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Abstract: 1D climate models are less sophisticated than 3D global circulation models (GCMs),
however their computational time is much less expensive, allowing a large number of runs in a short
period of time to explore a wide parameter space. Exploring parameter space is particularly important
for predicting the observable properties of exoplanets, for which few parameters are known with
certainty. Therefore, 1D climate models are still very useful tools for planetary studies. In most of these
1D models, clouds are not physically represented in the atmosphere, despite having a well-known,
significant impact on a planetary radiative budget. This impact is simulated by artificially raising
surface albedo, in order to reproduce the observed-averaged surface temperature (i.e. 288 K for modern
Earth) and a radiative balance at the top of the atmosphere. This non-physical representation of
clouds, causes atmospheric longwave and shortwaves fluxes to not match observational data.
Additionally, this technique represents a parameter that is highly-tuned to modern Earth’s climate,
and may not be appropriate for planets that deviate from modern Earth’s climate conditions. In this
paper, we present an update to the climate model within the Atmos 1D atmospheric modeling
package with a physical representation of clouds. We show that this physical representation of clouds
in the atmosphere allows both longwave and shortwave fluxes to match observational data. This
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improvement will allow us to study the energy fluxes for a variety of cloudy rocky planets, and
increase our confidence in future simulations of temperature profile and net energy balance.
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1. Introduction

Clouds are main actors on a planetary radiative budget (see [1] for Earth; [2] for Venus; [3] for
Titan). Clouds may reflect a significant fraction of incoming star light back to space, leading to a
cooling of the atmosphere via this albedo effect. On the other hand, clouds may absorb outgoing
thermal infrared radiation emitted by the planetary surface, leading to a warming of the atmosphere.
Which of these opposite cloud radiative effects is dominant depends on the cloud type, composition,
and altitude, the planetary surface temperature and stellar spectrum. Note that clouds are normally
approximated to be “grey” absorbers because their absorption is mostly independent of wavelength,
compared to gases that absorb specific regions of the spectrum that correspond to specific molecular
vibrational—-rotational modes.

While clouds are well known to be very important actor of climate, some 1-dimensional (altitude)
climate models of early Earth and other planets are cloud-free and instead adjust the surface albedo to
reflect the cloud albedo and to reproduce the mean surface temperature [4]. Although this assumption
seems crude, it has been used widely in numerous 1D climate models [5-16]. In 1D climate models,
the atmosphere is represented in a single, horizontally homogeneous vertical column. 3D planetary
climate models—such as ROCKE3D [17], LMD [18], CAM [19], UM [20], etc.—include clouds
explicitly. However, the 1D models have much shorter runtimes allowing the exploration of a wider
parameter space, include additional modules (e.g., for complex photochemistry; [15,16]), and the
simulation of planets over geological timescales of billions of years. [21] tested the validity of the
assumption that clouds’ effects can be simulated by tuning surface albedo, and have shown that mean
energy budgets deviate far from observations for both shortwave and longwave radiations. That
paper also demonstrated that a 1D climate model can reproduce the observed global mean energy
budget of Earth if clouds are explicitly parameterized in the atmosphere according to observed cloud
climatologies. In this research letter, we use the [21] methodology to explicitly represent clouds in
the 1D climate model contained in the Atmos 1D modeling suite, and therefore to better represent
cloud effects on future atmospheric studies with Atmos. Because Atmos also contains a flexible
photochemical model that can simulate the chemical profiles of rocky planets for a wide variety of
boundary conditions, this will improve our ability to incorporate the effect of clouds, chemistry, and
radiative transfer in a single, flexible atmospheric package. The manuscript is organized as follows:
the materials and methods are described in section 2, the comparison of our results with current Earth
mean energy budget is given in section 3 and conclusions and outlooks are highlighted in section 4.

