LibreTextsw
11.6: Other climate influencers

4b Learning Objectives

e Define both "climate" and "weather" and explain how the two are related

e Discuss the role and mechanisms of the major controls on Earth's climate using the concepts of insolation and albedo.

o Identify and describe the mechanisms by which major external and internal changes to the climate (including solar output
variation, volcanoes, biological processes, changes in glacial coverage, and meteorite impacts) operate

o Know that the Earth's climate has changed greatly over its history as a result of changes in insolation, albedo, and
atmospheric composition

Introduction

The Earth's climate is continually changing. If we are to understand the current climate and predict the climate of the future, we
need to be able to account for the processes that control the climate. One hundred million years ago, much of North America was
arid and hot, with giant sand dunes common across the continent's interior. Six hundred and fifty million years ago it appears that
the same land mass—along with the rest of the globe—was covered in a layer of snow and ice. What drives these enormous
changes through Earth's history? If we understand these fundamental processes we can explain why the climate of today may also
change.

Weather describes the short term state of the atmosphere. This includes such conditions as wind, air pressure, precipitation,
humidity and temperature. Climate describes the typical, or average, atmospheric conditions. Weather and climate are different as
the short term state is always changing but the long-term average is not. On The 1% of January, 2011, Chicago recorded a high
temperature of 6 °C; this is a measure of the weather. Measurements of climate include the averages of the daily, monthly, and
yearly weather patterns, the seasons, and even a description of how often extraordinary events, such as hurricanes, occur. So if we
consider the average Chicago high temperature for the 1% of January (a colder 0.5 °C) or the average high temperature for the entire
year (a warmer 14.5 °C) we are comparing the city's weather with its climate. The climate is the average of the weather.

Insolation, Albedo and Greenhouse Gases

What controls the climate? The average temperature of the Earth is about 15 °C (which is the yearly average temperature for the
city of San Francisco), so most of the Earth's water is in a liquid state. The average temperature of Mars is about -55 °C (about the
same as the average winter temperature of the South Pole), so all of the water on the Martian surface is frozen. This is a big
difference! One reason Earth is so much hotter than Mars is that Earth is closer to the Sun. Mars receives less than half as much
energy from the Sun per unit area as Earth does. This difference in insolation, which is the measure of the amount of solar radiation
falling on a surface, is a very important factor in determining the climate of the Earth.

On Earth, we notice the effects of varying insolation on our climate. Sunlight falls most directly on the equator, and only obliquely
(at an angle) on the poles. This means that the sunlight is more concentrated at the equator. As shown in Figure 11.6.2 the same
amount of sunlight covers twice as much area when it strikes a surface at an angle of 30° compared to when it strikes a surface
directly: the same energy is spread more thinly, weakening its ability to warm the Earth.

Firgure 11.6.2 Insolation angle. Insolation is the effect of incidence angle on sunlight intensity. Note that the same amount of
sunlight is spread out over twice the area when it strikes the surface at a 30-degree angle. Source: Wikipedia

As a consequence, the tropics receive about twice the insolation as the area inside the Arctic Circle — see Figure 11.6.3 This
difference in energy explains why the equator has a hot climate and the poles have a cold climate. Differences in insolation also
explain the existence of seasons. The Earth's axis is tilted at 23° compared to its orbit, and so over the course of the year each
hemisphere alternates between directly facing the Sun and obliquely facing the Sun. When the Northern hemisphere is most
directly facing the Sun (the months of May, June and July) insolation is thus higher, and the climate is warmer. This variation in
insolation explains why summer and winter occur (we get less energy from the Sun in winter then we do in summer), and why the
timing of the seasons is opposite in the Southern and Northern hemispheres.
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Polar Insolation

Equatorial Insolation

Figure 11.6.3 Insolation effect. A cartoon of how latitude is important in determining the amount of insolation. The same amount
of sunlight (yellow bars) is spread out over twice the planet's surface area when the rays strike the Earth at an angle (compare the
length of the dark lines at the equator and at the poles). Source: Jonathan H. Tomkin.

Figure 11.6.4shows both the equatorial and seasonal impacts of insolation. High levels of insolation are shown in warm colors (red
and pink) and low levels of insolation are shown in cold colors (blue). Notice that in January (top map) the maximum levels of
insolation are in the Southern Hemisphere, as this is when the Southern Hemisphere is most directly facing the sun. The Arctic
receives very little insolation at this time of year, as it experiences its long polar night. The reverse is true in April (bottom map).

