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This chapter provides a 
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the Earth’s climate system is 
warming, that other aspects of 
climate are changing consistent 
with this warming, and that 
human activities are the main 
cause of these changes.
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Chapter Key Messages

2.2: Observed Changes In The Global Climate System

Warming of the climate system during the Industrial Era is unequivocal, based on robust evidence from a 
suite of indicators. Global average temperature has increased, as have atmospheric water vapour and ocean 
heat content. Land ice has melted and thinned, contributing to sea level rise, and Arctic sea ice has been 
much reduced.

2.3: Understanding The Causes Of Observed Global Change

Warming has not been steady over time, as natural climate variability has either added to or subtracted from 
human-induced warming. Periods of enhanced or reduced warming on decadal timescales are expected, and 
the factors causing the early 21st century warming slowdown are now better understood. In the last several 
years, global average temperature has warmed substantially, suggesting that the warming slowdown is now 
over.

The heat-trapping effect of atmospheric greenhouse gases is well-established. It is extremely likely2 that hu-
man activities, especially emissions of greenhouse gases, are the main cause of observed warming since the 
mid-20th century. Natural factors cannot explain this observed warming. Evidence is widespread of a human 
influence on many other changes in climate as well. 

2  This report uses the same calibrated uncertainty language as in the IPCC’s Fifth Assessment Report. The following 
five terms are used to express assessed levels of confidence in findings based on the availability, quality and level of 
agreement of the evidence: very low, low, medium, high, very high. The following terms are used to express assessed 
likelihoods of results: virtually certain (99%–100% probability), extremely likely (95%–100% probability), very likely 
(90%–100% probability), likely (66%–100% probability), about as likely as not (33%–66% probability), unlikely (0%–
33% probability), very unlikely (0%–10% probability), extremely unlikely (0%–5% probability), exceptionally unlikely 
(0%–1% probability). These terms are typeset in italics in the text. See chapter 1 for additional explanation.
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Summary

The Earth’s climate system comprises interacting physical components — the atmosphere, the hydrosphere 
(liquid water on Earth), the cryosphere (frozen elements), the land surface, and the biosphere, which encom-
passes all living things on land and in water. Measurements of variables within all of these systems provide 
independent lines of evidence that the global climate system is warming. The consistency of the signals 
across multiple components of the climate system provides a compelling story of unequivocal change.

The best-known indicator for tracking climate change is global mean surface temperature (GMST), estimated 
as the average (or mean) temperature for the world from measurements of sea surface temperatures and of 
near-surface air temperatures above the land. This measure has risen an estimated 0.85ºC (90% uncertainty 
range between 0.65ºC and 1.06ºC) over the period 1880–2012. Each of the last three full decades (1980s, 
1990s, and 2000s) has broken successive records for average 10-year temperatures. A warming slowdown 
occurred in the early 21st century, even though decadal temperature for the 2000s was higher than that for the 
1990s. Natural climate variability influences GMST on a variety of timescales; therefore, periods of reduced or 
enhanced warming on decadal timescales are expected. The causes of the early 21st century warming slow-
down are now better understood, and it appears to have ended, with the years 2015, 2016, and 2017 being the 
warmest on record, with GMST more than 1ºC above the pre-industrial average level.

Signals of climate warming are also evident in other components of the climate system. The shift toward a 
warmer global climate on average has been accompanied by an increase in warm extremes and a decrease 
in cold extremes. The amount of water vapour (atmospheric humidity) in the atmosphere has very likely in-
creased, consistent with the capacity of warmer air to hold more moisture. Not only has the ocean warmed at 
the surface, it is virtually certain that the whole upper ocean (to a depth of 700 m) has warmed. Global mean 
sea level has risen an estimated 0.19 m over the period 1901−2010 (90% uncertainty range between 0.17 m 
and 0.21 m) as a consequence of the expansion of ocean waters due to warming (warmer water takes up 
more volume) and the addition of new meltwater from shrinking glaciers and ice sheets worldwide. The extent 
of Arctic sea ice has also been shrinking in all seasons, with declines most evident in summer and autumn.

Understanding how much human activity has contributed to the observed warming of the climate system 
also draws from multiple lines of evidence. This includes evidence from observations, from improved under-
standing of processes and feedbacks within the system that determine how the climate system responds to 
both natural and human-induced perturbations, and from climate models (see Chapter 3.3.1).

The ability of greenhouse gases (GHGs) in Earth’s atmosphere to absorb heat energy radiated from the Earth 
is well understood. Emissions of GHGs from human activities have led to a build-up of atmospheric GHG 
levels. This rise in atmospheric GHG levels, predominantly carbon dioxide, has been the main driver of climate 
warming during the Industrial Era. The strong warming effect of increases in GHGs has been offset to some 
extent by increases in levels of atmospheric aerosols, which have climate-cooling effects. Variations in the 
brightness of the sun during the Industrial Era have had a warming effect on climate that is at least 10 times 
smaller than that from human activity and cannot explain the observed rise in global temperature. Volcanic 
eruptions have cooling effects on global climate that can last several years but cannot explain the observed 
long-term change in global temperature.
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Determining how much of the observed climate warming and other climatic changes are due to these driv-
ers is a complex task, as the climate system does not respond to these drivers in a straightforward way. 
To accomplish this task, climate (or Earth system) models are essential tools for identifying the causes of 
observed climate changes. Experiments with these models simulate how the climate system responds to 
real-world changes, including the impacts of human activities, and compare this with idealized experiments 
without human interference. On the basis of analysis of observations and such experiments, it is extremely 
likely that human influences, primarily emissions of GHGs, have been the dominant cause of the observed 
global warming since the mid-20th century. Studies have confirmed that there is a human contribution to ob-
served changes in the lower atmosphere, the cryosphere, and the ocean, on a global scale.
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2.1: Introduction

The oscillation between cold ice ages and warm interglacial periods over the past two million years on Earth 
is a testament to the effect on Earth’s climate of changes in global average temperature on the order of 5ºC 
(Jansen et al., 2007; Masson-Delmotte et al., 2013). In modern times, on century timescales, the globe has 
warmed by about 1ºC since the beginning of the Industrial Era (see Section 2.2.1), and additional warming is 
unavoidable in this century. The Paris Agreement under the United Nations Framework Convention on Climate 
Change3 has a stated goal of holding the increase in global average temperature to well below 2ºC above 
pre-industrial levels and pursuing efforts to limit the temperature increase to 1.5ºC. Given that historic warm-
ing has already moved us close to this goal, it is important to understand how and why climate is changing. 
This chapter provides a summary of that understanding, based primarily on the evidence presented in mul-
tiple chapters of the Intergovernmental Panel on Climate Change (IPCC) Working Group 1 Fifth Assessment 
Report (AR5) (IPCC, 2013a).

This is one of two chapters of this report that examine global-scale climate change. Together, Chapters 2 
and 3 provide context and background information for the assessment of past and future climate change in 
Canada found in Chapters 4 to 7. This context allows the report to provide a complete narrative to Canadian 
audiences about how changes in Canada are a manifestation of global-scale climate change. The background 
information on climate change and climate variability in this chapter is referred to in subsequent chapters 
of the report. While drawing primarily from the IPCC AR5, this chapter also includes some recent studies to 
update trends for key indicators of global climate change and to highlight areas where scientific understand-
ing has advanced significantly since 2013. This chapter focuses on contemporary climate change, covering 
recent periods in the past (from multi-decade to century timescales) for which instrumental records are 
available. For a recent assessment of changes in past climate over longer timescales (from multi-century to 
multi-millennia timescales) and their causes, readers are referred to chapter 5 in the IPCC AR5 (Masson-Del-
motte et al., 2013).

This chapter first presents the evidence from observations of global-scale climate changes (see Section 2.2) 
and then addresses the causes of contemporary climate change. The chain of evidence that enables scien-
tists to be confident that human activities have played the dominant role in observed climate change over the 
past century or so is presented in Section 2.3. This chapter assesses studies using models of the climate sys-
tem. Such models are required to comprehensively evaluate the causes of observed climate change, because 
they incorporate the complex processes and feedbacks that determine the climate system’s response to both 
human-caused and natural factors. Descriptions of how climate models are constructed, evaluated, and used 
to project future changes in climate are presented in Chapter 3, Section 3.3.

3  https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement

https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
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2.2: Observed changes in the global climate 
system

Key Message

Warming of the climate system during the Industrial Era is unequivocal, based on robust evidence 
from a suite of indicators. Global average temperature has increased, as have atmospheric water 
vapour and ocean heat content. Land ice has melted and thinned, contributing to sea level rise, and 
Arctic sea ice has been much reduced.

The global climate system comprises a number of interacting components, encompassing the atmosphere, 
hydrosphere (liquid water in oceans, lakes, rivers, etc.), cryosphere (snow, ice, and frozen ground), biosphere 
(all living things on land and in water), and the land surface. Long-term changes that are consistent with an 
overall warming of the climate system can be observed throughout the various components of the system. In 
this section, observed changes in global mean surface temperature (GMST), precipitation, the cryosphere, and 
oceans are reviewed. These changes are summarized from Chapters 2, 3, and 4 of the IPCC AR5 (Hartmann 
et al., 2013; Rhein et al., 2013; Vaughan et al., 2013). More recent observations indicate a general continuation 
of warming and related changes, with short-term year-to-year variability evident, as it is in the earlier record 
(Blunden and Ardnt, 2017; USGCRP, 2017).

“Climate” can be considered the average, or expected, weather and related atmospheric, land, and marine 
conditions for a particular location. Climate statistics are commonly calculated for 30-year periods, as recom-
mended by the World Meteorological Organization. “Climate change” refers to a persistent, long-term change 
in the state of the climate, measured by changes in the mean state and/or its variability (IPCC, 2013c). 
Measuring climate change therefore requires long-term observations of climate parameters so that long-term 
trends can be distinguished from shorter-term variations (see Section 2.3.3).

