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ABSTRACT

With the recent discoveries of hundreds of extrasolar planets, the search for planets like Earth and life in the uni-
verse is quickly gaining momentum. In the future, large space observatories could directly detect the light scattered
from rocky planets, but they would not be able to spatially resolve a planet’s surface. Using reflectance models and
real cloud data from satellite observations, here we show that, despite Earth’s dynamic weather patterns, the light scat-
tered by the Earth to a hypothetical distant observer as a function of time contains sufficient information to accurately
measure Earth’s rotation period. This is because ocean currents and continents result in relatively stable averaged
global cloud patterns. The accuracy of these measurements will vary with the viewing geometry and other observa-
tional constraints. If the rotation period can be measured with accuracy, data spanning several months could be co-
herently combined to obtain spectroscopic information about individual regions of the planetary surface. Moreover,
deviations from a periodic signal can be used to infer the presence of relatively short-lived structures in its atmosphere
(i.e., clouds). This could provide a useful technique for recognizing exoplanets that have active weather systems,
changing on a timescale comparable to their rotation. Such variability is likely to be related to the atmospheric temper-
ature and pressure being near a phase transition and could support the possibility of liquid water on the planet’s surface.

Subject headinggs: astrobiology — Earth — scattering — techniques: photometric
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1. INTRODUCTION

Over the past two decades, more than 240 planets have been
discovered orbiting stars other than the Sun. To date, all planets
discovered around main-sequence stars are significantly more
massive than the rocky planets of the solar system. Radial velocity
surveys, however, are starting to detect rocky planet candidates
below 10 Earthmasses (Rivera et al. 2006; Udry et al. 2007), and
for the coming decades, ambitious space missions are being pro-
posed that would be able to detect nearby planets with physical
properties similar to Earth (see, e.g., Lindensmith 2003;Kaltenegger
2005; Fridlund 2004; Cash 2005; Schneider et al. 2006).

Among other important physical properties, the identification
of the rotation rate of an exoplanet with relatively high accuracy
will be important for several reasons (Laskar&Correia 2004). First,
measuring the rotation rate can help to understand the formation
mechanisms and dynamical evolution of extrasolar planetary sys-
tems (Agnor et al. 1999; Chambers 2001; Goldreich et al. 2004).
For example, are planetary rotation periods smoothly varying as
a function of the planet mass and semimajor axis, as would be
expected if the planet’s angular momentum is dominated by the
gradual accretion of small planetesimals? Or are planet’s rotation
periods essentially uncorrelated with their mass and orbital prop-
erties, as would be the case if the planet’s angular momentum is
dominated by the late accretion of a few large impactors? The
rotation periods of a sample of planets could be directly compared
to numerical simulations of planetary formation that track the spin
evolution of planets, to probe the late stages of planetary accre-
tion (Schlichting & Sari 2007).

A precise determination of the rotation rate can also help im-
prove our analysis of future direct detections of exoplanets, in-
cluding photometric, spectroscopic, and potentially polarimetric
observations (Gaidos & Williams 2004; Tinetti et al. 2006;
Montañés-Rodrı́guez et al. 2005; Stam et al. 2006; Williams &
Gaidos 2007). For practical viewing geometries, most of the light
scattered by an Earth-like planet comes from a small portion of
the planet and contains information about weather patterns and
surface features, i.e., lands and oceans. While even the most am-
bitious space telescopes will not be able to spatially resolve the
surface of an extrasolar planet, the temporal variability contains
information about regional surface and/or atmospheric features,
possibly including localized biomarkers (Ford et al. 2001; Seager
et al. 2005; Montañés-Rodrı́guez et al. 2006). Determining the
planet’s rotation period is necessary in order to know the rota-
tional phase for a time series of observations. The precision with
which the rotation period can be measured determines the time
span of observations that can be coherently averaged.

We will see in this paper how the deviations from a periodic
photometric signal can help to identify active weather on an exo-
planet. This could prove a useful technique for recognizing exo-
planets that have weather systems with inhomogeneous cloud
patterns.

Finally, the observations of our solar system bodies suggest
that the presence of a planetary magnetic field, generated by dy-
namo processes, is mainly a function of two parameters: its com-
position (mass) and the rotation speed (Vallee 1998;Russell 2006).
If the planet mass is known, a fast rotation speed of the planet
could suggest the presence of a significant magnetic field. One
must note, however, that there will be a large list of caveats to this
possibility, given our current understanding of dynamos and plane-
tary evolution (Bushby & Mason 2004; Grie�meier 2007).

In this paper we have determined the changes in photometric
albedo that we would see if Earth were observed as an extrasolar
planet. First, we perform an accurate and realistic simulation of
the flux changes in reflected light from the planet’s surface and
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atmosphere. Second, we perform a periodicity analysis to deter-
mine under what conditions the rotation rate can be determined.
Third, we explore how the accuracy and precision of the mea-
sured rotation rate depend on four variables: the temporal resolu-
tion of observations (i.e., exposure time), the total duration of
observations, the signal-to-noise ratio, and the viewing geometry.
We also discuss the role of clouds in altering the reflected light flux
from Earth and how to detect them in an exoplanet’s atmosphere.
Finally, we discuss the implications for the design of future space
missions to characterize extrasolar planets via direct detection.