2.  Materials and Methods
2.1. Overview
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We used the Atmos 1D, radiative—convective, cloud-free climate model. This is an open-sourced
model derived from the one historically used by the Kasting group, most recently updated to simulate
habitable zones around stars [14]. The model uses correlated-k absorption coefficients derived from
the HITRAN 2008 and HITEMP 2010 databases for pressures of 10°-10%bar and for temperatures
of 100-600 K. For Earth simulation, we consider a 1976 US standard atmosphere with the height
ranging from 0 to 80 km (~10°) and modern-day greenhouse (GH) gases of 369 ppmv carbon
dioxide (CO,), 1790 ppbv methane (CH,), and 316 ppbv nitrous oxide (N2O) included a H,O water
profile. Oxygen (O,) and ozone (Os) are also set to present day concentrations. Similarly, present
solar flux is used with a zenith angle of 60°, which is the value that reproduces global annual climate
properties. Atmos is utilized to simulate the climates of other rocky planets, including conditions
proposed for ancient Venus, Earth, and Mars, and rocky exoplanets. The model has historically been
used to simulated planets within the habitable zone.

2.2. Cloud representation
2.2.1.  Climatology

Clouds are very difficult to represent in GCMs and particularly the convection processes. They
are one of the largest sources of differences and uncertainties between GCMs (IPCC ARS report [22]).
Also, cloud climatology is complicated to measure. For passive, or even active sensors, clouds are
opaque after a certain optical depth through the cloud, due to a finite penetration depth that depends
on the wavelength of the observation and sensor properties. Therefore, for the same portion of the
sky, observing either from the surface or from the top of the atmosphere (TOA) may lead to different
cloud statistics and resulting climatologies.

Acknowledging this limitation, [23] showed that the vertical distribution of clouds in the Earth
atmosphere can be resolved in three distinct cloud layers. [24] have estimated their zonally-averaged
cloud fraction profiles using a combination of radiosonde and satellite data (from the International
Satellite Cloud Climatology Program (ISCCP)). According to these observational data, and
following the modeling strategy introduced by [21], we have prescribed three cloud layers:

e Low clouds corresponding to liquid water clouds such as cumulus, stratocumulus and stratus

e Mid clouds corresponding to altocumulus, altostratus and nimbostratus

e High clouds corresponding to ice clouds, i.e. cirrus, cirrocumulus and cirrostratus

Details about these cloud layers are given in Table 1. We can see that each cloud is defined by
its thermodynamic phase (ice or liquid), top and base pressures and altitudes, water path, effective
size of cloud particle, and cloud fraction. The average cloud altitudes/pressures have been obtained
from [24], and the effective radius of cloud particles were obtained from [21].

2.2.2.  Cloud optical properties
Cloud optical properties are often represented by three parameters: the extinction coefficient (o in

km™), the single scattering albedo (@), and the asymmetry factor of the scattering phase function (g).
Liquid cloud droplets optical properties are calculated from Mie theory. The current version of the
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code allows the use of cloud droplet effective radii from 1 to 50 um with an increment of 1 um for a
log-normal distribution, but is very flexible to any change of effective radius, size distribution, etc.
Contrary to the Mie theory, there is no exact solution of the radiative transfer inside ice crystals.
Also, ice cloud optical properties are difficult to characterize because of the diversity of crystal sizes,
shapes and orientations. Several parametrizations were developed for visible and infrared
wavelengths [25-34].
Atmos allows for two parameterizations for ice crystal optical properties:

e An aggregate ice crystal model [28] with a monodisperse distribution. This is the model we
have selected in this study with an effective radius of 48.70 pum (see Table 1) to match the
generalized effective size used in [21].

e An ensemble model of complex ice particle shapes [33,34] based on in situ measurements of
more than 20,000 particle-size distributions [35], given the optical coefficients as a function
of IWC and temperature. the particularity of these optical properties is that they allow for a
rigorously consistent representation of clouds in the shortwave and long-wave [36]. Also, the
use of this parameterization could be useful to predict optical coefficients from the water
content and temperature.

Note that we have evaluated the differences in term of fluxes and surface temperature when the
Yang or Baran ice crystal optical property is used. The difference is only of the order of ~1 W/m? for
the longwave fluxes. Shortwave fluxes and the surface temperature are not affected.

