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Foreword

CLIMATE CHANGE IS ONE OF THE DEFINING ISSUES OF OUR TIME. It is now more ¢
than ever, based on many lines of evidence, that humans are changing Earth’s climate. Th
atmosphere and oceans have warmed, which has been accompanied by sea level rise, a s
decline in Arctic sea ice, and other climate-related changes. The impacts of climate change
people and nature are increasingly apparent. Unprecedented flooding, heat waves, and wil
have cost billions in damages. Habitats are undergoing rapid shifts in response to changing
temperatureandprecipitatiopatterns.

The Royal Society and the US National Academy of Sciences, with their similar missions to
promote the use of science to benefit society and to inform critical policy debates, produce:
originalClimate Change: Evidence and Causes in 2014. It was written and reviewed by a Ul
team of leading climate scientists. This new edition, prepared by the same author team, ha
updated with the most recent climate data and scientific analyses, all of which reinforce oul
understanding of human-caused climate change.

The evidence is clear. However, due to the nature of science, not every detail is ever totally
or certain. Nor has every pertinent question yet been answered. Scientific evidence contint
be gathered around the world. Some things have become clearer and new insights have er
For example, the period of slower warming during the 2000s and early 2010s has ended w
dramatic jump to warmer temperatures between 2014 and 2015. Antarctic sea ice extent, v
had been increasing, began to decline in 2014, reaching a record low in 2017 that has pers
These and other recent observations have been woven into the discussions of the question
addressed in this booklet.

Calls for action are getting louder. The 2020 Global Risks Perception Survey from the Worl
Economic Forum ranked climate change and related environmental issues as the top five g
risks likely to occur within the next ten years. Yet, the international community still has far
showing increased ambition on mitigation, adaptation, and other ways to tackle climate che

Scientific information is a vital component for society to make informed decisions about hoy
reduce the magnitude of climate change and how to adapt to its impacts. This booklet serv
key reference document for decision makers, policy makers, educators, and others seeking
authoritative answers about the current state of climate-change science.

We are grateful that six years ago, under the leadership of Dr. Ralph J. Cicerone, former Pi
of the National Academy of Sciences, and Sir Paul Nurse, former President of the Royal S
these two organizations partnered to produce a high-level overview of climate change scie
current Presidents of these organizations, we are pleased to offer an update to this key ref
supported by the generosity of the Cicerone Family.

MarciacNutt VenkRamakrishnan
PresiderflationaAcadennfSciences PresiderfRoyaBociety
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Summary

GREENHOUSASESuch as carbon dioxide,J@Bsorb heat (infrared radiation)
emitted from Earth’s surface. Increases in the atmospheric concentrations of these
gases cause Earth to warm by trapping more of this heat. Human activities—espec
the burning of fossil fuels since the start of the Industrial Revolution—have increase
atmospheriCQ concentrations by more than 40%, with over half the increase occurr
since 1970. Since 1900, the global average surface temperature has increased by :
1 °C (1.8 °F). This has been accompanied by warming of the ocean, a rise in sea le
strong decline in Arctic sea ice, widespread increases in the frequency and intensit
of heatwaves, and many other associated climate effects. Much of this warming ha
occurred in the last five decades. Detailed analyses have shown that the warming
during this period is mainly a result of the increased concentratamthfeCO
greenhouse gases. Continued emissions of these gases will cause further climate «
including substantial increases in global average surface temperature and importar
changes in regional climate. The magnitude and timing of these changes will deper
many factors, and slowdowns and accelerations in warming lasting a decade or mc
continue to occur. However, long-term climate change over many decades will depe
mainly on the total amount of &1d other greenhouse gases emitted as a result of
humaractivities.

2 Climate Change
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Is the climate warming?

Yes. Earth’s average surface air temperature has increased by about 1 °C (1.8 °F) si
1900, with over half of the increase occurring since the mid-1970s [Figure 1a]. A widk
range of other observations (such as reduced Arctic sea ice extent and increased
ocean heat content) and indications from the natural world (such as poleward shifts
of temperature-sensitive species of fish, mammals, insects, etc.) together provide
incontrovertible evidence of planetary-scale warming.

The clearest evidence for surface warming comes from widespread thermometer records that, in son
places, extend back to the late 19th century. Today, temperatures are monitored at many thousands
locations, over both the land and ocean surface. Indirect estimates of temperature change from such
sources as tree rings and ice cores help to place recent temperature changes in the context of the p:
terms of the average surface temperature of Earth, these indirect estimates show that 1989 to 20191
very likely the warmest 30-year period in more than 800 years; the most recent decade, 2010-2019,

warmest decade in the instrumental record so far (since 1850).

A wide range of other observations provides a more comprehensive picture of warming throughout
climate system. For example, the lower atmosphere and the upper layers of the ocean have also wal
snow and ice cover are decreasing in the Northern Hemisphere, the Greenland ice sheet is shrinking
sea level is rising [Figure 1b]. These measurements are made with a variety of land-, ocean-, and spac
monitoring systems, which gives added confidence in the reality of global-scale warming of Earth’s clirr

Figure 1a.Earth’globakverage Annual global surface temperature (1850-2019)
surfacéemperaturbasrisenas

Hadley Centre (UK Met)

o
shown in this plot of combined %5 109 —— NASA (GISS)
landandoceameasurements .‘:; 08 — NOAA (NCEI)
from 1850 to 2019, derived from §_ 06
three independent analyses of the £ 04 |
available data sets. The temperaturg
changes are relative to the global g 02
averagsurfacéemperaturef & 0
1961-19980ource: NOAA Climate. s 02
gov; data from UK Met Office Hadlgy
Centre (maroon), US National § 04
AeronautiandSpacdAdministration é 06 |
GoddarthstitutdorSpacétudies 8 o ] ] ] ‘ ‘ . . . |
(red), and US National Oceanic 1850 187 180 1910 1920 199 197 1990 200

andAtmosphe@ministration
NationaCenterferEnvironmental
Informatiofprange).

Evidence & Causes 2020 3

Copyright National Academy of Sciences. All rights reserved.



Climate Change: Evidence and Causes: Update 2020
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Figure 1b.A large amount of Arctic sea ice extent in winter and summer (1979-2019)
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Q& A n

How do scientists know that recent
climate change is largely caused by
human activities?

Scientists know that recent climate change is largely caused by human activities fror
understanding of basic physics, comparing observations with models, and fingerprin
the detailed patterns of climate change caused by different human and natural influe

Since the mid-1800s, scientists have known, ibair@®f the main greenhouse gases of importance

to Earth’s energy balance. Direct measurementa tii€C@mosphere and in air trapped in ice show
thatatmospheri€Q increased by more than 40% from 1800 to 2019. Measurements of different forms
of carbon (isotopes, see Question 3) reveal that this increase is due to human activities. Other greenho
gases (notably methane and nitrous oxide) are also increasing as a consequence of human activities.
observed global surface temperature rise since 1900 is consistent with detailed calculations of the impe
of the observed increase in atmospheric greenhouse gases (and other human-induced changes) on Ez
energhpalance.

Different influences on climate have different signatures in climate records. These unique fingerprints a
easier to see by probing beyond a single number (such as the average temperature of Earth’s surface)
by looking instead at the geographical and seasonal patterns of climate change. The observed pattern:
surface warming, temperature changes through the atmosphere, increases in ocean heat content, incre
in atmospheric moisture, sea level rise, and increased melting of land and sea ice also match the pattel
scientists expect to see due to human activities (see Question 5).

The expected changes in climate are based on our understanding of how greenhouse gases trap heat.
this fundamental understanding of the physics of greenhouse gases and pattern-based fingerprint stud
show that natural causes alone are inadequate to explain the recent observed changes in climate. Nat
causes include variations in the Sun’s output and in Earth’s orbit around the Sun, volcanic eruptions, ar
internal fluctuations in the climate system (such as El Nifio and La Nifia). Calculations using climate mo
(see infobox, p. 20) have been used to simulate what would have happened to global temperatures if ol
natural factors were influencing the climate system. These simulations yield little surface warming, or e
slight cooling, over the 20th century and into the 21st. Only when models include human influences on
composition of the atmosphere are the resulting temperature changes consistent with observed change

Evidence & Causes 2020 5
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CO, is already in the atmosphere
naturally, so why are emissions from
human activity significant?

