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Technical information

Ø http://www.pa.op.dlr.de/~RobertSausen/vorlesung/index.html
§ Most recent update on the lecture
§ Slides of the lecture (with some delay)

§ See also LSF https://lsf.verwaltung.uni-muenchen.de/

Ø Contact: robert.sausen@dlr.de

Ø Further information:
§ www.ipcc.ch
§ www.de-ipcc.de

28.11.2022



3

Contents of IPCC AR 6 2021: Working Group I: the Physical Science Basis

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IPCC 2021



4

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

Chapter 2: Changing state of the climate system

Coordinating Lead Authors:

Sergey K. Gulev (Russian Federation), Peter W. Thorne (Ireland/United Kingdom)

Lead Authors:

Jinho Ahn (Republic of Korea), Frank J. Dentener (EU/The Netherlands), Catia M. Domingues
(Australia, United Kingdom/Brazil), Sebastian Gerland (Norway/Germany), Daoyi Gong 
(China), Darrell S. Kaufman (United States of America), Hyacinth C. Nnamchi
(Nigeria,Germany/Nigeria), Johannes Quaas (Germany), Juan A. Rivera (Argentina), Shubha 
Sathyendranath (United Kingdom/Canada, Overseas Citizen of India, United Kingdom), 
Sharon L. Smith (Canada), Blair Trewin (Australia), Karina von Schuckmann
(France/Germany), Russell S. Vose (United States of America)
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Chapter 2: Changing state of the climate system
Contributing Authors (1):

Guðfinna Aðalgeirsdóttir (Iceland), Samuel Albani (Italy), Richard P. Allan (United Kingdom), Richard A. Betts (United Kingdom), Lea 
Beusch (Switzerland), Kinfe Beyene (Ethiopia), Jason E. Box (Denmark/United States of America), Denise Breitburg (United States of 
America), Kevin D. Burke (United States of America), Michael P. Byrne (United Kingdom/Ireland), John A. Church (Australia), Sloane 
Coats (United States of America), Naftali Cohen (United States of America), William Collins (United Kingdom), Owen R. Cooper (United 
States of America), Pedro Di Nezio (United States of America), Fabio Boeira Dias (Finland/Brazil), Ed J. Dlugokencky (United States of 
America), Timothy Dunkerton (United States of America), Paul J. Durack (United States of America/Australia), Tamsin L. Edwards (United 
Kingdom), Veronika Eyring (Germany), Chris Fairall (United States of America), Vitali Fioletov (Canada), Piers Forster (United Kingdom), 
Gavin L. Foster (United Kingdom), Baylor Fox-Kemper (United States of America), Qiang Fu (United States of America), Jan S. 
Fuglestvedt (Norway), John C. Fyfe (Canada), Marie-José Gaillard (Sweden/Switzerland, Sweden), Joelle Gergis (Australia), Nathan P. 
Gillett (Canada), Hans Gleisner (Denmark/Sweden), Nadine Gobron (EU/France), Nicholas R. Golledge (New Zealand/United Kingdom), 
Bradley Hall (United States of America), Ed Hawkins (United Kingdom), Alan M. Haywood (United Kingdom), Armand Hernández (Spain), 
Forrest M. Hoffman (United States of America), Yongyun Hu (China), Dale F. Hurst (United States of America), Masao Ishii (Japan), 
Samuel Jaccard (Switzerland), Dabang Jiang (China), Christopher Jones (United Kingdom), Bror Jönsson (United Kingdom/Sweden), 
Andreas Kääb (Norway/Germany), Ralph Keeling (United States of America), Noel S. Keenlyside (Norway/Australia, United Kingdom), 
John Kennedy (United Kingdom), Elizabeth Kent (United Kingdom), Nichol S. Khan (Hong Kong, China/United States of America), 
Wolfgang Kiessling (Germany), Stefan Kinne (Germany), Robert E. Kopp (United States of America), Svitlana Krakovska (Ukraine), Elmar  
Kriegler (Germany), Gerhard Krinner (France/Germany, France), Natalie Krivova (Germany), Paul B. Krummel (Australia), Werner L. 
Kutsch (EU/Germany), Ron Kwok (United States of America), Florian Ladstädter (Austria), Peter Landschützer (Germany/Austria), June-
Yi Lee (Republic of Korea), Andrew Lenton (Australia), Lisa A. Levin (United States of America), Daniel J. Lunt (United Kingdom), Jochem 
Marotzke (Germany), Gareth J. Marshall (United Kingdom), Robert A. Massom (Australia), Katja Matthes (Germany), Damon H. Matthews 
(Canada), Thorsten Mauritsen (Sweden/Denmark), Gerard D. McCarthy (Ireland), Erin L. McClymont (United Kingdom), ...
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Chapter 2: Changing state of the climate system
Contributing Authors (2):

