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RESUMEN

La temperatura de la superficie terrestre ha variado ampliamente en el pasado. Desde casi la congelacion
total, en el evento conocido como “Tierra bola de nieve” hace 2.9 Ga a un mundo sin hielo en la transicion
del Paleoceno al Eoceno, hace 55 Ma. Los motores de estos cambios han sido tanto internos (p. ¢j., alteracio-
nes en la composicion quimica de la atmoésfera) como externos (p. ¢j., cambios en la radiacion solar) y han
cambiado en el tiempo. Por lo tanto, si comprendemos como ha evolucionado el balance radiativo terrestre
en diferentes momentos, podemos estimar el clima del pasado, una comparacion fundamental para situar el
cambio climatico actual en el contexto paleoclimatico terrestre. En este articulo presento un balance energé-
tico simple derivado de la ley de Stephan-Boltzmann, para comparar de forma sencilla como los motores del
clima han modificado la temperatura global en distintos momentos clave de la historia de nuestro planeta.
Mis resultados muestran que las tasas de cambio de la temperatura actual son al menos cuatro veces mas
rapidas que cualquier evento de calentamiento previo.

ABSTRACT

Earth’s surface temperature has oscillated greatly throughout time. From near total freezing during the
“snowball Earth” (2.9) Ga to an ice-free world in the Paleocene-Eocene thermal maximum 55 (Ma). These
changes have been forced by internal (e.g., changes in the chemical composition of the atmosphere) or
external (e.g., changes in solar irradiance) drivers that varied through time. Thus, if we understand how
the radiation budget evolved at different times, we can approximate past global climate, a fundamental
comparison to situate current climate change in the context Earth’s history. Here I present an analytical
framework employing a simple energy balance derived from the Stephan-Boltzmann law, that allows for
quick comparison between drivers of global temperature at multiple times during the history of our planet.
My results show that current rates of increase in global temperature are at least four times faster than any
previous warming event.
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1. Introduction

The relationship between radiation and temperature
was firstly described by Josef Stefan in 1879 and later
presented as a law by Ludwig Boltzmann in 1884,
thus receiving the name of Stephan-Boltzmann law. It
states that the energy emitted by a body is proportional

to a constant (named after the authors) multiplied by
temperature to the fourth power (Eq. [1]). The year
after proposing the law, Stefan used it to calculate the
temperature from the Sun’s surface for the first time,
with a difference of only 2% compared to current esti-
mates (5700 K originally vs. 5778 K current estimate).
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E=0T* (1)

The former is the original equation for the
Stephan-Boltzmann law, where E is the radiative
energy emitted, 7'is the temperature and o is the con-
stant named after the authors. Eq. (1) implies that our
planet will heat because of incoming radiation from
the Sun. Thus, if we know the temperature of the Sun
(or its irradiance) and the distance to Earth, the global
surface temperature could be computed. However, for
the original law to work, Earth would need to behave
as a blackbody (absorbing and reflecting all incoming
radiation), which is untrue. Earth’s radiation budget is
modified by three key aspects: the planetary albedo,
its atmospheric chemical composition, particularly its
greenhouse gases (GHG) concentration, and internal
climate feedbacks (Stephens et al., 1981, 2012; Forster
et al., 2007). Hence, Earth’s surface temperature an
any moment during its history could be approximated
based on these three factors: incoming solar radiation,
albedo and GHG concentration (Eq. 2).

T, ~ S*A*GHG )

where T is the effective planetary temperature ap-
proximated by the product of incoming solar radiation
(S), the planetary albedo (4) and the concentration
of greenhouse gases in the atmosphere (GHG). The
real temperature is also affected by internal climate
feedbacks.

By combining these two key concepts (the
Stephan-Boltzmann law described in Eq. [1] and the
drivers of Earth’s radiation budget presented in Eq.
[2]) I present a relatively simple equation (Eq. [3], with
full explanation on section S.1 of the supplementary
material) to quickly compute an approximation to the
global surface temperature in any given time period
and, particularly, to understand the influence that solar
radiation, planetary albedo and GHG had in the past
and could have in the future of our planet’s history.

With the computation of these flows of energy we
can understand long-term, oscillatory, and near-term
changes in global climate. Yet, it is fundamental to
notice that it represents an ideal physical model,
helpful to understand the nature of the Earth’s sys-
tem but unlikely to yield accurate results for making
climate change predictions. Another key limitation
of this approximation is that all three factors always

interact with each other, thus it is difficult to separate
them as individual components; nonetheless, they are
presented as such. Finally, several sudden climatic
changes have occurred in the history of the planet,
forced by planetary catastrophes (most notably
meteor impacts, e.g., Chicxulub), which cannot be
accounted for in this model and thus, are outside of
the scope of this work.

1
R, 1 1\
Te=(Ts\/2DS] (1-4,)% (1_3) 3)

The former is the simple energy balance using the
Stephan-Boltzmann law to calculate Earth’s tempera-
ture (7¢). For any given period, global temperature is
equal to the product of three elements: (1) incoming
solar radiation, which in turn depends on the Sun’s
temperature (75), the radius of the Sun (R;), and the
distance between the two (Dy); (2) Earth’s planetary
albedo (4.), and (3) emissivity of the atmosphere (),
which depends on the GHG concentration.

In this work, I employed the above-mentioned
equation to compare the magnitude and rates of change
of temperature caused by its drivers. The fundamental
idea of this work, which is developed further in the
next sections, is to show the global surface temperature
variability caused by the impact of solar evolution,
orbital changes, solar activity, snow and vegetation
albedo, and greenhouse gases concentration (Fig. 1).
To simplify the analysis and calculations, I split the
drivers according to their temporal-scale of influence,
from decades to billions of years. This method is useful
for the contextualization of current man-made climate
change in terms of absolute change and its speed but
does not address the large uncertainty inherent to
comparing such vast multiple timescales. It should
also be noticed that by splitting the study of Earth’s
temperature in individual drivers, a large fraction of
the internal variation driven by climate feedbacks is
not accounted for. Nevertheless, this approach allows
for large comparisons of Earth’s temperature drivers
and key historical events.

2. Incoming solar radiation
Incoming solar radiation through Earth’s history
has been modified by two drivers: solar irradiance
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Fig. 1. Influence of different drivers on the variability of
global surface temperatures throughout Earth’s history
(°C). The impact of incoming solar radiation, albedo, and
greenhouse gas concentrations is contextualized in terms
of total magnitude and subdivided into their respective
processes as described in the different sections. The
calculation for each bar is presented in Table SI in the
supplementary material. Changes represent the maximum
recorded impact. (PETM: Paleocene-Eocene thermal
maximum; nP: Neoproterozoic.)

and the distance between our planet and its star. On
the one hand, the Sun’s temperature and irradiance
have two major sources of variation: the evolution
of the star, driven by the conditions of its core, and
variations in its magnetic field, leading to cycles of
varying solar activity (Solanki, 2002). On the other
hand, Earth’s orbital moves also affect the amount
of solar radiation received, by altering the distance
between the two. These changes have impacted glob-
al temperature at different time scales from tens of
millennials to millions of years and will continue to
do so. To understand how they regulate the planetary
climate it is fundamental to separate their processes
based on their temporal scale of influence.

