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Brown Dwarfs

Transiting Exoplanets

Future Directly Imaged Earth-like Planets



Mapping Brown Dwarfs

Esther Buenzli
Max Planck Institute for Astronomy



Daniel Apai
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Buenzli,  Apai et al. 2012 ApJ
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Buenzli et al. 2012



Apai, Radigan, Buenzli et al. 2013
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H2O
H2O

CH4

Apai, Radigan, Buenzli et al. 2013
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1) First spectral maps of an ultracool 
atmosphere
2) Warm Thin - Cooler Thick clouds

3) Only a single type of thick cloud
4) Spectral signature of the difference

Apai, Radigan, Buenzli et al. 2013; Buenzli et al. 2015; Buenzli et al. 2015 in prep.



Extrasolar Storms: Mapping Silicate Storms

Dániel Apai
Steward Observatory and Lunar and Planetary Laboratory

University of Arizona



5 Hubble Space Telescope programs
PI Daniel Apai, ~220 orbits

Cycle-9 Extrasolar Storms  
PI:  Daniel Apai 1,144 Spitzer hours + 24 HST orbits

Cloud Atlas: Large Treasury Program
PI Daniel Apai, 112 orbits
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Including:



Yang,  Apai et al. 2015 ApJ

Amplitude as a Function of Wavelength
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Yang,  Apai et al. 2015 ApJ
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1) First spectral maps of L dwarfs
2) No reduced amplitude in the water band
3) High haze in L dwarfs, deeper clouds in L/T dwarfs

Yang,  Apai et al. 2015 ApJ
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What Physical/Chemical Processes Drive the 
Light Curve Evolution in Brown Dwarfs?

Exploration of Atmospheric Dynamics in Brown Dwarfs
PI: Apai

(1,144 hour Spitzer + 24 HST orbits)

Extrasolar Storms

Extrasolar Storms   Daniel Apai              Pathways II 2015
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Extrasolar Storms Preliminary Results
1) All six targets variable
2) All show LC evolution
3) LC evolution timescale ~Prot



Mapping Ultracool Atmospheres with Aeolous

Theodora Karalidi
University of Arizona
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MCMC	  mapping	  code	  
Assume	  heterogenei4es	  are	  ellip4cal	  spots	  (e.g.	  Great	  Red	  Spot)	  

Number	  of	  spots	  
Loca4on	  on	  disk	  
Size	  of	  spot	  
Contrast	  ra4o	  to	  background	  TOA	  
Inclina4on	  of	  brown	  dwarf/	  (exo)planet	  
Limb	  darkening	  

Aeolus	  

Karalidi,	  Apai	  et	  al.,	  in	  prep.	  
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Fig. 5.— Normalized R (red) and U (blue) light curves of Jupiter. The uncertainties in the relative photometric measures (each point)
are estimated as 1σ ≤ 0.022%±0.009% of the measured signal in either filter band. Corresponding snapshot images of Jupiter in the R
band (top) and U band (bottom) are shown for helping the reader interpret the light curves.

Schneider and Vedovato
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Mapping Transiting Planets

Julien de Wit
MIT
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Effects of Clouds on Reflection
Properties of Hot Jupiters

Nadine Afram
Kiepenheuer Institute
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Clouds important in exoplanetary atmosphere 
• model molecular spectra with/out clouds 
• vary cloud parameters (dust density, dust size, 
cloud position, cloud extension) 
• study changes in molecular signal due to cloud parameter  
change, as molecules are formed at  
different depths => info about cloud 
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10 nm dust size



Mapping Earth-like Planets

Yuka Fujii
ELSI Tokyo



ocean

clouds 

continents

vegetation

snow

Heterogeneous Surfaces !



Daily Variation of  Disk-Integrated Colors of  Earth
※ NASA’s EPOXI mission, Scattered light in UV/VIS/NIR
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Daily Variation of  Disk-Integrated Colors of  Earth
※ NASA’s EPOXI mission, Scattered light in UV/VIS/NIR
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How can we retrieve surface characteristics properly from these data?

AGENDA



Mapping from Daily Color Variation 

Cowan et al. (2009, 2011)

920 COWAN ET AL. Vol. 700

Figure 8. Comparison of N-slice (blue) and sinusoidal (black) longitudinal maps
of the blue eigencolor based on the March EPOXI observations (top panel) to
the MODIS cloud-free, equator-weighted distribution of oceans (bottom panel).
The thickness of the lines in the top panel shows the 1σ uncertainty on the
maps. The fit to Earth’s latitudinally averaged water content is not excellent,
noticeably the Atlantic Ocean and the Americas. The discrepancy is due to cloud
cover, as discussed in the text.

