the cloud-free vegetated areas
was still 0.93, indicating that the cloud-free vegetated areas, and
not clouds, are responsible for the red-edge evolution seen in
our observations.

Thus, we conclude that the observed evolution of the red-
edge signal during our observations is attributable to the change
in cloud-free vegetated areas contributing to the earthshine at
each time. However, this attribution is only possible because the
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Fig. 7.—Black: Earthshine spectral albedo measured from Palomar Observa-
tory on 2003 November 19. Green: Modeled spectral albedo using the FUTBOLIN
code and the weighted percentage coverage for the same date and time of the
observations (10:00 UT). Note the excellent agreement between model and obser-
vations. Red: Modeled spectral albedo for 2003 December 7 at 21:00 UT. For 2003
December 7, a strong vegetation red edge (starting around 700 nm) is visible.
This is due to the large relative percentage of cloud-free vegetated area in the Earth
region contributing to the earthshine. The earthshine-contributing areas as viewed
from the Moon for 2003 November 19 and December 7 are shown in Fig. 8.

real land and cloud distributions for the day are known. Without
these data, which will not be available in the case of an extrasolar
planet observation, we could not conclude that we are detecting
the red edge (Montafiés-Rodriguez et al. 2005).

5. EVOLUTION OF THE RED EDGE
AT LONGER TIMESCALES

The excellent agreement between our observations and the
models motivated us to study the evolution of the vegetation
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signature in the Earth’s spectra on larger timescales, for which
observations are not available but global cloud data are.

Here we have modeled the temporal evolution of the vegeta-
tion’s signal strength in the earthshine using cloud-cover maps
from the ISCCP data set. Considering the relative positions of
the Sun-Earth-Moon system, the percentage of the Earth’s sur-
face that is free of clouds and visible from the Moon is computed
for each day at each point of a grid surface. This percentage is
subdivided into percentages corresponding to oceans, snow/ice,
vegetated areas, shrubs, deserts, and tundra. Similarly, the per-
centages of low-, mid-, and high-altitude clouds are computed.
These percentages are then combined for the whole earthshine-
contributing area, weighted by the solar and lunar cosines at each
grid point to account for the true earthshine signal. For com-
parison, we have also calculated these percentages in the direc-
tion of the Sun (retroflection), from which the whole sunlit half
of the Earth’s surface is always visible. Our projected percen-
tages are used as input for FUTBOLIN, which calculates the
spectral features of such a projection.

The top panel in Figure 6 shows the 1 hr resolution cloud-free
vegetated area contributing to the earthshine for the year 2003.
Note that this contribution is in earthshine-contributing surface
percentage (weighted by the solar and Iunar cosines at each point
of the Earth), but the real contribution to the earthshine spectrum
needs to be further weighted by the wavelength-dependent albedo
of each Earth-scene component (clouds, deserts, etc.). For most
of the year, the vegetation’s contribution is close to that during
2003 November 19, for which ground-based earthshine observa-
tions are available. However, the contribution peaks at certain
times when the Earth as seen from the Moon is a thin crescent
and the earthshine-contributing area is small. This is illustrated in
the bottom panel of Figure 6, where the daily cycle of the vege-
tation visibility from the Moon is plotted for 3 different days:
2002 December 19, 2003 November 19, and 2003 December 7,
3 days in which the cloud-free vegetation percentage contributions

FiG. 8.—The earthshine-contributing area as viewed from the Moon. Left: 2003 November 19 at 10:00 UT (black data and green model in Fig. 7), with lunar phase +117°.
Right: 2003 December 7 at 21:00 UT (red model in Fig. 7), with lunar phase —25°. In the left panel, large vegetated and unvegetated areas are visible, while in the right, the
Earth is seen as a thin crescent and a large proportion of the sunlit area is covered by vegetation. Note that both images are very misleading, because the cloud cover is
missing, which will alter the scenery. The observations studied in this paper for 2003 November 19 show only a very weak red edge despite the Amazonian rainforest being in
view. This is because in the left panel the total cloud-free vegetated area, projected in the Moon’s direction, is 15% of the total sunlit area, while in the right panel it is 48%.