Changes in the frequency, intensity, and duration of climate and weather extremes4 are expected to accom-
pany a changing climate. These changes can have large impacts on human and natural systems. For some 
types of extremes (e.g., hot and cold days/nights), changes in frequency are a natural consequence of a shift 
toward a warmer climate on average. For other extremes, the factors underlying expected changes are more 
complicated and can involve changes in the water cycle, ocean temperatures, atmosphere-ocean circulation, 
and other factors.

Quantifying changes in many extremes of climate and weather is more challenging than quantifying chang-
es in mean climate conditions, for several reasons (IPCC, 2012). By definition, extremes occur infrequently. 
Therefore, observational data spanning many decades or longer are needed to derive adequate statistics 
about the historical occurrence rate of extremes, but these are often lacking.

4 Weather extremes occur over shorter timescales (e.g., short-duration heavy precipitation event) than climate extremes 
(e.g., drought). For further details on differentiating weather and climate extremes, refer to IPCC (2012).
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2.2.1: Global annual and extreme temperature changes

Global-scale records of surface temperatures, based on thermometer observations of surface air tempera-
tures over land and measurements of sea surface temperatures, are available from the late 19th century 
onwards. From these observations, various research groups have developed global temperature datasets (see 
Figure 2.1) using different procedures for processing the available raw data, such as the treatment of gaps in 
observations (see Section 2.3.3). Based on these independently produced global temperature datasets, a best 
estimate of GMST has been calculated, which represents changes over both land and ocean. This estimate 
shows that GMST rose 0.85ºC over the period 1880–2012 (based on a linear trend, with a 90% uncertainty 
range between 0.65ºC and 1.06ºC) (Hartmann et al., 2013). The last three full decades (1980–2010) have 
been the warmest on record, with the longest dataset extending back to 1850 (see Figure 2.1) (Hartmann et 
al., 2013). Global temperatures in the last three years with complete records (2015, 2016, and 2017) are the 
three warmest years on record for the globe on average (WMO, 2018), at more than 1ºC above pre-industrial 
average levels (Blunden and Arndt, 2016, 2017; WMO, 2017, 2018; Hawkins et al., 2017).

Figure 2.1: Observed global mean annual surface temperatures anomalies, 1850–2016 

Figure caption:  Departure (anomaly) of global mean annual surface temperature from the average over the 
1961–1990 reference period, from three datasets. The grey shading indicates the uncertainty in the dataset 
produced by the Met Office Hadley Centre and the Climatic Research Unit at the University of East Anglia, UK 
(HadCRU).

F I G U R E S O U R C E:  W O R L D M E T E O R O LO G I C A L O R G A N I Z AT I O N,  2017.  W M O S TAT E M E NT O N T H E S TAT E O F T H E G LO B A L C L I M AT E 

I N  2016 ( W M O-N O. 1189) ,  F I G .  1 ,  P.5.
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Annual GMST has not increased in a steady linear progression since the late 19th century (see Figure 2.1). 
During several periods, warming was more pronounced (e.g., 1900−1940 and 1970 onwards) or less pro-
nounced (e.g., 1940−1970). These fluctuations arise from natural variations within the climate system (inter-
nal climate variability) and outside (external) forces, including human factors (see Section 2.3.3).

Almost the entire globe experienced warming on a century scale (1901–2012). This warming was not uniform 
from one region of the Earth to another, owing to a range of factors, including internal climate variability, and 
regional variations in climate feedbacks and heat uptake (Hartman et al., 2013). In general, warming has been 
strongest at high northern latitudes and stronger over land than oceans. Since Canada has a large land mass, 
much of which is located at high northern latitudes, warming across Canada has been about twice the global 
average (see Chapter 4, Section 4.2.1).

Cold and warm extremes of temperature can have large impacts on human and natural systems. Based on 
multi-decadal observational datasets and rigorous statistical analysis, the IPCC AR5 reports that, for global 
land area as a whole, the number of warm days and nights5 very likely increased and the number of cold days 
and nights very likely decreased over the period 1951–2010. Robust statistical assessment of heat waves 
and warm spells is more challenging. The IPCC AR5 assesses with medium confidence that, since the mid-
20th century, the length and frequency of warm spells, including heatwaves,6 has increased for global land 
areas as a whole (Hartmann et al., 2013). At the continental scale, it is likely that heatwave frequency has 
increased in some regions of Europe, Asia, and Australia over this period. For North America and Central 
America, there is medium confidence that more regions have experienced increases in heatwaves and warm 
spells than have experienced decreases (Hartmann et al., 2013).

2.2.2: Global annual and extreme precipitation and related 
hydrological changes

Increasing global temperatures have impacts on the hydrological (water) cycle. The amount of moisture the 
atmosphere can hold increases with rising temperatures (about 7% per degree Celsius of warming). It is very 
likely that global specific humidity — a measure of the amount of water vapour in the air — near the surface 
and in the troposphere7 (see Figure 2.2) has increased since the 1970s, consistent with the observed tem-
perature increase over this period (Hartmann et al., 2013).

5 Warm days and nights and cold days and nights are defined from daily temperatures as days when daily maximum 
(daytime) and minimum (nighttime) temperatures are above the 90th (warm) or below the 10th (cold) percentile.

6 Heatwaves and warm spells are defined variously throughout the literature but refer to multi-day periods with high 
temperature extremes.

7 The troposphere is the lowest layer of the Earth’s atmosphere, extending from the surface to an average altitude of 10 
km in the mid-latitudes (this altitude varies by season and location).
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Figure 2.2: Multiple independent indicators of a changing global climate

Figure caption: Multiple indicators of a changing global climate from independently derived estimates. Datasets 

in each panel have been normalized to a common period of record.  

F I G U R E S O U R C E:  H A RT M A N E T A L . ,  2013,  FA Q 2.1 ,  F I G U R E 2.   D ATA S E T S A R E F O U N D I N  H A RT M A N E T A L . ,  2013,  S U P P L E M E NTA-

RY M AT E R I A L  S E CT I O N 2.S M.5.
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The effects of increasing atmospheric concentrations of greenhouse gases (GHGs) on the hydrological cycle 
and precipitation are more complex than for temperature. Precipitation varies substantially over time and 
space, to a greater extent than does temperature. Long-term precipitation trends are smaller, compared to the 
range of precipitation variability, than are temperature trends relative to the range of temperature variability. 
Therefore, a greater density of monitoring stations with long records of precipitation is required for robust as-
sessment of precipitation trends than is the case for temperature. Owing to a lack of data, there is low confi-
dence in estimates of precipitation changes over land at the global scale before 1951 and medium confidence 
thereafter. Annual average precipitation for global land areas increased slightly over the period 1901–2008, 
and different datasets vary in the magnitude of observed changes (Hartmann et al., 2013). It remains a 
challenge to determine long-term trends in precipitation for the global oceans. At the regional scale, average 
annual precipitation for the mid-latitude land area in the Northern Hemisphere shows a likely overall increase 
since 1901, with medium confidence before 1951 and high confidence after that date (Hartmann et al., 2013). 
The changes in precipitation across Canada are discussed in Chapter 4.

As climate warming has made more moisture available in the atmosphere, this additional atmospheric mois-
ture can lead to increased intensity of extreme precipitation events that varies by location. Observed chang-
es in extreme precipitation are generally larger than those in total annual precipitation. At the global scale, 
extreme rainfall over land, measured as the number of heavy precipitation events, has likely increased in more 
regions than it has decreased since the 1950s. There is large variability among regions and between seasons, 
but the highest confidence in observed results is for central North America, where there was very likely a 
trend toward heavier precipitation events since the 1950s (Harman et al., 2013).

While changes in precipitation patterns may be expected to contribute to changes in drought and floods, there 
is low confidence in global-scale trends for both of these hazards (Hartmann et al., 2013). However, region-
al-scale trends are evident in some areas, with a likely increase in frequency and intensity of drought in the 
Mediterranean and West Africa and a likely decrease in central North America (mainly central United States 
but including parts of southern Canada) since 1950. Perspectives on changes in the frequency and magnitude 
of droughts and floods in a Canadian context are provided in Chapter 6 (see also Chapter 4, Section 4.4 for a 
discussion of the 2013 Alberta flood).

2.2.3: Ocean changes

A number of changes observed over the past century provide evidence of a warming global ocean (Rhein et 
al., 2013) (see Figure 2.2). Comprehensive estimates of global mean temperatures in the upper ocean (to 
a depth of 700 m) reveal that warming since the early 1970s is virtually certain. The global average warm-
ing for the upper 75 m of the ocean over the period 1971–2010 was an estimated 0.11ºC (90% uncertainty 
range from 0.09ºC to 0.13ºC) per decade. There is greater uncertainty in measurements of ocean tempera-
tures before 1971 due, in part, to the scarcity of observations, but the IPCC AR5 reports that global average 
ocean warming (0−700 m) from the 1870s to 1971 was likely. Warming has also been observed deeper in the 
oceans, although the trends are not as strong. The IPCC AR5 reports that the increasing ocean heat content 
(absorbed heat that has been stored in the ocean; see Figure 2.2) accounts for roughly 90% of the energy ac-
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cumulated globally over the period 1971–2010 (high confidence). This accumulation of energy in the ocean is 
strong evidence of excess energy in the Earth system, with less energy leaving the Earth system than entering 
(see Section 2.3.1; Rhein et al., 2013). In addition to absorbing excess heat, the Earth’s oceans have also been 
absorbing excess carbon dioxide (CO2) from the atmosphere, increasing their acidity (See Chapter 7, Section 
7.6.1).