2. METHODS

2.1. Planet Light-scattering Model

The albedo of each surface element, a, depends on the surface
type, cloud and snow/ice cover, and solar zenith angle. Further,
there is an anisotropic factor, L, that gives the angular distribu-
tion of the reflected radiation and depends on the reflected zenith
angle and azimuth. The anisotropy function, also known as the bi-
directional reflectance function (BDRF), generally depends on
surface type, cloud cover, zenith angle, and relative azimuth of
the Sun; L is defined so that it is unity for a Lambert surface
(Pallé et al. 2003). In modeling the reflectance properties, a and
L, of the Earth, we used scene models based on the Earth Radia-
tion Budget Experiment (ERBE) observations (Suttles et al. 1988),
defined as the mean over the broad shortwave interval from 200
to 4000 nm. The parameters a and L are tabulated for 12 model
scenes.

The model of the Earth uses daily satellite observations of
total cloud amount at each surface location from the International
Satellite Cloud Climatology Project ( ISCCP) as input (Rossow
et al. 1996). Four cloudiness levels (0%–5%, 5%–50%, 50%–
95%, and 95%–100%) are considered for each of the 12 different
ERBE scenes. For the snow/ice cover, we used simulations from
theCanadianCenter forClimateModeling andAnalysis (CCCMII).
The model has already been validated by observations of Earth-
shine (Pallé et al. 2003).

Our model allows us to simulate the Earth’s reflectance ob-
served from any viewing geometry. For example, looking at the
exoplanet (our modeled Earth) always from the North Pole or
along the ecliptic. In the context of observing extrasolar planets,
this is similar to fixing the orbital inclination of the orbit with re-
spect to the observation point. Thus, the Earth’s reflectance in the
direction of �, where � is defined as the angle between the Sun-
Earth and Earth-observer vectors, can be expressed as

pE f E(� ) ¼
1

�R2
E

Z
(R̂ = Ŝ; R̂ = M̂ )�0

d2R(R̂ = Ŝ )a(R̂ = M̂ )L; ð1Þ

where R̂ is the unit vector pointing from the center of the Earth to
a patch of Earth’s surface, Ŝ is the unit vector pointing from the
Earth to the star, and M̂ is the unit vector pointing from the Earth
toward the observer. The integral is over all of the Earth’s surface
elements for which the Sun is above the horizon (i.e., R̂ = Ŝ ) and
the surface element is visible from the observer’s perspective (i.e.,
R̂ = M̂ � 0). Here RE is the radius of the Earth, pE is the geomet-
rical albedo of the Earth, and fE(� ) is the Earth’s phase function
[defined such that fE(0) ¼ 1].

The total reflected flux in a given direction, �, can be calculated
using

FE(� ) ¼ S�R2
E pE fE(� ); ð2Þ

where S is the solar flux at the top of the Earth’s atmosphere
(1370Wm�2). There is a systematic variation of pE fE(� ) through-
out the Earth’s orbital period (sidereal year), and fluctuations
of pE fE(� ) about its systematic behavior are caused by varying
terrestrial conditions, including weather and seasons (Pallé et al.
2004).
Comparing FE to the flux of sunlight for the same observer

yields contrast ratios of order 10�10. This presents the main chal-
lenge in directly detecting an Earth-like planet. In comparison,
the amplitude of the diurnal cycle of the Earth observed in our
broadband (200–4000 nm) simulations (Fig. 1) is of the order of
0:5 ; 10�11 but varies greatly depending on wavelength.
At present, broadband coronagraphic experiments are able to

reach contrasts of 10�3 only (Mawet et al. 2006). However, ad-
vances in the development of coronagraphs and deformable mir-
rors are expected to enable such observations in the future. For
example, Trauger & Traub (2007) have shown how contrast ra-
tios of the order of 1 ; 10�11 can be achieved with coronagraphs
in the laboratory, using a laser beam at monochromatic visible
wavelength. In this paper, however, a wide bandwidth is consid-
ered, in order to have enough photons in each observation. The
use of a wide bandwidth in coronagraphy will require a very good
achromatization of the coronagraph to achieve a high light rejec-
tion, working toward a viable visible-wavelength direct imaging
technique.

2.2. Viewing Geometry

In order to simulate the observations of the Earth as if it were a
distant planet, we must specify the viewing geometry of the sim-
ulated observations. An observer that looks at the Sun-Earth sys-
tem from along the ecliptic will be looking at the Earth from a
nearly equatorial perspective. During a year, the Earth will appear
to go through phases from a fully lit Earth to a fully dark Earth.
For this case, the Earth would pass inside of the Sun’s glare twice
per year. On the contrary, an observer looking at the Sun-Earth
system from a direction perpendicular to the plane of the Earth’s
orbit would see only the Northern (or Southern) Hemisphere of
the Earth. At any given time, approximately half of the Earth
would be illuminated and visible to the distant observer.
In order to determine the sensitivity of our results to viewing

angles, we have chosen five different viewing geometries of the
Earth, whichwewill refer to as the equatorial view, the north/south
polar views, and the (primarily) Northern/Southern Hemisphere

Fig. 1.—Yearly evolution of relative flux of the Earth with respect to the Sun
from five different viewing geometries. The equatorial veiw is marked in red, the
primarily Northern /Southern Hemisphere views are in green and pink, respec-
tively, and the north and south polar views are in dark and light blue, respectively.
[See the electronic edition of the Journal for a color version of this figure.]
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views. Technically, we are choosing the inclination (i ) of the line
of sight with respect to the ecliptic plane: 0

�
,�45

�
, and�90

�
. In

order to visualize the viewing geometries, Figure 2 shows the
Earth for a single date and time, as seen from each of the five
viewing perspectives that we consider. The date corresponds to a
day in November, when the Earth would present a phase angle of
approximately 90� (as seen from each of our viewpoints). Note
that the figure is misleading in the sense that clouds, which will
play a major role in the photometric albedo, are not represented.

