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How can we observationally examine
the climates / habitat of  such far HZ exoplanets?

“Remote-Sensing” of  Exoclimes
3



“Remote-Sensing” of  Exoclimes
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• Different reflection spectra
                                        (Colors)
• Non-uniform



Diurnal Variation of  the Earth
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E. Ford, S. Seager & E. Turner, 2001

derived longitudinal map from 
observed diurnal variation of  Earth
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simulation (e.g.)

inversion (e.g.)
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simulated daily variation of  Earth
(cloudless)



Planetary light
= Weighted sum of  light
 scattered at each pixel

How we observe exoplanets
6

Planet

Host star
Observer

(our Earth)
Spin Axis

Orbital Axis

celestial
plane

i

ζ 

i  :inclination
ζ :obliquity

Weight of  contribution of  scattered light      
from each pixel depends on the geometry 
among the pixel, host star, and observer 

(e.g. no contribution from pixels not facing on the observer nor 
from those not being illuminated by the host star)

2 axes



• Fit light curves with this model with regularization

Formulation

=> Spin-Orbit Tomography   (SOT)

7

HealPix

reflectivity weight function albedo@(Φ,θ)

(given) (design matrix) (to be estimated)

Pixelization

noise

χ2 regularization term

Assuming Lambert scattering, reflectivity of  planet is:

Q =
N�

i=1

|d(ti)�
�

j Wj(ti;w)mj |2

⇥2
i

+ �2|m�mp|2



Behavior of  Weight Function
8

ζ=23.4°, i=45°

Spin rotation Orbital motion

Sunζ=23.4°



Testing SOT with
Simulated light curves

of  our Earth
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the Earth

RSTAR6B calculates 
radiative transfer
in the atmosphere

INPUT DATA at each pixel:

- Cloud Coverage (daily)
- Cloud Optical Thickness (daily)
- Surface Reflectivity (monthly)
- Snow Coverage (monthly)
from MODIS dataset

1pixel
2°×2°

Cloudless 
portion

Cloudy 
portion

cloud layer

Simulation Scheme
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(ref. Fujii+ 2011)



i=45° 

Annual Light Curves
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• Rotation period
(ref. Pallé et al. 2008)

exposure: 24/30 hr, SN~8 per frame

Sunζ=23.4°

Assumptions
- no starlight leakage
- readout noise, dark noise, exozodi
- sharpness ~ 0.08
- throughput*QE ~ 0.5
- @10pc, R=Rearth

SN ~ 8/frame ⇔ D ~ 5m
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6 Fujii and Kawahara

Fig. 3.— Yearly light curves of an Earth-twin in the case of
ζ = 23.4◦, ΘS = 0.0◦, i = 45.0◦, and Θµ = 270◦. Observational
uncertainty 12 % is imporsed so that the uncertainty ofter fold-
ing the light curves for 6 days becomes 5% (∼ 12%/

√
6). Top:

Light curve of Blue (0.4-0.5µm) band and phase curves of a Lam-
bert sphere with albedo 0.33. Middle: Light curve of Orange (0.6-
0.7µm) band and phase curves of a Lambert sphere with albedo
0.25. Bottom: Light curve of NIR (0.8-0.9µm) band and phase
curves of a Lambert sphere with albedo 0.28. The inserted pan-
els enlarge the diurnal variations at Θ ∼ 15◦ and show theoretical
light curves by solid lines for reference. In the analysis in Section
4, data within the region bracketed by dot-dashed are used.

Fig. 4.— Top: Yearly variations of the difference between the
reflectivity in near infrared band (0.8-0.9µm) and that in BLUE
band (0.4-0.5µm), both of which are shown in Figure 3. The ge-
ometric parameters are ζ = 23.4◦, i = 45.0◦, and Θµ = 270◦.
Bottom: Same as top panel but the difference between the reflec-
tivity in near infrared band (0.8-0.9µm) and that in ORANGE
band (0.6-0.7µm).

The variation is due to the spin rotation and reflects the
longitudinal inhomogeneity. The amplitude of variation
(∼ 20%) is consistent with former works (Ford et al.
2001; Oakley & Cash 2009).