2.1 Billions of years: Sun evolution

As any other yellow dwarf star, the Sun’s evolution
implies a slow increase in irradiance as hydrogen is
converted to helium in its core. As a result, during
Earth’s origins (4.5 Ga), Sun’s irradiance and incom-
ing radiation was 30% lower than today (Sackmann
et al., 1993). It has slowly raised to current levels

and will further increase by an additional 50% until
the end of its life in 7.5 Ga, before transforming
into a white dwarf (where it will have an estimated
irradiance 5000 times larger than today) (Solanki,
2002). Theoretically, this would mean that Earth’s
temperature in its origins would have been ~16 K
lower than today (Fig. 1), well below the freezing
point (this is known as the young Sun paradox (Sa-
gan and Mullen, 1972). However, it is likely that
a combination of higher GHG concentrations and a
much lower albedo, due to lack of clouds, main-
tained global temperatures to allow liquid water
(Haqg-Misra et al., 2008; Goldblatt et al., 2009;
Rosing et al., 2010; Goldblatt and Zahnle, 2011).
This has a second implication, which is the impact
of a brighter Sun on global future temperatures.
As stated, the star will continue to increase in irra-
diance, leading to a higher radiation and warming
our planet. This has the potential to increase global
temperatures by up to 10 °C every Ga (Solanki,
2002), probably killing all life on Earth. Yet, when
translated to our timeframe it only represents an in-
crease of 0.000001 °C every century (Fig. 2). Thus,
on its own, increased brightness has no impact on
near-term climate change.
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Fig. 2. Maximum historical rate of absolute temperature
change (°C century ') throughout the history of Earth.
While the absolute magnitude of present climate change
so far may not be novel in the paleorecord (Fig. 1), it is un-
likely that the rate of change has ever been so fast. Present
man-made climate change is 10 times faster than the fastest
warming periods in the past. (PETM: Paleocene-Eocene
thermal maximum; nP: Neoproterozoic.)
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2.2 Hundreds of thousand years: Earth'’s orbital
movements

The second important component that modifies the
amount of radiation received by Earth is the distance
to the Sun, modified by periodical changes in the
Earth’s orbit. These cycles were firstly described
by Milankovitch (1920), who showed that Earth’s
rotation and revolution is altered by its gravitational
interaction with other bodies in the Solar System. As a
result, three different variations in our planet’s orbital
movements occur: changes in the orbital shape, tilt
of the axis and the point of rotation. These cycles are
the main driver of slow millennial changes in Earth’s
temperature (Huybers and Curry, 2006) and are re-
sponsible for glacial and interglacial periods (Hays
et al., 1976). The change is not related to the energy
received from the Sun, which is stable despite these
movements (it varies by less than 0.1 Wm™2), but on
how it impacts regional summer insolation, mostly
in high latitudes, which triggers internal albedo and
carbon cycle feedbacks that lead to the glacial cycles
(IPCC, 2013).

The first cycle receives the name of eccentricity,
which is a change in the shape of Earth’s orbit from
nearly circular to slightly elliptical. This is caused by
the gravitational pull from Jupiter and Saturn, leading
to a recurrent cycle of 100000 years where Earth’s
eccentricity varies from 0.0034 (almost circular) to
0.058 (slight ellipse). As a result, the distance from
our planet to the Sun varies by 11.2%, which means
that during the most extreme points of the cycle, the
Earth receives 23% more (or less=radiation from the
Sun. This is particularly important over the Northern
Hemisphere, where it leads to longer winters and
shorter summers; as a result, it favors the presence
of ice, increasing albedo and leading to a positive
cooling feedback. This translates into an overall
amplitude in global temperature of 3-6 °C (Shakun
et al., 2012; Tierney et al., 2020) with regional am-
plifications up to 12 °C (Fig. 1, Milankovitch cycles)
(Petit et al., 1999).

The second motion of the orbit is obliquity or
tilting, which is a variation of Earth’s axis of rotation,
also known as nutation. This was likely caused by the
impact of an exoplanet, which lead to the formation
of the Moon. The cycle lasts 41 000 years, altering
the axis from 22.1 to 24.5° perpendicular to Earth’s
orbital plane (Berger, 1976). Although on its own it

has little impact on the global radiation received, it
has important implications for climate seasonality,
with larger tilting favoring deglaciation and vice ver-
sa. In turn, this has a large impact on albedo and GHG
concentrations, which means it can lead to changes
in global temperature by ~2 °C (Berger, 1976).

The final orbital variation is precession, which
consists of a “wobbling” of Earth’s rotation axis
caused by the gravitational pull of the moon and the
Sun. The cycle has a period of 23 000 years and while
its effects on global temperature are less evident than
the previous two, it moderates the length and strength
of the seasons in the hemispheres. Axial precession
slowly alters the seasonal beginning and ending,
leading to regional glaciation/deglaciation cycles.
Its net effects on global temperature are 10 times
smaller than eccentricity, but still imply it can shift
global climate by ~1 °C (Berger, 1978).

The combination of the three cycles is the primary
driver of Earth’s long-term cryosphere dynamics
(Hays et al., 1976) and has large implications for all
life and biogeochemical cycles (Petit et al., 1999).
However, they have no impact on current climate
change. Currently, Earth is halfway between its axis
extremes and its precession favors stable seasons in
the Northern Hemisphere, meaning Earth’s climate
is likely in its most stable possible state. Moreover,
even in the most extreme case, the combined impact
of all cycles leads to a maximum change 0f 0.012 °C
per century (Fig. 2, Milankovitch cycles).

2.3 Hundreds and thousands of years: solar cycles
As previously stated, the second important con-
tribution to variation in solar irradiance is the Sun’s
magnetic field, which manifests as the number of sun-
spots in any given period. It has been well established
that solar magnetic activity has a recurrent 11-year
cycle, where its irradiance varies by 0.1% (Willson,
1997). In addition, longer-term fluctuations have
been observed since the invention of the telescope,
having periods of minimum activity (spotted in 1900,
1810 and 1690) (Eddy, 1976) and maximum activity
(observed in 1970). Reconstructions for the last 500
years using historical telescopic records showed a
variation of total solar irradiance ranging from 1359
to 1369 Wm™ or about 0.3% from the mean (Bard
et al., 2000). This small fluctuation has little impact
on global temperature (0.15-0.3 °C) but has been
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recorded to largely modify regional climate, for
example over Europe (Ilyashuk et al., 2019) (Fig. 1,
Solar activity).

The record of solar activity has been greatly ex-
tended recently using carbon and beryllium isotopes
in ice cores and tree rings (Solanki et al., 2004;
Muscheler et al., 2005; Steinhilber et al., 2012). For
the past 10000 years, solar activity, measured as
sunspots, has been shown to vary between 0 and 100,
with an average of 28.7 £ 16.2 for any given moment
(Solanki et al., 2004). Interestingly, during 1940-1980
the number of spots surged to an average of 75, like-
ly increasing global temperature. However, despite
stronger recent solar activity, its impact on global
temperature pales in comparison to anthropogenic
climate change, contributing to at most 0.06 to 0.1 °C
of warming per century (Jones et al., 2012). More-
over, solar irradiance has been decreasing thereafter,
potentially meaning we are heading to a new period
of minimal solar activity, which in turn could mean
a reduction in global temperatures of —0.3 °C in the
21st century (Feulner and Rahmstorf, 2010; Anet et
al., 2013) (Fig. 2, Solar activity).

3. Planetary albedo
The second factor that affects the global energy bud-
get is Earth’s brightness, known as albedo, which al-
ters the proportion of radiation absorbed and reflected
to space. Terrestrial albedo varies from 0.04 for as-
phalt (meaning 99.6% of the incoming solar radiation
is absorbed) to 0.8 for fresh snow (20% absorption).
Thus, the type of surface has a large impact on global
temperature, for example, based on Eq. (3), a 1%
decrease in terrestrial albedo translates into 1.5 °C
of warming, hence a 0.05 change in albedo would
have a similar impact to all anthropogenic warming
so far. Luckily, in the short-term this physical prop-
erty of the Earth is remarkably stable (Stephens et al.,
2015). Current global albedo has been calculated at
0.29 with no interannual variation and with a small
seasonal variation of 0.02 (Stephens et al., 2015),
driven mostly by changes in land surface snow
cover. However, when analyzing larger time scales
and selected moments in Earth’s history, a different
pattern emerges.

To understand terrestrial albedo’s variation, it
must be split into its different components. Four

different surfaces intervene to regulate global albedo:
the oceans, cryosphere, atmosphere, and land surface.
Ocean albedo is mostly constant at 0.06 (although it
can vary widely if covered by ice), but the rest of the
components display large spatiotemporal variation:
ice albedo varies between 0.5 and 0.8, the atmosphere
displays a range of 0.15 to 0.40 and land’s albedo
varies from 0.05 to 0.4 (Stephens et al., 2015; Wang
et al., 2017). Additionally, they are governed by
snow-ice, cloud, and tree coverage at any given time,
and the fluctuation on these three aspects has been
mainly responsible for modifying global albedo for
millions of years to centuries.