Figure 9. Comparison of N-slice (blue) and sinusoidal (black) longitudinal maps
of the blue eigencolor based on the June EPOXI observations (top panel) to
the MODIS cloud-free, equator-weighted distribution of oceans (bottom panel).
The thickness of the lines in the top panel shows the 1σ uncertainty on the
maps. The fit to Earth’s latitudinally averaged water content is not excellent,
noticeably the Atlantic Ocean and the Americas. The discrepancy is due to cloud
cover, as discussed in the text.

to different cloud cover on the 2 days. Nevertheless, the broad
peaks and troughs occur at the same longitudes at both epochs,
indicating that the eigencolors are sensitive to permanent surface
features, not merely clouds. The red eigencolor is more sensitive
than the blue eigencolor to the positions of continents and oceans
on Earth, despite the fact that both eigencolors can be fooled by
clouds. This is because the red eigencolor is most sensitive to
the near-infrared light that arid regions of Earth reflect at, and
those regions are generally cloud free.

For our baseline model, we assume that the planet’s rotation
axis is perpendicular to its orbital plane (zero obliquity) and
determine the best-fit longitudinal map in each of the two prin-
cipal colors, assuming the same underlying map for the March
and June observations. The June map of the red eigencolor,
the most important of the principal components, is shown in
Figure 10 compared to a cloud-free MODIS12 map of land cov-

12 http://modis.gsfc.nasa.gov/.

Figure 10. Aitoff projection showing the land distribution on Earth in a cloud-
free MODIS map (top panel) and the distribution of land as determined from the
June disc-integrated EPOXI light curves (bottom panel). The EPOXI map has
a longitudinal resolution of approximately 60◦; it has no latitudinal resolution,
but is weighted toward the equator due to viewing geometry.

erage. Cloud cover, shown in Figure 11, keeps the match from
being perfect, but our blind analysis of the light curves clearly
picks out the Atlantic and Pacific Oceans, as well as the major
landforms: the Americas, Africa, and Asia.

4.3. Obliquity

The obliquity of exoplanets, the angle between their rotational
and orbital axes, will not be known a priori. The simplest
assumption—and the one used in our baseline model—is zero
obliquity, but this cannot be assumed as a rule. We fit the light
curves using different assumed orbital axes and verify that
the longitudinal maps are insensitive to this assumption. For
example, the longitudinal maps obtained assuming the Earth’s
correct obliquity of 23.◦5 are almost indistinguishable from our
baseline (no obliquity) case. This is not surprising. The apparent
albedo of the planet amounts to a weighted average albedo of
the regions of the disc that are both visible and illuminated.
During a single rotational period, all longitudes of the planet
will be both visible and illuminated for some fraction of the
time. The albedo variations on an oblique planet must be larger
to account for the same observed light curves, however. We see
this effect in our models: the longitudinal maps for the 23.◦5
obliquity have slightly greater amplitude variations than those
for the zero-obliquity case, while in the case of 90◦ obliquity
the subtle changes in apparent albedo in Figure 1 can only be
explained by enormous (100%) changes in albedo from one
region of the planet to another.

Obliquity also determines which regions of the planet can be
mapped. As long as the planet’s rotation axis resides in the sky
plane, the reflected light we observe is preferentially coming
from near the equator. If instead the planet’s rotational axis is
not in the sky plane, we preferentially “see” some non-zero
latitude. A longitudinal map can only be a good representation
of the latitudes that are both visible and illuminated, and the
latter will change depending on the phase of the planet. During
the March EPOXI observations, the subsolar and subobserver
points were both close to the equator; for the June observations
the subobserver was again nearly equatorial but the subsolar
point was at 22◦N of the equator (it being northern summer).
The minuscule effect of this change in viewing geometry can be
seen in Figure 12. The differences between the March and June
observations must therefore be due to different cloud cover.

● Mapping of  “Red” Component

● Assuming a surface composed of  
clouds/ocean/snow/soil/vegetation

Ocean

Fujii et al. (2010, 2011)

※ input: EPOXI data of  the Earth
area fraction

Soil

area fraction



Finding “Unmixed” Colors

Cowan et al. (2009, 2011, 2013)

constraints: 
kerneldata 

(planetary albedo) albedo
q(t;�) =

X

l,k

Wl(t) flk ak(�) ⌃k(Wf) = 1, Wf > 0fraction



Mapping from Yearly Color Variation : SOT

Kawahra and Fujii (2010, 2011), Fujii and Kawahara (2012)  

・spin rotation —moves longitude of  sub-stellar/sub-observer point 
・orbital motion —moves latitude of  sub-stellar/sub-observer point

→ 2D scan of  surface (spin-orbit tomography: SOT)

video from YouTube: https://www.youtube.com/watch?v=9n04SEzuvXo

kernel local albedodata

q(t;�) =
X

m

Wm(t) a(�)

observed computed unknown

https://www.youtube.com/watch?v=9n04SEzuvXo


Demonstration of  SOT — Result 

Retrieved Albedo Contrast

8 Fujii and Kawahara
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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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Figure 6. (a-1) Two-dimensional mapping from one-year observation in Blue band with S/N = 20 in the case of (ζ = 23.◦4, Θeq = 90◦, i = 45◦) without consideration
of bias caused by anisotropic scattering, i.e., data at all phases are used in the analysis. (a-2) Same as the top panel but data at 90◦ ! Θ ! 270◦ are not used in
the analysis since the effect of forward scattering of clouds is not negligible. (b) Annual mean of cloud optical thickness. (c) Cloud cover fraction in 2008 March.
(d) Two-dimensional mapping from the difference between two photometric bands with S/N = 20. (e) Two-dimensional mapping from the difference between two
photometric bands with S/N = 100. Plots of integrated sensitivity Sj as a function of latitude are attached for respective cases. Note that Sj does not depend on
longitude because spin rate is much faster than orbital motion.