The quantity pE fE(� ) is affected by three factors. First, as the
Earth’s revolves around the Sun, pE fE(� ) will change due to a
changing �. At the same time, due to the Earth’s rotation, the por-
tion of the Earth’s surface visible to the observer will also change,
leading to changes in the albedo diurnal cycle. Finally, the large-
scale cloud patternswill change fromday to day, adding short-term
variability to the observations. In Figure 1 the yearly evolution
of the flux ratio between the Earth and the Sun, taking into account
these various effects, is represented.

We generate photometric time series of the light scattered by
the planet toward an observer that include the effects of both the
planet’s rotation and the planet’s orbital motion (as well as chang-
ing cloud and snow/ice cover). While our simulated data is cen-
tered on a phase angle of �¼ 90�, the phase angle deviates from
90� due to the orbital motion (e.g., up to’28� for an 8 week time
series with the equatorial viewing geometry).

2.3. Observational Considerations

Several considerations need to be taken into account before
we can realistically analyze our simulations in terms of the Earth
as an exoplanet. A space telescope intending to the search for exo-
planets will have a long list of target stars to observe during the
plannedmission lifetime (of order a few years). If a small number
of remarkable Earth-like planet candidates are identified, thenmul-
tiple months of observations time could be devoted to character-
izing individual targets. On the other hand, if many Earth-like
planet candidates are found, then the amount of observing time
available for follow-up observations ofmost targets could bemuch
more limited. Therefore, we have considered simulated observa-
tional data sets spanning 2, 4, and 8 weeks. Similarly, we have
simulated observations made with several temporal resolutions
(exposures times), ranging from 0.1 to 10 hr. Finally, we have
added Poisson noise to the data, to simulate signal-to-noise ratios
(S/Ns), for each exposure time, ranging from 3 to 1000. While
such a large S/N is unrealistic for a first-generation TPF-C mis-
sion, these calculations are relevant for determining if very high
precision rotation measurements are possible or if the stochastic
nature of clouds results in a limit on the precision of rotation
periods that is independent of the S/N.

The orbital position of the planet will also limit our observing
capabilities. Ideally one would like to observe the planet at full
phase when its brightness, as compared to that of the parent star,
is larger. However, observations at these phase angles are nearly
impossible due to the small angular distance between the planet
and the star. In this work, we focus on observations made near a
phase angle of 90�, when the planet-star separation is near its max-
imum. The best-case scenario for measuring the rotation period of
a planet occurs for an orbital plane nearly perpendicular to the line
of sight, so that the planet remains at a phase angle of nearly 90

�

(maximum angular separation) for its entire orbit orbit.

3. RESULTS

We simulate several time series of the Earth’s scattered light
toward a hypothetical observer. For each time series, we perform
an autocorrelation analysis. For example, in Figure 3, the black

curve shows the autocorrelation as a function of the time lag based
on a simulated data series for an Earth without any cloud cover.
We assume the i ¼ 90� viewing geometry described in x 2.2 and
observations with an S/N of 40 and 0.1 hr temporal resolution.
Such assumptions are clearly optimistic but not completely un-
reasonable. A 8 ; 3.5 m TPF-Cmission could make such a high-
precisionmeasurement for an Earth-like planet (i.e., 25mag fainter
than the host star) with a 24 hr rotation period in the � Centauri
system (based on a 400 nm bandpass centered on 650 nm, an
extrasolar zodiacal light equal to that of the solar system, and the
algorithm and other assumptions from ‘‘case A’’ of a TPF-Cmis-
sion described in Brown 2005). Therefore, if terrestrial planets
are ubiquitous, then even a first-generation TPF-C mission may
be able to determine the rotation periods of terrestrial planets with
high precision.

In x 3.2 we will show that the rotation period can be measured
with moderate precision using only an S/N of �20 every �16th
of a rotation period. An 8 ; 3.5 m TPF-Cmission could achieve
such photometric precision for stars brighter than V ¼ 4. In x 5,
we will further discuss the capabilities of such a TPF-Cmission,
as well as missions of alternative sizes. Based on the TPF Target
List Database4 (ver. 1; see also Turnbull & Tarter 2003), we find
29 such main-sequence K–A stars that have accurate parallax,
B� V color, and no companion stars within 1000 and show no
indications of variability. Eliminating A stars reduces the num-
ber of such targets to 15. Note that this is more than the 14 and
five target stars included in the TPF Target List Database ‘‘ex-
tended’’ (including A stars) and ‘‘core’’ (excluding A stars) lists
that apply several additional cuts on the basis of a notion of hab-
itability (e.g., eliminating young stars that may be too young for
significant biological alteration of the atmosphere).

3.1. Measuring the Rotation Period

By definition, the maximum autocorrelation equals unity at
zero lag. The next greatest autocorrelation occurs at 24 hr, very
near the true rotation period of the Earth. In this case, we find that
the amplitude of the autocorrelation is very similar at integer
multiples of the Earth’s rotation period, since the only changes
are due to the slow variations of the viewing geometry and phase
angle (� ) resulting from the orbital motion of the Earth.

For a cloudless Earth, we find that there is a second series of
local maxima in the autocorrelation function near 12 hr. This is
not due to a fundamental property of the autocorrelation analysis
(e.g., the blue curve for the cloudy Earth has no significant am-
plitude at 12 hr) but rather is due to the distribution of continents
and oceans on the Earth. For this data set, the difference in the
amplitude between the local maxima at 12 hr and 24 hr would in-
dicate that the peak at 24 hr corresponds to the rotation period.
However, the possibility of the continental distribution leading
to a significant autocorrelation at alternative lags could compli-
cate efforts to identify the rotation period.