3.1 Millions of years: Cryosphere and snowball
Earth
The brightest moments of our planet (when the least
amount of radiation was absorbed) are known as
snowball Earth (Kirschvink, 1992). This term has
been used to explain the conditions that governed
our planet on several occasions, although it usually
refers to events during the Neoproterozoic (nP) era
(750-500 Ma). This period is characterized by the oc-
currence of a global glaciation, which meant that the
ice- and snow-covered area expanded from the poles
into the tropics, albedo surged, and global absorbed
radiation plummeted (Hoffman and Schrag, 2002).
This created a positive feedback: more ice led to a
decrease in temperature, which in turn lead to more
ice, a process that lasted for at least 3 million years,
but likely 12 (Bodiselitsch et al., 2005). The exact
causes of this glaciation are still under debate, but our
current understanding suggests that the rise of a new
continent (named Rodinia) produced an excessive
weathering of rocks, triggering atmospheric CO,
levels to fall, decreasing temperature, and starting
the abovementioned feedback (Hoffman et al., 1998).
Despite the uncertainty of the mechanisms behind its
origin, the nP era represents an ideal case study to
show the impact of ice on planetary albedo, therefore
on its temperature.

Recent estimates suggest that global albedo was
as high as 0.6 during that period (Lewis et al., 2006).
Based on Eq. (3), this would translate into a global
temperature 35 °C lower than the current. As a result,
tropical ice layers would have been more than 100 m
deep, making conditions impossible for life to persist,
particularly for photosynthetic organisms (Warren et
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al., 2002). However, several other processes may be
occurring, such as the presence of melt ponds (Wu et
al., 2021) and regions of net sublimation (Warren
et al., 2002), particularly around the tropics, which
suggests albedo may not have been greater than 0.4,
which still translates into a global temperature 16 °C
lower than today’s (Fig. 1, Ice-snow).

This has a key implication for current climate
change, but on the opposite direction. If warming
continues, the ice-covered regions of our planet will
melt, revealing the soil that lies below, which has a
lower albedo. This will lead to higher radiation ab-
sorption and higher local temperatures, accelerating
the thawing of surrounding ice, a mechanism known
as surface albedo feedback that has already led to a
decrease in surface albedo over the Artic of —0.07
to —0.035 per month during the last four decades
(Riiheld et al., 2013). If the pattern continues, it
could lead to a net decrease of —0.004 over the next
century in global albedo (Li et al., 2018), which in
turn could mean an additional 0.6 °C of warming
(Fig. 2, Ice-snow).

3.2 Decades to centuries: Atmospheric chemical
composition and cloudiness

The second large controller of global planetary albe-
do in the atmosphere is aerosols. Currently, aerosol
particles reflect 22% of the incoming solar radiation
back to space, however this number undergoes large
decadal variation driven by two processes: volcanoes
and human activities (Mishenko et al., 2007). Both
processes modify the chemical composition of the at-
mosphere injecting large concentrations of particulate
matter and gaseous precursors of secondary particles
(Seinfeld and Pankow, 2003) and, as a result, altering
the radiation budget of our planet.

In the short-term, volcanoes are random events,
particularly those with an eruption large enough to
alter the chemical composition of the atmosphere
(those with a volcanic explosivity index above 4).
However, on a geological time frame they represent
a key driver of climate variability (Robock, 2000).
By releasing large amount of sulfur dioxide, they dim
global sunlight and reduce solar radiation by 1.5-2%
(Stenchikov et al., 1998). As aresult, global tempera-
tures decrease by 0.5-1 °C, an effect that lasts for 1-3
years (Fig. 1, Volcanoes). Although they represent
a transitory pulse and their effect disappears after a

short time, the constant appearance of large eruptions
(about five-seven per century) means they are con-
stantly reducing global temperatures at the geological
scale, an effect calculated to be —0.02 °C per century
(Cole-Dai, 2010) (Fig. 2, Volcanoes). Nonetheless it
should also be noticed that in the shorter term (e.g.,
at the human scale) they are isolated events whose
impact is negligible after a few years.

The anthropogenic effect on atmospheric albedo
is driven by the emission of sulphate aerosols and
black carbon into the atmosphere (Ramanathan and
Carmichael, 2008). These compounds are the result of
an incomplete combustion of coal, diesel, and biomass
(e.g., crop residues and biofuels) and lead to dimming
of incoming sunlight (Andreae and Crutzen, 1997;
Andreae et al., 2005). These compounds are emitted
worldwide across both hemispheres and, although they
locally heat the atmosphere by absorbing additional
radiation, their dimming effect has been responsible
for reducing global warming trends during the 1950-
1980s by up to 0.07 °C per decade (based on the trends
from Wild et al. [2007]). However, changes in global
pollution laws have since led to a decrease in the load
of such components into the atmosphere. In turn, Earth
experiences a global brightening since the 1990s and
then a period of general stabilization since the 2000s
(Wild et al., 2009). Thus, when averaged over the last
century, anthropogenic impact on planetary albedo
throughout these processes has been almost null.

Another key element of Earth’s planetary albedo
is clouds. Planetary albedo increases along with
cloudiness, since less solar radiation enters the cli-
mate system and global temperature drops. Clouds
and climate interact in two opposite feedbacks. On
the one hand there is a positive cold-cloud feedback,
where cold climate favors the formation of tropical
stratocumulus that leads to high planetary albedo,
reducing temperature and favoring conditions for ad-
ditional condensation. On the opposite, while warmer
climate favors evaporation, leading to greater cloud
formation and in turn to decreased planetary albedo
(Klein et al., 2017), it also leads to the breaking of
stratocumulus clouds into scatter clouds, decreasing
their natural shading effect, thus increasing global
planetary temperature (Schneider et al., 2019). As
a result of these complex processes, cloud-climate
feedbacks remain as one of the major sources of un-
certainties in current climate models (Brient, 2020).
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However, it seems that the second effect is larger,
with warmer climates leading to lower planetary al-
bedo. In a recent paper, using state of the art climate
models, Zhu et al. (2019) showed that temperature
during the early Eocene (~50 Ma ago) was likely
much greater than previously anticipated, due to
climate-cloud feedbacks. That period is characterized
by a high concentration of GHG in the atmosphere,
which lead to estimate a temperature 5-9 °C warmer
than the current (Anagnostou et al., 2016) (Fig. 1,
Cloud-climate feedback); nevertheless, when adding
the effect of cloud feedback, the values were on aver-
age 2 °C higher. These results highlight the potential
role of small-scale cloud feedbacks on global climate,
with important implications for climate change (Fig.
2, Cloud-climate feedback).

3.3 Decades to centuries: Deforestation and land
cover change

The last driver of planetary albedo is the terrestrial
vegetation cover, particularly affected by anthropo-
genic activities. Over the course of our existence,
humans have diminished the forest area with many
activities: deforestation, fire, transformation to ag-
ricultural land, urbanization, to mention a few. As a
result, humans have impacted 60% of all land surface
and primary forest land has decreased by at least
25% over the last 300 years (Hurtt et al., 2011). In
addition, climate warming has also led to an increase
in global dryland area and desertification (Reynolds
etal., 2007).

Dense forest cover has a typical albedo of 0.1,
which is typically lower than any other cover, with
the exception of asphalt. Thus, by clearing forests,
we have actively increased global albedo. Sagan et al.
(1979) estimated that over the course of the last 400
years, desertification and deforestation have caused
an increase of 0.05 in global albedo, which translates
as a 0.5 °C decrease in temperature (Fig. 1, Defor-
estation). From this, a decrease of 0.2 °C occurred
in the period 1950-1975 (Sagan et al., 1979), where
the largest deforestation rates occurred in most of the
Northern Hemisphere (Hurtt et al., 2011). Since
then, global albedo, has remained mostly stable,
due to a balance between an increase of albedo in
the Southern Hemisphere and a reduction over the
Northern Hemisphere, driven by opposite land cover
transitions (Fig. 2, Deforestation).

4. Greenhouse gases

The last factor driving global temperatures is the
concentration of GHG in the atmosphere. Human
activities have almost doubled CO, concentrations
and tripled CH4, which undoubtedly has led to an
increase in global temperature and will continue
to do so. Although large uncertainty remains on
how substantial the warming will be (ranging from
1.2 to 4.8 °C in the latest IPCC estimates [IPCC,
2013]), our approach to radiation and the planet’s
history can bring insight into the matter (Tierney
et al., 2020).