2.2.3. Water path
Climatological values for the water path are difficult to obtain because most of the measurements
are made from satellites which are not always able to distinguish the water path contribution between

overlapping cloud layers. Therefore, in order to match [21] simulations we chose the same water paths
of 20, 25 and 32 g-m™ for high, mid and low clouds, respectively, close to climatological data of [23].

Table 1. Cloud characteristics used in this study following [23,24] and [21].

Cloud type High Mid Low
Phase Ice Liquid Liquid
Base pressure (bar) 0.30 0.60 0.85
Top pressure (bar) 0.25 0.50 0.70
Base altitude (m) 8028 3668 1018
Top altitude (m) 9020 5086 2309
Water Path (g-m?) 20 25 32
Effective radius (um) 48.70 11 11
Cloud fraction 0.25 0.25 0.40

2.2.4. Cloud fraction

The main challenge to account for prescribed clouds in a 1D climate model resides in the
parameterization of the cloud fraction. The mean global cloud fraction (the cloud fraction regardless
the cloud type) has high temporal and spatial variation. [23] have estimated the mean global cloud
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fraction of 67.6%. Three combinations of the three cloud layers are possible in climate models and
GCMs: 1) random overlap; 2) maximum overlap; or 3) a combination of both. In our study, we assume
that cloud layers are randomly overlapped and that each homogeneous cloud layer can be represented
by a single fraction from which the overlap is calculated. Indeed, in our model each cloud layer is
separated by intervals of clear sky leading to no correlation between cloud layers (e.g. [37] and [21]).
When assuming random overlap, the cloud fractions of each layers which satisfy the ICCP mean global
cloud fraction are: fhigh = 0.25, fimig = 0.29 and fiow = 0.39, with fhigh, fmia, and fiow representing the cloud
fraction of high, mid and low altitude clouds, respectively. In order to compare our modeling results
with those of [21] we use their cloud fractions of fhgh = 0.25, fnig = 0.25 and fiow = 0.40.

Because Atmos is a 1D climate model with a single, horizontally homogeneous, vertical column
it is not possible to performed a heterogeneous cloud coverage simulation in a single run. Instead, we
have done one run per permutations (2" = 8 permutations for N = 3 clouds layers) and weighted their
outputs (longwave and shortwave fluxes, temperature profile, mixing ratio etc.) by their combined
cloud fraction. While many configurations are possible to obtain the value of the global mean cloud
fraction and individual cloud fractions, we use and show only one of them in Table 2. The mean
global combined cloud fraction (MGCCF) being the sum of the cloud fraction of each (2" - 1) cloudy
permutation and the clear sky cloud fraction CSCF = (1-MGCCF). Using this method, clouds are
physically included in the radiative transfer code, instead of tuning the surface albedo [4].

Table 2. Cloud overlap categories and corresponding combined cloud fractions using ICCP data [24].

Cloud overlap Clear High High  High High  Mean global
+ +
Mid Mid Mid Mid
+ + +
Low Low Low Low

Combined fraction 034 014 009 024 003 003 0.08 0.05 0.66

2.3. Radiative transfer

The radiative transfer in Atmos is computed using the correlated-K method, with 8-term
k-coefficients for H20 and CO2. A & two-stream approximation [38] is used to calculate the net
absorbed solar radiation for each of the 101 layers. Longwave and shortwave radiation are treated in
two different subroutines.