Global sea level rises primarily as a result of the expansion of ocean waters due to warming (thermal ex-
pansion) and the addition of water to the ocean from land ice (glacier and ice sheets) that is delivered to the 
oceans by melting and increased ice discharge. Tide-gauge records from around the world and, more recently, 
satellite altimeter data, indicate that the global mean sea level has been rising since the late 19th century (see 
Figure 2.2). The level has risen by an estimated 0.19 m (90% uncertainty range from 0.17 m to 0.21 m), based 
on a linear trend over the period 1901–2010, and the rate of this sea level rise has likely increased since the 
early 20th century (Rhein et al., 2013).

Both rising global sea level and increasing ocean heat content are strong evidence of a warming world. Influ-
ences of these global changes on the oceans surrounding Canada are detailed in Chapter 7.

2.2.4: Changes in the cryosphere

The cryosphere refers to portions of the Earth with sufficiently cold temperatures for water to freeze, and 
includes snow, sea ice, land ice (glaciers and ice caps), freshwater ice (lake and river ice), permafrost, and 
seasonally frozen ground. The IPCC AR5 assessed changes in the cryosphere around the globe and found, 
with very high confidence, that almost all glaciers worldwide have continued to shrink and that the Greenland 
(very high confidence) and Antarctic (high confidence) ice sheets have lost mass (based on two decades of 
data) (Vaughan et al., 2013). The IPCC AR5 reported that, over the period 2003−2009, the greatest losses of 
glacier ice were from glaciers in Alaska, the Southern Andes, Asian mountains, the periphery of the Greenland 
ice sheet, and the Canadian Arctic (Vaughan et al., 2013).

There is very high confidence that the extent of Arctic sea ice (both newly formed annual ice and multi-year 
ice) declined over the period 1979–2012, and that declines occurred in all seasons but were most pronounced 
in summer and autumn (high confidence). Annual mean sea ice extent in the Arctic very likely declined at a 
rate of 3.5%–4.1% per decade over this period. Antarctic sea ice extent very likely increased over the same pe-
riod at a rate of 1.2%–1.8% per decade. The causes of variations in Antarctic sea ice properties and trends re-
main less well known than those for the Arctic, and the World Meteorological Association (2018) reports that, 
since the increase was reported in 2013, Antarctic sea ice extent was at or near record low levels throughout 
2017. There is also very high confidence that snow cover extent has declined in the Northern Hemisphere 
(especially in spring) and high confidence that permafrost temperatures have increased in most regions since 
the 1980s, which is related to regional warming. Overall, the net loss in mass of ice from the global cryo-
sphere (due to changes in glaciers, ice sheets, snow cover, sea ice extent, melt period, and ice thickness) is 
evidence of strong warming at high latitudes (see Figure 2.2) (Vaughan et al., 2013). Further details on these 
changes and implications from a Canadian perspective are found in Chapter 5.
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Section summary

In summary, these changes documented in the atmosphere, oceans, and cryosphere since the late 19th cen-
tury (see Figure 2.2), as well as additional changes documented in the IPCC AR5, provide a strong, coherent 
picture of a warming planet based on multiple, independent lines of evidence. For this reason, warming of the 
climate system is robustly demonstrated; that is, it is found to be unequivocal.

2.3: Understanding the causes of observed global climate change

Key Message

Warming has not been steady over time, as natural climate variability has either added to or subtract-
ed from human-induced warming. Periods of enhanced or reduced warming on decadal timescales 
are expected, and the factors causing the early 21st century warming slowdown are now better under-
stood. In the last several years, global average temperature has warmed substantially, suggesting that 
the warming slowdown is now over.

Key Message

The heat-trapping effect of atmospheric greenhouse gases is well-established. It is extremely likely 
that human activities, especially emissions of greenhouse gases, are the main cause of observed 
warming since the mid-20th century. Natural factors cannot explain this observed warming. Evidence 
is widespread of a human influence on many other changes in climate as well.

2.3.1: Factors determining global climate

Scientists have understood the basic workings of Earth’s climate for almost 200 years. Studies in the 19th 
century had already identified the key role of Earth’s atmosphere and of CO2 in raising the temperature of 
the planet (Fourier, 1827; Tyndall, 1859; Arrhenius, 1896). The fundamentals of the climate system, including 
factors that determine climate and that can drive climate change, have been included in every major IPCC 
assessment as foundational background information (IPCC, 1990, 1996, 2001, 2007, 2013a).

Earth’s long-term climate and average temperature are regulated by a balance between energy arriving from 
the sun (in the form of shortwave radiation) and energy leaving the Earth (in the form of longwave radiation) 
(see Box 2.1). When this balance is disrupted in a persistent way, global temperature rises or falls. Factors 
that disrupt this balance are called “climate drivers” or “climate forcing agents,” evoking their influence in 
forcing climate toward warmer or cooler conditions. Their effect on Earth’s energy balance is called “radia-
tive forcing,” which is defined as the net change in the energy balance of the Earth system due to an external 
perturbation. The strength of radiative forcing is measured in units of watts per square metre (W/m2). Positive 



CANADA’S CHANGING CLIMATE REPORT

 39 

radiative forcing indicates excess energy is being retained in the climate system — less energy is leaving than 
is entering the system — leading to a warmer climate, whereas negative radiative forcing indicates more en-
ergy is leaving the climate system than entering it, leading to a cooler climate (Le Treut et al., 2007; Cubasch 
et al., 2013). Radiative forcing provides a useful means of comparing and/or ranking the influence of different 
climate drivers.

Climate drivers can be either natural or anthropogenic — resulting from human activities. The fact that Earth’s 
average temperature and climate have varied significantly over geologic time indicates that natural factors 
have varied in the past. On shorter timescales of decades to centuries, the main climate drivers are changes 
in solar irradiance, volcanic eruptions, changes in atmospheric composition, and changes to the land surface. 
The latter two are influenced by human activities. How changes in these climate drivers influence incoming or 
outgoing radiation is described below.

Box 2.1: The greenhouse effect and drivers of climate change

The Earth’s climate system is powered by energy from the sun reaching the Earth in the form of sunlight. 
Some of the incoming solar radiation is reflected back to space, but the rest is absorbed by the atmosphere 
and at the Earth’s surface, which warms the planet. The Earth cools down by emitting radiation back to space 
at a rate that depends on the temperature of Earth. Since the Earth is much colder than the sun, it emits 
infrared radiation in the lower-energy, longwave part of the energy spectrum (infrared radiation, invisible to the 
human eye), whereas the sun emits mainly high-energy, shortwave radiation (visible and ultraviolet light).

The Earth’s average temperature is determined by the overall balance between the amount of absorbed 
incoming energy (as light) from the sun and the amount of outgoing energy (as infrared radiation) from Earth 
to space. Only a portion of the incoming energy from the sun is used to warm the Earth, as some of it is re-
flected by the Earth’s atmosphere and surface. About two-thirds of the incoming solar energy (about 240 W/
m2) is absorbed and used to warm the planet (Hartman et al., 2013). Some of the outgoing infrared radiation 
(heat radiation) is absorbed and then re-emitted by clouds and GHGs in the lower atmosphere. This process 
is known as the greenhouse effect, and it leads to heat being trapped in the lower atmosphere, which warms 
the Earth’s surface. Naturally occurring GHGs in the atmosphere — mainly water vapour and CO2 from natural 
sources — produce a natural greenhouse effect that raises the Earth’s mean surface temperature from about 
−16ºC to about +15ºC (Lacis et al., 2010). This higher temperature creates conditions favourable for life on 
Earth and also increases the flow of heat from Earth to space (to about 240 W/m2) so that it balances the 
flow of incoming solar energy.

In a stable climate, global average temperature remains roughly constant because of this balance between in-
coming and outgoing energy. However, the Earth’s energy balance can be perturbed. Factors that disrupt this 
balance and cause climate warming or cooling are called climate drivers or climate forcing agents. Climate 
drivers can be either natural or human-caused. They can disrupt the Earth’s energy balance by 1) changing the 
amount of incoming solar radiation; 2) changing the Earth’s albedo, that is, how much incoming solar radia-
tion is reflected from the Earth’s surface and atmosphere; and 3) changing the amount of outgoing infrared 
radiation by changing the composition of the atmosphere (see Figure 2.3).
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Figure 2.3: The greenhouse effect and key drivers of climate change

Figure caption: The sun is the source of energy for Earth (1). Some of the sun’s energy is reflected back to space 
(2), but the rest is absorbed by the atmosphere, land, and ocean and re-emitted as longwave radiation (radiant 
heat). Some of this radiant heat is absorbed and then re-emitted by greenhouse gases in the lower atmosphere, 
trapping heat in the lower atmosphere and reducing how much is radiated to outer space. This process is known 
as the greenhouse effect (3). Changes to the amount of incoming solar radiation (1), the amount of reflected 
sunlight (2), and the heat-trapping capacity of the atmosphere (3) cause climate warming or cooling. Factors that 
drive such changes are called climate drivers or climate forcing agents.

F I G U R E S O U R C E:  U P P E R PA N E L :  N AT I O N A L A C A D E M Y O F S C I E N C E S A N D T H E R OYA L S O C I E T Y (2014).
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Solar irradiance, the strength of solar radiation received at the Earth’s surface, fluctuates by a small amount 
over a solar cycle of approximately 11 years, and these fluctuations can explain global temperature variations 
of up to approximately 0.1ºC between the strongest and weakest parts of the cycle. Small, multi-decadal 
trends (increasing and decreasing) in solar irradiance can also occur, with similarly small effects on global 
climate (Masson-Delmotte et al., 2013).