Human activities have significantly disturbed the natural carbon cycle by extracting
buried fossil fuels and burning them for energy, thus relgadimga@fibsphere.

InnatureCQ is exchanged continually between the atmosphere, plants, and animals through
photosynthesis, respiration, and decomposition, and between the atmosphere and ocean through ¢
exchange. A very small amount¢fd@ghly 1% of the emission rate from fossil fuel combustion) is
also emitted in volcanic eruptions. This is balanced by an equivalent amount that is removed by che
weathering of rocks.

TheCQ level in 2019 was more than 40% higher than it was in the 19th century. Mastadbes CO
has taken place since 1970, about the time when global energy consumption accelerated. Measure
decreases in the fraction of other forms of carbon (the'¥€otm@ds) and a small decrease in
atmospheric oxygen concentration (observations of which have been available since 1990) show th
the rise in G@s largely from combustion of fossil fuels (which H&¥é&émtions and HE).

Deforestation and other land use changes have also released carbon from the biosphere (living wo
where it normally resides for decades to centuries. The adgitimmé&b&3uelburningand

deforestation has disturbed the balance of the carbon cycle, because the natural processes that co
restore the balance are too slow compared to the rates at which human activities tréhedding CO
atmosphere. As a result, a substantial fraction gfdhst€@® from human activities accumulates

in the atmosphere, where some of it will remain not just for decades or centuries, but for thousands
years. Comparison with thel@@Ils measured in air extracted from ice cores indicates that the curren
concentrations are substantially higher than they have been in at least 800,000 years (see Questiol

6 Climate
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What role has the Sun played in
cimate change in recent decades?

O
Figure 2. Measurements of the E 1.2 Giobal avel - , . . , .
Sun’s energy incident on Earth g 1.0 obal average surfage temperpture
show no net increase in solar g {
forcing during the past 40 years, g 08
and therefore this cannot be ﬁ 0.6
responsibléorwarmingiuring >4
that period. The data show only E’ 04 i
smallperiodi@mplitudevariations E 0.2
associated with the Sun’s 11-year g
cycleSource: TSI data from 3 o bl
Physikalisch-Meteorologisches S 02
ObservatoriubavosSwitzerland, g’
on the new VIRGO scale from 1978 t&8 % 4eg0 1985 1990 1995 2000 2005 2010 2015

mid-2018; temperature data for same 43¢5 5

time period from the HadCRUT4
dataset, UK Met Office, Hadley
Centre.

The Sun provides the primary source of energy driving Earth’s climate system, but it
variations have played very little role in the climate changes observed in recent decs
Direct satellite measurements since the late 1970s show no net increase in the Sun’.
put, while at the same time global surface temperatures havgriparezsed

For periods before the onset of satellite measurements, knowledge about solar changes is less certa
because the changes are inferred from indirect sources — including the number of sunspots and the
abundance of certain forms (isotopes) of carbon or beryllium atoms, whose production rates in Earth
atmosphere are influenced by variations in the Sun. There is evidence that the 11-year solar cycle, d
which the Sun’s energy output varies by roughly 0.1%, can influence ozone concentrations, tempera
and winds in the stratosphere (the layer in the atmosphere above the troposphere, typically from 12 1
50km above earth’s surface, depending on latitude and season). These stratospheric changes may
a small effect on surface climate over the 11-year cycle. However, the available evidence does not ir
pronounced long-term changes in the Sun’s output over the past century, during which time human-
inducedncreasem CQ concentrations have been the dominant influence on the long-term global
surface temperature increase. Further evidence that current warming is not a result of solar changes
be found in the temperature trends at different altitudes in the atmosphere (see Question 5).

asurement of the sun’s enerigy

§ 1362.0 '“T‘ |
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Evidence & Causes 2020 7

Copyright National Academy of Sciences. All rights reserved.



Climate Change: Evidence and Causes: Update 2020

n Q&A

What do changes in the vertical

structure of atmospheric temperature
—from the surface up to the
stratosphere—tell us about the
causes of recent climate change?

The observed warming in the lower atmosphere and cooling in the upper atmosphe
provide us with key insights into the underlying causes of climate change and revee
natural factors alone cannot explain the observed changes.

In the early 1960s, results from mathematical/physical models of the climate system first showed th:
human-inducddcreaseim CQ would be expected to lead to gradual warming of the lower atmosphere
(the troposphere) and cooling of higher levels of the atmosphere (the stratosphere). In contrast, incr
in the Sun’s output would warm both the troposphere and the full vertical extent of the stratosphere
that time, there was insufficient observational data to test this prediction, but temperature measurer
from weather balloons and satellites have since confirmed these early forecasts. It is now known th:
observed pattern of tropospheric warming and stratospheric cooling over the past 40 years is broac
consistent with computer model simulations that include increzses @e€®@ases in stratospheric

ozone, each caused by human activities. The observed pattern is not consistent with purely natural
in the Sun’s energy output, volcanic activity, or natural climate variations such as El Nifio and La Ni

Despite this agreement between the global-scale patterns of modelled and observed atmospheric
temperature change, there are still some differences. The most noticeable differences are in the tro
where models currently show more warming in the troposphere than has been observed, and in the
where the observed warming of the troposphere is greater than in most models.

oY ?‘\'.

8 climate
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Q& A n

Climate is always changing. Why is
climate change of concern now?

AllmajorclimatechangesncludinghaturabnesaredisruptivePastlimatechangeked

to extinction of many species, population migrations, and pronounced changes in the la
surface and ocean circulation. The speed of the current climate change is faster than mi
the past events, making it more difficult for human societies and the natural world to ad:

The largest global-scale climate variations in Earth’s recent geological past are the ice age cycles (se
p.B4), which are cold glacial periods followed by shorter wargupedpdie last few of these

natural cycles have recurred roughly every 100,000 years. They are mainly paced by slow changes i
orbit, which alter the way the Sun’s energy is distributed with latitude and by season on Earth. These
changes are very small over the last several hundred years, and alone are not sufficient to cause the
magnitude of change in temperature since the Industrial Revolution, nor to act on the whole Earth. O
ice-age timescales, these gradual orbital variations have led to changes in the extent of ice sheets ar
abundanaef CQ and other greenhouse gases, which in turn have amplified the initial temperature cha

Recent estimates of the increase in global average temperature since the end of the last ice age are
5 °C (7 to 9 °F). That change occurred over a period of about 7,000 years, starting 18,300 years ago
has risen more than 40% in just the past 200 years, much of this since the 1970s, contributing to hun
alteration of the planet’s energy budget that has so far warmed Earth by about 1 °C (1.8 °k). If the ris
continues unchecked, warming of the same magnitude as the increase out of the ice age can be exp
by the end of this century or soon after. This speed of warming is more than ten times that at the end
ice age, the fastest known natural sustained change on a global scale.

Is the current level of atmospheric
CO , concentration unprecedented
in Earth’s history?

The present level of atmosphesico@€entratiois almostertainlunprecedented

in the past million years, during which time modern humans evolved and societies
developed. The atmospheric@@entration was however higher in Earth’s more
distant past (many millions of years ago), at which time palaeoclimatic and geologice
data indicate that temperatures and sea levels were also higher than they are today.