Each layer of the atmosphere is represented by its optical properties, namely the extinction
coefficient (o in km™) or optical thickness 7, the single scattering albedo (w,), and the asymmetry
factor of the scattering phase function (g). In a single atmospheric layer, multiple components can
contribute to the optical properties: the gas (including Rayleigh scattering) and aerosol extinction
were previously included; here we add cloud extinction. While multiple sources of extinctions are
present in an atmospheric layer (assumed to be horizontally homogeneous), the code can compute
only one o, @, and g. To obtain the resulting optical coefficients a weighting method is applied:

e The combined extinction at°t (gas + Rayleigh + aerosols + cloud) is simply the sum of each
extinction, with the total optical thickness of the atmospheric layer tt°t = ¢t°t x dZ where
dZ is the geometrical thickness of the layer in km.

e The combined single scattering albedo @, between aerosols, Rayleigh and cloud is calculated
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as: ZD.Otot — (ZD'Orlt x Tt + ZD.oaer X Teer 4 ZD.Ocld X Tcld)/(Ttot) with ZD.otot , ZD.Orlt ,
@,%" and @, !¢ the total, Rayleigh, aerosol and cloud single scattering albedos, respectively
and 7%, 7%"and t¢¢ the Rayleigh, aerosol and cloud optical thicknesses.
e The combined asymmetry parameter gt°t = ("% x @™ X g™ + T X @, %" X g*" +
7¢ld % ZD.ocld X gcld)/(Trlt X ZD.Orlt + 7T x ZD.anr + T¢ld % ZD'OCld).
With the updated version of Atmos presented in this paper, the cloud radiative effect is easily
solved in each layer where a cloud is present.

3. Results

We have compared modern Earth’s global mean annual budgets between measurements [39,40],
the simulation of [21], and the results of our simulation (Figure 1). Shortwave fluxes— ~342 W-m™
at the top of the atmosphere (TOA)—are either absorbed or scattered by the clouds and the
atmosphere, or pass through to the surface, which can also reflect them according to the surface
albedo, which in these simulations are set to a value of 0.125, based on global measurements [39].
Longwave radiation is mostly emitted from the surface, and can be partly absorbed by the
atmosphere and/or absorbed and scattered by clouds. The difference between the incoming TOA
shortwave flux and the outgoing shortwave flux is equal to the outgoing longwave flux at TOA when
the system is at radiative equilibrium. Both the prior work by [21] and our simulations demonstrate
radiative equilibrium., to within 0.2 W-m.

The comparison plots in Figure 1 indicate that our model agrees well with the measured global
mean annual budgets for the modern Earth and [21]. In particular, they are all in agreement with a
surface temperature of ~288 K and similar fluxes emitted, transmitted, absorbed or scattered by the
various components of the atmosphere. Therefore, this figure illustrates that clouds have been
correctly prescribed in our model.

Trenberth et al., 2009 (data) Zhang et al., 2004 (ISCCP-FD data)
341.3 101.9 238.5 341.6 105.7 2333
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Figure 1. Global annual mean energy budgets. top left: composite data from [39], top right: ISCCP-FD
data from [40], bottom left: [21] simulation and bottom right: simulation from this study. a represents
the surface albedo.
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We also compare these global annual budgets using Atmos without clouds (using the [4]
Kasting’s approximation) and with clouds physically prescribed in the atmosphere for modern Earth
and Archean Earth insolation and atmospheric composition (Figure 2). Details on the atmospheric
composition of the Archean Earth case are given in Table 2. Both models achieve radiative
equilibrium, but in cloud-free model, the surface albedo is tuned to 0.32, in order to achieve TOA
energy balance. This is significantly higher than the Earth’s measured surface albedo, of 0.125 [39],
which is the value used in our simulations with clouds.

Concerning the modern Earth case (uper row of Figure 2), while the radiative balance at TOA
and a 288 K surface temperature have been obtained in the cloud-free and cloudy model, the
longwave and shortwave fluxes are very different. Much more shortwave flux is going down to the
surface in the case without clouds, and combined with a larger surface albedo much more flux is
reflected by the surface. However, because no clouds are physically present in the atmosphere, only a
small contribution of the Rayleigh scattering is added to the upward shorwave flux. There are less
dramatic changes for the longwave fluxes, except that in the case without clouds, there is about ~+20
W-m? at TOA and ~-20 W-m?down to the surface. Overall, the physical representation of clouds in
the atmosphere significantly change the atmospheric fluxes and allows a much better agreement with
observation data (see Figure 1).