The yearly variation is due to the change in “illumi-
nated and visible” area (§2), i.e. waxing and waning of

the planet. In Figure 3, yearly variations of a hypotheti-
cal Lambert sphere are also plotted for reference. Simu-
lated light curves substantially exceed the Lambert phase
curves at phase Θ = 90◦ and Θ = 270◦, corresponding
to maximum and minimum phase angles, respectively.
At Θ = 90◦ (minimum phase angle), the excess may be
partly because of the glint of ocean (e.g. Williams & Gai-
dos 2008; Oakley & Cash 2009; Robinson et al. 2010), but
mostly due to the enhanced forward scattering by cloud
particles. On the other hand, the excess at Θ = 270◦ is
likely due to the enhanced back scattering by clouds and
atmosphere (e.g. Robinson et al. 2010). Although the
information of latitudinal inhomogeneity of the surface
and cloud coverage are carried by the yearly pattern in
principle, they are likely to degenerate with the effect of
such anisotropic scattering. Correcting the bias coming
from it is necessary if the planet is in an inclined orbit
with respect to the observer. Because the fractional devi-
ation from Lambert sphere is very significant at crescent
phase, we simply do not use the data there (the brack-
eted region in Figure 3) in this paper; see Section 4.2
below.

4. GLOBAL MAPPING OF AN EARTH-TWIN

In this section, we apply the spin-orbit tomography to
the simulated light curves. We begin with estimation
of the spin rotation period in Section 4.1 in order to
confirm our assumption that we can fold the light curves
according to the spin rotation period, and then examine
the workability of 2-dimensional mapping in Section 4.2.
The estimation of obliquity is studied in Section 4.2.1.

4.1. Measurement of spin rotation period
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Fig. 5.— Autocorrelation coefficients computed from the first 14-
days (red solid), 30-days (green long-dashed), 60-days (blue short-
dashed) mock observations in 0.8 − 0.9µm band in the case of i =
45◦, Θµ = 270◦.

Before processing the simulated light curves of an
Earth-twin with spin-orbit tomography, the spin rota-
tion period of the planet should be determined so that
the light curves can be folded. As suggested by Pallé
et al. (2008), we perform auto-correlation analysis on
our mock data. Figure 5 displays the auto-correlation
coefficients from 0.8 − 0.9µm data obtained in the first
7-day, 30-day, 60-day mock observations. We find that
the spin rotation period of the Earth, 24 hours, is safely
measured from any of single-band observations for ∼ 1
month. The autocorrelation coefficient at t #= 24 [hr] is
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cal Lambert sphere are also plotted for reference. Simu-
lated light curves substantially exceed the Lambert phase
curves at phase Θ = 90◦ and Θ = 270◦, corresponding
to maximum and minimum phase angles, respectively.
At Θ = 90◦ (minimum phase angle), the excess may be
partly because of the glint of ocean (e.g. Williams & Gai-
dos 2008; Oakley & Cash 2009; Robinson et al. 2010), but
mostly due to the enhanced forward scattering by cloud
particles. On the other hand, the excess at Θ = 270◦ is
likely due to the enhanced back scattering by clouds and
atmosphere (e.g. Robinson et al. 2010). Although the
information of latitudinal inhomogeneity of the surface
and cloud coverage are carried by the yearly pattern in
principle, they are likely to degenerate with the effect of
such anisotropic scattering. Correcting the bias coming
from it is necessary if the planet is in an inclined orbit
with respect to the observer. Because the fractional devi-
ation from Lambert sphere is very significant at crescent
phase, we simply do not use the data there (the brack-
eted region in Figure 3) in this paper; see Section 4.2
below.

4. GLOBAL MAPPING OF AN EARTH-TWIN

In this section, we apply the spin-orbit tomography to
the simulated light curves. We begin with estimation
of the spin rotation period in Section 4.1 in order to
confirm our assumption that we can fold the light curves
according to the spin rotation period, and then examine
the workability of 2-dimensional mapping in Section 4.2.
The estimation of obliquity is studied in Section 4.2.1.

4.1. Measurement of spin rotation period
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Fig. 5.— Autocorrelation coefficients computed from the first 14-
days (red solid), 30-days (green long-dashed), 60-days (blue short-
dashed) mock observations in 0.8 − 0.9µm band in the case of i =
45◦, Θµ = 270◦.