Measurements of air in ice cores show that for the past 800,000 years up until the 20th century, the

atmospheri€Q concentration stayed within the range 170 to 300 parts per million (ppm), making the rec

rapid rise to more than 400 ppm over 200 years particularly peimarkatideiring the glacial cycles

of the past 800,000 years botta@@methane have acted as important amplifiers of the climate changes

triggered by variations in Earth’s orbit around the Sun. As Earth warmed from the last ice age, tempera
continued

Evidence & Causes 2020 9
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Figure 3. Data from ice cores have gandCQ started to rise at approximately the same time and continued to rise in tandem from about 18,
beerusedoreconsirudintarctic {5 11,000 years ago. Changes in ocean temperature, circulation, chemistry, and hitddmgy caused CO

temperaturmqatmospheric released to the atmosphere, which combined with other feedbacks to push Earth into an even warme
CQ concentrations over the past

800,000 years. Temperature is  For earlier geological times,d@Bcentrations and temperatures have been inferred from less direct
based on measurements of e mathods. Those suggest that the concentratieriast @@proached 400 ppm about 3 to 5 million

gz::gifggf:ég I\';/ z‘z;;z:z; years ago, a period when global average surface temperature is estimated to have been about 2 to

air trapped in ice, and is a <:orm:,ospp(_ggher than in the pre-industrial period. At 50 million yearsnagp h@@ reached 1000 ppm, and
of the Dome C and Vostok ice coreglobal average temperature was probably about 10°C warmer than today. Under those conditions, |

The current G@oncentration had little ice, and sea level was at least 60 metres higher than current levels.
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Is there a point at which adding more
CO , will not cause further warming?

No. Adding more X0 the atmosphere will cause surface temperatures to continue ft
increase. As the atmospheric concentratiopgoféa®e, the addition of extga CO
becomes progressively less effective at trapping Earth’s energy, but surface tempe
will still rise.

Our understanding of the physics by whialif€®s Earth’s energy balance is confirmed by laboratory
measurements, as well as by detailed satellite and surface observations of the emission and absorj
of infrared energy by the atmosphere. Greenhouse gases absorb some of the infrared energy that |
emits in so-called bands of stronger absorption that occur at certain wavelengths. Different gases 2
energgptdifferentvavelength€Q has its strongest heat-trapping band centred at a wavelength of 15
micrometres (millionths of a metre), with absorption that spreads out a few micrometres on either si
There are also many weaker absorption bandsoksé&firations increase, the absorption at-the cen
tre of the strong band is already so intense that it plays little role in causing additional warming. Ho\
more energy is absorbed in the weaker bands and away from the centre of the strong band, causin
surface and lower atmosphere to warm further.

10 Climate Change
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Q&A n

Does the rate of warming vary from
one decade to another?

Yes. The observed warming rate has varied from year to year, decade to decade, an
to place, as is expected from our understanding of the climate system. These shorte
term variations are mostly due to natural causes, and do not contradict our fundamel
understanding that the long-term warming trend is primarily due to human-induced
changes in the atmospheric levels ah@ithergreenhousgases.

Even as G@ rising steadily in the atmosphere, leading to gradual warming of Earth’s surface, many nat
factors are modulating this long-term warming. Large volcanic eruptions increase the number of small
particles in the stratosphere. These particles reflect sunlight, leading to short-term surface cooling lastir
typically two to three years, followed by a slow recovery. Ocean circulation and mixing vary naturally or
time scales, causing variations in sea surface temperatures as well as changes in the rate at which hez
transported to greater depths. For example, the tropical Pacific swings between warm El Nifio and cool
Nifia events on timescales of two to seven years. Scientists study many different types of climate variaf
such as those on decadal and multi-decadal timescales in the Pacific and North Atlantic Oceans. Each
type of variation has its own unique characteristics. These oceanic variations are associated with signif
regional and global shifts in temperature and rainfall patterns that are evident in the observations.

Warming from decade to decade can also be affected by human factors such as variations in emission
greenhouse gases and aerosols (airbomne particles that can have both warming and cooling effects) frc
coal-fired power plants and other pollution sources.

Figure 4. The climate system variesl N€S€ Variations in the temperature trend are clearly evident in the observed temperature record
naturally from year to year and froriFigure 4]. Short-term natural climate variations could also affect the long-term human-induced climat
decade to decade. To make reliablehange signal and vice-versa, because climate variations on different space and timescales can inte
inferences about human-induced \yith one another. It is partly for this reason that climate change projections are made using climate
climate change, multi-decadal and 4o (see infobox, p.20) that can account for many different types of climate variations and their

longerecordaretypicallysed. . . . . . . .
Calculating a “running average” c>vg}teractlons. Reliable inferences about human-induced climate change must be made with a longer v

thesdongetimescaleallowsone using records that cover many decades.
to more easily see long-term trends.
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Did the slowdown of warming  during
the 2000s to early 2010s mean that
cimate change is no longer happening?

No. After the very warm year 1998 that followed the strong 1997-98 El Nifo, the
increase in average surface temperature slowed relative to the previous decade of
temperature increases. Despite the slower rate of warming, the 2000s were warme
the 1990s. The limited period of slower warming ended with a dramatic jump to war
temperatures between 2014 and 2015, with all the years from 2015-2019 warmer tr
any preceding year in the instrumental record. A short-term slowdown in the warmi
of Earth’s surface does not invalidate our understanding of long-term changes in gl
temperature arising from human-induced changes in greenhouse gases.

Decades of slow warming as well as decades of accelerated warming occur naturally in the climate
Decades that are cold or warm compared to the long-term trend are seen in the observations of the
150 years and are also captured by climate models. Because the atmosphere stores very little heat
temperatures can be rapidly affected by heat uptake elsewhere in the climate system and by chang
external influences on climate (such as particles formed from material lofted high into the atmosphe
fromvolcanieruptions).

More than 90% of the heat added to the Earth system in recent decades has been absorbed by the
and penetrates only slowly into deep water. A faster rate of heat penetration into the deeper ocean
slow the warming seen at the surface and in the atmosphere, but by itself it will not change the long
warming that will occur from a given amoury 6fdt@xample, recent studies show that some heat
comes out of the ocean into the atmosphere during warm EI Nifio events, and more heat penetrate:
ocean depths in cold La Nifias. Such changes occur repeatedly over timescales of decades and lor
example is the major El Nifio event in 1997—-98 when the globally averaged air temperature soared
highest level in the 20th century as the ocean lost heat to the atmosphere, mainly by evaporation.

Even during the slowdown in the rise of average surface temperature, a longer-term warming trend
was still evident (see Figure 4). Over that period, for example, record heatwaves were documented
Europe (summer 2003), in Russia (summer 2010), in the USA (July 2012), and in Australia (Januan
Each of the last four decades was warmer than any previous decade since widespread thermomete
measurements were introduced in the 1850s. The continuing effects of the warming climate are see
the increasing trends in ocean heat content and sea level, as well as in the continued melting of Arc
ice, glaciers and the Greenland ice sheet.

Copyright National Academy of Sciences. All rights reserved.



The Basics of

Climate Change

Greenhouse gases affect Earth’s energy balance and cl

The Sun serves as the primary energy source for Earth’s climate. Some of the i
sunlight is reflected directly back into space, especially by bright surfaces such
clouds, and the rest is absorbed by the surface and the atmosphere. Much of th
solar energy is re-emitted as heat (longwave or infrared radiation). The atmosp
absorbs and re-radiates heat, some of which escapes to space. Any disturban
balance of incoming and outgoing energy will affect the climate. For example, s|
in the output of energy from the Sun will affect this balance directly.

If all heat energy emitted from the surface passed through the atmosphere dire
space, Earth’s average surface temperature would be tens of degrees colder th
Greenhouse gases in the atmosphere, including water vapour, carbon dioxide,
and nitrous oxide, act to make the surface much warmer than this because they
emit heat energy in all directions (including downwards), keeping Earth’s surfac
atmospherearmyrigure B1] Without this greenhouse effect, life as we know it cou
have evolved on our planet. Adding more greenhouse gases to the atmosphere
even more effective at preventing heat from escaping into space. When the en
less than the energy entering, Earth warms until a new balance is established.

figure b1. Greenhousgasesn

the atmosphere, including water
vapour, carbon dioxide, methane,
and nitrous oxide, absorb heat
energy and emit it in all directions
(includinglownwardskeeping
Earth’s surface and lower atmo
sphere warm. Adding more green
house gases to the atmosphere
enhances the effect, making Earth’s
surface and lower atmosphere even
warmer. Image based on a figure
fromUSEnvironment&rotection
Agency.