Similar results are observed for the Archean Earth case (lower row of Figure 2). However
because the insolation is 20% lower than modern Earth value and that the greenhouse gas
concentration is larger, this reduces the albedo effect and the relative greenhouse effect of clouds,
respectively, leading to smaller differences of shortwave and longwave fluxes between the cloud-free
and cloudy models.

Table 3. Parameters used in the Archean Earth simulation at 1 bar surface pressure.

Solar cnst. N, CO, CH, 0, H, Ar
0.8 9.6640E-01 2.0000E-02 3.4169E-03 9.7626E-09 1.5064E-04 9.7626E-03
ATMOS - cloud (model) ATMOS + cloud (model)
341.8 88.8 253.0 341.8 106.9 2349

Reflected by Reflected by
atmos atmos/clouds

e

atmos \

72.1

Ahsorbe‘d bz
245.9 78.7 391.1 324.2 atmos/clouds gg 1 3.3 393.8 347.8

Absorption and
emission by

Absorption and
v
atmos/clouds

10.1

85.8

Absorbed by
atmos

ATMOS - cloud (model) ATMOS + cloud (model)
61.5 212.0

2734 273.4 59.3 214.1

Reflected by

atmos Absorption and Reflected by

emission by atmos/clouds

atmos \
SPPES

86.9

Absorbed by

167.7 53.7 4380 4182 atmosfelouds 45 4 155 4375  413.0

Absorption and
emission by
atmos/clouds

7.8

97.9

Absorbed by
atmos

Figure 2. Comparison of the cloud-free (left column) and cloudy (right column) model for Modern
Earth (top row) and Archean Earth (bottom row) insolation and atmospheric composition.
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We finally ran a sensitivity study between the cloud-free and cloudy Atmos version at various
insolation (0.95, 1.0 and 1.05 present day value) and various CO; partial pressures (0.5, 1.0, 2.0, 3.0
and 4.0 present day value). Results are shown in Figure 3 which represents the radiative forcing at
TOA (top panel) estimated from the difference between the outgoing infrared flux (Fir) and the
modern Earth TOA outgoing infrared flux Fir’ as well as the surface temperature
difference (Teuf - Tsur) estimated from the surface temperature (Tsf) and the modern Earth surface
temperature (Tsu'), as a function of the relative CO, partial pressure (pCO, / pCO,%) and solar
constant S. The cloud coverage is assumed constant (modern Earth value).

We can see in Figure 3 that the cloud-free model overestimates and underestimates the radiative
forcing and surface temperature when the insolation S is increased or decreased, respectively. Indeed,
as we can also see in Figure 4 showing the planetary albedo for the cloud-free and cloudy models, at
various insolation and pCO, / pCO,’, the planetary albedo is larger for the cloudy model. in the
cloud-free case, an increase of the insolation will directly impact the surface (minus the atmospheric
absorption/reflection), while in the cloudy case, the clouds albedo mitigate the increase of solar flux
received on the surface, producing less warming. The opposite is also true when the insolation is
reduced, the cloud greenhouse effect keeping the atmosphere warmer than the cloud-free model.

Also, at a given insolation, the cloud-free model is more sensitive to changes of the CO, partial
pressure pCO; (from 0.5 to 4.0 times the modern Earth value of 360 ppm). Indeed, clouds also
produce a greenhouse effect and are optically thick in the water vapor windows, mitigating the
impact of the change of pCO; with respect to the cloud-free model. Without clouds, the atmosphere
iIs more transparent (especially in the water vapor windows) and the change of pCO; have a large
effect. Note that at the lowest insolation (S = 0.95) the cloud-free and cloudy models tend to
converge to a similar TOA forcing and surface temperature with increasing pCO; because i) the
albedo effect of clouds is reduced at low insolation and ii) the higher the pCO, the lower the cloud
contribution to the greenhouse effect. Clouds therefore act as climate dampers, and a cloud-free
model would systematically overestimate the forcing by greenhouse gases or insolation changes.