Based on Eq. (3), the potential range of warming
goes from zero in a GHG-free atmosphere to an
increase in temperature of 41.42% if no radiation
from the planetary surface escapes to space. Under
current solar and albedo conditions, this translates
into a range of —18.5 to 30 °C in the mean global
temperature based on both potential emissivity ()
extremes (—34 to 15 °C compared to current global
temperature, if € = 0 or € = 1). Current estimates
situate emissivity from GHG at 0.78, which means
these gases can increase global temperature by 15 °C
when compared to an atmosphere-free Earth (based
on ¢ = 0.78) (Forster et al., 2007). However, GHG
absorption has varied greatly throughout the history
of our planet, and extremes are particularly important
to understand their role in regulating global climate.

4.1 Millions of years: The Huronian glaciation

There have been several episodes of low temperature
in the history of our planet, but the two most import-
ant ones possibly were the Neoproterozoic snowball
Earth (discussed in the previous section) and the
Huronian glaciation (also known as Makganyene).
The latter was the longest cold period of our planet,
lasting from 2.4 to 2.1 Ga and was related to a drop
in GHG concentrations. Current studies pinpoint to
two potential causes: a decrease in atmospheric CHy
concentration due to the rise of oxygen (Kopp et al.,
2005) and a decrease in CO; concentration resulting
from accelerated weathering due to increase accretion
in plate tectonics (Young, 1991). I will discuss both
hypotheses and explain how they could have altered
Earth’s energy budget. In any case, just with the
abovementioned freezing event a plethora of factors
influence the period, but I will use it to exemplify the
impact of GHG concentration on global temperatures.
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The most abundant organic compound regulating
climate is CH4. From our planet’s history to modern
day, its concentration in the atmosphere has varied
greatly, from 5% in early Earth, to 300-1000 ppm
during the Proterozoic (2.3 Ga) (Pavlov et al., 2000;
Kasting, 2005) to 800 ppb before human industry
and to 1.8 ppm today (Saunois et al., 2020). This
large variation has been the result of life activity
and CHy interaction with the atmosphere. The larg-
est drop in atmospheric CHy4 occurred 2.4 Ga ago
because of the surge of photosynthesis, which led
to a shift from reduction to oxidation conditions in
the atmosphere (Kopp et al., 2005). At first and for
the first 900 million years after oxygenic cyanobac-
teria appeared, free oxygen reacted with suspended
oceanic minerals, such as iron and magnesium;
however, at some point the mineral oceanic pools
were exhausted and atmospheric oxygen began to
accumulate. As a result of oxidation, CH4 started
to disappear from the atmosphere, and while life
continued to produce this gas through fermenta-
tion, its concentration plummeted to a tenth of
its previous levels (Kasting, 2005), resulting in a
decrease of global radiation absorption of 13-25%
(e = 0.59-0.68), leading to a temperature 8-15 °C
lower than the current (Fig. 1, Huronian glaciation).

The second possible explanation for the Huronian
glaciation is a reduction of CO, concentration because
of plate tectonics motion. Before the event (2.4 Ga) a
record subduction and surface erosion event occurred
that lead to the formation of the Columbia superconti-
nent (Sobolev and Brown, 2019). As a result, increase
rock weathering occurred, particularly rock-silicates,
which in turn started reacting with atmospheric CO,
(Young, 1991). Atmospheric CO, went from an esti-
mated 12 000 ppm to levels similar as today (or a 40-
fold decrement) (Somelar et al., 2020). Interestingly,
on its own this also means a decline in temperature
similar to that from CH4 (between 8-15 °C).

4.2 Hundreds of thousands of years: The Paleoce-
ne-Eocene thermal maximum

Just like a reduction in GHG has led to a decrease
in temperature with distinctive ice-signatures, an
increase is immediately followed by higher tempera-
tures. Due to recent global warming, we are partic-
ularly interested in understanding the GHG-climate
relationships in the past, and key warm events provide

a window to understand possible future scenarios
if human emissions continue to rise (Tierney et al.,
2020). In that sense, one event has received particular
attention for its similarity to the present: the Paleo-
cene-Eocene thermal maximum.

The Paleocene-Eocene transition happened
55.5 Ma and is characterized by a rapid increase
in temperature of about 5-8 °C in less than 10000
years (Pagani et al., 2006) (Fig. 1, PETM). It was
the result of two discrete pulses of C release to the
atmosphere, with an average emission rate of 0.2-0.9
PgC year ! into the atmosphere for 2000 years; thus,
it has been studied as an analogy for current climate
change (Bowen et al., 2015). The exact reason behind
such rapid emissions and warming is still debatable.
Hypotheses range from a massive release of oceanic
methane hydrates, volcanic eruptions (Gutjahr et al.,
2017), a surge in organic carbon oxidation, the rise of
an igneous province (Jones et al., 2019), or a meteor
impact (Mclnerney and Wing, 2011). In any case,
the result was a surge in atmospheric CO, concen-
tration that reached a maximum estimate of 55000
ppm (Pagani et al., 2006; Mclnerney and Wing,
2011), although the exact value is still under debate
and likely close to 3000 ppm (Inglis et al., 2020). It
meant an increase in radiation absorption between
11-16% (e = 0.87-0.91) consistent with at least the
quadrupling the current CO; values (from 400-1600
ppm). The thermal peak lasted about 200 000 years,
but it is likely responsible for the high temperatures
observed during the whole of the early Eocene (at
least 20 Ma). The period is particularly important,
as it provides a glimpse of what the climate could
be if high-emission scenarios are reached and how
long it would take for our planet to re-stabilize af-
terwards (Tierney et al., 2020). In spite of current
doubts around the maximum CO, concentration and
its causes, evidence for temperature increase is clear;
however, even if the most extreme warming assumed
(8° C over 2000 years) occurs, it would translate into
a warming trend of 0.04 °C per century, which is still
10 times smaller than the current rate (Fig. 2, PETM).

5. Current climate change in the context of
Earth’s history

The warming of our planet is occurring. It has been
undoubtedly caused by our activities and some of its



Contextualizing current climate change 25

impacts will last for thousands of years (Solomon et
al., 2009). Over the course of the last 400 years, and
particularly the last 160, anthropogenic activities
have been responsible for emitting enormous quan-
tities of GHG to the atmosphere as the result of fossil
fuel burning and land use change. The atmospheric
burden from CO, has increased from 589 to 829
Pg (or from 280 ppm to 415 ppm), while CHy4 rose
from 2.0 to 4.9 Pg (Friedlingstein et al., 2020). As
a result, GHG emissivity has gone up by about 2%,
which translates into an increase in global tempera-
ture of 0.93 °C (0.8-1.1° C) since the 1860s (Millar
etal., 2017). This translates into a mean temperature
increase of 0.62 °C per century, which could jump to
3 °C over the next 80 years (IPCC, 2013) (Fig. 1 and
Fig. 2, Anthropogenic emissions).

One fundamental aspect to improve our under-
standing of current climate change is the comparison
with previous extreme events (Haywood et al., 2019).
In that sense, the conclusions that can be drawn from
absolute vs. relative change are remarkably different.
When comparing the 1 °C man-made warming to the
variation of other drivers (17 °C caused by the Sun,
12 °C by Earth’s orbital movements, or 15 °C by snow
albedo), the former seems negligible (Fig. 1). It is
clear that our planet (and the life it contains) has faced
more extreme conditions and will likely do the same
in the future. Thus, life will undoubtedly prevail this
event, but clearly not in all its forms. Nonetheless, the
key worrisome aspect of this warming is the speed
at which it is occurring.

Despite large variation of solar, orbital, albedo,
and GHG concentrations throughout the history of
Earth, changes have been relatively slow in compar-
ison to today’s warming. Changes in solar irradiance
or Earth’s orbit, while large in absolute values, hap-
pen remarkably slow (1000 times slower than current
climate change). Even the largest climatic aberrations
(fast changes from background climate) such as the
Paleocene-Eocene transition, were still 10 times
lower that current rates (Tierney et al., 2020) (Fig.
2). Thus, the speed of current warming is possibly
unprecedented in our planet (with the exception of
climate catastrophes, not addressed in this article).