550 MONTANES-RODRIGUEZ ET AL.

Earth view of the Moon

Full Moo

Quarter Moon

New Moon

Vol. 651

Quarter Moon

Sun

Earth view of an extrasolar star—planet system

Parent Star
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Fic. 9.—Not-to-scale cartoon illustrating the similarity of observing the earthshine at different lunar phases and observing an extrasolar planet as it orbits its star.
Top: As the Moon rotates around the Earth, it waxes and wanes from full Moon to new Moon. The phases of the Earth and Moon are supplementary. Thus, at new Moon,
the area contributing to the earthshine is half of the planet. In other words, an observer on the Moon would see a “full”” Earth. Similarly, at full Moon the earthshine
contributing area is nearly zero. Bottom: As the exoplanet revolves around its star, an Earth-bound observer would see the planet’s scattering area waning and waxing.
For simplicity, the angle between the observer’s line of sight and the planet’s ecliptic plane is set to be zero in the cartoon, but the exoplanet’s observable phase range
from Earth will vary greatly depending on this angle. Vegetation detection on the exoplanet will become easier near “new” (from the point of view of the Earth)
exoplanet phases, during glint scattering from heavily vegetated area(s). However, there is a tradeoff here, because very close to “new” it will be even more difficult to

distinguish the exoplanet from its star.

increased up to 44%, 16%, and 32%, respectively. This daily
cycle depends on both the lunar phase and the specific cloud
distribution for each day. Note the large vegetation contribution
at certain times of the day 2002 December 19. At these times the
red edge would be easily detectable in the global spectrum, but
the Earth’s crescent is so small that the flux in the observer’s
direction (in our case, the Moon) is close to zero.

Thus, to detect vegetation one needs to find a compromise
between the Earth’s scattering area, given by the projection of
the total sunlit planetary surface in the observer’s direction, and
the maximum percentage of cloud-free vegetated area on that pro-
jection. Analysis of 2003 cloud data indicates that during 70 hr
(almost 3 full days), the scattering cross-section of the Earth
was between 5% and 15% of the maximum possible area (half
of the planet), while cloud-free vegetated areas were higher
than 25% of the contributing area. Most of these dates occurred
near, but not during, the full Moon. Empirically, we have deter-
mined that a 25%—-30% or upward cloud-free vegetated area is
enough to enable an unambiguous red-edge detection, but the
particular detection threshold for a given day will vary with cloud-
and surface-type distributions in the remaining area.

The earthshine spectrum for 2003 November 19, as observed
from Palomar Observatory, is plotted in Figure 7. Also plotted
is the modeled earthshine spectrum using the ISCCP cloud dis-
tribution for the same date and times. The earthshine-contributing

areas, as viewed from the Moon for 2003 November 19 and
December 7, are shown in Figure 8. As shown in § 3, model
and observations agree well in their overall shape and spectral
features, but the vegetation red edge is weak/missing in both
because the signal is blocked by the cloud cover. Also plotted is
our modeled spectrum using the cloud percentages for 2003
December 7 at 21:00 UT, a time when satellite data indicate a
cloud-free vegetated area close to 30% (Fig. 6). The model shows
that the vegetation’s red edge is easily detectable at such times.
Unfortunately, observations for dates like 2003 December 7 are
impossible from ground-based observatories, because at these
times the Moon is almost full and the earthshine is swamped by
atmospheric light scattering. However, our results indicate that
if the reflected earthshine spectrum in the dark side of the Moon
were to be measured from satellite platforms at lunar phases
close to full Moon (7°—27°), a clear vegetation signal would be
detected.

6. THE EARTHSHINE-EXOPLANETS CONNECTION

The earthshine case, i.e., the Moon’s monthly evolving view
of the Earth, has a counterpart in the annual cycle of an extrasolar
planet around its parent star. Viewed from a distance, if our ob-
servational line of sight is reasonably close to the planet’s ecliptic
plane, the planet will offer waning and waxing phases with its
translation movement. This is illustrated in Figure 9.
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There is a certain degree of uncertainty in applying our knowl-
edge based on Earth standards to extrasolar planets, but taking the
Earth’s example, in order to sustain plant life it is likely that the
planet needs substantial amounts of liquid water, i.e., oceans,
covering relatively large areas of its surface. It is also likely that
a significant amount of water vapor (clouds) is present, and even
tectonic activity (continents) to ensure climate stability may be
necessary to harbor life (Kasting et al. 1984). Ignoring the phyto-
plankton contribution, which has a lower albedo than leaves due
to its water cover (Gower et al. 2004), vegetation will be limited to
land areas. Thus, as the planet orbits around its star and rotates, the
vegetation signal should become more dominant at certain periods
of time as the planet approaches an orbital point closer to the
observer. Based on our above calculations, the vegetation’s red
edge could be detectable in an Earth-like planet during 11% of the
planet’s orbital period (40 days a year for Earth), during an un-
determined number of hours each day (typically 2—3 hr for Earth).