Volcanic eruptions periodically eject large volumes of gases and dust into the stratosphere (upper atmo-
sphere). Sulphate aerosols (tiny airborne particles) that form from these gases reflect solar radiation and 
thereby induce a cooling effect.8 Since volcanic eruptions are episodic, and sulphate aerosols remain in the 
stratosphere for only a few years, the cooling effects are short-lived. The global cooling effect of large vol-
canic eruptions, such as the eruption of Mount Pinatubo in the Philippines in 1991, is clearly evident in the 
global temperature record (see Section 2.3.3 and Figure 2.9).

Human activities affect Earth’s reflectivity (albedo) by changing the atmospheric composition and the land 
surface. For example, the combustion of fossil fuels emits a variety of pollutants, in addition to GHGs, into the 
lower atmosphere, where they form aerosols of various chemical compositions. These aerosols may either re-
flect or absorb solar radiation and are important drivers of climate change. Aerosols in the lower atmosphere 
also serve as particles on which water vapour can condense to form clouds (cloud condensation nuclei). 
Changes in aerosol concentrations can therefore induce changes in cloud properties which, in turn, can affect 
Earth’s albedo. While the interactions between aerosols and clouds are complex and involve a number of 
different processes, an increase in aerosol concentration is known to produce brighter clouds, which reflect 
more solar radiation, inducing a cooling effect. Human alterations of the land surface also tend to increase 
albedo. When forested lands are cleared for cultivation this tends to produce more reflective land surfaces 
(Le Treut et al., 2007; Cubasch et al., 2013).

Changes in solar irradiance, volcanic eruptions, and changes in albedo affect Earth’s energy balance by alter-
ing the amount of incoming energy available to heat the Earth, but the primary driver of the amount of heat 
leaving the Earth is changes to the chemical composition of the atmosphere. While the two most abundant 
gases in Earth’s atmosphere — nitrogen (78%) and oxygen (21%) — are transparent to outgoing longwave 
radiation, allowing this heat to escape to space, some trace gases absorb longwave radiation, creating the 
greenhouse effect, and are referred to as GHGs (see Box 2.1). GHGs have both natural and human sources. 
The main GHGs are water vapour, CO2, methane (CH4), ozone (O3), nitrous oxide (N2O), and groups of synthet-
ic chemicals referred to as halocarbons (see Box 2.2). Changes to the atmospheric concentrations of GHGs 
affect the transparency of the atmosphere to outgoing heat. Individual GHGs differ in their capacity to trap 
heat, and most are more powerful GHGs than CO2. However, CO2 is by far the most abundant GHG (Myhre et 
al., 2013) aside from water vapour. The build-up of atmospheric GHGs has reduced heat loss to space and 
is therefore a positive radiative forcing, with a warming effect on the climate system (Le Treut et al., 2007; 
Cubasch et al., 2013).

8  Volcanoes also emit CO2, a GHG, but the climate effect of volcanic CO2 emissions is small (Myhre et al., 2013).

Very high
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Box 2.2: Sources of the main greenhouse gases

The main greenhouse gases (GHGs) have both natural sources and anthropogenic sources — from human 
activity — with the exception of the group of GHGs referred to as halocarbons, which are human-made. Since 
anthropogenic sources add emissions to the atmosphere at a rate greater than natural processes can remove 
them from the atmosphere, atmospheric levels of GHGs are building up.

Carbon dioxide

Carbon dioxide (CO2), along with methane (CH4), is part of Earth’s carbon cycle, which involves the movement 
of carbon among the atmosphere, the land, the ocean, and living things. CO2 enters the atmosphere from a 
variety of natural sources, most notably as a result of plant and animal respiration, and is removed from the 
atmosphere through the photosynthesis of plants and uptake by the ocean. The main anthropogenic sources 
of CO2 are the burning of carbon-containing fossil fuels (coal, oil, and natural gas) and deforestation / land 
clearing. Land clearing can involve either burning trees and other vegetation, which releases CO2 immediately, 
or allowing cut vegetation to decay, which releases CO2 slowly. The manufacture of cement is another import-
ant source, as it involves heating limestone (calcium carbonate), the main component of cement, in a process 
that releases CO2.

Methane

The main sources of CH4 — a carbon-containing GHG — are from decomposition of organic matter by  
micro-organisms under low-oxygen conditions. Wetlands are by far the largest natural source of CH4. Anthro-
pogenic sources include rice paddies, landfills, and sewage; fermentation in the gut of ruminant animals; and 
artificial wetlands. Along with other pollutants, CH4 is also produced when fossil fuels and trees are burned 
with insufficient oxygen for combustion to be complete. It also leaks or is vented to the atmosphere from 
geological sources, mainly during the extraction, processing, and transportation of fossil fuels, although natu-
ral leaks also occur.

Nitrous oxide

Nitrous oxide (N2O) is part of Earth’s nitrogen cycle. Anthropogenic sources are mainly related to the use of 
nitrogen-based synthetic fertilizers and manure to improve crop productivity, and the cultivation of certain 
crops that enhance biological nitrogen fixation. These sources have added significant amounts of reactive ni-
trogen to Earth’s ecosystems, some of which is converted to N2O and released to the atmosphere. Some N2O 
is also released to the atmosphere during the combustion of fossil fuels and biomass (e.g., trees or wood-
based fuels) and from some industrial sources.
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Halocarbons

Halocarbons are a group of synthetic chemicals containing a halogen (e.g., fluorine, chlorine, and bromine) 
and carbon. There are a variety of industrial sources.

Water vapour

Water vapour is the most important naturally occurring GHG. Human activities do not directly influence the 
amount of water vapour in the atmosphere to any significant degree. However, the amount of water vapour 
in the atmosphere changes with temperature, and changes in water vapour are considered a feedback in the 
climate system (see Box 2.3).

Determining the relative contribution of different forcing agents perturbing the Earth’s energy balance pro-
vides a useful first-order assessment of the causes of observed climate change (see Section 2.2). Howev-
er, the climate system does not respond in a straightforward way to changes in radiative forcing. An initial 
perturbation can trigger feedbacks in the climate system that alter the response. These climate feedbacks 
either amplify the effect of the initial forcing (positive feedback) or dampen it (negative feedback). Therefore, 
positive feedbacks in the climate system are cause for concern because they amplify the warming from an 
initial positive forcing, such as increases in atmospheric concentrations of GHGs.

There are a number of feedbacks in the climate system, operating on a wide range of timescales, from hours 
to centuries (Cubasch et al., 2013; see, in particular, Fig 1.2 and associated text in this reference). Important 
positive feedbacks that have contributed to warming over the Industrial Era include the water vapour feed-
back (water vapour, a strong GHG, increases with climate warming) and the snow/ice albedo feedback (snow 
and ice diminish with climate warming, decreasing surface albedo) (see Box 2.3). There is very high confi-
dence that the net feedback — that is, the sum of the important feedbacks operating on century timescales 
— is positive, amplifying global warming (Flato et al., 2013; Fahey et al., 2017). Some feedbacks are expected 
to become increasingly important as climate warming continues this century and beyond. These include 
feedbacks that change how rapidly the land and ocean can remove CO2 from the atmosphere and those that 
may lead to additional emissions of CO2 and other GHGs, such as from thawing permafrost (Ciais et al., 2013; 
Fahey et al., 2017) (see Chapter 5, Section 5.6). 
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Box 2.3: Positive feedbacks that amplify climate change

The water vapour feedback

Water vapour is a greenhouse gas (GHG), as it absorbs outgoing longwave radiation (heat radiation) from 
Earth. Unlike other GHGs such as carbon dioxide (CO2) and methane, water vapour levels in the atmosphere 
cannot be controlled or altered directly by human activity. Instead, the amount of water vapour in the at-
mosphere is a function of the temperature of the atmosphere. There is a physical limit to how much water 
vapour air can hold at a given temperature, with warmer air able to hold more moisture than cooler air. For 
every additional degree Celsius in air temperature, the atmosphere can hold about 7% more water vapour. 
When air becomes saturated with water vapour, the water vapour condenses and falls as rain or snow, which 
means that water vapour does not reside for long in the atmosphere. When an external forcing agent, such as 
increases in atmospheric CO2, causes climate warming, the rise in temperature both increases the evapora-
tion of water from the surface of the Earth and increases the atmospheric water vapour concentrations. This 
increased water vapour, in turn, amplifies the warming from the initial CO2-induced forcing. Therefore, water 
vapour provides a strong positive climate feedback in response to changes initiated by human emissions of 
other GHGs (Boucher et al., 2013).

The snow/ice albedo feedback

Snow and ice are bright, highly reflective surfaces. While open water reflects only about 6% of incoming solar 
radiation and absorbs the rest, snow-covered sea ice reflects as much as 90% of incoming radiation. This 
value decreases to 40%–70% during the melt season, due to melt ponds on the ice surface (see Figure 2.4; 
Perovich et al., 1998; Perovich et al., 2007). Climate warming decreases the amount of snow and ice cover on 
Earth, reducing the Earth’s albedo (reflectivity). Darker land and water surfaces exposed by melting snow and 
ice absorb more incoming solar radiation, adding more heat to the climate system and amplifying the initial 
warming, in turn causing further melting of snow and ice. Increased absorption of solar energy over the ocean 
is particularly important, as this additional heat must be dissipated in the autumn before ice can form again, 
thereby delaying the date of freeze-up. This positive climate feedback is particularly important in the North-
ern Hemisphere, where declines in Arctic Ocean sea ice and snow cover have been strong (see Chapter 5, 
Sections 5.2 and 5.3). In combination with other feedbacks involving the ocean, atmosphere, and clouds, the 
snow/ice albedo feedback explains why temperatures across the Arctic have warmed at approximately twice 
the rate of the rest of planet (Overland et al., 2017; Pithan and Mauritsen, 2014; Serreze and Barry, 2011).