We now consider a cloudy Earth using Earth’s actual cloud
cover randomly selected for 8 weeks in 1985. The blue curve in
Figure 3 shows the results of an autocorrelation analysis similar
to the one for the cloud-free Earth, assuming the same viewing
geometry and observational parameters as above. Aside from the
maximum at zero lag, the maximum autocorrelation occurs at
24 hr, very near the true rotation period of the Earth. The additional
local maxima of the autocorrelation that occur at integer multiples
of 24 hr are due to the viewing geometry repeating after multiple
rotations of the Earth. In this case, the autocorrelation decreases

4 http://sco.stsci.edu.
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Fig. 2.—Earth from space. The several images show the viewing geometry of Earth for the exact same day and time (2003 November 19 at 10:00 UT) but from our
five different viewpoints: (1) from 90� above the ecliptic (north polar view), (2) from 90� below the ecliptic (south polar view), (3) from +45� north of the ecliptic (pri-
marily Northern Hemisphere in view), (4) from�45� below the ecliptic (primarily Southern Hemisphere in view), and (5) from within the ecliptic. Note how the scenery
from the different viewpoints could well have been taken from different planets. [See the electronic edition of the Journal for a color version of this figure.]



at larger multiples of the rotation period, since the variations in
the cloud patterns are typically greater on these longer timescales.

3.2. Accuracy and Limits in the Measurements

Here we explore how the precision of the measured rotation
period depends on various observational parameters, such as the
signal-to-noise ratio, the temporal resolution of observations, the
total duration of the observational campaign, and the viewing
geometry.

In Figure 4 (top), we show the mean absolute value of the
difference between the actual and derived rotation periods of the
Earth based on 21 data sets, each for a different year (global cloud
coverage measurements from ISCCP satellite observations are
available only over the period 1984–2005, i.e., 21 yr). Here we
assume 8 weeks of observations with a temporal resolution of
6 minutes. Each curve corresponds to a different viewing geom-
etry. For the equatorial and primarily Northern/Southern Hemi-
sphere views, we conclude that an S/N of 10–20 is necessary to
determine the rotational period with an error of about 1 hr (5%
of the 24 hr rotation period). With an S/N of about 30, we find a
precision in the rotation determination of approximately 10 min-
utes (0.7%). On the other hand, the determination of the rota-
tional period from a polar perspectives has a larger error. Even
with increasing S/N, the rotational period that one obtains from
a polar perspectives does not always converge to 24 hr but to a
shorter periodicity (see x 4.2 for further discussion).

In Figure 4 (bottom), we show the mean absolute value of the
difference between the actual and derived rotation periods of the
Earth, but as a function of the temporal resolution of the photo-
metric observations. We assume a fixed S/N of 50 and an 8 week
observing campaign. It is clear from the figure that a temporal
sampling no larger than 1.5 hr (6% of the period) is desirable, if
we want to derive the rotational period with precision. Again, we
find very different results for the polar viewing geometries than
for the rest of the viewing geometries (not shown). For the polar
geometries, the integration time is not the key factor in determin-
ing the rotation.

For the equatorial view and primarily Northern/Southern Hemi-
sphere views, the rotation period can be determined accurately,
provided that the exposure time is shorter than 1.5 hr . For expo-
sure times larger than about 1.5 hr, the periodicity near 12 hrmight
be mistaken for the true rotation period.

For a general planet, we expect that the temporal resolution
needed will scale with the planet’s rotation rate. For example, a
similar planet with a rotation period of 8 hr would require that the
exposure times be reduced by a factor of 3 to achieve a similar
precision in the determination of the rotation period.

3.3. Autocorrelation versus Fourier

Here we explore the outcome of performing a periodicity anal-
ysis to our simulated photometric time series, using a Fourier-
based technique, the classical periodogram. In Figure 5 we have
plotted the periodogram of the time series resulting from simula-
tions of the real (cloudy) Earth, as viewed from the five different
viewpoints and in two different years. For each case, the periodo-
gram is calculated using time series spanning 2, 4, and 8 weeks of
observations.

According to the periodogram analyses, the 24 hr periodicity
is not always the strongest, and it is missing altogether for some
of the series (depending on the specific cloud data). The observa-
tions from the nearly equatorial perspective seem to be the most

Fig. 3.—Autocorrelation function of the scattered light by the real Earth (blue)
and a cloud-free Earth (black). An 8 week time series with S/N of 40 and 0.1 hr
observing cadence has been chosen, using cloud data from1985. [See the electronic
edition of the Journal for a color version of this figure.]

Fig. 4.—Top panel: The plot represents the error that one would get in es-
timating the Earth’s rotation rate from the globally integrated photometric light
curve. Each point is the error of the averaged rotational period found for 21 yr
with different (real) cloud patterns for the same geometries. The five different
colors indicate five different viewing angles (i.e., equator means the observer is
looking at the Sun-Earth system from the ecliptic plane, the North Pole indicates
the observer is looking at the Sun-Earth system from 90

�
above the ecliptic). All

calculations are given for a 90� phase angle in the orbit (i.e., one would see a
quarter of the Earth’s surface illuminated). In the plot, the top dashed line rep-
resents an accuracy in determining the rotational period of 10 minutes and the
lower one of 1 minute. Bottom panel: Same as in the top panel, but this time the
S/N is fixed and the exposure time is allowed to vary. As in the top panel, an ob-
ject follow up of 2months (8 weeks) is considered. [See the electronic edition of
the Journal for a color version of this figure.]
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affected by the Earth’s particular continental distribution, as there
are strong peaks at 12 hr. If the distribution of continents on our
planet were different (as it has been in the past), then the derived
periodicities would also be different. The viewing geometry also
plays a role. For example, our southern pole viewing geometry
results in the Earth appearing to have a single continent in the
center surrounded by ocean.

