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Introduction: Proxy data from the geological rec- (1-A)L i
ord shows that the last 750 million years of Earth were Ts=To [w] )
characterized by drastic changes in the surface temper-
atures and atmospheric greenhouse gases (e.g., CO2,
CH4) [1, 2, 3, 4, 5]. This variability might have been the
result of a complex combination of extreme geological
events driven by large igneous province (LIP) volcan-
ism (e.g., Siberian Traps), global hyperthermal periods,
and asteroid impacts (e.g., Chicxulub) that affected the
atmospheric composition of the planet and, thus, the ra-
diative forcing processes important in stabilizing the cli-

1)

where f is the fraction of the surface of the planet that
re-radiates the stellar flux, € is the broadband thermal
emissivity, 4 is the Bond albedo, g is the normalized
greenhouse effect, L is the stellar luminosity, 7 is the
distance between the star and the planet, and 7, is the
equilibrium temperature of Earth for zero albedo (i.e.,
T, = 278.5K). For Earth we can assume for simplicity
that f=1,e~=1,r=1 AU, and L = 1 solar units. These
assumptions make the surface temperature of Earth as

mate [6]. 1
(1-4)]*

Surface temperatures are a fundamental parameter L=T [(1 - g)] : )
in establishing the conditions suited for habitability.
Stable temperatures have been associated with the emer- The general Bond albedo can be computed by know-
gence of complex ecosystems due to physiological con- ing the fraction of each component of the planetary sur-
straints in species [7, 8]. However, rapid changes in face and its specific reflective properties (i.c., the spe-
short geological timescales have been correlated with cific albedo value). We are proposing a simplified mul-
massive global extinctions such as the Permian-Triassic tivariable model to predict this quantity, such that
gnd the Triassic-Jurassic events [9,10]. For astr.oblolog- A= aifi+ awfu, @3)
ical purposes, surface temperatures are essential to es-
tablish the liquid water criteria of the Habitable Zone where fis the fraction of land, f, is the fraction of ocean,
(HZ). Characterizing such properties is fundamental in and g, and a,, are arbitrary constants related to the spe-
constraining the current habitability models to under- cific albedo property of each surface. As of this mo-
stand the possibilities of life elsewhere [11]. ment, we are only considering land and ocean fractions.

Parameters such as the fraction of vegetation, icy sur-

Current models of Earth's surface temperatures in Y . . .
P faces, and distribution of clouds will be implemented in

the last million years are mainly based on biogeochem-

ical proxy reconstructions (e.g., 5'%0, 5'3C, TEXS86, ice further studies.

cores). Instead, models of surface temperatures of ex- The main approach consists in creating multiple the-
oplanets have been based on stellar properties (e.g., stel- oretical models with different realistic configurations of
lar flux, stellar temperature) and a few planetary prop- albedos. We assumed an initial albedo of 0.306 and a
erties (e.g., greenhouse effect, equilibrium temperature, stable normalized greenhouse effect of 0.4. We then
planetary albedo, obliquity) [12, 13, 14]. Most of these combined the theoretical data with experimental data
models are highly parametrized for Earth and can vali- from proxies to fit the model using a Markov chain
date General Circulation Models (GCMs) of exoplanets. Monte Carlo (MCMC) analysis. The analysis approxi-
Here we derive the contribution of land and ocean frac- mated the uncertainties of maximum likelihood param-
tions on the surface temperature of an Earth-like planet eters from the model.

calibrated with Earth in the last 750 million years.

Predictions and validation of the model: The
MCMC implementation revealed best-fit parameters for
the albedo model as

A= 050450231 £ +0.22050 005 £.,

Model Description: The surface temperature of a
planet is controlled by a complex interaction between
surfaces reflectivity, atmospheric dynamics (i.e., green-
house effects), and climate. We propose a simple model

based on the Bond albedo and normalized greenhouse The uncertainties were based on the 16th, 50th, and 84th
of the planet derived from land and ocean fractions to percentiles of the samples in the distributions. We were
predict the surface temperature of rocky planets using able to predict surface temperatures by applying the re-
Earth as an analog. We used the result in [14] to calcu- sults from this model to equation 2. The general temper-
late the temperature as: ature model is shown in figure 1.

The analysis revealed that the model is correlated
with the behavior of temperatures of our main Proxy
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Figure 1. Surface temperatures with stable greenhouse effect
as predicted by our model (blue line) and proxy models (or-
ange and green lines).

Model [15] in the last 200 My and some periods be-
tween 300 Mya to 500 Mya. This also shows that the
Proxy Model predicts a stable greenhouse effect in the
last 200 My. For older periods, the atmosphere's com-
position might have experienced multiple changes that
affected the surface temperatures, according to the
model. In contrast, the temperatures predicted by Song
et al. 2019 [16] are within the uncertainty of our model
for only <50 Mya. This proxy also predicts drastic
changes in surface temperatures that the Proxy Model
or our model does not predict.

Applications to the greenhouse effect: The results
can also predict the variability of the normalized green-
house effect according to each proxy. As expected from
the surface temperatures, the model predicts larger val-
ues of the greenhouse effect for Song et al. 2019 proxy.
It also has larger variability in the greenhouse. On the
other hand, the greenhouse effect from Proxy Model re-
sulted in less variability and with values near the current
greenhouse of 0.4. These values were relatively stable
for the period between 0 Mya to 200 Mya. Assuming
that our model is accurate, these results can be used to
study the variability of the greenhouse effect on Earth
and correlate it with the known atmospheric composi-
tion to correct proxy data.

Conclusion: We have described a model that could
predict the mean global surface temperature of rocky
planets based on their land-ocean fraction and atmos-
pheric composition using data from Earth's geological
history. As of this date, we have run an MCMC simula-
tion to study the uncertainty of the parameters used to
fit the data. The results showed large variability of sur-
face temperatures due to changes in the land-ocean frac-
tion and greenhouse effect. This means that our assump-
tion of a stable greenhouse effect does not work for the
entire geological timescale used in our study. Thus, we
will fit the model for a variable greenhouse effect using
the same MCMC method. This fitting might be a more
accurate model for predicting surface temperatures.
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Figure 2. Variability of the normalized greenhouse effect for
each proxy data based on the results from our model.

Nevertheless, the results look promising for some
periods (e.g., the last 200 My) and might be improved
by including a larger dataset of proxies. We will also
include more surface properties in the model (i.e., veg-
etation, icy surfaces, clouds). These properties might
provide insights into how the type of surface influences
the temperatures of a planet. Our goal is to create a sim-
ple empirical model that predicts a rocky planet's mean
global surface temperatures based on its surface and
general atmospheric properties. Such a model could val-
idate results from GCMs and characterize the habitabil-
ity of exoplanets.
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