Before processing the simulated light curves of an
Earth-twin with spin-orbit tomography, the spin rota-
tion period of the planet should be determined so that
the light curves can be folded. As suggested by Pallé
et al. (2008), we perform auto-correlation analysis on
our mock data. Figure 5 displays the auto-correlation
coefficients from 0.8 − 0.9µm data obtained in the first
7-day, 30-day, 60-day mock observations. We find that
the spin rotation period of the Earth, 24 hours, is safely
measured from any of single-band observations for ∼ 1
month. The autocorrelation coefficient at t #= 24 [hr] is
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Fig. 2.— Simulation of Earth through a year. Black line corresponds to a model that includes glint
while the grey line corresponds to a model that does not include glint. The left y-axis corresponds to
the bell-shaped curves, demonstrating that Earth is brightest at full phase (orbital longitudes near 180◦)
and faintest near crescent phase (orbital longitudes near 0 and 360◦). The right y-axis corresponds to the
bowl-shaped curves, where a perfect Lambert sphere would have a constant apparent albedo with phase.
Variability at small time scales is due to Earth’s rotation and time-varying cloud formations (noise is not
included in simulations). Model “observations” are recorded every four hours, the system is viewed edge-
on (i = 90◦), and an orbital longitude of 0◦ corresponds to January 1, 2008. Small stars are Earthshine
measurements of Earth’s apparent albedo (Pallé et al. 2003). Large circles are 24-hour average measurements
of Earth’s apparent albedo recorded by the Deep Impact flyby spacecraft as part of NASA’s EPOXI mission
(Livengood et al. 2008). All data and model observations the wavelength range 0.4-0.7 µm. The bottom
sub-panel demonstrates the brightness excess seen in the glinting model over the non-glinting model.
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Fig. 1.— A true-color image from our model (left) compared to a view of Earth from the Earth and Moon
Viewer (http://www.fourmilab.ch/cgi-bin/Earth/). A glint spot in the Indian Ocean can be clearly seen in
the model image.
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Fig. 2.— Simulation of Earth through a year. Black line corresponds to a model that includes glint
while the grey line corresponds to a model that does not include glint. The left y-axis corresponds to
the bell-shaped curves, demonstrating that Earth is brightest at full phase (orbital longitudes near 180◦)
and faintest near crescent phase (orbital longitudes near 0 and 360◦). The right y-axis corresponds to the
bowl-shaped curves, where a perfect Lambert sphere would have a constant apparent albedo with phase.
Variability at small time scales is due to Earth’s rotation and time-varying cloud formations (noise is not
included in simulations). Model “observations” are recorded every four hours, the system is viewed edge-
on (i = 90◦), and an orbital longitude of 0◦ corresponds to January 1, 2008. Small stars are Earthshine
measurements of Earth’s apparent albedo (Pallé et al. 2003). Large circles are 24-hour average measurements
of Earth’s apparent albedo recorded by the Deep Impact flyby spacecraft as part of NASA’s EPOXI mission
(Livengood et al. 2008). All data and model observations the wavelength range 0.4-0.7 µm. The bottom
sub-panel demonstrates the brightness excess seen in the glinting model over the non-glinting model.
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Figure 3. Representable reflection spectra of clouds computed by RSTAR6B (gray), soil (magenta), vegetation (green), snow (cyan), and water (blue) taken from the
ASTER spectral library. Entisol-Ustifluvent, Inceptisol-Dystrochrept, and Mollisol-agialboll correspond to “brown to dark brown silt loam,” “dark yellowish brown
micaceous loam,” and “dark grayish brown silty loam,” respectively. Shaded regions indicate the three bands we use.

and ΘS to the input values in Figure 2. We will discuss about
the obliquity determination later. Figures 2(b)–(d) display the
recovered maps of the blue (panel (b)), orange (panel (c)), and
NIR (panel (d)) bands. The recovered maps in all bands exhibit a
primary feature of high (low) reflectivity at high (low) latitude.
Comparing with the annual mean of the cloud optical depth
(Figure 2(e)), one can interpret the primary feature as the mean
cloud distribution. While the spatial resolution of the inversion is
too poor to recover the narrow band of persistent clouds seen at
the equator, known as the Intertropical Convergence Zone, broad
bands of the polar front cloud at high latitude is well recovered in
these maps. While short-timescale variations of clouds in weeks
or months make systematic residuals between the prediction and
data, as indicated in Figure 2(a), these variations do not affect
recovered mean features of clouds so much.

Though a primary feature is dominated by clouds, slight
differences of the recovered maps between different bands
are due to surface components other than clouds. Figure 3
demonstrates several representative examples of the surface
reflectivity spectra in 0.4–1.0 µm. The reflectivity of soil
and vegetation increases as wavelength increases. This band
dependence causes the differences between the recovered maps.
Due to the almost constant reflectivity of clouds (Figure 3),
the cloud signal is suppressed by taking the difference between
two bands. Applying the spin-orbit tomography to the difference
vector dNIR−dblue (Figure 4(a)), we obtain the NIR–blue map as
shown in Figure 4(b). The contrast standing out in the NIR–blue
map traces the approximate continental distribution of the
Earth. The NIR–blue map hardly exhibits features in the North
American continent and northern part of the Eurasian continent
due to the large cloud coverage (Figure 2) and almost constant
reflectivity of snow (Figure 3). The reason for the negative
value on the oceans is that Rayleigh scattering dominates the
reflectivity.