Greenhouse gases emitted by human activities alter Earth’s energy balance and th
its climate. Humans also affect climate by changing the nature of the land surfaces
example by clearing forests for farming) and through the emission of pollutants that
affect the amount and type of particles in the atmosphere.

Scientists have determined that, when all human and natural factors are considerec
Earth’s climate balance has been altered towards warming, with the biggest contrib
beingncreasem CQ.

Humanactivitidsavaddedireenhougase$otheatmosphere.

The atmospheric concentrations of carbon dioxide, methane, and nitrous oxide have
increased significantly since the Industrial Revolution began. In the case of carbon di
the average concentration measured at the Mauna Loa Observatory in Hawaii has ri
from 316 parts per million (gm)959 (the first full year of data available) to more

than 411 ppm in 2@¢¥18re 821. The same rates of increase have since been recorded
at numerous other stations worldwide. Since preindustrial times, the atmospheric
concentratioof CQ has increased by over 40%, methane has increased by more than
150%, and nitrous oxide has increased by roughly 20%. More than half of the increas
CQ has occurred since 1970. Increases in all three gases contribute to warming of E:
with the increase in Q@ying the largest role. See page B3 to learn about the sources
humaremittedgreenhousgases.

Scientists have examined greenhouse gases in the context of the past. Analysis of
trapped inside ice that has been accumulating over time in Antarctica shows that th

1 thatis, for every million molecules in the air, 316 of them were CO

420

Figure B2. Measurements of
atmospheri€Q since 1958 from

the Mauna Loa Observatory in 400
Hawaii (black) and from the South

Pole (red) show a steady annual

increase in atmospheric,CO
concentratiomhemeasurements §._
are made at remote places like <~ 360
these because they are not greatlyg
influenced by local processes, so
thereforéheyarerepresentative
ofthebackgrounatmosphere.
Thesmallup-and-dowsaw-tooth 320
pattern reflects seasonal changes

in the release and uptake oft O
plantsSourceScripp€Q Program 1955 1965 1975 1985 1995 2005 2015
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concentration began to increase significantly'llcénéutgrigure B3], afterstaying

in the range of 260 to 280 ppm for the previous 10,000 years. Ice core records extending
back 800,000 years show that during that thoenctratiomemainedvithinthe

range of 170 to 300 ppm throughout many “ice age’segciefobox, pg. B4 to learn

about the ice ageand no concentration above 300 ppm is seen in ice core records

until the past 200 years.

Figure B3.CQuvariationsluring

the past 1,000 years, obtained
from analysis of air trapped in an
ice core extracted from Antarctica
(red squares), show a sharp rise in
atmospheri€Q starting in the late
19 centuryModernmatmospheric
measuremenfsomMaund_oaare
superimposeid graySource: figure
by Eric Wolff, data from Etheridge et a
1996, MacFarling Meure et al., 2006;

410 - - Atmospheric measurements (ML)
390 Law Dome
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Learmbouthesourcesfhuman-emittgokenhougases: @

= Carbon dioxide (Q®asboth = Methaneg(CH,) hasbothhuman  « Halocarbonsncludinghlore
natural and human sources, but andnaturakourcesandlevels fluorocarbonCFCsarechem
CQ levelsareincreasingrimarily haveisensignificantlgince icals used as refrigerants and fire
because of the combustion of fossil pre-industridimesdueto human retardants. In addition to being
fuels, cement production, defor activities such as raising livestock, potenigreenhousgasesCFCs
estation (which reduces thg CO growing paddy rice, filling landfills, also damage the ozone layer. The
taken up by trees and increases the and using natural gas (which is production of most CFCs has now
CQ released by decomposition of ~ mostlyCH, some of which may been banned, so their impact is
the detritus), and other land use be released when it is extracted, startingo declineHowevemany
changedncreaseis CQ arethe transportedandused). CFC replacements are also potent

singldargestontributoto global
warming.

greenhousgaseandtheirconcen
trationsandtheconcentrations

of other halocarbons continue to
increase.

=« Nitrous oxide (Jd) concentra
tions have risen primarily because
of agricultural activities such as the
useofnitrogen-basdertiliserand
landusechanges.
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Measurements of the forms (isotopes) of carbon in the modern atmosphere show a
fingerprint of the addition of “old” carbon (depleted in natural ré&Gipactiirey

from the combustion of fossil fuels (as opposed to “newer” carbon coming from livin
systems). In addition, it is known that human activities (excluding land use changes
currently emit an estimated 10 billion tonnes of carbon each year, mostly by burning
fuels, which is more than enough to explain the observed increase in concentration

These and other lines of evidence point conclusively to the fact that the elevated C(
concentration in our atmosphere is the result of human activities.

Climate records show a warming trend.

Estimatinglobabveragsurfacairtemperaturacreasesquiresarefunalysief

millions of measurements from around the world, including from land stations, ships,
and satellites. Despite the many complications of synthesising such data, multiple
independent teams have concluded separately and unanimously that global average
air temperature has risen by about 1 °C (1.8 °F) gingee1#3f Althoughhe

record shows several pauses and accelerations in the increasing trend, each of the :
decades has been warmer than any other decade in the instrumental record since 1¢

Going further back in time before accurate thermometers were widely available,
temperaturesanbereconstructagsingclimate-sensitivelicator§proxies”

Learmboutheiceages:

Detailed@nalysesfocearsediments, = Through a combination of theory, changem globatemperature.
ice cores, and other data show that foobkervations, and modelling, scientist$heaveragglobatemperaturehange

least the last 2.6 million years, Earth hlasve deduced that the ice ages during an ice-age cycle is estimated as 5
gone through extended periods whentriggeredyrecurringariations °‘Cx£1°C(9°F£2°F).
temperaturegerenuchioweithan Earth’s orbit that primarily alter the

*Note that in geological terms Earth has
been in an ice age ever since the Antarctic
Ice Sheet last formed about 36 million
ri'%ars ago. However, in this document we

today and thick blankets of ice coveredegionaidndseasonalistributiorof
large areas of the Northern Hemispheselar energy reaching Earth. These
These long cold spells, lasting in the relativelmalchange® solaenergy
most recent cycles for around 100,00@re reinforced over thousands of yea
‘Years, w?r? mtgnuptf-:-d by §horter wargnadual changes |n_Earth s ice cover (u s% e e
interglacial’ periods, including the pasicryosphere), especially over the NortherrI) . .

. . extensive ice sheets over North America
10,00Q/ears. Hemispher@ndn atmospheric .

” . anchortheriurasia.
composition, eventually leading to large

aXe used the term in its more colloquial
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in materials such as tree rings, ice cores, and marine sediments. Comparisons of the
thermometer record with these proxy measurements suggest that the time since the early
1980s has been the warmest 40-year period in at least eight centuries, and that global
temperature is rising towards peak temperatures last seen 5,000 to 10,000 years ago in the
warmest part of our current interglacial period

Many other impacts associated with the warming trend have become evident in recent
years. Arctic summer sea ice cover has shrunk dramatically. The heat content of the ocean
has increased. Global average sea level has risen by approximately 16 cm (6 inches) since
1901, due both to the expansion of warmer ocean water and to the addition of melt waters
from glaciers and ice sheets on land. Warming and precipitation changes are altering the
geographical ranges of many plant and animal species and the timing of their life cycles.

In addition to the effects on climate, some of the exicetbreGfnosphere is being

taken up by the ocean, changing its chemical composition (causing ocean acidification).