20/ - non cloudy 5=1.05.
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e 10| clovdy” e 821,08
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Figure 3. TOA outgoing infrared flux relative to the modern Earth TOA outgoing infrared flux (Fig -Fir’,
left panel) surface temperature relative to modern Earth surface temperature (Tsus - Teut', fight panel) as a
function of the relative CO, partial pressure (pCO, / pCO,’) and solar constant S.
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4. Conclusions and outlook

The aim of this paper is twofold: 1) to present an update of the Atmos 1D, radiative—convective,
cloud-free climate model [14], with clouds physically prescribed in the atmosphere; and 2) to
validate this approach with a limited set of simulations. This introduces a publicly availably tool that
impoved the representation the cloud radiative effect on both atmospheric longwave and shortwave
fluxes, compared to earlier versions of the model. We use a similar methodology to the one
developed by [21] but adapted it to the specifics of the Atmos code.

The physical representation of clouds in the radiative transfer of Atmos allows us to accurately
match the atmospheric fluxes of observational data of the Earth radiative budget. However, such
simulation is eight times more computational expensive because the code needs to be run once per
cloud permutation. Note that we have limited the number of cloud layers to three in this study,
according to the definition of the ICCP, but up to five layers can be use in this version (more can be
easily included if needed).

The implications of this work are broader than simulations of Earth’s climate. This approach can
be applied to a variety of terrestrial planets, including paleo Earth, ancient Venus, ancient Mars or
rocky exoplanets. However, an important caveat is that this introduces additional “knobs” into the
model. Determining the right values for those knobs for planets without observational cloud data (like
we have for modern Earth) is a challenge. This is something that could be overcome by single GCM
simulations for a similar part of parameter space, or parameterization of the cloud cover values to
bound potential climate and habitability outcomes. Such parameterizations would not require
additional computational time, as they only require the simulations of the 8 cloud-cover cases. Future
work will explore the validity of such approaches, with comparisons to existing GCM simulations for
planets other than modern-day Earth.

The comparison study with archean Earth (Figure 2), and the sensitivity study varying the solar
insolation and CO, partial pressure (Figure 3), illustrate the versatality of our code for various solar
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fluxes and atomspheric compositions. Shortwave and longwave fluxes as well as surface and
atmospheric temperature profile are key parameters to evaluate the inner and outer edges of the
habitable zone and they would be better represented by 1D cloudy climate models than 1D cloud-free
models previously used. Furthermore, the photochemical and climate models in the Atmos package
are capable of simulating the vertical profiles of chemistry, temperature, and photochemical aerosols.
This paper demonstrates an ability to add the effects of clouds to simulations with the Atmos package.
This means we can now simulate the global effects of clouds and simulate surface climate in a more
self-consistent manner. It will have implications for future reasearch on the ancient climates of Earth
and Mars, simulations of long-term climate change on rocky worlds, and on studies of the habitable
zones of other stars.

Acknowledgments

R. K gratefully acknowledges funding from NASA Habitable Worlds grant NNX16AB61G.
G.A, R.K and S.D.D-G also acknowledge funding from NASA Astrobiology Institute's Virtual
Planetary Laboratory lead team, supported by NASA under cooperative agreement
NNHO05ZDAO001C. The authors are thankful for support from GSFC Sellers Exoplanet Environments
Collaboration (SEEC), which is funded by the NASA Planetary Science Divisions Internal Scientist
Funding Model.

Conflicts of interest
All authors declare no conflicts of interest in this paper.
References

1. Ramanathan V, Cess RD, Harrison EF, et al. (1989) Cloud-Radiative Forcing and Climate:
Results from the Earth Radiation Budget Experiment. Sci 243: 57-63.

2. Arney G, Meadows V, Crisp D, et al. (2014) Spatially resolved measurements of H,O, HCI, CO,
OCS, SO,, cloud opacity, and acid concentration in the Venus near-infrared spectral windows. J
Geophys Res Planets 119: 1860-1891.