Solar Insolation («in/me/day)
0 45
Figure 11.6.4 Insolation. Average insolation over ten years for the months of January (top) and April (bottom). Source: Roberta
DiPasquale, Surface Meteorology and Solar Energy Project, NASA Langley Research Center, and the ISCCP Project. Courtesy of
NASA's Earth Observatory.

The equator always receives plenty of sunlight, however, and has a much higher average temperature as a consequence; compare
the average temperature of the equator with that of the poles in Figure 11.6.5
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Annual Mean Temperature

Figure 11.6.5 The Earth's average annual temperature. Source: Robert A. Rohde for Global Warming Art.

The level of insolation affecting Earth depends on the amount of light (or solar radiation) emitted by the Sun. Over the current
geologic period, this is very slowly changing—solar radiation is increasing at a rate of around 10% every billion years. This change
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is much too slow to be noticeable to humans. The sun also goes through an 11-year solar cycle, in which the amount of solar
radiation increases and decreases. At the solar cycle peak, the total solar radiation is about 0.1% higher than it is at the trough.

The Earth's orbit is not perfectly circular, so sometimes the Earth is closer to or further from the Sun than it is on average. This also
changes the amount of insolation, as the closer the Earth is to the Sun the more concentrated the solar radiation. As we shall see in
the next section, these orbital variations have made a big difference in conditions on the Earth during the period in which humans
have inhabited it.

In addition to considering how much energy enters the Earth system via insolation, we also need to consider how much energy
leaves. The climate of the Earth is controlled by the Earth's energy balance, which is the movement of energy into and out of the
Earth system. Energy flows into the Earth from the Sun and flows out when it is radiated into space. The Earth's energy balance is
determined by the amount of sunlight that shines on the Earth (the insolation) and the characteristics of the Earth's surface and
atmosphere that act to reflect, circulate and re-radiate this energy. The more energy in the system the higher the temperature, so
either increasing the amount of energy arriving or decreasing the rate at which it leaves would make the climate hotter.

One way to change how quickly energy exits the Earth system is to change the reflectivity of the surface. Compare the difference in
dark surface of tilled soil (Figure 11.6.6a) with the blinding brightness of snow-covered ice (Figure 11.6.6).

—

& |

6a: Tilled soil. Source: Tim Hallam.

6b: The snow surface at Dome C Station, Antarctica Source: Stephen Hudson

Figure 11.6.6 The reflectivity of the surface of the earth.

The dark soil is absorbing the sun's rays and in so doing is heating the Earth surface, while the brilliant snow is reflecting the
sunlight back into space. Albedo is a measure of how reflective a surface is. The higher the albedo the more reflective the material:
a perfectly black surface has zero albedo, while a perfectly white surface has an albedo of 1 - it reflects 100% of the incident light.
If a planet has a high albedo, much of the radiation from the Sun is reflected back into space, lowering the average temperature.
Today, Earth has an average albedo of just over 30%, but this value depends on how much cloud cover there is and what covers the
surface. Covering soil with grass increases the amount of light reflected from 17% to 25%, while adding a layer of fresh snow can
increase the amount reflected to over 80%. Figure 11.6.71is a composite photograph of the Earth with the cloud cover removed. As
you can see, forests and oceans are dark (low albedo) while snow and deserts are bright (high albedo).
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Figure 11.6.7 The surface of the Earth with cloud cover removed. The poles and deserts are much brighter than the oceans and
forests. Source: NASA Goddard Space Flight Center Image by Reto Stockli. Courtesy of NASA's Earth Observatory,.

Changes in albedo can create a positive feedback that reinforces a change in the climate. A positive feedback is a process which
amplifies the effect of an initial change. If the climate cools, (the initial change), snow covers more of the surface of the land, and
sea-ice covers more of the oceans. Because snow has a higher albedo than bare ground, and ice has a higher albedo than water, this
initial cooling increases the amount of sunlight that is reflected back into space, cooling the Earth further (the amplification, or
positive feedback). Compare the brightness of Figure 11.6.7with a similar photo montage from February (Figure 11.6.7): the extra
snow has increased the Earth's albedo. Imagine what would happen if the Earth produced even more snow and ice as a result of this
further cooling. The Earth would then reflect more sunlight into space, cooling the planet further and producing yet more snow. If
such a loop continued for long enough, this process could result in the entire Earth being covered in ice! Such a feedback loop is
known as the Snowball Earth hypothesis, and scientists have found much supporting geological evidence. The most recent period
in Earth's history when this could have occurred was around 650 Million years ago. Positive feedbacks are often described as
"runaway" processes; once they are begun they continue without stopping.