CANADA’S CHANGING CLIMATE REPORT

 45 

Figure 2.4: Snow and ice change Earth’s albedo

Figure caption: Albedo is a unitless quantity that indicates how well a surface reflects solar energy. Albedo (α) 
ranges from 0 to 1, with 0 representing a black surface that absorbs 100% of energy and 1 representing a white 
surface that reflects 100% of energy. The presence of ice, and to a greater extent snow-covered ice, on dark sur-

faces (such as the ocean) increase albedo.

F I G U R E S O U R C E:  N AT I O N A L S N O W A N D I C E  D ATA C E NT E R. T H E R M O DY N A M I C S:  A L B E D O;  I N  A L L  A B O U T S E A I C E ;  N AT I O N A L 

S N O W A N D I C E  D ATA C E NT E R. HT T P S://N S I D C.O R G/C RYO S P H E R E/S E A I C E/P R O C E S S E S/A L B E D O.HT M L [10 J U LY 2018]

Section summary

In summary, the fundamental drivers of Earth’s climate are therefore well known, as are the radiative prop-
erties and heat-trapping effect of GHGs in Earth’s atmosphere. The very first scientific assessment by the 
IPCC’s Working Group I (IPCC, 1990) began with the statement that “we are certain there is a natural green-
house effect, which already keeps the Earth warmer than it would otherwise be” and “we are certain that 
emissions resulting from human activities are substantially increasing the atmospheric concentrations of 
GHGs and these increases will enhance the greenhouse effect, resulting on average in an additional warm-
ing of the Earth’s surface.” The body of scientific knowledge has grown enormously in the years since that 
assessment, as scientists continue to deepen their understanding of the myriad of processes within com-
ponents of the climate system, and interactions among these components, that affect the climate system’s 
response to changes in climate drivers. However, the fundamental relationship between increases in GHGs 
and climate warming is well established.

https://nsidc.org/cryosphere/seaice/processes/albedo.html
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2.3.2: Changes in greenhouse gases and radiative forcing over the 
Industrial Era

The Industrial Era refers to the period in history, beginning around the mid-18th century and continuing today, 
marked by a rapid increase in industrial activity powered by the combustion of fossil fuels. Burning these 
carbon-based fuels releases CO2, as well as other gases and pollutants, to the atmosphere. The Industrial Era 
is recognized as the period when human activity has substantially affected the chemical composition of the 
atmosphere by increasing the concentration of trace gases, including GHGs (Steffen et al., 2007).

2.3.2.1: Changes in greenhouse gas concentrations over the Industrial 
Era

GHGs are emitted to the atmosphere from both natural and human sources (see Box 2.2) and are also re-
moved from the atmosphere, primarily through natural processes referred to as natural “sinks.” Atmospheric 
concentrations of GHGs increase when the rate of emission to the atmosphere exceeds the rate of removal. 
Even a small annual imbalance, in which emissions exceed removals, can lead to a large build-up of the gas 
in the atmosphere over time (in the same way that a small annual deficit in a financial budget can lead to a 
large accumulation of debt over time). Sinks and imbalances differ for different GHGs. CH4 is removed from 
the atmosphere primarily through photochemical reactions that destroy it chemically. These reactions remove 
almost as much CH4 each year as is emitted from both natural and human sources, leaving a small annual 
excess of emissions (Ciais et al., 2013; Saunois et al., 2016). In contrast, only about half of the CO2 emitted 
from human activities each year is removed from the atmosphere through land sinks (mainly uptake by plants 
during photosynthesis) and ocean sinks (mainly through CO2 dissolving into the ocean) (Ciais et al., 2013; 
Le Quéré et al., 2016). The ongoing annual excess of human-emitted CO2 is the cause of the observed rise in 
atmospheric CO2 concentrations (see FAQ 2.1).

FAQ 2.1: Are humans responsible for the observed rise in 
atmospheric carbon dioxide?

Multiple independent lines of evidence show with high confidence that human activities are responsible for 
the observed rise in atmospheric carbon dioxide (CO2) since 1750, and that this rise is inconsistent with natu-
ral sources. 

The carbon cycle involves the movement of carbon between different reservoirs on Earth — the atmosphere, 
oceans, terrestrial biosphere, and the solid Earth, including fossil-fuel reserves. While carbon naturally moves 
among these reservoirs, the total amount of carbon on Earth remains essentially constant. Over the 10,000 
years preceding the Industrial Era, this natural carbon cycle was roughly balanced, with atmospheric CO2 
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concentrations remaining nearly stable. Since the start of the Industrial Era, CO2 in the atmosphere has rap-
idly increased. Over 1750–2011, the atmospheric increase was 240 Pg9  (90% uncertainty range from 230 to 
250 Pg) of carbon (C), as shown by air samples from ice cores and by direct measurements of atmospheric 
CO2 concentrations since 1958. How do we know that this measured increase was due to human activities 
rather than to changes in the natural carbon cycle?

From our records, we know that humans emitted 375 Pg C (90% uncertainty range from 345 to 405 Pg C) into 
the atmosphere from burning fossil fuels and manufacturing cement, and we can estimate that human-in-
duced land use change (including deforestation and reforestation) contributed a further 180 Pg C (90% un-
certainty range from 100 to 260 Pg C) to the atmosphere over the period 1750–2011. Together, these human 
emissions totalled 555 Pg C (90% uncertainty range from 470 to 640 Pg C). Since we know that the increase 
in atmospheric CO2 (240 Pg C) was less than that amount, it follows directly that the natural system must 
have been a net sink of carbon over this period. This is known as the “bookkeeping method,” and it is a strong 
piece of evidence that human emissions, rather than natural sources, are responsible for the observed in-
crease in atmospheric CO2. There is also direct evidence that individual natural reservoirs have acted as sinks 
for atmospheric carbon. For example, the measured carbon in the oceans is estimated to have increased by 
155 Pg C (90% uncertainty range from 125 to 185 Pg C), leading to ocean acidification (see Chapter 7, Section 
7.6.1).

Independent geochemical evidence confirms that the increase in atmospheric CO2 was primarily driven by 
fossil-fuel consumption and did not arise from natural sources (see Figure 2.5). Direct measurements starting 
in the 1990s show a small decrease in atmospheric oxygen (O2) concentrations, consistent with fossil-fuel 
burning (as O2 is consumed during combustion), but inconsistent with a non-oxidative natural source of CO2, 
such as the oceans or volcanoes. Second, plants and fossil fuels (derived from ancient plants) have lower 
13C/12C stable isotope ratios than the atmosphere, meaning these sources are relatively depleted in the 
isotope 13C. Burning fossil fuels and plants emits carbon (primarily as CO2) to the atmosphere with depleted 
levels of 13C. This reduces the 13C/12C ratio of atmospheric CO2. Measurements confirm that this is what is 
occurring. The observed atmospheric CO2 increase, O2 decline, and 13C/12C decrease are larger in the North-
ern Hemisphere, consistent with the major emissions source of fossil fuels. Together, these lines of evidence 
produce high confidence that observed atmospheric CO2 increases are due to human activity (Ciais et al., 
2013).

9 1 petagram (Pg) = 1015 grams. 1 petagram is equivalent to 1 billion metric tonnes (1 gigatonne). In the atmosphere, 
the mass of carbon is directly related to the abundance of CO2 per unit volume, measured in parts per million (ppm).
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Figure 2.5: Changes in atmospheric composition indicating a human origin for the rise in carbon dioxide

Figure caption: Atmospheric concentration of carbon dioxide (CO2), oxygen (O2), and 13C/12C stable isotope ratio 
in CO2 recorded over the last decades at representative stations. Top panel: CO2 (green line) from Mauna Loa 
Northern Hemisphere (MLO) and South Pole Southern Hemisphere (SPO) atmospheric stations, and O2 (blue line) 
from Alert Northern Hemisphere (ALT) and Cape Grim Southern Hemisphere (CGO). Lower panel: δ13C in CO2 
from MLO and SPO. The ratio of the 13C to 12C isotopes, relative to a standard, is measured by δ13C (delta C 
13), which is defined as δ13C = [ (13C/12C)sample / (13C/12C)standard − 1 ] × 1000 and has units of permil. 
Samples with a larger value of δ13C are said to be enriched, while samples with a lower δ13C are said to be 
depleted.

F I G U R E S O U R C E:  C I A I S  E T A L . ,  2013.  F I G .  6-3 M O D I F I E D T O I N C LU D E O N LY T H E T O P T W O PA N E L S.
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Well-mixed GHGs are those that persist in the atmosphere for a sufficiently long time for concentrations to 
become relatively uniform throughout the atmosphere. For such substances, emissions anywhere affect 
atmospheric concentrations everywhere. Global average concentrations of well-mixed GHGs can be deter-
mined from measurements taken at only a few monitoring locations around the globe. Canada monitors GHG 
concentrations at a number of locations, and these data are used, along with those from other monitoring 
stations, to determine global average GHG concentrations (see Box 2.4).

Box 2.4: Canadian atmospheric greenhouse gas monitoring

The Canadian Greenhouse Gas Measurement Program operates stations that precisely monitor atmospheric 
levels of greenhouse gases (GHGs) carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) in all regions 
of the country. The most remote site, at Alert, Nunavut, contributes measurements to the Global Atmosphere 
Watch Programme of the World Meteorological Organization, which tracks changes in global GHG concentra-
tions. Northern Hemisphere GHG concentrations, such as those observed at Canadian sites, are slightly high-
er than the global average because of larger sources of emissions in the Northern Hemisphere. The long-term 
trends from all Canadian sites closely track the increasing global CO2 concentration trend, while also showing 
clear seasonal cycles of CO2 concentration due to photosynthesis (plants remove CO2 from the atmosphere) 
and biogenic respiration (plants and animals breathe out CO2) (see Figure 2.6).