... Shayne McGregor (Australia), Jerry F. McManus (United States of America), Walter N. Meier (United States of America), Alan Mix 
(United States of America), Olaf Morgenstern (New Zealand/Germany), Lawrence R. Mudryk (Canada), Jens Mühle (United States of 
America/Germany), Dirk Notz (Germany), Lisa C. Orme (Ireland/United Kingdom), Scott M. Osprey (United Kingdom), Matthew D. Palmer 
(United Kingdom), Anna Pirani (Italy/United Kingdom, Italy), Chris Polashenski (United States of America), Elvira Poloczsanka
(Australia/United Kingdom), Anthony Richardson (Australia), Belén Rodríguez‐Fonseca (Spain), Joeri Rogelj (United Kingdom/Belgium), 
Steven K. Rose (United States of America), Yair Rosenthal (United States of America/Israel, United States of America), Alessio Rovere
(Germany/Italy), Lucas Ruiz (Argentina), Ulrich Salzmann (United Kingdom/Germany, United Kingdom), Bjørn H. Samset (Norway), 
Abhishek Savita (Australia/India), Margit Schwikowski (Switzerland), Sonia I. Seneviratne (Switzerland), Isobel J. Simpson (Canada), 
Aimée B. A. Slangen (The Netherlands), Chris Smith (United Kingdom), Olga N. Solomina (Russian Federation), Joshua H. P. Studholme
(United States of America/United Kingdom, New Zealand), Alessandro Tagliabue (United Kingdom), Claudia Tebaldi (United States of
America), Jessica Tierney (United States of America), Matthew Toohey (Canada, Germany/Canada), Andrew Turner (United Kingdom), 
Osvaldo Ulloa (Chile), Caroline C. Ummenhofer (United States of America/Germany, United States of America), Axel von Engeln
(Germany), Rachel Warren (United Kingdom), Kate Willett (United Kingdom), John W. Williams (United States of America)
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Chapter 2: Changing state of the climate system

Review Editors:

Timothy J. Osborn (United Kingdom), Azar Zarrin (Iran)

28.11.2022

IPCC AR6 WG I, 2021, Chapter 2



8

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 1



9

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 1



10

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022
IPCC 2021, Chap. 2



11

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022
IPCC 2021, Chap. 2



12

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

Statements in the Executive Summary 
Chapter 2 assesses observed large-scale changes in climate system drivers, key climate 
indicators and principal modes of variability. Chapter 3 considers model performance and 
detection/attribution, and Chapter covers projections for a subset of these same indicators and 
modes of variability. Collectively, these chapters provide the basis for later chapters, which 
focus upon processes and regional changes. Within Chapter 2, changes are assessed from in 
situ and remotely sensed data and products and from indirect evidence of longer-term 
changes based upon a diverse range of climate proxies. The time-evolving availability of 
observations and proxy information dictate the periods that can be assessed. Wherever  
possible, recent changes are assessed for their significance in a longer-term context, including 
target proxy periods, both in terms of mean state and rates of change.

28.11.2022
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Paleo reference periods
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Statements in the Executive Summary 
Changes in Climate System Drivers (1)

Climate system drivers lead to climate change by altering the Earth’s energy balance. The 
influence of a climate driver is described in terms of its effective radiative forcing (ERF), 
measured in W m-2. Positive ERF values exert a warming influence and negative ERF values 
exert a cooling influence (Chapter 7).

