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Identifying Spin Rotation Period
black line: 2 weeks
blue line: 4 weeks 
red line: 8 weeks

Pallé+ 2008

※ Rotation Period of the Earth 
can be successfully determined 
by Fourier and auto-correlation 
analysis. 
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Earth: Daily Color Variation
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Earth: Daily Color Variation
▶ Space-based Observation by NASA’s EPOXI mission
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No. 2, 2009 CONSTRUCTION OF AN EARTH MODEL 1437

Figure 11. Top: hybrid inversion method for an edge-on system. This technique
performs fairly well in identifying location and relative size of land masses. It is
also sensitive enough to pick out minor variations—for instance, the separation
between the Americas and the Indian Ocean. Middle: inversion for a system
inclined at 60◦. This map again shows the increased sensitivity, though it
poorly maps the Atlantic Ocean. As with the previous method, this algorithm is
somewhat deceived by the highly reflective Arctic ice. It should be noted that
the longitudinal alignment process is difficult and is only accurate to ∼ 10◦

longitude. Bottom: reference map of the Earth.

Figure 12. Average cloud cover over the entire 2004 year. White indicates
highest concentration of clouds. Note the relative scarcity of clouds over Africa
as compared to Asia.

features at a very thin crescent. Starting at an orbital longitude
of 5◦ and observing for 2 weeks gives us the basic distribution
of mass over the surface (Figure 13). This requires observing
at an angle < 10 mas away from the host star, which will be
particularly challenging for any observing system even before
considering the low S/N expected at this location. This success
is also contingent upon reducing the noise in the system. Though
several possibilities exist to accomplish a reduced noise system
(chiefly reduced exo-zodiacal dust), the current NWO system
will not be able to successfully accomplish inversion of planets
with Earth-like clouds. This is due to both the convolution of
ground and atmospheric reflectance and the relatively high level
of noise.

The inversion failure at full cloud levels does not necessarily
eliminate the practicality of this technique. It is quite possible
that we may observe planets with reduced cloud levels. To

Figure 13. Top: specular inversion technique performed on a cloudy exo-Earth
inclined at 60◦. This example captures a general distribution of land over the
Earth’s surface, but is crude overall approximation, failing to identify even the
Atlantic ocean. It also relies upon the unrealistic observation geometry. Middle:
specular inversion technique performed on a reduced cloud level (25%) of an
exo-Earth inclined at 60◦. This example performs significantly better and is
potentially obtainable with NWO. Bottom: map of the Earth for reference.

investigate our inversion abilities with reduced clouds we
simulated our favorable planetary system (2 M⊕ at 7 pc with
1/3 zodi) with an average planetary cloud cover of 25%.
At i = 60◦ we were fairly successful, obtaining a passable
distribution of land-mass over the two main continent systems
as well as the correct location of the Atlantic Ocean (Figure 13,
middle). This appears to be the most ground information that we
can extract from the diurnal light curve without better knowledge
of the atmospheric component. This inversion was accomplished
at an orbital longitude of 40◦, outside of NWO’s effective IWA.
Results at 50% cloud cover were less promising, indicating that
this technique relies upon cloud levels less than half of Earth-like
clouds.

5. SUMMARY

We have constructed a fully empirical code to model the
Earth’s diurnal reflectance. We use observational data from
several Earth monitoring satellites and analytic BRDFs. This
code is capable of generating reflectance values for the Earth
at any orientation, time of year/day, and observer location. By
running this code for an entire year, with continuously updating
cloud/snow/ice coverage maps, we generated accurate orbital
light curves for a variety of inclinations and cloud cover amounts
through a simulated New Worlds Observer. We have determined
that with Earth-like cloud cover an observer can likely identify
water via its specular reflection at inclinations near 90◦ for our
favorable (but plausible) test scenario (a 2 M⊕ at 7 pc and

PCA eigenspectra maping
Cowan+ 2009, 2011

PCA eigenspectra maping
Oakley & Cash 2009

Decomposition w/ albedo template Fujii+ 2010, 2011

Earth: Inversion of Daily Color Variation
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Earth: Yearly Color Variation
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Earth: Inversion of Yearly Color Variation
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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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Earth: Inversion of Yearly Color Variation
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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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Earth: Inversion of Yearly Color Variation
Kawahara & YF 2010, 2011, YF & Kawahara 2012
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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
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Earth: Inversion of Yearly Color Variation
Kawahara & YF 2010, 2011, YF & Kawahara 2012
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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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Earth: Spectral Variation
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Earth: Spectral Variation
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▶ Observed variation of equivalent width of molecular absorption bands
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1. Partial cloud cover

2. Inhomogeneity of Atmosphere

Interpretation of Spectral Variation

O2, CO2:
well-mixed

H2O:
Not mixed horizontally/vertically

Very short Mean Residence Time 
in Atmosphere

Phase transition in the surface layer 
among liquid/ice (ocean)

long Mean Residence Time in 
Atmosphere
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▶ Water Column Density
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Short Summary
• From time series of imaged data of the Earth, in principle,                              

we may be able to obtain
- Spin rotation rate
- Partial cloud cover
- Inhomogeneity of surface (ocean/continents/snow)
- Inhomogeneity of atmosphere ( => water phase transition )
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Beyond Earth
Ongoing = Preliminary Work
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