) Annual average Hadley Centre (UK Met) Figure B4.Earth'globakverage
] — NASA (GISS) \ surfacéemperaturbasrisenas
0.8 — —— NOAA (NCEI ] shown in this plot of combined

0.6 — landandoceammeasurements
ANV from 1850 to 2019 derived from

three independent analyses of the
available data sets. The top panel
showsannuabveragealuesrom
thethreeanalyseandthebottom
panel shows decadal average
valuesincludingheuncertainty
range (grey bars) for the maroon
(HadCRUT4) dataset. The-tem
peraturehangearerelativdo the
globabveragsurfacéemperature,
averaged from 1961-1880rce:
NOAA Climate.gov, based on IPCC AR
Data from UK Met Office Hadley Centrt
(maroon), US National Aeronautics and
02 — I Spacddministratidgoddarthstitute

R — I e — for Space Studies (red), and US Nation

OceaniandAtmospheradministration

0.4 —

Difference from average temperature (°C) relative to 1961-1990

T T T T T T T T T 1 NationalCenterforEnvironmentaifor
1850 1870 1890 1910 1930 1950 1970 1990 2010

mationorange).
Year
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Many complex processes shape our climate.

Based just on the physics of the amount of energyatbsdG®and emits, a doubling of
atmospheri€Q concentration from pre-industrial levels (up to about 560 ppm) would by
itself cause a global average temperature increase of about 1 °C (1.8 °F). In the overall
system, however, things are more complex; warming leads to further effects (feedback:
either amplify or diminish the initial warming.

The most important feedbacks involve various forms of water. A warmer atmosphere gen
contains more water vapour. Water vapour is a potent greenhouse gas, thus causing mo
warming; its short lifetime in the atmosphere keeps its increase largely in step with warm
Thus, water vapour is treated as an amplifier, and not a driver, of climate change. Higher
temperatures in the polar regions melt sea ice and reduce seasonal snow cover, exposin
darker ocean and land surface that can absorb more heat, causing further warming. Ano
important but uncertain feedback concerns changes in clouds. Warming and increases ir
vapour together may cause cloud cover to increase or decrease which can either amplify
dampen temperature change depending on the changes in the horizontal extent, altitude
properties of clouds. The latest assessment of the science indicates that the overall net ¢
effect of cloud changes is likely to be to amplify warming.

The ocean moderates climate change. The ocean is a huge heat reservoir, but it is diffit
heat its full depth because warm water tends to stay near the surface. The rate at whicl
is transferred to the deep ocean is therefore slow; it varies from year to year and from d
to decade, and it helps to determine the pace of warming at the surface. Observations
sub-surface ocean are limited prior to about 1970, but since then, warming of the upper
(2,300 feet) is readily apparent, and deeper warming is also clearly observed since abo

Surface temperatures and rainfall in most regions vary greatly from the global average
of geographical location, in particular latitude and continental position. Both the averag:
values of temperature, rainfall, and their extremes (which generally have the largest imj
on natural systems and human infrastructure), are also strongly affected by local patter
winds.

Estimating the effects of feedback processes, the pace of the warming, and regional cli
change requires the use of mathematical models of the atmosphere, ocean, land, and |
(the cryosphere) built upon established laws of physics and the latest understanding of
physical, chemical and biological processes affecting climate, and run on powerful com
Models vary in their projections of how much additional warming to expect (depending
type of model and on assumptions used in simulating certain climate processes, partict
cloud formation and ocean mixing), but all such models agree that the overall net effec
feedbacks is to amplify warming.

Climate

Change



Humanactivitiemwechangirtheclimate.

Rigorous analysis of all data and lines of evidence shows that most of the observed global
warming over the past 50 years or so cannot be explained by natural causes and instead
requires a significant role for the influence of human activities.

In order to discern the human influence on climate, scientists must consider many natural
variations that affect temperature, precipitation, and other aspects of climate from local to
global scale, on timescales from days to decades and longer. One natural variation is the El
Nifio Southern Oscillation (ENSO), an irregular alternation between warming and cooling
(lasting about two to seven years) in the equatorial Pacific Ocean that causes significant
year-to-year regional and global shifts in temperature and rainfall patterns. Volcanic
eruptions also alter climate, in part increasing the amount of small (aerosol) particles in the
stratosphere that reflect or absorb sunlight, leading to a short-term surface cooling lasting
typically about two to three years. Over hundreds of thousands of years, slow, recurring
variations in Earth’s orbit around the Sun, which alter the distribution of solar energy
received by Earth, have been enough to trigger the ice age cycles of the past 800,000 years.

Fingerprinting is a powerful way of studying the causes of climate change. Different influences
on climate lead to different patterns seen in climate records. This becomes obvious when
scientists probe beyond changes in the average temperature of the planet and look more
closely at geographical and temporal patterns of climate change. For example, an increase

in the Sun’s energy output will lead to a very different pattern of temperature change (across
Earth’s surface and vertically in the atmosphere) compared to that induced by an increase in
CQ concentration. Observed atmospheric temperature changes show a fingerprint much

continued

Learn more about other human causes of climate change:

In addition to emitting greenhouse Earth’s surfaces (affecting how much reflecting sunlight back to
gases, human activities have also sunlight is sent back into space) and space. Some aerosols also affect
altered Earth’s energy balance through, by changing how wet a region is. the formation of clouds, which
forexample: can have a warming or cooling
effect depending on their type and
location. Black carbon particles (or
“soot”) produced when fossil fuels
orvegetatioarebumedyenerally

= Emissions of pollutants (other than

= Changes in land use. Clirathges greenhougasespomendustrial
way people use land —for example, and agricultural processes emit
for forests, farms, or cities — can pollutants that produezasols

lead to both warming and (small droplets or particles .
. have a warming effect because they
cooling effects locally by suspendedn the atmosphere). absorb incoming solar radiation
changinthereflectivitpf Most aerosolscool Earth by 9 ’
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closer to that of a long-termifigease than to that of a fluctuating Sun alone. Scientists
routinely test whether purely natural changes in the Sun, volcanic activity, or internal cl
variability could plausibly explain the patterns of change they have observed in many d
aspects of the climate system. These analyses have shown that the observed climate
of the past several decades cannot be explained just by natural factors.

How will climate change in the future?

Scientists have made major advances in the observations, theory, and modelling of Ez
climate system, and these advances have enabled them to project future climate chan
with increasing confidence. Nevertheless, several major issues make it impossible to g
precise estimates of how global or regional temperature trends will evolve decade by ¢
into the future. Firstly, we cannot predict how mixcim@@® activities will emit, as this
depends on factors such as how the global economy develops and how society’s proc
and consumption of energy changes in the coming decades. Secondly, with current
understanding of the complexities of how climate feedbacks operate, there is a range «
possible outcomes, even for a particular scengreno$siéhd:inallypvertimescales
of a decade or so, natural variability can modulate the effects of an underlying trend in
temperature. Taken together, all model projections indicate that Earth will continue to v
considerably more over the next few decades to centuries. If there were no technologi
policy changes to reduce emission trends from their current trajectory, then further glot
averaged warming of 2.6 t0 4.8 °C (4.7 to 8.6 °F) in addition to that which has already
occurred would be expected during'ttenfiryrigure B5} Projectingvhathoseanges

Figure B5.Theamountandrateof . . . . . . . . .

warming expected for the 21st cenWill Me@n for the climate experienced at any particular location is a challenging scientif

tury depends on the total amount gproblem, but estimates are continuing to improve as regional and local-scale models a
greenhouse gases that humankind

emits. Models project the tempera Global average surface temperature change
tureincreaséorabusiness-as-usual
emissions scenario (in red) and
aggressivemissiommeductions,

falling close to zero 50 years from
now (in blue). Black is the modelled
estimate of past warming. Each
solid line represents the average
of different model runs using the <=
sameemissionscenaricandthe
shaded areas provide a measure ofC
thespreadonestandardeviation) &
between the temperature changes §=
projected by the different models. )
All data are relative to a reference 20 ) L  E— — L
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Q& A n

If the world is warming, why are some
winters and summers still very cold?

Global warming is a long-term trend, but that does not mean that every year will be
warmer than the previous one. Day-to-day and year-to-year changes in weather pat
will continue to produce some unusually cold days and nights and winters and sumn
even as the climate warms.