The estimated ζ and ΘS agree well with the input value in this
case because the variation and the anisotropic effect of clouds are
suppressed. We also perform inversion for different obliquities
listed in Table 1. The errors of ζ and ΘS are estimated by
bootstrap resampling. We find that inversion of the NIR–blue
bands can constrain the obliquity, but the estimation of low
obliquity tends to be difficult due to less available information
and slight bias.

We also solve the inversion of difference of two bands across
the red edge, dNIR − dorange (Figure 4(b)). The red-edge feature
has been examined as a potential biomarker by both Earth-shine
observation (Woolf et al. 2002; Arnold et al. 2002; Seager et al.
2005; Montañés-Rodriguez et al. 2005; Montañés-Rodrı́guez
et al. 2006; Hamdani et al. 2006) and simulations (Tinetti et al.
2006a, 2006b; Montañés-Rodrı́guez et al. 2006; Arnold et al.
2009). Compared with the NIR–blue map, the NIR–orange
map (Figure 4(d)) displays larger reflectivity near the equator,
corresponding to the rain forests in Amazon and Southeast Asia.
Inhabited exoplanets are likely to exhibit the localization of
photosynthetic organisms because of inhomogeneous insolation
and precipitation. The enhancement of the edge-like signature
at regions suited for photosynthesis might support the presence
of extraterrestrial plants.

The red-edge feature in spatially unresolved data is generally
diminished by contributions of oceans and clouds. The bar in
Figure 4(d) indicates the maximum, average, and minimum of
the reflectivity difference of spatially unresolved light curve
(dNIR − dorange) without noise. Since the red-edge feature
recovered near the tropical regions is two to three times larger
than the maximum and average of the NIR–orange of the light
curve, we conclude that the two-dimensional mapping improves
the detectability of the red-edge feature.

In this Letter, we have assumed a 4 m telescope, which is
smaller than that of other works (e.g., Cowan et al. 2009). For
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Fig. 3.— Yearly light curves of an Earth-twin in the case of
ζ = 23.4◦, ΘS = 0.0◦, i = 45.0◦, and Θµ = 270◦. Observational
uncertainty 12 % is imporsed so that the uncertainty ofter fold-
ing the light curves for 6 days becomes 5% (∼ 12%/

√
6). Top:

Light curve of Blue (0.4-0.5µm) band and phase curves of a Lam-
bert sphere with albedo 0.33. Middle: Light curve of Orange (0.6-
0.7µm) band and phase curves of a Lambert sphere with albedo
0.25. Bottom: Light curve of NIR (0.8-0.9µm) band and phase
curves of a Lambert sphere with albedo 0.28. The inserted pan-
els enlarge the diurnal variations at Θ ∼ 15◦ and show theoretical
light curves by solid lines for reference. In the analysis in Section
4, data within the region bracketed by dot-dashed are used.

Fig. 4.— Top: Yearly variations of the difference between the
reflectivity in near infrared band (0.8-0.9µm) and that in BLUE
band (0.4-0.5µm), both of which are shown in Figure 3. The ge-
ometric parameters are ζ = 23.4◦, i = 45.0◦, and Θµ = 270◦.
Bottom: Same as top panel but the difference between the reflec-
tivity in near infrared band (0.8-0.9µm) and that in ORANGE
band (0.6-0.7µm).

The variation is due to the spin rotation and reflects the
longitudinal inhomogeneity. The amplitude of variation
(∼ 20%) is consistent with former works (Ford et al.
2001; Oakley & Cash 2009).