Figure 11.6.8 This image shows the surface of the Earth in February (the Northern Hemisphere winter) with cloud cover removed.
The seasonal snow cover is brighter (and so has a higher albedo) than the land surface it covers. Source: NASA Goddard Space
Flight Center Image by Reto Stdckli. Courtesy of NASA's Earth Observatory

Albedo does not explain everything, however. The Earth and the Moon both receive the same amount of insolation. Although the
Moon is only slightly more reflective than the Earth, it is much colder. The average temperature on Earth is 15 °C, while the
Moon's average temperature is -23 °C. Why the difference? A planet's energy balance is also regulated by its atmosphere. A thick
atmosphere can act to trap the energy from sunlight, preventing it from escaping directly into space. Earth has an atmosphere while
the Moon does not. If the Earth did not have an atmosphere, it would have an average temperature of -18 °C; slightly warmer than
the Moon since it has a lower albedo.

How does the atmosphere trap the energy from the Sun? Shouldn't the Earth's atmosphere reflect as much incoming radiation as it
traps? It is true the atmosphere reflects incoming solar radiation—in fact, only around half the insolation that strikes the top of the
atmosphere reaches the Earth's surface. The reason an atmosphere generally acts to warm a planet is that the nature of light
radiation changes as it reaches the planet's surface. Atmospheres trap more light than they reflect.

Humans see the Earth's atmosphere as largely transparent; that is, we can see a long way in air. This is because we see light in the
visible spectrum, which is the light radiation in the range of wavelengths the human eye is able to perceive, and visible light is able
to travel a long way through the Earth's atmosphere before it is absorbed. Light is also transmitted in wavelengths we can't see,
such as in the infrared spectrum, which is sometimes referred to as infrared light, heat, or thermal radiation. Compared to visible
light, infrared light cannot travel very far in the Earth's atmosphere before it is absorbed. Solar radiation striking the Earth is largely
in the visible part of the spectrum. The surface of the Earth absorbs this energy and re-radiates it largely in the infrared part of the
spectrum. This means that solar radiation enters the Earth in the form of visible light, unhindered, but tries to leave in the form of
infrared light, which is trapped. Thicker atmospheres keep this infrared radiation trapped for longer, and so warm the Earth—just
like an extra blanket makes you warmer in bed.
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This effect is shown in Figure 11.6.9. The visible light radiation enters the atmosphere, and quickly exits as infrared radiation if
there is no atmosphere (top Earth). With our atmosphere (the middle Earth), visible light enters unhindered but the infrared light is
partially reflected back to the surface, increasing the amount of energy and thus the temperature at the Earth's surface. If the
atmosphere is made thicker (bottom Earth) the infrared radiation is trapped for longer, further warming the planet's surface.

No Atmosphere

Standard Atmosphere

Thickened Atmosphere

Figure 11.6.9 A cartoon of the greenhouse effect. (Top) Visible light radiation emitted by the sun (yellow arrows) strikes the Earth
and reflects as infrared radiation (orange arrow); (middle) an atmosphere reflects some of the infrared radiation back toward the
planet; (bottom) a thickened atmosphere reflects greater amounts of infrared radiation. Source: Jonathan H. Tomkin.

Earth's Changing Atmosphere

The composition of Earth's atmosphere has changed over geologic time. The atmosphere has largely come from volcanic venting of
gas from Earth's interior (see Figure 11.6.10), but biology has also made important changes by producing oxygen and removing
carbon dioxide. Greenhouse gases currently make up only a small fraction of the Earth's atmosphere—99% of air consists of
nitrogen and oxygen molecules.
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Figure 11.6.10 The Mt. Bromo volcano in Indonesia emitting gas into the atmosphere. Source: Jan-Pieter Nap, taken on July 11,
2004.

While volcanoes can warm the Earth by adding carbon dioxide to the atmosphere, which produces a greenhouse effect, they can
also cool the Earth by injecting ash and sulfur into the atmosphere. These additions raise the albedo of the atmosphere, allowing
less sunlight to reach the surface of the Earth. The effect lasts until the particles settle out of the atmosphere, typically within a few
years. Volcanic eruptions have impacted human societies throughout history; the Mt. Tambora eruption in 1815 cooled the Earth so
much that snow fell during June in New England, and the more recent Mt. Pinatubo eruption in 1991 (see Figure 11.6.11) ejected
so much sulfuric acid into the atmosphere that global temperatures were lowered by about 0.5 °C in the following year.

