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• Exoplanet circulation modelling  
• Allows us to probe dynamical regimes beyond our own solar 

system, which expands our overall knowledge of atmospheric 
dynamics 

• Provides insights to three-dimensional structure 
• Temperature, heating/cooling rates, composition, clouds, 

chemistry 
• Complements 1-D models in interpreting observations of 

exoplanet atmospheres: transmission/emission spectra, phase 
curves, eclipse maps 

• Now that we have a (relatively) large observational dataset for a 
range of planets over a large wavelength range, we can identify 
trends in atmospheric properties and conduct detailed 
comparative studies

I N T R O D U C T I O N



S A M P L E  S T U D I E S

WASP-43b, an ultra-short period hot Jupiter  
Dataset: Spectrophotometric phase curves with HST/WFC3 
Objectives: Place constraints on atmospheric metallicity 

Large HST program, 10 hot Jupiters observed in transmission 
Dataset: Transmission spectra of 10 HJs with STIS and WFC3 
Objectives: Understand role of clouds on target sample 

55 Cnc e, an ultra-short period super Earth 
Dataset: Spitzer transit/eclipse measurements from 2011-2013  
Objectives: Constrain composition and atmospheric 
variability
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95

Figure 3.10 Top panel: Predicted flux ratios during secondary eclipse versus wave-
length for 1× solar (red profiles) and 5× solar (blue profiles) atmospheric compo-
sitions. Overplotted in black squares is the WFC3 dayside spectrum obtained by
Stevenson et al. 2014. Middle panel: Lightcurves for 1× and 5× solar models plotted
as a function of orbital phase at Spitzer 3.6 (solid lines) and 4.5 (dashed lines) micron
bands. Bottom panel: Lightcurves for 1× and 5× solar models plotted as a function
of orbital phase for each composition in a band-integrated “white” light curve form
over WFC3 wavelengths. Overplotted in black are the raw WFC3 observations. For
all three light curves, transit occurs at an orbital phase of 0.0, while secondary eclipse
occurs at a orbital phase of 0.5.

D A Y S I D E  E M I S S I O N  
S P E C T R U M

W H I T E  L I G H T  P H A S E  
C U R V E

Kataria et al. 2015
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12 Kataria et al.

Figure 13. Comparison of our 1× and 5× solar models of WASP-43b (red and blue lines, respectively) with the spectroscopic phase
curves obtained by WFC3 at each binned wavelength (black points, with error bars). For each curve, transit occurs at an orbital phase of
0.0 and secondary eclipse occurs at a phase of 0.5.



C O M PA R I S O N  T O  H S T  W F C 3  O B S E R VAT I O N S  
E M I S S I O N  S P E C T R A

Re
d:

 1
x s

ol
ar

 m
od

el 
Bl

ue
: 5

x s
ol

ar
 m

od
el

K
at

ar
ia

 e
t a

l. 
(2

01
5)

Atmospheric circulation of WASP-43b 13

Figure 14. Comparison of our predicted flux ratios of WASP-43b at 1× and 5× solar (red and blue lines, respectively), with the WFC3
emission spectrum at each binned phase (black squares, with error bars).



H S T  L A R G E  P R O G R A M  S T U D Y

Huitson et al. 2013; Wakeford et al. 2013; Sing et al. 2013, 2015;  
Nikolov et al. 2014, 2015; Ballester et al. in prep

Cloudy versus cloud-free planets



-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Orbital phase

-0.004

-0.002

0.000

0.002

0.004

Re
la

tiv
e 

Fl
ux

WFC3

W A S P - 1 9 b
Figure 1: (from Majeau et al.
(2012)) Schematic demonstration
of eclipse mapping, which creates
two orthogonal scans of the planet’s
dayside during eclipse ingress and
egress. The bottom panels shows the
brightness maps derived from the
8µm ingress and egress of
HD 189733b.
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Figure 2: Phase-curve observations of WASP-19b from both Spitzer/IRAC and WFC3. Solid
black lines in each panel represent best-fit phase curve models. Solid red lines represent
predictions from 3D GCM models (See Fig 4). Bottom right panel compares the contribution
functions for the IRAC 3.6 and 4.5 µm and WFC3 wavelengths. The IRAC observations probe
very high in the atmosphere (P ⇠< 0.1 bar, but WFC3 wavelengths (solid) probe P > 1 bar, where
radiative timescales are longer.
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Figure 2: Phase-curve observations of WASP-19b from both Spitzer/IRAC and WFC3. Solid
black lines in each panel represent best-fit phase curve models. Solid red lines represent
predictions from 3D GCM models (See Fig 4). Bottom right panel compares the contribution
functions for the IRAC 3.6 and 4.5 µm and WFC3 wavelengths. The IRAC observations probe
very high in the atmosphere (P ⇠< 0.1 bar, but WFC3 wavelengths (solid) probe P > 1 bar, where
radiative timescales are longer.
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Preliminary reductions by N. K. Lewis and  
C. M. Huitson

Ultra-short period (~19 hr) 
planet with a wide array of 
observational constraints



D I S E N TA N G L I N G  C L O U D S

1D radiative equilibrium PT profiles from Jonathan Fortney
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Figure 1: Zonal-mean zonal wind.
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Figure 2: Wind/temperature profile at 100 mbar.
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Figure 10. 2013 occultation - RMS vs. binning. Black filled circles indicate the photometric RMS for different time bins. Each panel corresponds to each
individual occultation from 2013. The expected decrease in Poisson noise normalised to an individual bin (30s) is shown as a red dotted line.
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Figure 11. 55Cnc e Spitzer/IRAC 4.5µm occultation and transit depths. Top and bottom panels indicate the occultation and transit depths with time. Left
panels are for 2011, middle panels for 2012 and right panels for 2013. The grey solid horizontal lines indicate the mean depths and the dotted lines the 1-σ
credible intervals.

velocity (vesc) of 24 km/s at the planetary surface thereby prevent-
ing a Parker-type wind to carry the ejecta beyond the Hill sphere.
On the other hand, the velocity of the ejecta required to sustain
Hav ∼ 1300− 5100 km is between 8-17 km/s, which is below the
escape velocity of the planet (24 km/s) and is significantly lower
than the maximal ejection velocities of ∼300 km/s observed on Io.

Alternately, the data may also be potentially explained by the

presence of an azimuthally inhomogeneous circumstellar and/or
circumplanetary torus similar to Io (Belcher 1987) that could con-
tribute a variable gray opacity along the line-of-sight. While CO gas
in the torus could provide the required opacity in the 4.5 µm band-
pass, dust could provide the same in the visible/IR. For a circum-
stellar torus, the optical depth of the time-varying torus segment
occulting the stellar disk governs the observed stellar radius and

Demory et al. 2015

2011 2012 2013
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C O N C L U S I O N S  A N D  F U T U R E  W O R K

• Three-dimensional circulation models can be used to lend 
insights on a variety of observational datasets, and help answer 
fundamental questions about their atmospheric properties 

• GCM-derived models can provide constraints, but they’re not 
perfect 
• For example, model phase curves generally over-predict 

nightside flux 
• Enhancement of C/O ratio, disequilibrium chemistry, and/or 

clouds can be invoked to explain discrepancy, but detailed 
models are needed to explore these effects 

• Need GCMs that encapsulate more complex physics 
• However, with great complexity comes great responsibility 
• Idealized models help identify fundamental dynamical 

mechanisms