The yearly variation is due to the change in “illumi-
nated and visible” area (§2), i.e. waxing and waning of

the planet. In Figure 3, yearly variations of a hypotheti-
cal Lambert sphere are also plotted for reference. Simu-
lated light curves substantially exceed the Lambert phase
curves at phase Θ = 90◦ and Θ = 270◦, corresponding
to maximum and minimum phase angles, respectively.
At Θ = 90◦ (minimum phase angle), the excess may be
partly because of the glint of ocean (e.g. Williams & Gai-
dos 2008; Oakley & Cash 2009; Robinson et al. 2010), but
mostly due to the enhanced forward scattering by cloud
particles. On the other hand, the excess at Θ = 270◦ is
likely due to the enhanced back scattering by clouds and
atmosphere (e.g. Robinson et al. 2010). Although the
information of latitudinal inhomogeneity of the surface
and cloud coverage are carried by the yearly pattern in
principle, they are likely to degenerate with the effect of
such anisotropic scattering. Correcting the bias coming
from it is necessary if the planet is in an inclined orbit
with respect to the observer. Because the fractional devi-
ation from Lambert sphere is very significant at crescent
phase, we simply do not use the data there (the brack-
eted region in Figure 3) in this paper; see Section 4.2
below.

4. GLOBAL MAPPING OF AN EARTH-TWIN

In this section, we apply the spin-orbit tomography to
the simulated light curves. We begin with estimation
of the spin rotation period in Section 4.1 in order to
confirm our assumption that we can fold the light curves
according to the spin rotation period, and then examine
the workability of 2-dimensional mapping in Section 4.2.
The estimation of obliquity is studied in Section 4.2.1.

4.1. Measurement of spin rotation period
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Fig. 5.— Autocorrelation coefficients computed from the first 14-
days (red solid), 30-days (green long-dashed), 60-days (blue short-
dashed) mock observations in 0.8 − 0.9µm band in the case of i =
45◦, Θµ = 270◦.

Before processing the simulated light curves of an
Earth-twin with spin-orbit tomography, the spin rota-
tion period of the planet should be determined so that
the light curves can be folded. As suggested by Pallé
et al. (2008), we perform auto-correlation analysis on
our mock data. Figure 5 displays the auto-correlation
coefficients from 0.8 − 0.9µm data obtained in the first
7-day, 30-day, 60-day mock observations. We find that
the spin rotation period of the Earth, 24 hours, is safely
measured from any of single-band observations for ∼ 1
month. The autocorrelation coefficient at t #= 24 [hr] is
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Fig. 6.— Top : 2-dimensional mapping from 0.4-0.5µm bands with 5% observational noise and annual mean of cloud optical thickness.
Data at all phases are used in the analysis. Upper middle: same as the top panel but data at 0◦ ≤ Θ ≤ 180◦ are not used in the analysis
since the effect of forward scattering of clouds is not negligible. Lower middle: 2-dimensional mapping from the difference between 2
photometric bands with 5% observational noise. Bottom: 2-dimensional mapping from the difference between 2 photometric bands with
1% observational noise. The right columns show the integrated sensivity for respective cases as a function of latitude. Note that Sj does
not depend on longitude because spin rate is much faster than orbital motion.
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Fig. 6.— Top : 2-dimensional mapping from 0.4-0.5µm bands with 5% observational noise and annual mean of cloud optical thickness.
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not depend on longitude because spin rate is much faster than orbital motion.
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Fig. 3.— Yearly light curves of an Earth-twin in the case of
ζ = 23.4◦, ΘS = 0.0◦, i = 45.0◦, and Θµ = 270◦. Observational
uncertainty 12 % is imporsed so that the uncertainty ofter fold-
ing the light curves for 6 days becomes 5% (∼ 12%/

√
6). Top:

Light curve of Blue (0.4-0.5µm) band and phase curves of a Lam-
bert sphere with albedo 0.33. Middle: Light curve of Orange (0.6-
0.7µm) band and phase curves of a Lambert sphere with albedo
0.25. Bottom: Light curve of NIR (0.8-0.9µm) band and phase
curves of a Lambert sphere with albedo 0.28. The inserted pan-
els enlarge the diurnal variations at Θ ∼ 15◦ and show theoretical
light curves by solid lines for reference. In the analysis in Section
4, data within the region bracketed by dot-dashed are used.

Fig. 4.— Top: Yearly variations of the difference between the
reflectivity in near infrared band (0.8-0.9µm) and that in BLUE
band (0.4-0.5µm), both of which are shown in Figure 3. The ge-
ometric parameters are ζ = 23.4◦, i = 45.0◦, and Θµ = 270◦.
Bottom: Same as top panel but the difference between the reflec-
tivity in near infrared band (0.8-0.9µm) and that in ORANGE
band (0.6-0.7µm).

The variation is due to the spin rotation and reflects the
longitudinal inhomogeneity. The amplitude of variation
(∼ 20%) is consistent with former works (Ford et al.
2001; Oakley & Cash 2009).