Figure 11.6.11 The 1991 eruption of Mt. Pinatubo. Source: U.S. Geological Survey photograph, by Richard P. Hoblitt.

Evidence from the geologic past indicates that similar events have caused mass extinctions wherein a significant fraction of all
species on Earth were wiped out in a relatively short amount of time. Sustained outgassing from continuous volcanic eruptions is
thought to have produced so much ash and aerosols that light sufficient to support photosynthesis in plants was unable to penetrate
the atmosphere, causing the food chain to collapse. The ash particles produced by extended eruptions would also have increased the
Earth's albedo, making conditions inhospitably cool for plants and animals adapted to a warmer environment.

Asteroid impacts can also cause the climate to suddenly cool. When large asteroids strike the Earth, ash is ejected into the
atmosphere, which increases albedo in the same way as volcanic eruptions. Everyday clouds (made up of water droplets) both cool
and warm the Earth. They can cool the Earth by increasing the planet's albedo, reflecting sunlight into space before it reaches the
surface. Clouds can also warm the Earth, by reflecting infrared radiation emitted by the surface back towards the planet. Different
types of clouds, and different conditions, determine which effect predominates. On a hot summer's day, for example, clouds cool us
by shielding us from the sun's rays, but on a winter's night a layer of cloud can act as a warming blanket.

The composition of the Earth's atmosphere is not fixed; greenhouse gases can be added to and removed from the atmosphere over
time. For example, carbon dioxide is added by volcanoes and the decay or burning of organic matter. It is removed by
photosynthesis in plants, when it is dissolved in the oceans and when carbonate sediments (a type of rock) are produced. Over
geologic time, these processes have significantly reduced the proportion of carbon dioxide in the atmosphere. Atmospheric carbon
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dioxide levels just prior to the industrial revolution are thought to have been only one twentieth of those of 500 million years ago.
Natural processes also remove carbon dioxide added by human activity, but only very slowly. It is estimated that it would take the
Earth around a thousand years to naturally remove most of the carbon dioxide released by the industrial consumption of fossil fuels
up to the present.

Greenhouse gases other than carbon dioxide are shorter-lived: methane is removed from the atmosphere in around a decade, and
chlorofluorocarbons break down within a century. Individual water molecules spend only a few days at a time in the atmosphere,
but unlike the other greenhouse gases, the total amount of water vapor in the atmosphere remains constant. Water evaporated from
the oceans replaces water lost by condensation and precipitation.

Changing the composition of the Earth's atmosphere also changes the climate. Do you remember the snowball earth? — how
increasing ice cover also increased the Earth's albedo, eventually covering the entire planet in ice and snow? Today's climate is
temperate—so we must have escaped this frozen trap. But how? The leading hypothesis is that the composition of the Earth's
atmosphere changed, with volcanoes slowly adding more and more carbon dioxide to it. Without access to the oceans, plants, or
surface rocks, this carbon dioxide was not removed from the atmosphere and so continued to build up over millions of years.
Eventually, the additional warming caused by the increase in greenhouse gases overcame the cooling caused by the snow's high
albedo, and temperatures rose enough to melt the ice, freeing the Earth.

For most of Earth's history, carbon dioxide concentrations have been higher than they are today. As a consequence, past climates
have often been very warm. During the late stage of the dinosaur era (the cretaceous era, a period that lasted between 65 and 145
million years ago), carbon dioxide levels were about 5 times higher than they are today, and the average global temperatures were
more than 10 °C higher than today's. There were no large ice sheets, and dinosaur fossils from this period have been found as far
north as Alaska. These animals would not survive the cold conditions found in the arctic today. Further south, fossil crocodiles
from 60 million years ago have been found in North Dakota. The modern average winter temperature in North Dakota is around
-10 °C -but being cold-blooded, crocodiles are most at home when the air temperature is around 30 °C! The climate was warmer in
the past when the amount of carbon dioxide was higher.

Resources

The National Aeronautical and Space Administration (NASA) Earth Observatory website has an array of climate resources. For a
more in-depth discussion of Earth's energy budget, go to http://earthobservatory.nasa.gov/Features/EnergyBalance/

Are you interested in finding more about the controversial Snowball Earth hypothesis? The National Science foundation and
Harvard University have set up a website with more about the hypothesis and the evidence. Go to http://www.snowballearth.org/
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This page titled 11.6: Other climate influencers is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by Alaka Pradhan.

¢ 3.2: Climate Processes; External and Internal Controls by Heriberto Cabezas is licensed CC BY 4.0.
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