One key aspect that impeded such rapid chang-
es was the presence of life. The close integration
between life and the global biogeochemical cy-
cles, particularly C and N, maintained the rates of

temperature change slow for at least the last million
years (Petit et al., 1999), but maybe since the dawn
of Earth (Lovelock and Lovelock, 2000). Through
its impact on albedo, cloud formation and GHG con-
centrations, conditions have remained remarkably
stable for thousands of years (e.g., for the last million
years atmospheric CO,; varied from 200 to 280 ppm,
a remarkably small range). For life, the current rapid
change is something never experienced before (again,
not considering climate catastrophes), and its impacts
are already evident at multiple biological scales (from
genes to biomes) (Scheffers et al., 2016). Most of the
current plants and animals, including humans, evolved
in a cold period and are adapted better to cold condi-
tions; as a result, between 15-37% of all current species
will be at risk of extinction by 2050 (Thomas et al.,
2004). The same is true for agriculture, most of which
has been domesticated over the last 15 000 years under
arelatively stable warm climate (Howden et al., 2007).
Our planet has experienced current climate change in
terms of absolute magnitude, but in terms of speed it
is unprecedent. It is likely the first time in the history
of Earth in which such a strong decoupling between
life and global abiotic conditions has occurred. This
undoubtedly means that life will not be able to mitigate
climate change on its own (e.g., through higher CO,
capture in forests or in the ocean, or through additional
CH4 consumption by soil microorganisms), and if we
do not intervene it will lead to massive extinction and
thousands of years of warm climate.

6. Conclusion

The framework presented here proved to be useful
when comparing different drivers of global tem-
perature at multiple scales. It allows for a direct
comparison of magnitude and rate of climate change,
as driven by changes in incoming solar radiation, al-
bedo, and GHG. Furthermore, it provides a unifying
framework to compare the Earth’s radiation budget at
different time periods, providing interesting insights
not only for the past, but for future climate change
as well. Nevertheless, several key limitations of this
simple approach need to be considered: the lack of
interaction between components, the lack of a mea-
surement of internal feedbacks and the impossibility
to include external catastrophic climatic events, such
as the impact of meteorites.
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Nevertheless, it is interesting to note that, with a
seemingly simple equation, we can quickly compare
the absolute impact of different forcings on global
temperature or the rate of temperature change in key
historical moments of the paleorecord. In particular,
the framework is interesting to situate human-made
climate change in the context of previous warm-
ing events, to clearly show that the current rate of
temperature increase is unlikely to have occurred
previously.

Acknowledgments

The author would like to thank the National Au-
tonomous University of Mexico for its funding
trough project PAPIIT IA200420. The author is also
very grateful with one anonymous reviewer for his
wonderful comments, which greatly improved the
manuscript.

References

Anagnostou E, John EH, Edgar M, Foster GL, Ridgwell
A, Inglis GN, Pancost, R, Lunt DJ, Pearson PN. 2016.
Changing atmospheric CO, concentration was the
primary driver of early Cenozoic climate. Nature 533:
380-384. https://doi.org/10.1038/nature17423

Andreae MO, Crutzen PJ. 1997. Atmospheric aerosols:
Biogeochemical sources and role in atmospheric chem-
istry. Science 276: 1052-1058. https://doi.org/10.1126/
science.276.5315.1052

Andreae MO, Jones CD, Cox PM. 2005. Strong pres-
ent-day aerosol cooling implies a hot future. Nature
435: 1187-1190. https://doi.org/10.1038/nature03671

Anet JG, Rozanov EV, Muthers S, Peter T, Bronnimann
S, Arfeuille F, Beer J, Shapiro Al, Raible CC, Stein-
hilber F, Schmutz WK. 2013. Impact of a potential
21st century “grand solar minimum” on surface
temperatures and stratospheric ozone. Geophys-
ical Research Letters 40: 4420-4425. https://doi.
org/10.1002/grl.50806

Bard E, Raisbeck G, Yiou F, Jouzel J. 2000. Solar irradi-
ance during the last 1200 years based on cosmogenic
nuclides. Tellus B 52: 985-992. https://doi.org/10.3402/
tellusb.v52i3.17080

Berger AL. 1976. Obliquity and precession for the last
5 000 000 years. Astronomy and Astrophysics 51:
127-135.

Bodiselitsch B, Koeberl C, Master S, Reimold WU. 2005.
Estimating duration and intensity of Neoproterozoic
snowball glaciations from Ir anomalies. Science 308:
239-242. https://doi.org/10.1126/science.1104657

Bowen GJ, Maibauer BJ, Kraus MJ, R6hl U, Westerhold T,
Steimke A, Gingerich PD, Wing SL, Clyde WC. 2015.
Two massive, rapid releases of carbon during the onset
of the Palaecocene—Eocene thermal maximum. Nature
Geoscience 8: 44-47. https://doi.org/10.1038/ngeo2316

Brient F. 2020. Reducing uncertainties in climate projec-
tions with emergent constraints: Concepts, examples
and prospects. Advances in Atmospheric Sciences 37:
1-15. https://doi.org/10.1007/s00376-019-9140-8

Cole-Dai J. 2010. Volcanoes and climate. Wiley Interdisci-
plinary Reviews: Climate Change 1: 824-839. https://
doi.org/10.1002/wcc.76

Eddy JA, Gilman PA, Trotter DE. 1976. Solar rotation
during the Maunder Minimum. Solar physics 46: 3-14.
https://doi.org/10.1007/BF00157550

Feulner G, Rahmstorf S. 2010. On the effect of a new
grand minimum of solar activity on the future climate
on Earth. Geophysical Research Letters 37: 1-5. https://
doi.org/10.1029/2010GL042710

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R,
Fahey DW, Haywood J, Lean J, Lowe DC, Myhre G,
Nganga J, Prinn R, Raga G, Schulz M, van Dorland
R. 2007. Changes in atmospheric constituents and
in radiative forcing. In: Climate Change 2007: The
Physical Science Basis. Contribution of Working
Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cam-
bridge University Press, Cambridge, UK, and New
York, USA.

Friedlingstein P, O’Sullivan M, Jones MW, Andrew RM,
Hauck J, Olsen A, Peters GP, Peters W, Pongratz J,
Sitch S, Le Quéré C. 2020. Global carbon budget 2020.
Earth System Science Data 12: 3269-3340. https://doi.
org/10.5194/essd-12-3269-2020

Goldblatt C, Claire MW, Lenton TM, Matthews AJ, Wat-
son AJ, Zahnle KJ. 2009. Nitrogen-enhanced green-
house warming on early Earth. Nature Geoscience 2:
891-896. https://doi.org/10.1038/nge0692

Goldblatt C, Zahnle KJ. 2011. Faint young Sun paradox
remains. Nature Nature 464: 744-747. https://doi.
org/10.1038/nature09961

Gutjahr M, Ridgwell A, Sexton PF, Anagnostou E, Pearson
PN, Pilike H, Norris RD, Thomas E, Foster GL. 2017.
Very large release of mostly volcanic carbon during the


https://doi.org/10.1038/nature17423
https://doi.org/10.1126/science.276.5315.1052
https://doi.org/10.1126/science.276.5315.1052
https://doi.org/10.1038/nature03671
https://doi.org/10.1002/grl.50806
https://doi.org/10.1002/grl.50806
https://doi.org/10.3402/tellusb.v52i3.17080
https://doi.org/10.3402/tellusb.v52i3.17080
https://doi.org/10.1126/science.1104657
https://doi.org/10.1038/ngeo2316
https://doi.org/10.1007/s00376-019-9140-8
https://doi.org/10.1002/wcc.76
https://doi.org/10.1002/wcc.76
https://doi.org/10.1007/BF00157550
https://doi.org/10.1029/2010GL042710
https://doi.org/10.1029/2010GL042710
https://doi.org/10.5194/essd-12-3269-2020
https://doi.org/10.5194/essd-12-3269-2020
https://doi.org/10.1038/ngeo692
https://doi.org/10.1038/nature09961
https://doi.org/10.1038/nature09961

Contextualizing current climate change 27

Palacocene-Eocene Thermal Maximum. Nature 548:
573-577. https://doi.org/10.1038/nature23646

Haqg-Misra JD, Domagal-Goldman SD, Kasting PJ, Kast-
ing JF. 2008. A revised, hazy methane greenhouse for
the Archean Earth. Astrobiology 8: 1127-1137. https://
doi.org/10.1089/ast.2007.0197

Hays JD, Imbrie J, Shackleton NJ. 1976. Variations in the
Earth’s orbit: Pacemaker of the ice ages. Science 194:
1121-1132. https://doi.org/0.1126/science.194.4270.1121.