We compare the accuracy and precision of two types of peri-
odicity analysis: the autocorrelation function and Fourier anal-
ysis. In Table 1, we show the frequency with which each type of
analysis results in a determination of the rotation period near the
true rotation period (24 � � hr), half the rotation period (12 �
� hr), or other alternative values. In each case, �� is taken as
the exposure time (or sampling resolution). In other words, a
95% value in the 24 hr periodicity for the autocorrelation method
means that for 20 of the 21 available years (cloud configurations),
the primary periodicity retrieved by the autocorrelation method
is 24 � �. In Table 2, we present the the same quantities as in
Table 1, but this time for an Earth completely free of clouds, so
that the detected periodicities are due to surface albedo variations
only. The Fourier analysis often results in the largest peak near
12 hr (see Fig. 5), particularly for viewing geometries with orbital
inclinations of 45�, 90�, and 135�. Our autocorrelation analysis
never makes this error. Thus, we conclude that the autocorrela-
tion function provides a more robust and more accurate tool for
characterizing the rotation period of a planet using photometric
time-series data.

4. THE EFFECT OF CLOUDS

Clouds are common on solar system planets and even satellites
with dense atmospheres. Clouds are also inferred fromobservations

of free-floating substellar-mass objects (Ackerman&Marley 2001).
Hence, cloudiness appears to be a very common phenomenon.
Clouds on Earth are continuously forming and disappearing,

covering an average of about 60% of the Earth’s surface. This
feature is unique in the solar system to Earth: Some solar system
planets are completely covered by clouds, while others have very
few. Only the Earth has large-scale cloud patterns that partially
cover the planet and change on timescales comparable to the ro-
tational period. This is because the temperature and pressure on
the Earth’s surface allow for water to change phase with relative
ease from solid to liquid to gas.
In principle, weather patterns and/or the orbital motion of the

Earth could pose a fundamental limitation that prevents an accu-
rate determination of the Earth’s rotation period from the scat-
tered light. Since the scattered light is dominated by clouds, it might
be impossible to determine the rotation period if the weather
patterns were completely random. Alternatively, even if the atmo-
spheric patterns were stable over many rotation periods, observa-
tional determinations of the rotation period might not correspond
to the rotation period of the planet’s surface, if the atmosphere
were rotating at a very different rate (e.g., Venus).
In fact, we find that scattered-light observations of the Earth

could accurately identify the rotation period of the Earth’s surface.
This is because large-scale time-averaged cloud patterns are tied
to the surface features of Earth, such as continents and ocean cur-
rents. This relatively fixed nature of clouds (illustrated in Fig. 6)
is the key point that would allow Earth’s rotation period to be de-
termined from afar.
Figure 6 shows the averaged distribution of clouds over the

Earth’s surface for the year 2004. The figure also shows the vari-
ability in the cloud cover during a period of 2 weeks and over the

Fig. 5.—Periodogram analysis of the Earth’s pE fE(� ) times series as seen from five different viewpoints, at phase angle 90�. From top to bottom, the five viewpoints
are (1) the north polar view, (2) primarily Northern Hemisphere view, (3) the equatorial view, (4) primarily Southern Hemisphere view, and (5) the south polar view. The
right column represents the periodograms for the year 2000, while the left column represents the periodograms for year 2004. The geometry is exactly the same for the
2 yr, only the clouds have changed. In all panels, the periodogram is shown for data lasting for a period of 2 (black line), 4 (blue line), and 8 weeks (red line) around phase
90�. In all panels a thin vertical line indicates the ‘‘real’’ 24 hr periodicity. [See the electronic edition of the Journal for a color version of this figure.]
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whole year 2004. The lifetime of large-scale cloud systems on
Earth is typically of about 1–2 weeks (roughly 10 times the ro-
tational period). In the latitude band around 60� south, there is a
large stability produced by the vast, uninterrupted oceanic areas.

4.1. The Folded Light Curves

In Figure 7, we show the folded light curve of the Earth in
terms of the albedo anomaly, bothwith andwithout clouds. Albedo
anomaly is defined as the standard deviation (rms) from themean
value over the entire 8 week data set (e.g., an anomaly value of
0.7 means that the albedo in 30% lower than the mean). Here we
assume an exposure time of 1 hr and an S/N of 30. The real Earth
presents a much more muted light curve due to the smoothing
effect of clouds, but the overall albedo is higher. Note that the Y
scale values in the figure are anomalies and not the absolute
albedo values.

In the top panels of Figure 7 data from 8 weeks of continuous
observations are folded into a single light curve. In the middle
and lower panels, this 8 week period is subdivided and plotted in
3 and 6 periods of 18.6 and 9.3 days, respectively. For a cloudless
Earth (left panels), the error in the albedo anomaly at a given phase

decreases as shorter durations are taken, because changes in phase
and illuminated area decrease.

On the contrary, for the real cloudy Earth (right panels), as the
data is subdivided into smaller integration periods, the size of the
error bar in the albedo anomalies does not decrease, because of
the random influence of clouds at short timescales. In the lower
right panel of Figure 7, the light curves of consecutive 9 day in-
tegration periods vary arbitrarily in shape from one to the next.

Thus, the variability in the averaged light curve is primarily
the result of short-term variability in the cloud cover, a fact that
can be exploited in future exoplanet observations. Once the rota-
tional period has been determined, one can measure the average
light curve of an exoplanet and the excess scatter for different
consecutive periods. If the excess scattering does not decrease at
short time periods, and the changes are not smooth in time, such
an analysis can indicate the presence of clouds in its atmosphere.
However, distinguishing the changes in the exoplanet’s light curve
from the observational noise will require very stringent signal-to-
noise ratios. Fortunately, there might be a better way to probe for
cloudiness in an exoplanet’s atmosphere, whichwe discuss in the
following section.