Figure 2.6: Canada’s greenhouse gas monitoring network

Figure caption: Canada’s greenhouse gas (GHG) monitoring network (map) and example observations for carbon 
dioxide (plot) from Alert, Nunavut (upper photo) and Fraserdale, Ontario (lower photo).

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.
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Canadian monitoring sites are also used to track changes in regional GHG emissions and removals due to the 
impact of the changing climate on vulnerable ecosystems, such as the tundra and boreal forest. The vast Ca-
nadian boreal forest (2.7 million km2) typically takes up a net 28 megatonnes of carbon from the atmosphere 
per year (Kurz et al., 2013). Fraserdale, situated close to the boreal forest, is influenced quite strongly by for-
est processes that affect atmospheric CO2 levels. Lower concentrations of CO2 are evident in summer (dom-
inated by photosynthesis) and higher concentrations are evident in winter (dominated by respiration) com-
pared with the more distant site at Alert that is not surrounded by significant vegetation. Research has found 
that the net amount of carbon taken up in the Canadian boreal forest has increased in warmer years (Chen 
et al., 2006). In contrast, studies in Scandinavian boreal forests have found that the net uptake of carbon has 
decreased in recent years (i.e., 1999–2013) (Hadden and Grelle, 2016). This highlights the value of performing 
specific atmospheric observations in the Canadian boreal forest. Furthermore, atmospheric observations of 
CH4 in the Arctic could detect any rapid changes in emissions due to thawing of permafrost.

In summary, atmospheric observations play a key role in tracking global trends in GHG concentrations, in 
monitoring changes resulting from global GHG mitigation efforts, and in understanding the climate feedback 
of Canadian ecosystems.

Long-term records of changes in atmospheric concentrations of the three main well-mixed GHGs — CO2, CH4, 
and N2O — are compiled from direct atmospheric measurements (beginning in the late 1950s for CO2 and in 
the late 1970s for CH4 and N2O) and from ice-core measurements, which extend the time period of analysis 
back hundreds of thousands of years. The evidence clearly shows that the concentrations of these GHGs 
have increased substantially over the Industrial Era, by 40% for CO2, 150% for CH4, and 20% for N2O (Hart-
man et al., 2013) (see Figure 2.7). Global concentrations of the main GHGs in 2015 were about 400 parts per 
million for CO2, 1845 parts per billion for CH4, and 328 parts per billion for N2O (WMO, 2016). These concen-
trations exceed the highest concentrations during the past 800,000 years recorded in ice cores (Masson-Del-
motte et al., 2013).
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Figure 2.7: Increases in global greenhouse gas concentrations during the Industrial Era

Figure caption: Global mean atmospheric concentrations of carbon dioxide (CO2) (magenta and red), methane 
(CH4) (light and dark green), and nitrous oxide (N2O) (light and dark blue), based on data from ice cores (dots) and 
direct atmospheric measurements from the Cape Grim Observatory, Australia (light lines) and from the Canadian 
greenhouse gas monitoring site at Alert, Nunavut (dark lines).

F I G U R E S O U R C E:  C L I M AT E R E S E A R C H D I V I S I O N,  E N V I R O N M E NT A N D C L I M AT E C H A N G E C A N A D A.

2.3.2.2: Changes in radiative forcing over the Industrial Era

As discussed in Section 2.3, changes in atmospheric concentrations of GHGs produce a radiative forcing. 
The current understanding of the radiative forcing effects of all important climate forcing agents over the 
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Industrial Era is synthesized in Figure 2.8.10 The following discussion highlights major features of Figure 2.8, 
beginning with those agents causing warming effects, followed by those agents causing cooling effects, and 
concluding with a summary about the net forcing effects from human activity.

Figure 2.8: Natural and anthropogenic forcing of climate, 1750–2011

Figure caption: Radiative forcing (RF; the net change in the energy balance of the Earth system due to an ex-
ternal perturbation), based on changes in concentrations of forcing agents, between 1750 and 2011 (Myhre et 
al., 2013), in units of watts per square metre (W/m2). Hatched bars are radiative forcing (RF), and solid bars are 
effective radiative forcing (ERF), the RF once rapid adjustments in atmospheric temperatures, water vapour, and 
clouds to the initial perturbation are accounted for. Uncertainties (5%–95% uncertainty range) are given for ERF 
(solid horizontal lines [whiskers]) and for RF (dotted whiskers). The total anthropogenic forcing is the sum of the 
anthropogenic forcing contributions. See description in Section 2.2.

F I G U R E S O U R C E  :  B A S E D O N M Y H R E E T A L . ,  2013,  F I G U R E 8.15;  A N D I P C C,  2013A ,  F I G U R E T S.6.

10  The term “effective radiative forcing” was introduced in the IPCC Fifth Assessment Report to better quantify the im-
pact of forcing agents by accounting for rapid adjustments in the climate system to an initial radiative forcing (Myhre 
et al., 2013). For well-mixed GHGs, radiative forcing (RF) and effective radiative forcing (ERF) values are similar, 
whereas for aerosols from human activity, these values are significantly different, and ERF is considered the better in-
dicator. In this section, we use the term RF, but these terms are differentiated in Figure 2.8, on which the text is based.
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The main warming agents, as indicated by bars extending to the right in Figure 2.8, are CO2, CH4, N2O, and 
tropospheric ozone, with a few other gases contributing small warming effects globally. These other gases 
include halocarbons — synthetic industrial chemicals composed of carbon and a halogen, such as chlorofluo-
rocarbons. Together, GHGs have been by far the dominant positive forcing agents over the Industrial Era. CO2 
alone accounts for two-thirds of the forcing (1.82 W/m2 [90% uncertainty range from 1.63 W/m2 to 2.01 W/
m2]) from all well-mixed GHGs (2.83 W/m2 [90% uncertainty range from 2.54 W/m2 to 3.12 W/m2]). Increases 
in CH4 concentrations have been the second largest contributor to positive forcing (0.48 W/m2 [90% uncer-
tainty range from 0.43 W/m2 to 0.53 W/m2]). There is very high confidence in these values, because the radia-
tive properties of well-mixed GHGs are well known and because historical concentrations of well-mixed GHGs 
are also well known from ice cores and direct measurements.

Ozone is not directly emitted but is formed in the lower atmosphere (troposphere) as a result of both natural 
processes and emissions of air pollutant gases, including CH4. The warming effect of increases in tropospher-
ic ozone is sizeable and known with high confidence. Ozone also forms naturally in the upper atmosphere 
(stratosphere) as a result of chemical reactions involving ultraviolet radiation and oxygen molecules. Strato-
spheric ozone levels have decreased as a result of human emissions of ozone-depleting substances such as 
refrigerants. The resulting cooling effect has slightly offset the warming effect of increases in tropospheric 
ozone (Myhre et al., 2013).

Cooling effects (as indicated by bars to the left in Figure 2.8) have been driven by human emissions that 
have increased the levels of aerosols in the atmosphere and by human changes to the land surface that have 
increased Earth’s surface albedo. Aerosol forcing is divided into two components: direct effects, mainly from 
absorbing or scattering incoming solar radiation, and indirect effects from aerosol interactions with clouds. 
Most aerosols (e.g., sulphate and nitrate aerosols) predominantly scatter (reflect) radiation. In contrast, black 
carbon, an aerosol that is emitted as a result of the incomplete combustion of carbon-based fuels, absorbs 
radiation. Black carbon is a strong warming agent, although calculating the net effect of black carbon emis-
sion sources needs to consider the warming and cooling effects of the other aerosols and gases emitted 
with it during combustion (Bond et al., 2013; see Chapter 3, Box 3.3). The direct effect of aerosols is therefore 
composed of a negative forcing (cooling) from most aerosols and a positive forcing (warming) from black 
carbon, for a net negative forcing of 0.45 W/m2 (90% uncertainty range from a negative forcing of 0.95 W/m2 
to a positive forcing of 0.05 W/m2)11  (medium confidence). The total aerosol effect in the atmosphere, includ-
ing aerosol–cloud interactions, is a strongly negative forcing, estimated with medium confidence to be 0.9 W/
m2 (90% uncertainty range from 1.9 W/m2 to 0.1 W/m2). Although there continue to be large uncertainties 
associated with the magnitude of aerosol forcing, overall there is high confidence that the cooling effect of 
aerosol forcing has offset a substantial portion of the warming effect of GHG forcing.

There is also high confidence that human-caused land use changes (such as deforestation and conversion 
of other natural landscapes to managed lands) have had a cooling effect by increasing Earth’s albedo, with a 
negative forcing of 0.15 W/m2 (90% uncertainty range from 0.25 W/m2 to 0.05 W/m2). However, this has been 
partially offset by decreases in Earth’s albedo due to black carbon being deposited on snow and ice, darken-
ing the surface and thereby increasing the absorption of solar radiation. Black carbon deposition on snow is 

11 This value is the effective radiative forcing (ERF) from direct effects of aerosols, accounting for rapid adjustments of 
the climate system (see Figure 2.8).
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estimated to have exerted a small warming effect of 0.04 W/m2 (90% uncertainty range from 0.02 W/m2 to 
0.09 W/m2) (low confidence) (Myhre et al., 2013).

The best estimate of total radiative forcing due to human activities is a warming effect of 2.3 W/m2 (90% 
uncertainty range from 1.1 W/m2 to 3.3 W/m2) over the Industrial Era, composed of a strong positive forcing 
component from changes in atmospheric concentrations of GHGs, which is partially offset by a negative 
forcing (cooling effect) from aerosols and land use change. Forcing by CO2 is the single largest contributor to 
human-caused forcing during the Industrial Era.