Haywood AM, Valdes PJ, Aze T, Barlow N, Burke A,
Dolan AM, von der Heydt AS, Jamieson SS, Ot-
to-Bliesner BL, Salzmann U, Saupe E, Voss J. 2019.
What can palacoclimate modelling do for you?
Earth Systems and Environment 3: 1-18. https://doi.
org/10.1007/s41748-019-00093-1

Hoffman PF, Kaufman AJ, Halverson GP, Schrag DP. 1998.
A Neoproterozoic snowball Earth. Science 281: 1342-
1346. https://doi.org/10.1126/science.281.5381.1342

Hoffman PF, Schrag DP. 2002. The snowball Earth hy-
pothesis: Testing the limits of global change. Terra
Nova 14: 129-155. https://doi.org/10.1046/j.1365-
3121.2002.00408.x

Howden SM, Soussana JF, Tubiello FN, Chhetri N, Dunlop
M, Meinke H. 2007. Adapting agriculture to climate
change. Proceedings of the National Academy of
Sciences 104: 19691-19696. https://doi.org/10.1073/
pnas.0701890104

Hurtt GC, Chini LP, Frolking S, Betts RA, Feddema J,
Fischer G, Fisk JP, Hibbard K, Houghton RA, Janetos
A, Jones CD. 2011. Harmonization of land-use sce-
narios for the period 1500-2100: 600 years of global
gridded annual land-use transitions, wood harvest,
and resulting secondary lands. Climatic Change 109:
117-161. https://doi.org/10.1007/s10584-011-0153-2

Huybers P, Curry W. 2006. Links between annual, Milan-
kovitch and continuum temperature variability. Nature
441: 329-332. https://doi.org/10.1038/naturc04745

Ilyashuk EA, Heiri O, Ilyashuk BP, Koinig KA, Psenner
R. 2019. The Little Ice Age signature in a 700-year
high-resolution chironomid record of summer tempera-
tures in the Central Eastern Alps. Climate Dynamics
52: 6953-6967. https://doi.org/10.1007/s00382-018-
4555-y

Inglis GN, Bragg F, Burls NJ, Cramwinckel MJ, Evans
D, Foster GL, Huber M, Lunt DJ, Siler N, Steinig S,
Tierney JE. 2020. Global mean surface temperature
and climate sensitivity of the early Eocene Climatic
Optimum (EECO), Paleocene-Eocene Thermal Max-

imum (PETM), and latest Paleocene. Climate of the
Past 16: 1953-1968. https://doi.org/10.5194/cp-16-
1953-2020

IPCC. 2013. Summary for policymakers. In: Climate
Change 2013: The Physical Science Basis. Contribu-
tion of Working Group I to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change.
Cambridge University Press, Cambridge, UK, and
New York, USA.

Jones GS, Lockwood M, Stott PA. 2012. What influ-
ence will future solar activity changes over the 21st
century have on projected global near-surface tem-
perature changes? Journal of Geophysical Research:
Atmospheres 117: D05103. https://doi.org/10.1029/
2011JD017013

Jones SM, Hoggett M, Greene SE, Jones TD. 2019.
Large Igneous Province thermogenic greenhouse gas
flux could have initiated Paleocene-Eocene Thermal
Maximum climate change. Nature Communications
10: 1-16. https://doi.org/10.1038/s41467-019-12957-1

Kasting JF. 2005. Methane and climate during the Precam-
brian era. Precambrian Research 137: 119-129. https://
doi.org/10.1016/j.precamres.2005.03.002

Kirschvink JL. 1992. Late Proterozoic low-latitude global
glaciation: The snowball Earth. In: The Proterozoic
biosphere: A multidisciplinary study (SchopfJW, Klein
C, Eds.). Cambridge University Press, New York.

Klein SA, Hall A, Norris JR, Pincus R. 2017. Low-cloud
feedbacks from cloud-controlling factors: A review.
In Shallow clouds, water vapor, circulation, and
climate sensitivity. https://doi.org/10.1007/s10712-
017-9433-3

Kopp RE, Kirschvink JL, Hilburn IA, Nash CZ. 2005.
The Paleoproterozoic snowball Earth: A climate
disaster triggered by the evolution of oxygenic pho-
tosynthesis. Proceedings of the National Academy of
Sciences 102: 11131-11136. https://doi.org/10.1073/
pnas.0504878102

Lewis JP, Weaver AJ, Eby M. 2006. Deglaciating the
snowball Earth: Sensitivity to surface albedo. Geo-
physical Research Letters 33: L23604. https://doi.
org/10.1029/2006GL027774

LiQ,MaM, Wu X, Yang H. 2018. Snow cover and vege-
tation-induced decrease in global albedo from 2002 to
2016. Journal of Geophysical Research: Atmospheres
123:124-138. https://doi.org/10.1002/2017JD027010

Lovelock J, Lovelock JE. 2000. Gaia: A new look at life
on earth. Oxford Paperbacks.


https://doi.org/10.1038/nature23646
https://doi.org/10.1089/ast.2007.0197
https://doi.org/10.1089/ast.2007.0197
https://doi.org/0.1126/science.194.4270.1121
https://doi.org/10.1007/s41748-019-00093-1
https://doi.org/10.1007/s41748-019-00093-1
https://doi.org/10.1046/j.1365-3121.2002.00408.x
https://doi.org/10.1046/j.1365-3121.2002.00408.x
https://doi.org/10.1073/pnas.0701890104
https://doi.org/10.1073/pnas.0701890104
https://doi.org/10.1007/s10584-011-0153-2
https://doi.org/10.1038/nature04745
https://doi.org/10.1007/s00382-018-4555-y
https://doi.org/10.1007/s00382-018-4555-y
https://doi.org/10.5194/cp-16-1953-2020
https://doi.org/10.5194/cp-16-1953-2020
https://doi.org/10.1029/2011JD017013
https://doi.org/10.1029/2011JD017013
https://doi.org/10.1038/s41467-019-12957-1
https://doi.org/10.1016/j.precamres.2005.03.002
https://doi.org/10.1016/j.precamres.2005.03.002
https://doi.org/10.1007/s10712-017-9433-3
https://doi.org/10.1007/s10712-017-9433-3
https://doi.org/10.1073/pnas.0504878102
https://doi.org/10.1073/pnas.0504878102
https://doi.org/10.1029/2006GL027774
https://doi.org/10.1029/2006GL027774
https://doi.org/10.1002/2017JD027010

28 G. Murray-Tortarolo

Mclnerney FA, Wing SL. 2011. The Paleocene-Eocene Ther-
mal Maximum: A perturbation of carbon cycle, climate,
and biosphere with implications for the future. Annual
Review of Earth and Planetary Sciences 39: 489-516.
https://doi.org/10.1146/annurev-earth-040610-133431

Milankovitch M. 1920. Mathematical theory of heat phe-
nomena produced by solar radiation. Gauthier-Villars,
Paris.

Millar RJ, Fuglestvedt JS, Friedlingstein P, Rogelj J, Grubb
MJ, Matthews HD, Skeie RB, Forster PM, Frame DJ,
Allen MR. 2017. Emission budgets and pathways con-
sistent with limiting warming to 1.5 °C. Nature Geo-
science 10: 741-747. https://doi.org/10.1038/nge03031

Mishchenko MI, Geogdzhayev IV, Rossow WB, Cairns B,
Carlson BE, Lacis AA, Liu L, Travis LD. 2007. Long-
term satellite record reveals likely recent aerosol trend.
Science 315: 1543-1543. https://doi.org/10.1126/
science. 1136709

Muscheler R, Joos F, Miiller SA, Snowball 1. 2005. How
unusual is today’s solar activity? Nature 436: E3-E4.
https://doi.org/10.1038/nature04045

Pagani M, Pedentchouk N, Huber M, Sluijs A, Schouten S,
Brinkhuis H., etal. 2006. Arctic hydrology during glob-
al warming at the Palacocene/Eocene thermal maxi-
mum. Nature 442: 671-675. https://doi.org/10.1038/
nature05043

Pavlov AA, Kasting JF, Brown LL, Rages KA, Freed-
man R. 2000. Greenhouse warming by CHy in the
atmosphere of early Earth. Journal of Geophysical
Research: Planets 105: 11981-11990. https://doi.
org/10.1029/1999JE001134

Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola JM,
Basile I, Bender M, Chappellaz J, Davis M, Delay-
gue G, Delmotte M. 1999. Climate and atmospheric
history of the past 420,000 years from the Vostok ice
core, Antarctica. Nature 399: 429-436. https://doi.
org/10.1038/20859

Ramanathan V, Carmichael G. 2008. Global and regional
climate changes due to black carbon. Nature Geosci-
ence 1: 221-227. https://doi.org/10.1038/ngeo156

Reynolds JF, Smith DMS, Lambin EF, Turner BL, Mor-
timore M, Batterbury SP, Downing TE, Dowlatabadi
H, Fernandez RJ, Herrick JE, Huber-Sannwald E.
2007. Global desertification: Building a science for
dryland development. Science 316: 847-851. https://
doi.org/10.1126/science.1131634

Riiheld A, Manninen T, Laine V. 2013. Observed changes
in the albedo of the Arctic sea-ice zone for the period

1982-2009. Nature Climate Change 3: 895-898. https://
doi.org/10.1038/nclimate1963

Robock A. 2000. Volcanic eruptions and climate.
Reviews of Geophysics 38: 191-219. https://doi.
org/10.1029/1998RG000054

Rosing MT, Bird DK, Sleep NH, Bjerrum CJ. 2010. No
climate paradox under the faint early Sun. Nature 464:
744-747. https://doi.org/10.1038/nature08955

Sackmann I, Boothroyd Al, Kraemer KE. 1993. Our Sun.
III. Present and future. The Astrophysical Journal 418:
457. https://doi.org/10.1086/173407

Sagan C, Mullen G. 1972. Earth and Mars: Evolution of
atmospheres and surface temperatures. Science 177:
52-56. https://doi.org/10.1126/science.177.4043.52

Sagan C, Toon OB, Pollack JB. 1979. Anthropogenic albe-
do changes and the Earth’s climate. Science 206: 1363-
1368. https://doi.org/10.1126/science.206.4425.1363

Saunois M, Stavert AR, Poulter B, Bousquet P, Canadell
JG, Jackson RB, et al. 2020. The global methane budget
2000-2017. Earth System Science Data 12: 1561-1623.
https://doi.org/10.5194/essd-12-1561-2020

Scheffers BR, De Meester L, Bridge TC, Hoffmann AA,
Pandolfi JM, Corlett RT, Butchart SH, Pearce-Kelly P,
Kovacs KM, Dudgeon D, Pacifici M. 2016. The broad
footprint of climate change from genes to biomes to
people. Science 354. https://doi.org/10.1126/science.
aaf7671

Schneider T, Kaul CM, Pressel KG. 2019. Possible climate
transitions from breakup of stratocumulus decks under
greenhouse warming. Nature Geoscience 12: 163-167.
https://doi.org/10.1038/s41561-019-0310-1

Seinfeld JH, Pankow JF. 2003. Organic atmospheric par-
ticulate material. Annual Review of Physical Chem-
istry 54: 121-140. https://doi.org/10.1146/annurev.
physchem.54.011002.103756

Shakun JD, Clark PU, He F, Marcott SA, Mix AC, Liu Z,
Bard E. 2012. Global warming preceded by increasing
carbon dioxide concentrations during the last degla-
ciation. Nature 484: 49-54. https://doi.org/10.1038/
nature10915

Sobolev SV, Brown M. 2019. Surface erosion events
controlled the evolution of plate tectonics on Earth.
Nature 570: 52-57. https://doi.org/10.1038/s41586-
019-1258-4

Solanki SK, Usoskin IG, Kromer B, Schiissler M, Beer
J. 2004. Unusual activity of the Sun during recent de-
cades compared to the previous 11,000 years. Nature
431: 1084-1087. https://doi.org/10.1038/nature02995


https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1038/ngeo3031
https://doi.org/10.1126/science.1136709
https://doi.org/10.1126/science.1136709
https://doi.org/10.1038/nature04045
https://doi.org/10.1029/1999JE001134
https://doi.org/10.1029/1999JE001134
https://doi.org/10.1038/20859
https://doi.org/10.1038/20859
https://doi.org/10.1038/ngeo156
https://doi.org/10.1126/science.1131634
https://doi.org/10.1126/science.1131634
https://doi.org/10.1038/nclimate1963
https://doi.org/10.1038/nclimate1963
https://doi.org/10.1029/1998RG000054
https://doi.org/10.1029/1998RG000054
https://doi.org/10.1038/nature08955
https://doi.org/10.1086/173407
https://doi.org/10.1126/science.177.4043.52
https://doi.org/10.1126/science.206.4425.1363
https://doi.org/10.1126/science.aaf7671
https://doi.org/10.1126/science.aaf7671
https://doi.org/10.1038/s41561-019-0310-1
https://doi.org/10.1146/annurev.physchem.54.011002.103756
https://doi.org/10.1146/annurev.physchem.54.011002.103756
https://doi.org/10.1038/nature10915
https://doi.org/10.1038/nature10915
https://doi.org/10.1038/s41586-019-1258-4
https://doi.org/10.1038/s41586-019-1258-4
https://doi.org/10.1038/nature02995

Contextualizing current climate change 29

Solanki SK. 2002. Solar variability and climate change: is
there a link? Astronomy & Geophysics 43: 5-9. https://
doi.org/10.1046/j.1468-4004.2002.43509.x

Solomon S, Plattner GK, Knutti R, Friedlingstein P. 2009.
Irreversible climate change due to carbon dioxide
emissions. Proceedings of the National Academy of
Sciences 106: 1704-1709. https://doi.org/10.1073/
pnas.0812721106

Somelar P, Soomer S, Driese SG, Lepland A, Stinch-
comb GE, Kirsimde K. 2020. CO, drawdown and
cooling at the onset of the Great Oxidation Event
recorded in 2.45 Ga paleoweathering crust. Chemical
Geology 548: 119678. https://doi.org/10.1016/j.chem-
£e0.2020.119678

Steinhilber F, Abreu JA, Beer J, Brunner I, Christl M,
Fischer H, Heikkild U, Kubik PW, Mann M, McCrack-
en KG, Miller H. 2012. 9,400 years of cosmic radiation
and solar activity from ice cores and tree rings. Pro-
ceedings of the National Academy of Sciences 109:
5967-5971. https://doi.org/10.1073/pnas.1118965109

Stenchikov GL, Kirchner I, Robock A, Graf HF, Antufia
JC, Grainger RG, Lambert A, Thomason L. 1998. Ra-
diative forcing from the 1991 Mount Pinatubo volcanic
eruption. Journal of Geophysical Research: Atmo-
spheres 103: 13837-13857. https://doi.org/10.1029/
98JD00693

Stephens GL, Campbell GG, Haar TV. 1981. Earth ra-
diation budgets. Journal of Geophysical Research:
Oceans 86: 9739-9760. https://doi.org/10.1029/
JC0861C10p09739

Stephens GL, Li J, Wild M, Clayson CA, Loeb N, Kato
S, L’Ecuyer T, Stackhouse PW, Lebsock M, Andrews
T. 2012. An update on Earth’s energy balance in light
of the latest global observations. Nature Geoscience 5:
691-696. https://doi.org/10.1038/ngeo1580

Stephens GL, O’Brien D, Webster PJ, Pilewski P, Kato S, Li
JL.2015. The albedo of Earth. Reviews of Geophysics
53: 141-163. https://doi.org/10.1002/2014RG000449

Thomas CD, Cameron A, Green RE, Bakkenes M, Beau-
mont LJ, Collingham YC, Erasmus BF, de Siqueira MF,
Grainger A, Hannah L, Hughes L. 2004. Extinction risk

from climate change. Nature 427: 145-148. https://doi.
org/10.1038/nature02121

Tierney JE, Poulsen CJ, Montafiez IP, Bhattacharya T,
Feng R, Ford HL, Hoénisch B, Inglis GN, Petersen
SV, Sagoo N, Tabor CR. 2020. Past climates inform
our future. Science 370. https://doi.org/10.1126/
science.aay3701

Wang Z, Schaaf CB, Sun Q, Kim J, Erb AM, Gao F,
Romén MO, Yang Y, Petroy S, Taylor JR, Masek JG.
2017. Monitoring land surface albedo and vegetation
dynamics using high spatial and temporal resolution
synthetic time series from Landsat and the MODIS
BRDF/NBAR/albedo product. International Journal
of Applied Earth Observation and Geoinformation
59:104-117. https://doi.org/10.1016/j.jag.2017.03.008