TABLE 2

Accuracy and Precision of Autocorrelation Analysis

and Fourier Analysis: Cloud-Free Earth

Fourier Autocorrelation

Area 24 12 Other 24 12 Other

S/N = 20, Exposure = 0.5 hr, Follow-up = 2 Weeks

North Pole....................... 95 4 1 100 0 0

Latitude +45� .................. 19 80 1 100 0 0

Equator ............................ 4 95 1 100 0 0

Latitude �45
�
................. 4 95 1 100 0 0

South Pole....................... 0 100 0 100 0 0

S/N = 20, Exposure = 0.5 hr, Follow-up = 8 Weeks

North Pole....................... 95 4 1 0 0 100

Latitude +45� .................. 4 95 1 4 0 96

Equator ............................ 0 100 0 100 0 0

Latitude �45� ................. 4 95 1 100 0 0

South Pole....................... 0 100 0 95 0 5

S/N = 5, Exposure = 0.5 hr, Follow-up = 2 Weeks

North Pole....................... 52 0 48 100 0 0

Latitude +45� .................. 28 71 1 100 0 0

Equator ............................ 4 95 1 100 0 0

Latitude �45� ................. 4 95 1 100 0 0

South Pole....................... 0 95 5 100 0 0

S/N = 20, Exposure = 1.7 hr, Follow-up = 2 Weeks

North Pole....................... 100 0 0 100 0 0

Latitude +45� .................. 100 0 0 100 0 0

Equator ............................ 4 95 1 100 0 0

Latitude �45� ................. 9 90 1 100 0 0

South Pole....................... 76 23 1 100 0 0

Note.—The existence of 21 years of global cloud observations allow us to
simulate the photometric time series of Earth for each of these years, with the
exact same geometrical configurations, with only clouds changing. For each year
we have calculated the main periodicities resulting from the photometric simu-
lation analysis. Here we show the percentage of years in which the main peri-
odicity is found to be 24 � �hr, 12 � �hr, or other periods. For example, a
95% value in a given periodicity means that for 20 of the 21 available years
(cloud configurations) that was the primary periodicity. Fourier and autocorrela-
tion analysis results are both shown. In all cases�� is taken as the exposure time.

TABLE 1

Accuracy and Precision of Autocorrelation Analysis

and Fourier Analysis: Real Earth

Fourier Autocorrelation

Area 24 12 Other 24 12 Other

S/N = 20, Exposure =0.5 hr, Follow-up = 2 Weeks

North Pole........................... 38 4 58 100 0 0

Latitude +45� ...................... 9 76 15 100 0 0

Equator ................................ 0 71 29 100 0 0

Latitude �45
�
..................... 4 57 39 100 0 0

South Pole........................... 9 23 68 100 0 0

S/N = 20, Exposure = 0.5 hr, Follow-up = 8 Weeks

North Pole........................... 66 4 30 100 0 0

Latitude +45� ...................... 4 71 25 100 0 0

Equator ................................ 0 80 20 100 0 0

Latitude �45� ..................... 0 76 24 100 0 0

South Pole........................... 23 42 35 100 0 0

S/N = 5, Exposure = 0.5 hr, Follow-up = 2 Weeks

North Pole........................... 4 0 96 33 0 67

Latitude +45� ...................... 0 9 91 52 0 48

Equator ................................ 0 33 67 76 0 24

Latitude �45� ..................... 0 28 72 80 0 20

South Pole........................... 0 0 100 23 0 77

S/N = 20, Exposure = 1.7 hr, Follow-up = 2 Weeks

North Pole........................... 85 4 11 80 0 20

Latitude +45� ...................... 66 28 6 85 0 15

Equator ................................ 38 47 15 85 0 15

Latitude �45� ..................... 57 33 10 90 0 10

South Pole........................... 71 9 20 80 0 20

Note.—The existence of 21 years of global cloud observations allow us to
simulate the photometric time series of Earth for each of these years, with the
exact same geometrical configurations, with only clouds changing. For each year
we have calculated the main periodicities resulting from the photometric simu-
lation analysis. Here we show the percentage of years in which the main peri-
odicity is found to be 24 � �hr, 12 � �hr, or other periods. For example, a
95% value in a given periodicity means that for 20 of the 21 available years
(cloud configurations) that was the primary periodicity. Fourier and autocorrela-
tion analysis results are both shown. In all cases�� is taken as the exposure time.
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Fig. 6.—Large-scale cloud variability during the year 2004. In panel a, the 2004 yearly mean cloud amount, expressed in percentage coverage, is shown. In panels b
and c, cloud coverage variability (ranging also from 0% to 100%) is illustrated over a period of 2 weeks and 1 hr, respectively. Over the course of 2 weeks, the presence
of clouds at a given location is highly correlated. Note how the cloud variability is larger at weekly timescales in the tropical and midlatitude regions than at high
latitudes. Over the course of a whole year, the variability is closer to 100% over the whole planet (i.e., at each point of the Earth there is at least one completely clear and
one completely overcast day per year). One exception to that occurs at the latitude band near�60

�
, an area with heavy cloud cover, where the variability is smaller, i.e.,

the stability of clouds is larger. [See the electronic edition of the Journal for a color version of this figure.]