This total forcing from human activities can be compared with natural forcing from changes in volcanic erup-
tions and solar irradiance. During the Industrial Era, irregular volcanic eruptions have had brief cooling effects 
on global climate. The episodic nature of volcanic eruptions makes a comparison with other forcing agents 
difficult on a century timescale. Volcanic forcing is, however, well understood to be negative (climate-cool-
ing effect) with the strongest forcing occurring over a limited period of about two years following eruptions 
(Myhre et al., 2013; see Section 2.3.3). Changes in total solar irradiance over the Industrial Era have caused 
a small positive forcing of 0.05 W/m2 (90% uncertainty range from 0.00 to 0.10 W/m2) (medium confidence). 
Consequently, there is very high confidence that, over the Industrial Era, natural forcing accounts for only a 
small fraction of forcing changes, amounting to less than 10% of the effects of human-caused forcing.

Section summary

In summary, as concluded by the IPCC (IPCC, 2013b), total radiative forcing is positive and has led to an 
uptake of energy by the climate system. The largest contribution to total radiative forcing is caused by the 
increase in the atmospheric concentration of CO2 since the beginning of the Industrial Era. This factor is the 
dominant driver of global warming and climate change over this period. Natural forcing from solar irradiance 
changes and volcanic aerosols made only a small contribution throughout the last century, except for brief 
periods following volcanic eruptions.

2.3.3: Natural climate variability

Even when a strong anthropogenic forcing drives climate change (see Section 2.3.2), signals of climate 
change may be difficult to detect against a backdrop of a climate system that is naturally chaotic – “noisy”. 
This chaotic behaviour is due to internal climate variability and natural external forcings, which can be large 
over short periods (for example, forcing by volcanic eruptions). Internal climate variability, such as El Niño–
Southern Oscillation (ENSO) (see Box 2.5), is variability that arises within the climate system, independent of 
variations in external forcing.
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Box 2.5: Modes of climate variability

“Modes of climate variability” are distinct and robust features of variability in the climate system with identifi-
able characteristics, affecting particular regions over certain time periods. Generally, these features alternate 
or “oscillate” between one set of patterns and an alternate set. A familiar example is the El Niño–Southern 
Oscillation (ENSO), but there are other modes of variability also discussed in this report.

El Niño–Southern Oscillation and Indian Ocean Dipole

ENSO is a quasi-periodic variation in sea surface temperature and other related variables, such as surface 
pressure and surface wind, lasting about three to five years and situated mainly over the tropical eastern 
Pacific Ocean. ENSO affects much of the tropics and subtropics, but also influences the mid-latitudes of both 
hemispheres, including Canada. The warm phase of ENSO is known as El Niño (warm waters in the tropical 
eastern Pacific Ocean) and the cool phase as La Niña (cool waters in the tropical eastern Pacific Ocean). The 
warm phase tends to be associated with warmer winter air temperatures and drier conditions over much of 
Canada. The opposite is true during La Niña. Related to ENSO is the Indian Ocean Dipole (IOD), a variation in 
sea surface temperature centred in the Indian Ocean, with a typical timescale of about two years.

Pacific Decadal Oscillation and Interdecadal Pacific Oscillation

The Pacific Decadal Oscillation (PDO) is a recurring pattern of sea surface temperature variability centred 
over the northern mid-latitude Pacific Ocean. The PDO has varied irregularly, with a characteristic timescale 
ranging from as short as a few years to as long as several decades. As with ENSO, the warm (positive) phase 
of the PDO tends to be associated with warmer winter air temperatures over much of Canada (Shabbar and 
Yu, 2012). At times over the past century, this mode of variability has exerted a strong influence on continen-
tal surface air temperature and precipitation, from California to Alaska. The Interdecadal Pacific Oscillation 
(IPO) is related to the PDO, but with a much wider geographic range of influence (Salinger et al., 2001).

Arctic Oscillation and North Atlantic Oscillation

The Arctic Oscillation (AO), sometimes referred to as the Northern Annular Mode, is the dominant pattern of 
variability of sea level pressure and atmospheric pressure north of about 20º north latitude. If the pressures 
are high over the Arctic, they are low over the mid-latitudes, and vice versa. The AO varies over time, with no 
particular periodicity. The positive phase of the AO tends to be associated in winter with warmer air tempera-
tures over western Canada, and colder temperatures in the north and east.  The North Atlantic Oscillation 
(NAO) is related to the AO but is centred over the North Atlantic Ocean rather than the whole of the Northern 
Hemisphere. The NAO has a strong influence on the strength and direction of westerly winds and the location 
of the storm track over the North Atlantic Ocean. The positive phase of the NAO is also associated with warm 
winter temperatures over much of western Canada, and cold winter temperatures over eastern Canada.
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Atlantic Multi-decadal Oscillation

The Atlantic Multi-decadal Oscillation (AMO) is a recurring pattern of sea surface temperature of the North At-
lantic Ocean (north of the equator and south of about 80º north latitude), with a characteristic timescale of 60 
to 80 years. The AMO has been known to influence hurricane activity, as well as rainfall patterns and intensity, 
across the North Atlantic Ocean.

Global mean surface temperature (GMST), as calculated by a linear trend, has increased significantly since 
the 1880s, especially since the 1950s (see Section 2.2.1). However, the changes in GMST have been far from 
uniform, with substantial variability among years, decades, and periods spanning several decades. These 
short-term fluctuations are superimposed on an underlying externally forced trend (see Figure 2.9) (Morice et 
al., 2012; Karl et al., 2015; Hansen et al., 2010).

Figure 2.9: Annual global mean surface temperature and anthropogenic radiative forcing

Figure caption: Differences in annual global mean surface temperature (relative to 1961–1990) from three data-
sets. Radiative forcing due to human activities is shown by the black dashed line.

F I G U R E S O U R C E:  A D A P T E D F R O M F Y F E E T A L . ,  2016.
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To analyze the causes of the short-term fluctuations in GMST, we first need to be confident that the observed 
variability is real and not an artifact, an error introduced by the way the data were collected or analyzed. Long-
term GMST time series have been produced by a small number of scientific teams using data collected from 
around the world. Values are reported as an anomaly: a departure from the average over a reference period 
(1961–1990 for Figure 2.9). Differences among the estimates are due mainly to differing choices made in 
processing the underlying raw observations. For example, one estimate (HadCRUT4.4) is an average for only 
those grid cells where observations exist, whereas the other estimates (NOAA-Karl and GISTEMP) use infill-
ing; if observations are missing for certain locations, they are estimated based on values for neighbouring 
locations. These estimates of GMST, and others, are routinely updated as errors are identified and adjusted 
(see Box 4.1). Correcting and updating long-term datasets with new observations as these become available 
is imperative for tracking global change from year-to-year, decade-to-decade, and century-to-century.

Some of the ups and downs over time shown in Figure 2.9 are associated with the ENSO, the fairly periodic 
internal variation in sea surface temperatures over the tropical eastern Pacific Ocean, affecting much of the 
tropics, subtropics, and some areas outside the tropics, including Canada (Box 2.6). The warming phase is 
known as El Niño and the cooling phase as La Niña. ENSO events can be powerful enough to be recorded as 
significant signals in GMST. The 1997/1998 El Niño was regarded as one of the most powerful El Niño events 
in recorded history, resulting in widespread droughts, flooding, and other natural disasters across the globe 
(Trenberth, 2002). It terminated abruptly in mid-1998 and was followed by a moderate-to-strong La Niña, 
which lasted until the end of 2000 (Shabbar and Yu, 2009).

Some other ups and downs shown in Figure 2.9 are associated with natural external forcing agents, such as 
large volcanic eruptions. The 1991 eruption of Mount Pinatubo, in the Philippines, was the second largest 
terrestrial eruption of the 20th century. It ejected a massive amount of particulate matter into the stratosphere 
and produced a global layer of sulphuric acid haze. GMST dropped significantly in 1991–1993 (McCormick et 
al., 1995). Similarly, the 1982 eruption of El Chichón, the largest volcanic eruption in modern Mexican history, 
ejected a large amount of sulphate aerosols into the stratosphere (Robock and Matson, 1983). The cooling 
impact of the of El Chichón eruption on GMST from 1982 to 1984 was partly offset by global warming associ-
ated with a very strong El Niño event during this time (Robock, 2013).

Naturally occurring variations in GMST, whether internally generated or externally forced, should be viewed 
in the context of global mean radiative forcing caused by human activities (Fyfe et al., 2016). The combined 
radiative forcing from human activities has increased over time (see Figure 2.9) (Meinshausen et al., 2011). 
The periods in Figure 2.9 labelled “big hiatus” and “warming slowdown” correspond to times when the domi-
nant mode of internal decadal variability in the Pacific — the Interdecadal Pacific Oscillation (IPO) — was in its 
negative (cold) phase. In addition, during the “big hiatus” period, radiative forcing increased relatively slowly, 
owing to cooling contributions from increasing tropospheric aerosols, as well as stratospheric aerosols from 
the Mount Agung eruption in 1963 (e.g., Fyfe et al. 2016). In the intervening period, the IPO was in its positive 
(warm) phase. A given phase, warm or cold, of the IPO typically lasts from 20 to 30 years, much longer than 
the timescale associated with ENSO. Recent computer models (Meehl et al., 2013; Kosaka and Xie, 2013; En-
gland et al., 2014) and studies based on observations (Steinman et al., 2015; Dai et al., 2015) indicate that the 
IPO plays an important role in changes in GMST over time.
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Finally, the “warming slowdown” — a slowdown in the rate of increase of GMST observed over the early 2000s 
— has been much debated (Karl et al., 2015; Lewandowsky et al., 2015; Rajaratnam et al., 2015). Observations 
indicate that the rate of global mean surface warming from 2001 to 2015 was significantly less than the rate 
over the previous 30 years (Fyfe et al., 2016). It is now understood that both internal variability and external 
forcing contributed to the warming slowdown (Flato et al., 2013; Fyfe et al., 2016; Santer et al., 2017). The 
contribution from external forcing has been ascribed to: 1) a succession of moderate volcanic eruptions in 
the early 21st-century (Solomon et al., 2011; Vernier, 2011; Fyfe et al., 2013; Santer et al., 2014; Ridley et al., 
2014; Santer et al., 2015); 2) a long and anomalously low solar minimum during the last solar cycle (Kopp and 
Lean, 2011; Schmidt et al., 2014); 3) increased atmospheric burdens of sulphate aerosols from human activity 
(Smith et al., 2016); and 4) a decrease in stratospheric water vapour (Solomon et al., 2010). In the last several 
years, GMST has warmed substantially (e.g., Hu and Fedorov, 2017), with an exceptionally strong ENSO in 
2015/2016, suggesting that the warming slowdown is now over.