3. Charnay B, Forget F, Tobie G, et al. (2014) Titan’s past and future: 3D modeling of a pure
nitrogen atmosphere and geological implications. Icarus 241: 269-279.

4. Kasting JF, Pollack JB, Crisp D (1984) Effects of high CO, levels on surface temperature and
atmospheric oxidation state of the early Earth. J Atmos Chem 1: 403-428.

5. Kasting JF, Ackerman TP (1986) Climatic consequences of very high carbon dioxide levels in
the earth's early atmosphere. Sci 234: 1383-1385.

6. Kasting JF (1987) Theoretical constraints on oxygen and carbon dioxide concentrations in the
Precambrian atmosphere. Precambrian Res 34: 205-229.

7. Kasting JF (1988) Runaway and moist greenhouse atmospheres and the evolution of Earth and
Venus. Icarus 74: 472-494.

AIMS Geosciences Volume 4, Issue 4, 180-191.



190

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Kasting JF, Whitmire DP, Reynolds RT (1993) Habitable Zones around Main Sequence Stars.
Icarus 101: 108-128.

Kasting JF, Howard C, Kopparapu RK (2015) Stratospheric Temperatures and Water Loss from
Moist Greenhouse Atmospheres of Earth-like Planets. The Astrophys J Lett 813: L3.

Pavlov AA, Kasting JF, Brown LL, et al. (2000) Greenhouse warming by CH, in the
atmosphere of early Earth. J Geophys Res 105: 11981-11990.

Pavlov AA, Hurtgen MT, Kasting JF, et al. (2003) Methane-rich Proterozoic atmosphere?
Geology 31: 87-90.

Kasting JF, Howard MT (2006) Atmospheric composition and climate on the early Earth. Philos
Trans R Soc Lond B Biol Sci 361: 1733-1742.

Hagg-Misra JD, Domagal-Goldman SD, Kasting PJ, et al. (2008) A revised, hazy methane
greenhouse for the archean earth. Astrobiology 8: 1127-1137.

Kopparapu RK, Ramirez R, Kasting J, et al. (2013) Habitable Zones around Main-sequence
Stars: New Estimates. The Astrophys J 765: 131.

Arney G, Domagal-Goldman SD, Meadows VS, et al. (2016) The Pale Orange Dot: The
Spectrum and Habitability of Hazy Archean Earth. Astrobiology 16: 873-899.

Arney G, Meadows VS, Domagal-Goldman SD, et al. (2017) Pale Orange Dots: The Impact of
Organic Haze on the Habitability and Detectability of Earthlike Exoplanets. The Astrophys J
836: 49.

Way MJ, Aleinov I, Amundsen DS, et al. (2017) Resolving Orbital and Climate Keys of Earth
and Extraterrestrial Environments with Dynamics (ROCKE-3D) 1.0: A General Circulation
Model for Simulating the Climates of Rocky Planets. Astrophys J Suppl Ser 231: 12.
Wordsworth RD, Forget F, Selsis Fet al. (2011) Gliese 581d is the First Discovered
Terrestrial-mass Exoplanet in the Habitable Zone. The Astrophys J Lett 733: L48.

Neale RB, Richter JH, Conley AJ, et al. (2010) Description of the NCAR Community
Atmosphere Model (CAM 4.0). NCAR.

Helling C, Lee G, Dobbs-Dixon I, et al. (2016) The mineral clouds on HD 209458b and HD
189733b. Mon Not of the R Astron Soc 460: 855-883.

Goldblatt C, Zahnle KJ (2011) Clouds and the Faint Young Sun Paradox. Clim Past 7: 203-220.
Boucher O, Randall D, Artaxo P, et al. (2013) Climate Change 2013: ThePhysical Science Basis.
Contribution of Working Group | to the Fifth AssessmentReport of the Intergovernmental Panel
on Climate Change. Cambridge: Cambridge University Press.

Rossow WB, Schiffer RA (1999) Advances in Understanding Clouds from ISCCP. Bull of the
Am Meteorol Soc 80: 2261-2288.