Fig. 7.—Light curves of the Earth observed from the ecliptic plane at phase 90� ( half-phase). Left column shows the light curves of a cloud-free Earth, and right
column shows the light curves for the real Earth. The Y-scale in the right and left panels is different because of the more muted variability in the albedo introduced in the
real Earth by clouds. Fifty-six days (2 months) of continuous observations are divided from top to bottom in 1, 3, and 6 subseries and folded over the 24 hr rotational
period of the Earth for analysis. Note the contrast between the uniformity of the light curves of an ideal (cloudless) Earth and the real Earth light curves. Also note how
the change in the shape of the light curve is smooth (ordered in time) from one series to the next in the case of a cloudless Earth, but it is random for the real Earth. The
size of the error bars are the standard deviation of the mean. [See the electronic edition of the Journal for a color version of this figure.]



4.2. Real and Apparent Rotational Period

For extrasolar planet observations, a long time series could be
subdivided into several subsets. Each can be analyzed for signif-
icant periodicities as in Figure 8. The data spanning 8 weeks is
subdivided in several equal-length subperiods (e.g., 6 periods each
of about 9 days) and analyzed independently, so that the changes
in � and illumination area are minimized. In this case, several
peaks appear in the Fourier periodograms and autocorrelation
functions near 12 and 24 hr. The autocorrelation analysis show
much greater correlation near 24 hr. For our Earthmodelwith clouds,
the best-fit rotation period shifts slightly to shorter periods. The shifts
in the best-fit periodicity from the true periodicity are completely
absent when considering an Earth model free of clouds for the
same dates and times, even when including added noise. There-
fore, we conclude that they are produced by variable cloud cover.

The shifts are introduced by the large-scale wind and cloud
patterns (Houghton 2002). Since clouds are displaced toward the
west (in the same direction of the Earth’s rotation) by the equa-
torial trade winds (and to a minor extent by the polar easterlies),
the apparent rotational period should be shorter than the rotation
period of the surface. On the other hand, when clouds are moved
toward the east (in the opposite direction to the Earth’s rotation)
by the westerly winds at midlatitudes, the apparent rotational
period should be longer than the rotation period of the surface.

In principle, both longer and shorter periodicities could be
present in the periodograms, depending on the particular weather
patterns. In our models, however, we often find shorter apparent
rotation rates, but not longer. The explanation probably lies in the
different mechanisms of cloud formation on Earth. In the tropical
regions most of the clouds develop through deep convection.

These deep convective clouds have a very active cycle and a
short lifetime; in other words, these cloud systems do not travel
far. At midlatitudes, however, deep convection does not occur,
and large weather and cloud systems remain stable (and moving)
for weeks (Xie 2004).

Thus, by observing both changes (anomalies) in the appar-
ent rotational period and the amount of scatter about the phase-
averaged light curve, one can recognize variable cloud cover and
distinguish it from the presence of strong surface inhomogene-
ities and the presence of a cloud layer. Thus, photometric obser-
vations could be used to infer the presence of a ‘‘variable’’ sur-
face (i.e., clouds), even in the absence of spectroscopic data. This
would strongly suggest the presence of liquidwater on the planet’s
surface and/or in the planet’s atmosphere, especially if the mean
temperature of the planet were also determined. This could be an
early step in selecting themost desirable targets for more intensive
follow-up and/or observations with future, more advanced mis-
sions with more powerful spectroscopic capabilities.

5. IMPLICATIONS FOR FUTURE MISSIONS

Finally, we consider the implications for future space mis-
sions. We have shown that the integrated scattered light from the
Earth contains enough information to determine Earth’s rotation
period. However, realistic space missions will likely be photon
starved. Here, we address whether precise measurements of the
rotation period might be practical with next-generation observa-
tories. First, we will ask for what mission specifications and tar-
get stars would it be possible to measure the rotation period of an
Earth clone to �2% precision. This choice is based on our sim-
ulated analysis of the Earth’s light curve that shows that the

Fig. 8.—Left: Periodogram analysis of the Earth’s pE fE(� ) equatorial time series. Right: Autocorrelation function of the same time series. For this figure we select
8 weeks of data (56 days) and calculate the periodograms and autocorrelation functions (top panels). S/Ns are set here to 50 for clarity purposes. Then we subdivide
these data in three (middle panels) and six (bottom panels) equally long time series, and we again calculate the separate periodograms and autocorrelations. In the
figures, different colors indicate different data subperiods. Note the appreciable decrease in the retrieved rotation rate for some of the time series in the bottom panels,
detectable with both autocorrelation and Fourier analysis. [See the electronic edition of the Journal for a color version of this figure.]
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rotation period can be determined to an average of�2% from data
spanning 56 days with S/Ns of �20 or greater and integration
times no longer than �1.4 hr. Our simulations reveal a signifi-
cant decrease in the precision of the measured rotation period for
lower signal-to-noise ratios or longer integration times. More-
over, for extrasolar Earth-like planets, other parameters, such as
the viewing geometry or the continental distribution,will play ama-
jor role in whether we will be able to measure the rotational period
and with what level of accuracy. Future research should investi-
gatewhether certain wavelengths or combinations of observations
can provide more robust measurement of rotation periods.