Present-day global concentrations of atmospheric carbon dioxide (CO2) are at higher 
levels than at any time in at least the past two million years (high confidence). Changes 
in ERF since the late 19th century are dominated by increases in concentrations of 
greenhouse gases and trends in aerosols; the net ERF is positive and changing at an 
increasing rate since the 1970s (medium confidence). {2.2, 7.2, 7.3}

28.11.2022

IPCC 2021, Chap. 2
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Evolution of atmospheric CO2
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Evolution of atmospheric CO2
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Statements in the Executive Summary 
Changes in Climate System Drivers (2)

Change in ERF from natural factors since 1750 is negligible in comparison to 
anthropogenic drivers (very high confidence). Solar activity since 1900 was high but not 
exceptional compared to the past 9000 years (high confidence). The average magnitude and 
variability of volcanic aerosol forcing since 1900 have not been unusual compared to the past 
2500 years (medium confidence). {2.2.1, 2.2.2}

28.11.2022

IPCC 2021, Chap. 2



23

Time series of solar and volcanic forcing for the past 2500 years and since 1850
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Time series of solar and volcanic forcing for the past 2500 years and since 1850
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Statements in the Executive Summary 
Changes in Climate System Drivers (3)

In 2019, concentrations of CO2, methane (CH4) and nitrous oxide (N2O) reached levels of 
409.9 (±0.4) ppm, 1866.3 (±3.3) ppb and 332.1 (±0.4) ppb, respectively. Since 1850, 
these well-mixed greenhouse gases (GHGs) have increased at rates that have no 
precedent on centennial time scales in at least the past 800,000 years. Concentrations of 
CO2, CH4, and N2O increased from 1750 to 2019 by 131.6 ± 2.9 ppm (47.3%), 1137 ± 10 
ppb (156%), and 62 ± 6 ppb (23.0%) respectively. These changes are larger than those  
between glacial and interglacial periods over the last 800,000 years for CO2 and CH4 and of 
comparable magnitude for N2O (very high confidence). The best estimate of the total ERF 
from CO2, CH4 and N2O in 2019 relative to 1750 is 2.9 W m-2, an increase of 12.5 % from 
2011. ERF from halogenated components in 2019 was 0.4 W mv-2, an increase of 3.5% since 
2011.

28.11.2022

IPCC 2021, Chap. 2
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Atmospheric WMGHG concentrations from ice cores
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Atmospheric WMGHG concentrations from ice cores
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Globally averaged dry-air mole fractions of greenhouse gases
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Globally averaged dry-air mole fractions of greenhouse gases
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Global mean atmospheric mixing ratios of select ozone-depleting substances 
and other greenhouse gases. 
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Global mean atmospheric mixing ratios of select ozone-depleting substances 
and other greenhouse gases. 
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Statements in the Executive Summary 
Changes in Climate System Drivers (4)

Tropospheric aerosol concentrations across the Northern Hemisphere mid-latitudes 
increased from 1700 to the last quarter of the 20th century, but have subsequently 
declined (high confidence). Aerosol optical depth (AOD) has decreased since 2000 over 
Northern Hemisphere mid-latitudes and Southern Hemisphere mid-latitude continents, but 
increased over South Asia and East Africa (high confidence). These trends are even more 
pronounced in AOD from sub-micrometre aerosols for which the anthropogenic contribution is 
particularly large. The best-estimate of aerosol ERF in 2019 relative to 1750 is –1.1 W m-2.  
{2.2.6, 7.3.3}

28.11.2022

IPCC 2021, Chap. 2
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Statements in the Executive Summary 
Changes in Climate System Drivers (5)

Changes in other short-lived gases are associated with an overall positive ERF 
(medium confidence). Stratospheric ozone has declined between 60˚S and 60˚N by 2.2% 
from the 1980s to 2014–2017 (high confidence). Since the mid-20th century, tropospheric 
ozone has increased by 30–70% across the Northern Hemisphere (medium confidence). 
Since the mid-1990s, free tropospheric ozone increases were 2–7% per decade in the 
northern mid-latitudes (high confidence), 2–12% per decade in the tropics (high confidence) 
and <5% per decade in southern mid-latitudes (medium confidence). The best estimate of 
ozone column ERF (0.5 W m–2 relative to 1750) is dominated by changes in tropospheric 
ozone. Due to discrepancies in satellite and in situ records, there is low confidence in 
estimates of stratospheric water vapour change. {2.2.5, 7.3.2}
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Time series of annual mean total column ozone from 1964-2019
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Time series of annual mean total column ozone from 1964-2019
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Surface and tropospheric ozone trends
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Surface and tropospheric ozone trends
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Statements in the Executive Summary 
Changes in Climate System Drivers (6)

Biophysical effects from historical changes in land use have an overall negative ERF 
(medium confidence). The best-estimate ERF from the increase in global albedo is –0.15 W 
m–2 since 1700 and –0.12 W m–2 since 1850 (medium confidence). {2.2.7, 7.3.4}