The yearly variation is due to the change in “illumi-
nated and visible” area (§2), i.e. waxing and waning of

the planet. In Figure 3, yearly variations of a hypotheti-
cal Lambert sphere are also plotted for reference. Simu-
lated light curves substantially exceed the Lambert phase
curves at phase Θ = 90◦ and Θ = 270◦, corresponding
to maximum and minimum phase angles, respectively.
At Θ = 90◦ (minimum phase angle), the excess may be
partly because of the glint of ocean (e.g. Williams & Gai-
dos 2008; Oakley & Cash 2009; Robinson et al. 2010), but
mostly due to the enhanced forward scattering by cloud
particles. On the other hand, the excess at Θ = 270◦ is
likely due to the enhanced back scattering by clouds and
atmosphere (e.g. Robinson et al. 2010). Although the
information of latitudinal inhomogeneity of the surface
and cloud coverage are carried by the yearly pattern in
principle, they are likely to degenerate with the effect of
such anisotropic scattering. Correcting the bias coming
from it is necessary if the planet is in an inclined orbit
with respect to the observer. Because the fractional devi-
ation from Lambert sphere is very significant at crescent
phase, we simply do not use the data there (the brack-
eted region in Figure 3) in this paper; see Section 4.2
below.

4. GLOBAL MAPPING OF AN EARTH-TWIN

In this section, we apply the spin-orbit tomography to
the simulated light curves. We begin with estimation
of the spin rotation period in Section 4.1 in order to
confirm our assumption that we can fold the light curves
according to the spin rotation period, and then examine
the workability of 2-dimensional mapping in Section 4.2.
The estimation of obliquity is studied in Section 4.2.1.

4.1. Measurement of spin rotation period
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Fig. 5.— Autocorrelation coefficients computed from the first 14-
days (red solid), 30-days (green long-dashed), 60-days (blue short-
dashed) mock observations in 0.8 − 0.9µm band in the case of i =
45◦, Θµ = 270◦.

Before processing the simulated light curves of an
Earth-twin with spin-orbit tomography, the spin rota-
tion period of the planet should be determined so that
the light curves can be folded. As suggested by Pallé
et al. (2008), we perform auto-correlation analysis on
our mock data. Figure 5 displays the auto-correlation
coefficients from 0.8 − 0.9µm data obtained in the first
7-day, 30-day, 60-day mock observations. We find that
the spin rotation period of the Earth, 24 hours, is safely
measured from any of single-band observations for ∼ 1
month. The autocorrelation coefficient at t #= 24 [hr] is

lightcurve
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Fig. 6.— Top : 2-dimensional mapping from 0.4-0.5µm bands with 5% observational noise and annual mean of cloud optical thickness.
Data at all phases are used in the analysis. Upper middle: same as the top panel but data at 0◦ ≤ Θ ≤ 180◦ are not used in the analysis
since the effect of forward scattering of clouds is not negligible. Lower middle: 2-dimensional mapping from the difference between 2
photometric bands with 5% observational noise. Bottom: 2-dimensional mapping from the difference between 2 photometric bands with
1% observational noise. The right columns show the integrated sensivity for respective cases as a function of latitude. Note that Sj does
not depend on longitude because spin rate is much faster than orbital motion.
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Fig. 6.— Top : 2-dimensional mapping from 0.4-0.5µm bands with 5% observational noise and annual mean of cloud optical thickness.
Data at all phases are used in the analysis. Upper middle: same as the top panel but data at 0◦ ≤ Θ ≤ 180◦ are not used in the analysis
since the effect of forward scattering of clouds is not negligible. Lower middle: 2-dimensional mapping from the difference between 2
photometric bands with 5% observational noise. Bottom: 2-dimensional mapping from the difference between 2 photometric bands with
1% observational noise. The right columns show the integrated sensivity for respective cases as a function of latitude. Note that Sj does
not depend on longitude because spin rate is much faster than orbital motion.
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Obliquity is an essential parameter which controls seasonality

c(input)=23.4, Oeq (input)=90, i=45, SN=100
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Obliquity Measurement

Planetary obliquity can be also estimated
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c(input)=60.0, Oeq(input)=270.0, i=30, SN=20
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Spin-Orbit tomography
Continuous observation (~1/2 year) helps us 
understand non-uniform climates of  Earth-like 
exoplanets

• Single-band mapping of  the Earth infers the 
annual mean of  cloud/snow distribution. 

• 2-band differential mapping of  the Earth reveals 
the land distribution

• 2-band differential mapping bracketing “red-
edge’’ enhances vegetation area

Summary
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