α ! 90◦ for usable data because the contribution of clouds
is not completely compensated by taking the difference of two
bands. The reconstructed maps from the difference between two
photometric bands with S/N = 20 (Figure 4) are displayed in
panel (d) in Figure 6. The map for NIR − Blue (left panel) can
be interpreted as a proxy of the land distribution, since most
of the land components have higher albedo than ocean in the
near-infrared range (Figure 3 of Paper I). Indeed one can see
the bright regions corresponding to Africa and other continents
(South America, North America, and Eurasia). On the other
hand, the map from NIR − Orange (middle panel) is sensitive to
the vegetated area as well because of the vegetation’s red edge.
The bright regions in the NIR − Orange trace the vegetated
areas of Africa, South America, and Eurasia well.

We emphasize the fact that the SOT maps the albedo contrast
over the planetary surface and the map retrieved by the SOT

is independent of any assumptions of surface components. The
interpretation of the albedo contrast is in our hands and depends
on our knowledge about the reflection spectra of materials.
Hence, degeneracy among components with similar reflection
spectra is inevitable. For instance, distinguishing clouds from
snow is difficult from the bands we considered because they both
can have high and flat reflection spectra in the optical range.

Panel (e) displays the same results as panel (d) except that
imposed S/N per data point is 100. The maps with S/N = 100
data have higher spatial resolution than those with S/N = 20
data and the continental distribution is clearly recovered.

In summary, the SOT can also be applied to Earth-twins in
inclined orbits with observations at phases larger than 90◦. These
phases are also favorable from the viewpoint of observation
because the intensity of a planet is larger at smaller phase
angle.
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Figure 6. (a-1) Two-dimensional mapping from one-year observation in Blue band with S/N = 20 in the case of (ζ = 23.◦4, Θeq = 90◦, i = 45◦) without consideration
of bias caused by anisotropic scattering, i.e., data at all phases are used in the analysis. (a-2) Same as the top panel but data at 90◦ ! Θ ! 270◦ are not used in
the analysis since the effect of forward scattering of clouds is not negligible. (b) Annual mean of cloud optical thickness. (c) Cloud cover fraction in 2008 March.
(d) Two-dimensional mapping from the difference between two photometric bands with S/N = 20. (e) Two-dimensional mapping from the difference between two
photometric bands with S/N = 100. Plots of integrated sensitivity Sj as a function of latitude are attached for respective cases. Note that Sj does not depend on
longitude because spin rate is much faster than orbital motion.

α ! 90◦ for usable data because the contribution of clouds
is not completely compensated by taking the difference of two
bands. The reconstructed maps from the difference between two
photometric bands with S/N = 20 (Figure 4) are displayed in
panel (d) in Figure 6. The map for NIR − Blue (left panel) can
be interpreted as a proxy of the land distribution, since most
of the land components have higher albedo than ocean in the
near-infrared range (Figure 3 of Paper I). Indeed one can see
the bright regions corresponding to Africa and other continents
(South America, North America, and Eurasia). On the other
hand, the map from NIR − Orange (middle panel) is sensitive to
the vegetated area as well because of the vegetation’s red edge.
The bright regions in the NIR − Orange trace the vegetated
areas of Africa, South America, and Eurasia well.

We emphasize the fact that the SOT maps the albedo contrast
over the planetary surface and the map retrieved by the SOT

is independent of any assumptions of surface components. The
interpretation of the albedo contrast is in our hands and depends
on our knowledge about the reflection spectra of materials.
Hence, degeneracy among components with similar reflection
spectra is inevitable. For instance, distinguishing clouds from
snow is difficult from the bands we considered because they both
can have high and flat reflection spectra in the optical range.

Panel (e) displays the same results as panel (d) except that
imposed S/N per data point is 100. The maps with S/N = 100
data have higher spatial resolution than those with S/N = 20
data and the continental distribution is clearly recovered.

In summary, the SOT can also be applied to Earth-twins in
inclined orbits with observations at phases larger than 90◦. These
phases are also favorable from the viewpoint of observation
because the intensity of a planet is larger at smaller phase
angle.
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Key Points:

Brown Dwarfs: Rich data on cloud types, properties, depth, 
structure, dynamics

2D Constraints/map already published
3D Maps and Time-evolving 3D maps are in the works

Hot Jupiters: 2D and 3D maps emerging

Future Earth Observations: 2D maps possible, identification
of oceans, continents, ice/cloud, vegetation, obliquity

No Specially Designed Telescopes are Necessary
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