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Abstract

The aim of this SURP is to develop a two-dimensional (2D) atmospheric modeling framework that is designed to capture 
the key physical processes in the atmospheres of Mini-Neptune and Super-Earth exoplanets, planets 1.6-6 times the 
radius of Earth. These models, which employ the ‘shallow water’ equations along with specialized parameterizations for 
radiative transfer, clouds and chemistry, will be the first of its kind to identify dynamical mechanisms for this population of 
planets. This talk will present initial results from our 2D model developed by Cornell graduate student Ekaterina (Kath) 
Landgren (neé Kryuchkova). 

Tutorial Introduction



• Context
• Kepler has shown super-Earths/mini-Neptunes, exoplanets 1.6-6 times the 

radius of Earth, are most common in our galaxy
• Most super-Earth/mini-Neptune models are simple (1D) or complex (3D), 

and usually planet-specific
• More super-Earths/mini-Neptunes continue to be found with TESS; prime 

targets for follow-up characterization with JWST
• Comparison or advancement over current state-of-the-art

• First-of-its-kind 2D shallow-water models of super-Earths/mini-Neptunes, 
written fully in Python

• 2D models will be fast, flexible and modular; can be readily used to make 
predictions of observations for mini-Neptunes/super-Earths discovered by 
TESS

• Bridges model hierarchy between 1D and 3D models
• Relevance to NASA and JPL

• Results could be applied to future missions with JPL involvement (e.g., 
HabEx, LUVOIR, Origins) and would serve as basis for larger ROSES 
proposals (e.g, XRP, NExSS, Habitable Worlds). Furthers 7x objectives to 
invest in exoplanet research (e.g., Exoplanetary Science Initiative).

• Models can be used to make observational predictions for current/future 
facilities from ground (Palomar, Keck, TMTs) and space (HST, JWST, 
ARIEL/CASE)

Problem Description
The Astrophysical Journal, 766:81 (20pp), 2013 April 1 Fressin et al.
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Figure 7. Average number of planets per size bin for main-sequence FGKM
stars, determined here from the Q1–Q6 Kepler data and corrected for false
positives and incompleteness.
(A color version of this figure is available in the online journal.)

6.4. Super-Earths (1.25–2 R⊕)

According to our simulations the overall average number of
super-Earths per star out to periods of 145 days is close to 30%.
The distribution of host star masses for the super-Earths is shown
in Figure 8. While there is a hint that planets of this size may
be less common around M dwarfs than around hotter stars, a
K-S test indicates that the simulated and real distributions are
not significantly different (false alarm probability of 4.9%).

6.5. Earths (0.8–1.25 R⊕)

As indicated in Table 3, the overall rate of occurrence (average
number of planets per star) we find for Earth-size planets is
18.4%, for orbital periods up to 85 days. Similarly to the case
for larger planets, our simulated population of false positives
and Earth-size planets is a good match to the KOIs in this class,
without the need to invoke any dependence on the mass of the
host star (see Figure 9).

Among the Earth-size planets that we have randomly assigned
to KIC target stars in our simulations, we find that approximately
23% have S/Ns above 7.1, but only about 10% would be actually
detected according to our ramp model for the Kepler recovery
rate. These are perhaps the most interesting objects from a
scientific point of view. Our results also indicate that 12.3% of
the Earth-size KOIs are false positives (Table 1). This fraction
is small enough to allow statistical analyses based on the KOI
sample, but is too large to claim that any individual Earth-size
KOI is a bona fide planet without further examination. Ruling
out the possibility of a false positive is of critical importance for
the goal of confidently detecting the first Earth-size planets in
the habitable zone of their parent star.

On the basis of our simulations we may predict the kinds of
false positives that can most easily mimic an Earth-size transit,
so that observational follow-up efforts may be better focused
toward the validation of the planetary nature of such a signal.
Figure 10 shows a histogram of the different kinds of false
positives that result in photometric signals similar to Earth-size
transiting planets, as a function of their magnitude difference
compared to the Kepler target.
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Figure 8. Similar to Figure 4, for super-Earths.
(A color version of this figure is available in the online journal.)

There are two dominant sources of false positives for this class
of signals. One is background eclipsing binaries, most of which
are expected to be between 8 and 10 mag fainter than the Kepler
target in the Kp passband, and some will be even fainter. The
most effective way of ruling out background eclipsing binaries is
by placing tight limits on the presence of such contaminants as a
function of angular separation from the target. In previous planet
validations with BLENDER (e.g., Fressin et al. 2011, 2012b;
Cochran et al. 2011; Borucki et al. 2012) the constraints from
ground-based high spatial resolution adaptive optics imaging
have played a crucial role in excluding many background stars
beyond a fraction of an arcsecond from the target. However,
these observations typically only reach magnitude differences
up to 8–9 mag (e.g., Batalha et al. 2011), and such dim
sources can only be detected at considerably larger angular
separations of several arcsecond. Any closer companions of
this brightness would be missed. Since background eclipsing
binaries mimicking an Earth-size transit can be fainter still,
other more powerful space-based resources may be needed in
some cases such as choronography or imaging with the Hubble
Space Telescope.

Another major contributor to false positives, according to
Figure 10, is larger planets transiting a physically bound com-
panion star. In this case, the angular separations from the tar-
get are significantly smaller than for background binaries, and
imaging is of relatively little help. Nevertheless, considerable
power to rule out such blends can be gained from high-S/N
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• 2D models for Super-Earths/mini-Neptunes written 
fully in Python by graduate student Ekaterina (Kath) 
Landgren, eventually open-source

• Initial setup base off of hot Jupiter 2D framework
• Assume tidal locking, long horizontal length scales
• Validate our model against previous predictions for hot Jupiter 

atmospheres (Perez-Becker and Showman 2013) that were 
derived from the Hack & Jakob (1992) shallow water model

• Physics to be included
• Radiation, parametrized clouds/chemistry, surface-atmosphere 

interactions
• Code will be flexible and able to model a broad range of 

exoplanet types and forcing conditions

• Once code is fully validated and benchmarked by 
graduate student Landgren, will conduct a systematic 
study to understand circulation of super-Earths/mini-
Neptunes over broad phase space

Methodology

Perez-Becker and Showman 2003



● 2D shallow water Python code currently in development
● Replicated results from Hack and Jakob (1993) in producing 

a moving geopotential under advection of zonal (east-west) 
winds 

● Remarkable progress has been made in the past year, 
especially in the midst of a pandemic
● Utilize group telecons, Slack, other collaboration tools

Results

Advection of a geopotential cosine 
bell with zonal winds

Initial condition for geopotential The geopotential after having been 
advected fully around the planet



● Current benchmarking activity: 
Replicate the results from Perez-
Becker and Showman (2013)

● Next steps
○ Finish benchmarking
○ Continue detailed documentation
○ Vary planetary parameters to study the atmospheric 

dynamics of super-Earths/mini-Neptunes
○ Publish open-source code

Results

Applying radiative forcing to the day 
side results in heating
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