Climate change means not only changes in globally averaged surface temperature, but also changes
atmospheric circulation, in the size and patterns of natural climate variations, and in local weather. Lz
Nifia events shift weather patterns so that some regions are made wetter, and wet summers are gen
cooler. Stronger winds from polar regions can contribute to an occasional colder winter. In a similar w
the persistence of one phase of an atmospheric circulation pattern known as the North-Atlantic Oscill
tion has contributed to several recent cold winters in Europe, eastern North America, and northern A

Atmospheric and ocean circulation patterns will evolve as Earth warms and will influence storm track
and many other aspects of the weather. Global warming tilts the odds in favour of more warm days a
seasons and fewer cold days and seasons. For example, across the continental United States in the
there were more daily record low temperatures than record highs, but in the 2000s there were more 1
twice as many record highs as record lows. Another important example of tilting the odds is that over
recent decades heatwaves have increased in frequency in large parts of Europe, Asia, South Americ
AustraliaMarineheatwavesrealsoincreasing.

Evidence & Causes 2020 13
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Figure 5. TheArcticsummer

sea ice extent in 2012, (measured
in September) was a record low,
shown (in white) compared to the
median summer sea ice extent for
1979 to 2000 (in orange outline).
2013, Arctic summer sea ice exte
rebounded somewhat, but was stil
the sixth smallest extent on record
In 2019, sea ice extent effectively
tiedforthesecondowesiminimum
in the satellite record, along with
2007 and 2016—behind only 2012
which is still the record minimum.
The 13 lowest ice extents in the
satelliteerahavealloccurredn the

last 13 yeaSource: National Snow

and Ice Data Center

Why is Arctic sea ice decreasing while
Antarctic sea ice has changed little?

Sea ice extent is affected by winds and ocean currents as well as temperature. Se:
in the partly-enclosed Arctic Ocean seems to be responding directly to warming, wt
changes in winds and in the ocean seem to be dominating the patterns of climate a
ice change in the ocean around Antarctica.

Some differences in seasonal sea ice extent between the Arctic and Antarctic are due to basic geol
and its influence on atmospheric and oceanic circulation. The Arctic is an ocean basin surrounded |
by mountainous continental land masses, and Antarctica is a continent surrounded by ocean. In the
Arctic, sea ice extent is limited by the surrounding land masses. In the Southern Ocean winter, sea
expand freely into the surrounding ocean, with its southern boundary set by the coastline of Antarct
Because Antarctic sea ice forms at latitudes further from the South Pole (and closer to the equator)
ice survives the summer. Sea ice extent in both poles changes seasonally; however, longer-term ve
in summer and winter ice extent is different in each hemisphere, due in part to these basic geograp
differences.

Sea ice in the Arctic has decreased dramatically since the late 1970s, particularly in summer and at
Since the satellite record began in 1978, the yearly minimum Arctic sea ice extent (which occurs in
September) has decreased by aboy#ig0f% 5. Ice cover expands again each Arctic winter, but

the ice is thinner than it used to be. Estimates of past sea ice extent suggest that this decline may &
unprecedented in at least the past 1,450 years. Because sea ice is highly reflective, warming is am)
the ice decreases and more sunshine is absorbed by the darker underlying ocean surface.

Sea ice in the Antarctic showed a slight increase in overall extent from 1979 to 2014, although som
areas, such as that to the west of the Antarctic Peninsula experienced a decrease. Short-term trenc
the Southern Ocean, such as those observed,

can readily occur from natural variability of the
atmosphere, ocean and sea ice system. Changes
in surface wind patterns around the continent
contributed to the Antarctic pattern of sea ice
changeycearfactorsuchastheadditiorofcool

fresh water from melting ice shelves may also

have played a role. However, after 2014, Antarctic
ice extent began to decline, reaching a record low
(within the 40 years of satellite data) in 2017, and
remaining low in the following two years.

14 cClimate
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Q&A n
How does climate change affect the
strength and frequency of floods,
droughts, hurricanes, and tornadoes?

Earth’s lower atmosphere is becoming warmer and moister as a result of human-cause
greenhouse gas emissions. This gives the potential for more energy for storms and cert
extreme weather events. Consistent with theoretical expectations, the types of events n
closely related to temperature, such as heatwaves and extremely hot days, are becomil
more likely. Heavy rainfall and snowfall events (which increase the risk of flooding) are ¢
generally becoming more frequent.

As Earth’s climate has warmed, more frequent and more intense weather events have both been obsel
around the world. Scientists typically identify these weather events as “extreme” if they are unlike 90%
of similar weather events that happened before in the same region. Many factors contribute to any indiy
extreme weather event—including patterns of natural climate variability, such as El Nifio and La Nifia—
making it challenging to attribute any particular extreme event to human-caused climate change. Howe
studies can show whether the warming climate made an event more severe or more likely to happen.

A warming climate can contribute to the intensity of heat waves by increasing the chances of very hot d
nights. Climate warming also increases evaporation on land, which can worsen drought and create con
more prone to wildfire and a longer wildfire season. A warming atmosphere is also associated with hea
precipitation events (rain and snowstorms) through increases in the air’s capacity to hold moisture. EI'N
events favour drought in many tropical and subtropical land areas, while La Nifia events promote wette
conditions in many places. These short-term and regional variations are expected to become more ext
awarminglimate.

Earth’s warmer and moister atmosphere and warmer oceans make it likely that the strongest hurricar
will be more intense, produce more rainfall, affect new areas, and possibly be larger and longer-lived
is supported by available observational evidence in the North Atlantic. In addition, sea level rise (see
Question 14) increases the amount of seawater that is pushed on to shore during coastal storms, wh
alongwithmorerainfalproducedythestorms canresulin moredestructivetormsurgesandflooding.

While global warming is likely making hurricanes more intense, the change in the number of hurrican
each year is quite uncertain. This remains a subject of ongoing research.

Some conditions favourable for strong thunderstorms that spawn tornadoes are expected to increase v
warming, but uncertainty exists in other factors that affect tornado formation, such as changes in the ve
andhorizontabariationsfwinds.

E e
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Figure 6. Observationshow

that the global average sea level

How fast is sea level rising?

Long-term measurements of tide gauges and recent satellite data show that global
level is rising, with the best estimate of the rate of global-average rise over the last
being 3.6 mm per year (0.14 inches per year). The rate of sea level rise has increas
measurements using altimetry from space were started in 1992; the dominant facto
global-average sea level rise since 1970 is human-caused warming. The overall ob
rise since 1902 is about 16 cm (6 iFchies)s] .

This sea level rise has been driven by expansion of water volume as the ocean warms, melting of n
glaciers in all regions of the world, and mass losses from the Greenland and Antarctic ice sheets. A
these result from a warming climate. Fluctuations in sea level also occur due to changes in the amc
water stored on land. The amount of sea level change experienced at any given location also depe
variety of other factors, including whether regional geological processes and rebound of the land we
down by previous ice sheets are causing the land itself to rise or sink, and whether changes in winc
currents are piling ocean water against some coasts or moving water away.

The effects of rising sea level are felt most acutely in the increased frequency and intensity of occa:s
storm surges. If €@hd other greenhouse gases continue to increase on their current trajectories, it is
projected that sea level may rise, at minimum, by a further 0.4 to 0.8 m (1.3 to 2.6 feet) by 2100, alt
future ice sheet melt could make these values considerably higher. Moreover, rising sea levels will r
stop in 2100; sea levels will be much higher in the following centuries as the sea continues to take
heat and glaciers continue to retreat. It remains difficult to predict the details of how the Greenland .
Antarctic Ice Sheets will respond to continued warming, but it is thought that Greenland and perhap
West Antarctica will continue to lose mass, whereas the colder parts of Antarctica could gain mass
they receive more snowfall from warmer air that contains more moisture. Sea level in the last interg
(warm) period around 125,000 years ago peaked at probably 5 to 10 m above the present level. Du
period, the polar regions were warmer than they are today. This suggests that, over millennia, long
of increased warmth will lead to very significant loss of parts of the Greenland and Antarctic Ice She

and tn rAncaniiant caa lawval rica

has risen by about 16 cm (6 inches

since the late1@enturySedevel

is rising faster in recent decades;
measurements from tide gauges
(blue) and satellites (red) indicate

that the best estimate for the

average sea level rise over the last
decade is centred on 3.6 mm per
year (0.14 inches per year). The
shaded area represents the sea le
uncertaintywhichhasdecreased

as the number of gauge sites used
in calculating the global averages

160+

Sea Leved Variation [mm)|

and the number of data points hav
increasedSource: Shum and Kuo (201 g Y00 van eve == e =%
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figure 7. AsCQ in the air has
increased, there has been an

increase in the g€bntent of the
surface ocean (upper box), and a
decrease in the seawater pH (Ioweg
box).Source: adapted from Dore et alZ 370 -

(2009) and Bates et al. (2012).