However, despite the advantageous vegetation signal, there
are some disadvantages to the observations of extrasolar planets
at such times of their orbits. When the planet is in the desired
phase range, typically only about 10% of the planet’s sunlit sur-
face is visible to the observer, which means that the planet’s signal
will be faintest compared to its parent star. Considering the Earth
as roughly Lambertian (Qiu et al. 2003), the instrumental detec-
tion power would need to increase between 1 and 2 orders of
magnitude in order to retrieve the same spectral quality as for the
same planet viewed at phase 0° (“full” planet).

Of course, for Earth-like extrasolar planets, the issue has the
additional complication of the strong signal from the star, which
would be more effectively nulled the greater the angular separa-
tion of the planet and its star. If the extrasolar planet is angularly
close to the star, it is difficult to null out the star (or otherwise
remove its spectral signature) without nulling out the planet.
This angular distance decreases as the planet reaches “new,”
depending on the tilt angle between the observer and the exo-
planet’s ecliptic plane. A small increase in this tilt angle will
also increase the angular separation between the exoplanet and
the parent star, but too much of an increase will reduce the ob-
servable phase range of the exoplanet and eliminate those we
are interested in. Thus, there is a tradeoff here to obtain obser-
vations at an angular separation large enough to preserve the
planet’s signal, but small enough to benefit from a rough geo-
graphical resolution that allows the detection of vegetation. It is
probable that none of the missions currently on design phase will
be able to retrieve these measurements.

In this manuscript, we have discussed plant detection in ex-
trasolar planets based on chlorophyll pigment properties typical
of Earth plants, but the universality of chlorophyll is still an
open question ( Wolstencroft & Raven 2002). The same detection
criteria, however, might apply for different pigmentation or equiv-
alent red-edge signatures characteristic of the plant type that might
exist in an extrasolar planet, provided that these features do not
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coincide with spectral regions with strong atmospheric absorp-
tion. Segura et al. (2005) and Tinetti et al. (2006b) have recently
published studies about the possibility of an “equivalent” vege-
tation red edge on planets around M stars.

7. CONCLUSIONS

In our analysis of earthshine observations from 2003 November
19, we find an increase in spectral reflectance between 680 and
740 nm of the order of 0.005 that is highly correlated with the evo-
lution of the cloud-free vegetated areas contributing to the earth-
shine. The good agreement between the evolution of the red-edge
slope for both models and observations with the total cloud-free
vegetated areas might not be enough to confirm the detection
of vegetation in globally integrated Earth spectra. However, the
0.93 correlation between the fixed cloud contribution models
and the evolution of the cloud-free vegetated area confirms it.
Nevertheless, the change in reflectance in this spectral region
can only be related to vegetation by analyzing the real distribu-
tion of land, oceans, and clouds during observations.

It is possible that an Earth-size extrasolar planet may have a
drastically different cloud-cover system that yields a stronger
globally integrated vegetation signal. However, for an Earth-like
planet, the impossibility of knowing beforehand the cloud dis-
tribution contributing to the planetary reflectance would seem
to make it very difficult to unambiguously detect the red-edge
signature of vegetation.

‘We have also made use of the earthshine models and long-term
terrestrial cloud data to simulate the evolution of the red-edge
signature with time, and we make an analogy between earth-
shine and extrasolar planets; we demonstrate that there are days
on Earth with strong red-edge signals, unlike the day discussed
here, and that, under certain orbital conditions, for a terrestrial-
like planet there are optimal times for detecting the red edge.

In summary, we have shown that the detection of vegetation
on Earth using globally integrated spectral measurements is
generally very difficult, but becomes feasible under the appro-
priate geometrical conditions. Similarly, for an Earth-like ex-
trasolar planet, the vegetation signature will become detectable
during certain times of its orbit. The excellent agreement of our
earthshine observations with modeled spectra of the Earth using
real cloud distributions for the same dates and times gives us a
strong confidence in our results, which provide a reference for
future space missions aiming at the detection of such vegetation
signatures in extrasolar planets. In this case, observations will
require extremely sensitive instrumentation, still outside the scope
of current design-phase missions, but acquiring the necessary
technology seems to be only a matter of time.

This research was supported by the 2002 Ernest F. Fullam
Award of the Dudley Observatory and by a grant from NASA
(NASA-NNGO04GNO09G).
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