Warren SG, Brandt RE, Grenfell TC, McKay CP. 2002.
Snowball Earth: Ice thickness on the tropical ocean.
Journal of Geophysical Research: Oceans 107:31-41.
https://doi.org/10.1029/2001JC001123

Wild M, Ohmura A, Makowski K. 2007. Impact of global
dimming and brightening on global warming. Geo-
physical Research Letters 34: L04702. https://doi.
org/10.1029/2006GL02803 1

Wild M. 2009. Global dimming and brightening: A review.
Journal of Geophysical Research: Atmospheres 114:
DO00D16. https://doi.org/10.1029/2008JD011470

Willson RC. 1997. Total solar irradiance trend during solar
cycles 21 and 22. Science 277: 1963-1965. https://doi.
org/10.1126/science.277.5334.1963

Wu J, Liu Y, Zhao Z. 2021. How should snowball Earth
deglaciation start. Journal of Geophysical Research:
Atmospheres 126: €2020JD033833. https://doi.
0rg/10.1029/2020JD033833

Young GM. 1991. Stratigraphy, sedimentology and tec-
tonic setting of the Huronian supergroup. Geological
Association of Canada. Toronto ‘91 Organizing Com-
mittee, Sudbury, Ontario, Canada.

Zhu J, Poulsen CJ, Tierney JE. 2019. Simulation of Eocene
extreme warmth and high climate sensitivity through
cloud feedbacks. Science Advances 5: 1874. https://
doi.org/10.1126/sciadv.aax1874


https://doi.org/10.1046/j.1468-4004.2002.43509.x
https://doi.org/10.1046/j.1468-4004.2002.43509.x
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1073/pnas.0812721106
https://doi.org/10.1016/j.chemgeo.2020.119678
https://doi.org/10.1016/j.chemgeo.2020.119678
https://doi.org/10.1146/annurev-earth-040610-133431
https://doi.org/10.1029/98JD00693
https://doi.org/10.1029/98JD00693
https://doi.org/10.1029/JC086iC10p09739
https://doi.org/10.1029/JC086iC10p09739
https://doi.org/10.1038/ngeo1580
https://doi.org/10.1002/2014RG000449
https://doi.org/10.1038/nature02121
https://doi.org/10.1038/nature02121
https://doi.org/10.1126/science.aay3701
https://doi.org/10.1126/science.aay3701
https://doi.org/10.1016/j.jag.2017.03.008
https://doi.org/10.1029/2001JC001123
https://doi.org/10.1029/2006GL028031
https://doi.org/10.1029/2006GL028031
https://doi.org/10.1029/2008JD011470
https://doi.org/10.1126/science.277.5334.1963
https://doi.org/10.1126/science.277.5334.1963
https://doi.org/10.1029/2020JD033833
https://doi.org/10.1029/2020JD033833
https://doi.org/10.1126/sciadv.aax1874
https://doi.org/10.1126/sciadv.aax1874

SUPPLEMENTARY MATERIAL

S.1 Derivation of the Stephan-Boltzmann law to include the impact of solar radiation, albedo, and
greenhouse gases

S.1.1 Incoming solar radiation

To calculate the blackbody surface temperature of Earth we simply need the solar radius, temperature and
the distance between the Sun and the Earth. With these variables, we can proceed to do an energy calculation
balance by substituting the values in the Stephan-Boltzmann (SB) law (Eq. S1) as follows, derived from
Bhoren and Clothiaux (2006). All energies presented are energy fluxes (which need to be calculated by area
in a specific time interval):

F=oT* (S1)

where F is the radiative energy, the SB constant and 7 absolute temperature.
Now we calculate the solar irradiance:

L= 47rRS20 TS4 (S2)

where L is the solar irradiance, Ry the solar radius and 7 the solar temperature.
And the energy received by Earth per area:

E = L
"= D ($3)

where E is the energy received on Earth and Dy the sistance between the Earth and the Sun
By solving Egs. (S1)-(S3):
R

T, =T; 2Ds (S4)
S

where 7. is the surface temperature of the Earth (blackbody).
Thus, Eq. (S4) is useful to calculate the surface temperature of the Earth (or any planet) assuming blackbody
conditions. However, as shown in this work, it is also modified by albedo and greenhouse gas concentrations.

S.1.2 Including the effect of albedo
To include the impact of albedo, we need to take into account the energy reflected to space (i.e., not absorbed
by Earth due to its color). The value is linearly proportional to the energy absorbed (Eq. [S3]) and the mag-
nitude is subtracted directly to compute the total energy absorbed as follows:

L

E =
" 4aD?

A, (S5)
where E; is the solar energy reflected by Earth (opposed to Eq. [S3]) and A4, is Earth’s albedo.
Et = Ea - Er (S6)

where E is the total radiative energy absorbed by Earth.
By solving Egs. (S3), (S5) and (S6):

E =E,(1-A) (S7)

By solving Egs. (S3) and (S4) into Eq. (S7):
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R, 1
T,,=Tg D (1-A,)% (S8)

s

where T, is the effective temperature of the planet.
Eq. (S8) resembles Eq. (S4) (blackbody) but now includes the effect of Earth’s albedo. However, the
effect of GHG still needs to be included.

S.1.3 Including the emissivity of greenhouse gasses

To include the impact of GHG, the energy budget at the top and bottom of the atmosphere needs to be
accounted for. In that sense, the presence of GHG means that a proportion of the energy is radiated back
to space. By assuming surface emissivity to be 1 and a single-layer model, we can propose the following
equation to estimate energy flux at the top of the atmosphere:

F=c¢oTt+(1-¢)oT? (59)

where T, is the temperature of the atmosphere, 7. the temperature of the surface and ¢ GHG emissivity.
This also implies that energy equilibrium in a single-layer atmosphere will be a balance between absorbed
energy and reflected energy; thus, we can estimate energy equilibrium at the top of the atmosphere as follows:

2e6T —€oT =0 (S10)
By solving Egs. (S9) and (S10), we obtain:

1 \#
Te3:Te € (Sll)
I-3

By including Eq. (S11) in Eq. (S8), we have all three effects together:

1
R, 1 1 \*
Te4=[Ts‘/2Ds] (1-4,)% (1_§> (812)

Eq. (12) includes a calculation of Earth’s temperature based on three key drivers: solar radiation, albedo
and GHG emissivity.
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Table SI. Values and calculations to generate Figures 1 and 2 of the main text.

Driver Variable Most extreme value Maximum impact on Reference
Earth’s surface temperature
(deviation from present day)
Solar
Sun evolution  Irradiance -30% -17°C Sackmann et al.,
(Eq. S2) during early Sun 1993
Orbital Distance Earth- Creates regional effects —6to 6 °C Pettit et al., 1999
movements Sun and effects of that feedback to impact (12 °C local amplitude)
glaciation cycles the whole Earth. A single
(Eq. S4) value cannot be assigned
Solar activity ~ Irradiance 0.3% —-0.3t00.3°C Bard et al., 1999
(Eq. S2) during maximum activity  (large local effects)
Albedo
Snow-ice Global albedo (Eq. 0.4 -16°C Lewis et al., 2006
S8) during snowball Earth (potentially much larger) Warren et al., 2002
Deforestation  Global albedo (Eq. 0.05 Up to—1°C Sagan et al., 1979
S8) deforestation and (reversed by reforestation
desertification in the Northern
Hemisphere)
Volcanoes Irradiance (Eq.2) -1.5t0 2% -1°C Stenchikov et al.,
depending on volcanic 1998
eruption magnitude Cole-Dai, 2010
(only large eruptions)
Cloudiness Global albedo (Eq. —0.04 to 0.04 deviation Potential increase of Zhuet al., 2019
S8) from current albedo 2 °C during early Eocene
GHG
Huronian Emissivity (Eq. S11)  0.59-0.68 -8 to—-15°C Kasting, 2005
glaciation
PETM Emissivity (Eq. SI11)  0.87-0.91 8°C Inglis et al., 2020
Tierney et al., 2020
Current Emissivity (Eq. SI1)  0.80 0.8to 1.1°C Millar et al., 2017

climate change

(0.02 increment)