Q& A n

What is ocean acidification and why
does it matter?

Direct observations of ocean chemistry have shown that the chemical balance of se:
has shifted to a more acidic state (loweig@k ). Some marine organisms (such as
corals and some shellfish) have shells composed of calcium carbonate, which dissol
more readily in acid. As the acidity of sea water increases, it becomes more difficult
these organisms to form or maintain their shells.

CQ dissolves in water to form a weak acid, and the oceans have absorbed about adhirtiirng the CO
from human activities, leading to a steady decrease in ocean pH levels. With increasing atmospheric
this chemical balance will change even more during the next century. Laboratory and other experime
show that under high,@@d in more acidic waters, some marine species have misshapen shells and
lower growth rates, although the effect varies among species. Acidification also alters the cycling of
nutrients and many other elements and compounds in the ocean, and it is likely to shift the competiti
advantage among species, with as-yet-to-be-determined impacts on marine ecosystems and the foo

400
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How confident are scientists that
16 Earth will warm further over the
coming century?

Very confident. If emissions continue on their present trajectory, without either technc
cal or regulatory abatement, then warming of 2.6 to 4.8 °C (4.7 to 8.6 °F) in addition 1
which has already occurred would be expected darompiinegyr2shire s;.

Warming due to the addition of large amounts of greenhouse gases to the atmosphere can be unde
in terms of very basic properties of greenhouse gases. It will in turn lead to many changes in nature
climate processes, with a net effect of amplifying the warming. The size of the warming that will be
experienced depends largely on the amount of greenhouse gases accumulating in the atmosphere
hence on the trajectory of emissions. If the total cumulative emissions since 1875 are kept below at
900 gigatonnes (900 billion tonnes) of carbon, then there is a two-thirds chance of keeping the rise
global average temperature since the pre-industrial period below 2 °C (3.6 °F). However, two-thirds
figure 8. Ifemissionsontinue amount has already been emitted. A target of keeping global average temperature rise below 1.5 °(

ontheirpresentrajectorywithout  \woyld allow for even less total cumulative emissions since 1875.
either technological or regulatory

abatement, then the best estimate Based just on the established physics of the amount gfdtsair¥and emits, a doubling of

is that global average temperature gtmospheri€Q concentration from preindustrial levels (up to about 560 ppm) would by itself, without
will warm aofurther 26104.8°C gmplification by any other effects, cause a global average temperature increase of about 1 °C (1.8
(4.7108.6 °F) by the end of the However, the total amount of warming from a given amount of emissions depends on chains of effe

century (right). Land areas are o ) . e o .
projected to warm more than ocealfeedbacks) that can individually either amplify or diminish the initial warming.

areasmdhencenorgthanthe The most important amplifying feedback is caused by water vapour, which is a potent greenhouse ¢
global mean. The figure on the left . . . N
showsprojectedvarminguithvery CQ increases and warms the atmosphere, the warmer air can hold more moisture and trap more he
aggressivemissionseductions. the lower atmosphere. Also, as Arctic sea ice and glaciers melt, more sunlight is absorbed into the «
The figures represent multi-model underlying land and ocean surfaces, causing further warming and further melting of ice and snow.
estimatesftemperatureverages  biggest uncertainty in our understanding of feedbacks relates to clouds (which can have both positi

for 2081-2100 compared to negative feedbacks), and how the properties of clouds will change in response to climate change.
1986—-2008ource: IPCC AR5

Other important feedbacks involve the
Change in average surface temperature (1986-2005 to 2081-2100) carbon cycle. Currently the land and oceans
together absorb about half of thefifted
from human activities, but the capacities of
land and ocean to store additional carbon are
expectetb decreaseithadditionalvarming,
leading to faster increases in atmospheric
CQ and faster warming. Models vary in their
projections of how much additional warming
to expect, but all such models agree that the
overall net effect of feedbacks is to amplify
thewarming.
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Q& A n

Are climate changes of a few degrees
a cause for concern?

Yes. Even though an increase of a few degrees in global average temperature does
sound like much, global average temperature during the last ice age was only about
5 °C (7 to 9 °F) colder than now. Global warming of just a few degrees will be associ
with widespread changes in regional and local temperature and precipitation as well
with increases in some types of extreme weather events. These and other changes
as sea level rise and storm surge) will have serious impacts on human societies and
naturatvorld.

Both theory and direct observations have confirmed that global warming is associated with greater war
over land than oceans, moistening of the atmosphere, shifts in regional precipitation patterns, increase:
extreme weather events, ocean acidification, melting glaciers, and rising sea levels (which increases th
coastal inundation and storm surge). Already, record high temperatures are on average significantly ou
record low temperatures, wet areas are becoming wetter as dry areas are becoming drier, heavy rainst
have become heavier, and snowpacks (an important source of freshwater for many regions) are decrez

These impacts are expected to increase with greater warming and will threaten food production,
freshwater supplies, coastal infrastructure, and especially the welfare of the huge population currentl
living in low-lying areas. Even though certain regions may realise some local benefit from the warmin
long-terntonsequenceseralillbedisruptive.

It is not only an increase of a few degrees in global average temperature that is cause for concern—
at which this warming occurs is also important (see Question 6). Rapid human-caused climate chang
mean that less time is available to allow for adaptation measures to be put in place or for ecosystem:
adapt, posing greater risks in areas vulnerable to more intense extreme weather events and rising se

What are scientists doing to
address key uncertainties in our
understanding of the climate system?

Science is a continual process of observation, understanding, modelling, testing, and
prediction. The prediction of a long-term trend in global warming from increasing
greenhouse gases is robust and has been confirmed by a growing body of evidence.
Nevertheless, understanding of certain aspects of climate change remains incomplete.
Examples include natural climate variations on decadal-to-centennial timescales and
regional-to-local spatial scales and cloud responses to climate change, which are all are
ofactivaresearch.

continued
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Comparisons of model predictions with observations identify what is
Why are computer models used wel-understood and, at the same time, reveal uncertainties or gaps in
stu dy"mateh an ge’) our understanding. This helps to set priorities for new research. Vigilant

monitoring of the entire climate system—the atmosphere, oceans,

The future evolution of Earth’s climate as it responds to |and, and ice—is therefore critical, as the climate system may be full of
the present rapid rate of increasing atmosphé@sCO  gyrprises.

no precise analogues in the past, nor can it be properly _ )
understood through laboratory experiments. As we are Together, field and laboratory data and theoretical understanding are used

also unable to carry out deliberate controlled expen'menf? advance models of Earth’s climate system and to improve representatior
 Oofkey processes in them, especially those associated with clouds, aerosols
and transport of heat into the oceans. This is critical for accurately simulatir
climate change and associated changes in severe weather, especially at th

Climatenodelsarebasednmathematicalquations regional and local scales important for policy decisions.
that represent the best understanding of the basic

laws of physics, chemistry, and biology that govern the
behaviour of the atmosphere, ocean, land surface, ice,
and other parts of the climate system, as well as the

on Earth itself, computer models are among the mos
importantoolsusedo studyEarth’'slimatesystem.