Section summary

In summary, multiple independent time series of historical GMST, model simulations of historical variability 
and change, projections of future change, and physical understanding of natural climate variability together 
indicate that, on decadal timescales, the rates of warming can differ, and periods of reduced or enhanced 
warming are expected. The IPCC AR5 concluded that both internal variability and external forcing contributed 
to the warming slowdown, and subsequent research confirms this conclusion and provides improved under-
standing of the contributions of various factors.

2.3.4: Detection and attribution of observed changes

Establishing the causes of observed changes in climate involves both “detection” and “attribution.” Specifical-
ly, “detection” means demonstrating that an observed change is inconsistent with internal climate variability; 
in effect, this is a task of detecting a signal from the “noise” of background climate variability. “Attribution” 
means identifying the causes of an observed change in terms of different forcings (Bindoff et al., 2013). The 
IPCC AR5 included a chapter (Bindoff et al., 2013) assessing the evidence for attributing global and regional 
changes in a range of variables to GHG increases and other forcings. Understanding the causes of climate 
change on the global scale is important for understanding the causes of regional climate change discussed in 
Chapters 4 to 7 of this report. In this subsection, we summarize relevant findings from the IPCC AR5 assess-
ment and more recent findings on global-scale attribution. The relatively new science of attribution of individ-
ual events, as opposed to longer-term changes, is discussed in Chapter 4, Section 4.4.

Detection and attribution studies compare observed climate changes with simulations from different types of 
climate-model experiments: 1) simulations of the response to external forcings of interest; and 2) simulations 
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with no variations in external forcing that show the effect of internal climate variability. Confidence in such 
analyses is increased by using simulations from multiple climate models developed in centres around the 
world, and by validating simulated internal variability by comparison with observations. If an observed change 
is inconsistent with simulated internal variability alone, then a response to external forcing is detected. If 
the observed change is consistent with model simulations including a particular forcing, such as GHGs, and 
inconsistent with simulations omitting it, then the observed change is attributed, in part, to that forcing. Since 
more than one forcing drives trends in climate, an observed change is generally not wholly attributable to 
variations in one forcing. The sections below summarize attribution of observed changes in each component 
of the climate system.

Atmosphere and surface

The IPCC AR5 assessed contributions of greenhouse gases, other anthropogenic forcings (mainly aerosols), 
and natural forcings to the observed trend in GMST that increased approximately 0.6ºC from 1951 to 2010, 
based on several studies that had assessed these trends quantitatively using detection and attribution meth-
ods. The trend attributable to combined forcings from human activities (mainly changes in GHGs and aero-
sols) is likely between 0.6ºC and 0.8ºC (see Figure 2.10) and extremely likely more than half of the observed 
increase (Bindoff et al., 2013). Note that, as expected, IPCC AR5 assigned a lower likelihood level to the nar-
rower confidence interval (0.6ºC to 0.8ºC) and a higher likelihood level to the broader one (greater than half 
the observed warming). However, when the GMST response to forcings is separated into contributions from 
GHG forcing and aerosol forcing, uncertainties are larger due to several factors: large uncertainties in aerosol 
forcing, differences in the simulated responses to these forcings among models, and difficulties in separating 
the response to GHG increases from the response to aerosol changes. Nonetheless, more than half of the ob-
served increase in GMST was very likely due to the observed human-caused increase in GHG concentrations. 
The combined effect of aerosols from volcanic eruptions and variations in solar irradiance made only a small 
contribution to observed trends over this period (statistically, the contribution was not significantly different 
from zero). Similarly, internal variability made only a small contribution to trends over this period. Warming 
was also observed over the first half of the 20th century, and this warming was very unlikely to have been due 
to internal variability alone, but it remains difficult to quantify the contributions of internal variability, anthro-
pogenic forcing, and natural forcing to this warming (Bindoff et al., 2013).
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Figure 2.10: Forcings to which global mean warming has been attributed, 1951–2010

Figure caption: IPCC AR5 assessed likely ranges (horizontal lines [whiskers]) and their mid-points (bars) for forc-
ings to which global mean warming over the 1951–2010 period can be attributed: well-mixed greenhouse gases, 
other anthropogenic forcings (dominated by aerosols), combined anthropogenic forcings, natural forcings, and 
internal variability. The black bar shows the observed temperature trend (HadCRUT4 dataset) and the associated 
5% to 95% uncertainty range (whiskers). Bars to the left of 0.0ºC indicate an attributable cooling; bars to the right 
indicate an attributable warming.

F I G U R E S O U R C E:  B I N D O F F E T A L . ,  2013,  F I G U R E 10.5.

Since the publication of the IPCC AR5, studies have shed further light on aspects of detection and attribution. 
For example, the influence of observational uncertainty on estimates of the GMST trend attributable to GHGs 
was found to be small relative to other sources of uncertainty (Jones and Kennedy, 2017). Another study 
found that considerable differences remain among models in the simulated response to forcings from hu-
man activity, particularly to non-GHG forcing (Jones et al., 2016). However, the conclusions of these studies 
remain consistent with the IPCC AR5 (Bindoff et al., 2013). Even when using a novel approach to detection 
and attribution (Ribes et al., 2017), the assessed range for the contribution to observed warming trends from 
human activities remains consistent with the range in the IPCC AR5 (Bindoff et al., 2013).

The IPCC AR5 also assessed that it was likely that forcings from human activity have contributed to warming 
of the lower atmosphere (troposphere) since 1961 (Bindoff et al., 2013). Recent research continues to sup-
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port this assessment. A new study found that apparent differences between the rate of warming of the lower 
atmosphere in climate models and in satellite observations since 1979 are smaller than previously reported 
(Santer et al., 2017).

There is medium confidence that human activities have contributed to observed increases in atmospheric 
specific humidity and to global-scale changes in precipitation over land since 1950, including increases in the 
Northern Hemisphere at mid- to high latitudes (Bindoff et al., 2013). Large uncertainties in observations and 
models, and large internal variability in precipitation, precluded greater confidence. Research since the IPCC 
AR5 (e.g., Hegerl et al., 2015; Polson et al., 2016) has examined sources of uncertainty in more detail, but the 
overall conclusions remain consistent with those of IPCC AR5 (Bindoff et al., 2013).

Ocean

Several aspects of observed global-scale change in the oceans have been attributed to human activity. In 
particular, it is very likely that human-caused forcing made a substantial contribution to upper ocean warming 
since 1970 and to a rise in global mean sea level since the 1970s (Bindoff et al., 2013). It is very likely that hu-
man-caused increases in CO2 have driven acidification of ocean surface waters, through uptake of CO2 from 
the atmosphere, decreasing pH by 0.0014 to 0.0024 per year (see Chapter 7, Section 7.6.1). Recent research 
continues to support the attribution of ocean warming and sea level rise to human influence (e.g., Slangen 
et al., 2014; Weller et al., 2016), with new estimates of the heat content of the upper ocean showing a larger 
warming trend than that assessed in the IPCC AR5 (Durack et al., 2014).

Cryosphere

It is very likely that human-caused forcings have contributed to Arctic sea ice loss since 1979 (Bindoff et al., 
2013). This conclusion was based on model simulations, which were able to reproduce the observed decline 
only when including human-caused forcings. There is low confidence in the understanding of an observed in-
crease in the extent of Antarctic sea ice. However, since that assessment was made in 2013, Antarctic sea ice 
extent has decreased, with September 2017 sea ice extent being the second lowest on record (NOAA, 2017). 
It is likely that human-caused forcing contributed to the observed surface melting of the Greenland Ice Sheet 
since 1993 and to the observed retreat of glaciers since the 1960s, but there is low confidence in attribution 
of the causes of mass loss from the Antarctic Ice Sheet. There was likely a contribution of human activity 
to observed reductions in Northern Hemisphere snow cover since 1970 (Bindoff et al., 2013). New research 
strengthens the evidence for attribution of the decrease in Arctic sea ice extent (e.g., Kirchmeier-Young et al., 
2017), and Northern Hemisphere snow cover (e.g., Najafi et al., 2016) to human influence.

Extremes

On the global scale, it is very likely that human-caused forcing has contributed to observed changes in the 
frequency of daily temperature extremes since 1950, including increases in hot extremes and decreases in 
cold extremes (Bindoff et al., 2013). For regions with sufficient observations, there is medium confidence that 
human-caused forcing has contributed to increased intensity of heavy precipitation events since 1950. New 
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research further strengthens the evidence for attribution of changes in temperature and precipitation ex-
tremes to human influence (Zhang et al., 2013; Kim et al., 2016; Fischer and Knutti, 2015; Christidis and Stott, 
2016).

Section summary

In summary, the IPCC AR5 assessment (Bindoff et al., 2013) that it is extremely likely that human activities 
are the main cause of the observed warming since the mid-20th century was supported by robust evidence 
from multiple studies, and has been further supported by additional studies since 2013. Evidence for detect-
able human influence on other climate variables in the atmosphere, ocean, and cryosphere was very strong at 
the time of the publication of the IPCC AR5 (Bindoff et al., 2013), and evidence has continued to accumulate 
since then.
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