Rossow WB, Zhang Y, Wang J (2005) A Statistical Model of Cloud Vertical Structure Based on
Reconciling Cloud Layer Amounts Inferred from Satellites and Radiosonde Humidity Profiles. J
Climate 18: 3587-605.

Laurent C, Brogniez G, Doutriaux-Boucher M, et al. (2000) Modeling of light scattering in
cirrus clouds with inhomogeneous hexagonal monocrystals. Comparison with in-situ and
ADEOQOS-POLDER measurements. Geophys Res Lett 27: 113-116.

Yang P, Gaob BC, Baumc BA, et al. (2001) Radiative properties of cirrus clouds in the
infrared (8-13um ) spectral region. J of Quant Spectrosc & Radiat Transf 70: 473-504.

AIMS Geosciences Volume 4, Issue 4, 180-191.



191

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Yang P, Wei H, Huang HL, et al. (2005) Scattering and absorption property database for
nonspherical ice particles in the near- through far-infrared spectral region. App Opt 44: 5512-5523.
Yang P, Bi L, Baum BA, et al. (2013) Spectrally Consistent Scattering, Absorption, and
Polarization Properties of Atmospheric Ice Crystals at Wavelengths from 0.2 to 100 um. J of the
Atmos Sci 70: 330-347.

Baum BA, Yang P, Heymsfield AJ, et al. (2005) Bulk Scattering Properties for the Remote
Sensing of Ice Clouds. Part 1I: Narrowband Models. J of Appl Meteorol 44: 1896-1911.

Baum BA, Yang P, Heymsfield AJ, et al. (2011) Improvements in Shortwave Bulk Scattering
and Absorption Models for the Remote Sensing of Ice Clouds. J of Appl Meteorol and Clim 50:
1037-1056.

Baran AJ, Labonnote LC (2007) A self-consistent scattering model for cirrus. I: The solar region.
Q J of the R Meteorol Soc 133: 1899-1912.

Baran AJ, Connolly PJ, Lee C (2009) Testing an ensemble model of cirrus ice crystals using
midlatitude in situ estimates of ice water content, volume extinction coefficient and the total
solar optical depth. J of Quant Spectrosc and Radiat Trans 110: 1579-1598.

Baran AJ (2012) From the single-scattering properties of ice crystals to climate prediction: A
way forward. Atmos Res 112: 45-69.

Baran AJ, Cotton R, Furtado K, et al. (2014) A self-consistent scattering model for cirrus. II:
The high and low frequencies. Q J of the R Meteorol Soc 140: 1039-1057.

Field PR, Heymsfield AJ, Bansemer A (2007) Snow Size Distribution Parameterization for
Midlatitude and Tropical Ice Clouds. J of the Atmos Sci 64: 4346-4365.

Sourdeval O, Laurent C, Baran AJ, et al. (2016) A methodology for simultaneous retrieval of ice
and liquid water cloud properties. Part 2: Near-global retrievals and evaluation against A-Train
products. Q J of the R Meteorol Soc 142: 3063-3081.

Hogan RJ, lllingworth AJ (2000) Deriving cloud overlap statistics from radar. Q J of the R
Meteorol Soc 126: 2903-29009.

Toon OB, McKay CP, Ackerman TP, et al. (1989) Rapid calculation of radiative heating rates
and photodissociation rates in inhomogeneous multiple scattering atmospheres. J of Geophys
Res: Atmos 94: 16287-16301.

Trenberth KE, Fasullo JT, Kiehl J (2009) Earth's Global Energy Budget. Bull of the Am
Meteorol Soc 90: 311-324.

Zhang Y, Rossow WB, Lacis AA, et al. (2004) Calculation of radiative fluxes from the surface
to top of atmosphere based on ISCCP and other global data sets: Refinements of the radiative
transfer model and the input data. J of Geophys Res: Atmos 109.

© 2018 the Author(s), licensee AIMS Press. This is an open access

AIMS AIMS PI‘eSS article distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Geosciences Volume 4, Issue 4, 180-191.