Simulating how clouds will change with warming and in turn may affect
warming remains one of the major challenges for global climate models,
in part because different cloud types have different impacts on climate,
interactions among them. The most comprehensive and the many cloud processes occur on scales smaller than most current
climatemodelsEarth-SysteModelsaredesigned models can resolve. Greater computer power is already allowing for some
to simulate Earth’s climate system with as much detail of these processes to be resolved in the new generation of models.

as is permitted by our understanding and by available pozens of groups and research institutions work on climate models,
supercomputers. and scientists are now able to analyse results from essentially all of the
The capability of climate models has improved steadilywo"'dys major Earth-System Models and compare them with each other
since the 1960s. Using physics-based equations, the and with observations. Such opportunities are of tremendous benefit
models can be tested and are successful in simulating in bringing out the strengths and weaknesses of various models and
a broad range of weather and climate variations, for diagnosing the causes of differences among models, so that research
example from individual storms, jet stream meanders, €an focus on the relevant processes. Differences among models allow
El Nifio events, and the climate of the last century. estimates to be made of the uncertainties in projections of future climats
change. Additionally, large archives of results from many different

Their projections of the most prominent features of the
long-terhuman-inducedimatechangsignahave models help scientists to identify aspects of climate change projections

remained robust, as generations of increasingly complépat are robust and that can be interpreted in terms of known physical

models yield richer details of the change. They are alsgnechanisms.

used to perform experiments to  Studying how climate responded to major changes in the past is another
isolatespecificauses way of checking that we understand how different processes work and th

ofclimatechange models are capable of performing reliably under a wide range of conditior
and to explore the

consequence$
differenscenariosf
futuregreenhousgas
emissionandother
influences on climate.
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Q& A n

Are disaster scenarios about tipping
points like “turning off the Gulf
Stream” and release of methane from
the Arctic a cause for concern?

Results from the best available climate models do not predict an abrupt change in (0
collapse of) the Atlantic Meridional Overturning Circulation, which includes the Gulf

Streamin thenearfuture Howevethisandothemotentiahigh-rislabrupthangedike

the release of methane and carbon dioxide from thawing permafrost, remain active ¢
of scientific research. Some abrupt changes are already underway, such as the deci
Arctic sea ice extent (see Question 12), and as warming increases, the possibility of
major abrupt changes cannot be ruled out.

The composition of the atmosphere is changing towards conditions that have not been experienced f
millions of years, so we are headed for unknown territory, and uncertainty is large. The climate syste
involves many competing processes that could switch the climate into a different state once a thresh
hasbeerexceeded.

A well-known example is the south-north ocean overturning circulation, which is maintained by cold s
water sinking in the North Atlantic and involves the transport of extra heat to the North Atlantic via the
Gulf Stream. During the last ice age, pulses of freshwater from the melting ice sheet over North Ame
led to slowing down of this overturning circulation. This in turn caused widespread changes in climate
around the Northern Hemisphere. Freshening of the North Atlantic from the melting of the Greenland
sheet is gradual, however, and hence is not expected to cause abrupt changes.

Another concern relates to the Arctic, where substantial warming could destabilise methane (a
greenhouse gas) trapped in ocean sediments and permafrost, potentially leading to a rapid release o
a large amount of methane. If such a rapid release occurred, then major, fast climate changes would
ensue. Such high-risk changes are considered unlikely in this century, but are by definition hard to pr
Scientists are therefore continuing to study the possibility of exceeding such tipping points, beyond w
we risk large and abrupt changes.

In addition to abrupt changes in the climate system itself, steady climate change can cross threshold:
trigger abrupt changes in other systems. In human systems, for example, infrastructure has typically
built to accommodate the climate variability at the time of construction. Gradual climate changes can
cause abrupt changes in the utility of the infrastructure—such as when rising sea levels suddenly sul
sea walls, or when thawing permafrost causes the sudden collapse of pipelines, buildings, or roads. |
natural systems, as air and water temperatures rise, some species—such as the mountain pika and |
ocean corals—will no longer be able to survive in their current habitats and will be forced to relocate
possible) or rapidly adapt. Other species may fare better in the new conditions, causing abrupt shifts
the balance of ecosystems; for example, warmer temperatures have allowed more bark beetles to st
over winter in some regions, where beetle outbreaks have destroyed forests.
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22

If emissions of greenhouse gases were
stopped, would the climate return
to the conditions of 200 years ago?

figure 9.Ifglobakmissions
were to suddenly stop, it would
take a long time for surface air
temperatureandtheocearto

begin to cool because the exces:
CQ in the atmosphere would
remain there for a long time and
would continue to exert a warmir
effect. Model projections show h
atmospheri€Q concentration

(a), surface air temperature (b),
andocearthermakxpansiofc)
would respond following a scena
of business-as-useahissions
ceasing in 2300 (red), a scenario
of aggressive emission reduction
falling close to zero 50 years fror
now (orange), and two intermedi:
emissionscenarioggreerand
blue). The small downward tick
in temperature at 2300 is caused
by the elimination of emissions
of short-lived greenhouse gases,
includingnethaneSourceZickfeld
etal., 2013

No. Even if emissions of greenhouse gases were to suddenly stop, Earth’s surface terr
would require thousands of years to cool and return to the level in the pre-industrial ere

If emissions of G&topped altogether, it would take many thousands of years for atmggpheric CO
return to “pre-industrial”’ levels due to its very slow transfer to the deep ocean and ultimate burial in
sediments. Surface temperatures would stay elevated for at least a thousand years, implying a long
commitment to a warmer planet due to past and current emissions. Sea level would likely continue
to rise for many centuries even after temperature stopped jrgieasandSignificantooling

would be required to reverse melting of glaciers and the Greenland ice sheet, which formed during
cold climates. The currenf-it@uced warming of Earth is therefore essentially irreversible on human
timescales. The amount and rate of further warming will depend almost entirely on how much more
humankinémits.

Scenarios of future climate change increasingly assume the use of technologies that can remove gt
house gases from the atmosphere. In such “negative emissions” scenarios, it assumed that at some
in the future, widespread effort

will be undertaken that utilises

such technologies to remove

CQ from the atmosphere and

loweiits atmospherimoncentra

tion, thereby starting to reverse
CQ-driven warming on longer
timescalePeploymerdfsuch
technologies at scale would

require large decreases in their
costs. Even if such technological
fixes were practical, substantial
reductioni CQ emissions

would still be essential.

mwoo | 5

Oooan Tharmal Expansien (m)
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Conclusion

This document explains that there are well-understood physical mechanisms by whic
changes in the amounts of greenhouse gases cause climate changes. It discusses fl
evidence that the concentrations of these gases in the atmosphere have increased :
are still increasing rapidly, that climate change is occurring, and that most of the rece
change is almost certainly due to emissions of greenhouse gases caused by human
activities. Further climate change is inevitable; if emissions of greenhouse gases cor
unabated, future changes will substantially exceed those that have occurred so far. 1
remaingarangeofestimatesfthemagnitudendregionagxpressioof futurechange,

but increases in the extremes of climate that can adversely affect natural ecosystem
human activities and infrastructure are expected.

Citizens and governments can choose among several options (or a mixture of those
options) in response to this information: they can change their pattern of energy
production and usage in order to limit emissions of greenhouse gases and hence the
magnitude of climate changes; they can wait for changes to occur and accept the los
damage, and suffering that arise; they can adapt to actual and expected changes as
as possible; or they can seek as yet unproven “geoengineering” solutions to counter:
some of the climate changes that would otherwise occur. Each of these options has
risks, attractions and costs, and what is actually done may be a mixture of these diff
options. Different nations and communities will vary in their vulnerability and their
capacity to adapt. There is an important debate to be had about choices among thes
options, to decide what is best for each group or nation, and most importantly for the
global population as a whole. The options have to be discussed at a global scale be
in many cases those communities that are most vulnerable control few of the emissic
either past or future. Our description of the science of climate change, with both its f:
and its uncertainties, is offered as a basis to inform that policy debate.
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