Proposed missions such as the Terrestrial Planet Finder coro-
nagraph (TPF-C ), Darwin, or SEE-COAST are still in the plan-
ning stages, and final specifications are not yet available. For the
sake of concreteness, we follow Brown (2005) and consider a
TPF-C mission with an 8 ; 3.5 m primary mirror observing an
Earth-like planet that is 25 mag fainter than the host star (their
‘‘case A’’), except that we assume an extrasolar zodiacal light
that is equal to that of the solar system. We find that an S/N of
20 can be obtained within 1.4 hr (for a 110 nm bandwidth) for
host stars of �3.8 mag or brighter. Therefore, we estimate that
there are �11 such stars included in the possible TPF-C target
list of Brown (2005) around which an Earth clone’s rotation
period could be measured to �2%. If we were to scale up the
primary mirror of TPF-C by a factor of 2 (16 ; 7 m), then the
limiting magnitude increases to V � 4:4, and there are�35 stars
in the sample target list of Brown (2005) for which an Earth
clone’s rotation period could be measured to�2%. If a bandpass
of�400 nmwere practical, then the limiting host star magnitude
might increase by roughly 1 mag, making it possible to measure
rotation periods for Earth clones around�35 or�90 stars, for the
two mission scenarios. We caution that these last two figures are

very approximate, since the expressions of Brown (2005) break
down for large fractional bandpasses.
It would be somewhat easier to achieve the needed signal-to-

noise ratios for a planet that rotates more slowly than the Earth. If
we were to ignore the effects of the planet revolving around the
host star, then our results could be scaled to apply to an Earth-like
planet with a rotation period of Prot. For such a planet, the thresh-
old for achieving a rotation period precision of �2% would re-
quire achieving an S/N of 20 with integration times of no more
than �1.4 hr (Prot /24). In Figure 9, we show this threshold as a
function of the rotation period and the V magnitude of the host
star. The different line styles indicate the assumed major axis of
the primarymirror (assuming the aspect ratio is held fixed at 16/7).
For Earth-like planets above and to the right of these contours,
we estimate that the rotation period could typically be measured
to �2% or better.
The above estimates assume that the cloud patterns on the

Earth would not be affected by the alternative rotation period.
Further, the above estimates also assume that the duration of the
time series scales with the rotation period of the planet. A single
continuous time series would be impossible for a planetary sys-
tem viewed nearly edge-on, since the planet would periodically
pass inside the glare of the star (or inner working angle of the
coronagraph). Further research is needed to determine how well
the rotation period could be measured—by combining multiple
shorter photometric time series—andwhich are themost suitable
spectral ranges. For a planetary systemwith an orbital plane nearly
in the plane of the sky, it would be possible to obtain photometric
time series spanning 56 ; Prot , even for slowly rotating planets.
Depending on what other planets have been found, it might or
might not be practical to devote so much mission time to a single
planetary system.We also caution that for planets with extremely
slow rotation periods that approach the orbital period (e.g., Venus),
our assumed scaling may break down due to seasonal effects and
the large changes in the viewing geometry.

6. CONCLUSIONS

Exoplanets are expected to deviate widely in their physical char-
acteristics, and not all exoplanets will have photometric periodic-
ities. Some planets, such as Venus, are 100% cloud covered and
show no significant photometric variability with time. Avariable
photometric data set with no autocorrelation signal may be indic-
ative of slow rotation or chaotic weather.
On Earth, the presence of continents and ocean currents results

in relatively stable global cloud patterns, despite large variability
on short time and length scales. Here we have shown that, despite
Earth’s dynamic weather patterns, the light scattered by the Earth
to a hypothetical distant observer as a function of time contains
sufficient information to measure Earth’s rotation period to within
a minute, on the most favorable cases. The accuracy in the rota-
tional period determination is a function of the viewing geom-
etry, signal-to-noise ratio, temporal sampling, and duration of
our simulated time series. The rotation period could be directly
compared to numerical simulations of planetary formation, to probe
the late stages of planetary accretion.
According to our calculations, the duration of the observations

is comparable to the integration times needed for spectroscopic
observations to search formultiple atmospheric biomarkers (Traub
et al. 2006). Thus, we recommend that a photometric time series
spanning weeks to months be carried out simultaneously with
planet spectral characterization, via ‘‘spectrophotometry.’’ Photon-
counting CCDs have no read noise and are being adopted in mis-
sion concept studies for TPF-C and related missions (Woodgate
et al. 2006). Such photon-counting CCDs tag photon arrival at

Fig. 9.—Threshold host star magnitude and planet rotation period for which
an S/N of�20 or greater can be obtained for each integration of�1.4 hr (Prot /24).
Along this curve, our simulations suggest that a times series spanning 56 ; Prot

would typically result in measuring the rotation period to �2% for an Earth-like
planet. Higher precision measurements of the rotation period would be obtained
for V and Prot to the upper right of the curves. The solid curve assumes mission
specifications similar to ‘‘case A’’ of Brown (2005), an Earth-like planet that is
25 mag fainter than the host star and an extrasolar zodiacal light comparable to
that of the solar system. The other curves assume similar mission specifications but
scale the major axis of the primary mirror to 4 m (dotted line), 6 m (long-dashed
line), or 16 m (short-dashed line) and hold the axis ratio constant.
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different wavelengths and allow later binning in different ways.
Observations of an exoplanet spanning several weeks could be
binned over the entire observational period to retrieve a low-
resolution spectra and characterize its atmospheric composition.
Additionally, the data could also be binned in shorter time pe-
riods over all wavelengths in order to retrieve the rotation rate
and explore the presence of active weather.

We have shown in this paper that if the rotation period of
an Earth-like planet can be determined accurately, one can then
fold the photometric light curves at the rotation period to study
regional properties of the planet’s surface and /or atmosphere.
Most significantly, we could learn if dynamic weather is present
on an Earth-like exoplanet, from deviations from a fixed phase
curve. In contrast, a cloud-free planet with continents and oceans
would not show such light-curve deviations. With phased light

curves we could study local surface or atmospheric properties
with follow-up photometry, spectroscopy, and polarimetry, to
detect surface and atmospheric inhomogeneities and to improve
the sensitivity to localized biomarkers. Finally, we have also
provided guidance for the necessary specifications for future space
missions.
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