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Clouds are ubiquitous




Clouds are ubiquitous

* CO, is a common atmospheric constituent on

?@tﬁaiplanets .
» Pue to their absorption and-scattering

properties, clouds are an iywportant part of
planetary climate
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Credit; Voyager 2, NASA
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Defining the Outer Habitable Zone (OHZ) Limit
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clear sky

Why would a CO, cloud be warming:




clear sky warming
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melting snow




Whether a cloud warms or cools
depends on its wavelength-dependent
scattering properties

melting snow

[




Scattering properties depend on the interplay
between wavelength and particle size

4.5 __COg, Ice Extinction

2
Ul

3.0 -

)
&)

i
o

Extinction Efficiency Qe

—
9]

=
=)

e
Ul

10! 102

Wavelength (pm)

Andrew Lincowski Feb 10, 2016 11



Scattering properties depend on the interplay
between wavelength and particle size

CO, Ice Extinction
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Scattering properties depend on the interplay
between wavelength and particle size
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Scattering properties depend on the interplay
between wavelength and particle size
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Current standard for OHZ cannot
compute cloud scattering

Credit: Mark J. Harris

Single Scattering Only

Two-stream models over-estimate cloud absorption and
under-estimate scattering
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Modeling CO, Clouds and Climate
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Multi-stream radiative transfer shows
clouds may be warming or cooling
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CO2 ice cloud effects in a model atmosphere

large
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T . = 5800 K

Kitzmann et al (2013) vs SMART
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We have verified Kitzmann et al’s results
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Better treatment of scattering
reduces surface warming
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PRESSURE (mb)

SMART + Climate is validated for
radiative-equilibrium Earth

TEMPERATURE (°K)
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Preliminary results
Earth-like qunet Alroundl Sun-llike Stlar
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Surface temperatures stabilized but the upper atmosphere is still
cooling, indicating the surface temperatures may drop further
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Reflectance spectra indicate cloud scattering
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¢ OHZ I|m|t may depe ‘planet and ;Leilar
properties (nature of CO clouds and stellar
SED interaction with CO2 ice)

* When the full radiative effect of CO, clouds is
included, the current OHZ limit may be too
optimistic —— — =
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Reflectance spectra indicate cloud scattering

5 bar CO, Reflectance Spectrum
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Light scattering is angle-dependent

Wy

7

Incoming wave

Mie
Scattering

Two-stream models are named for the two angles used to calculate
radiative transfer (including scattering), one angle for incoming
radiation and one angle for outgoing radiation
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