28.11.2022
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Temporal evolution of effective radiative forcing (ERF)

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



 42

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



43

Sa
us

en
, K

lim
aä

nd
er

un
g

1.
2

Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (1)

Observed changes in the atmosphere, oceans, cryosphere and biosphere provide 
unequivocal evidence a world that has warmed. Over the past several decades, key 
indicators of the climate system are increasingly at levels unseen in centuries to 
millennia, and are changing at rates unprecedented in at least the last 2000 years (high 
confidence). In the last decade, global mean surface temperature (GMST) was more likely 
than not higher than for any multi-century average during the Holocene (past 11,700 years) 
and was comparable to temperatures of the Last Interglacial period (roughly 125,000 years 
ago). {2.3}

28.11.2022
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (2)

GMST increased by 0.85 [0.69 to 0.95] oC between 1850–1900 and 1995–2014 and by 1.09 
[0.95 to 1.20] oC between 1850–1900 and 2011–2020. From 1850–1900 to 2011–2020, the 
temperature increase over land (1.59 [1.34 to 1.83] oC) has been faster than over the 
oceans (0.88 [0.68 to 1.01] oC). Over the last 50 years, observed GMST has increased at a 
rate unprecedented in at least the last 2000 years (medium confidence). The increase in 
GMST since the mid-19th century was preceded by a slow decrease that began in the mid-
Holocene (around 6500 years ago) (medium confidence). {2.3.1.1, Cross-Chapter Box 2.1}

28.11.2022

IPCC 2021, Chap. 2
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Earth’s surface temperature history
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (3)

Changes in GMST and global surface air temperature (GSAT) over time differ by at most 
10% in either direction (high confidence), and the long-term changes in GMST and 
GSAT are presently assessed to be identical. There is expanded uncertainty in GSAT 
estimates, with the assessed change from 1850–1900 to 1995–2014 being 0.85 [0.67 to 0.98] 
oC. {Cross-Chapter box 2.3}

28.11.2022

IPCC 2021, Chap. 2
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Changes in assessed historical surface temperature changes since AR5
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Changes in assessed historical surface temperature changes since AR5
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Changes in assessed historical surface temperature changes since AR5
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (3)

Changes in GMST and global surface air temperature (GSAT) over time differ by at most 
10% in either direction (high confidence), and the long-term changes in GMST and 
GSAT are presently assessed to be identical. There is expanded uncertainty in GSAT 
estimates, with the assessed change from 1850–1900 to 1995–2014 being 0.85 [0.67 to 0.98] 
oC. {Cross-Chapter box 2.3}

The troposphere has warmed since at least the 1950s, and it is virtually certain that the 
stratosphere has cooled. In the Tropics, the upper troposphere has warmed faster than the 
near-surface since at least 2001, the period over which new observation techniques permit 
more robust quantification (medium confidence). It is virtually certain that the tropopause 
height has risen globally over 1980–2018, but there is low confidence in the magnitude. 
{2.3.1.2}

28.11.2022

IPCC 2021, Chap. 2



54

Temperature trends in the upper air
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (4)

Changes in several components of the global hydrological cycle provide evidence for 
overall strengthening since at least 1980 (high confidence). However, there is low 
confidence in comparing recent changes with past variations due to limitations in 
paleoclimate records at continental and global scales. Global land precipitation has likely
increased since 1950, with a faster increase since the 1980s (medium confidence). Near-
surface specific humidity has increased over both land (very likely) and the oceans (likely) 
since at least the 1970s. Relative humidity has very likely decreased over land areas since 
2000. Global total column water vapour content has very likely increased during the satellite 
era. Observational uncertainty leads to low confidence in global trends in precipitation minus 
evaporation and river runoff. {2.3.1.3}

28.11.2022

IPCC 2021, Chap. 2
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Changes in surface humidity
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Global mean total column water vapour annual anomalies
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Changes in observed precipitation
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Changes in precipitation minus evaporation
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (5)

Several aspects of the large-scale atmospheric circulation have likely changed since 
the mid-20th century, but limited proxy evidence yields low confidence in how these 
changes compare to longer-term climate. The Hadley circulation has very likely widened 
since at least the 1980s, and extratropical storm tracks have likely shifted poleward in both 
hemispheres. Global monsoon precipitation has likely increased since the 1980s, mainly in the 
Northern Hemisphere (medium confidence). Since the 1970s, near-surface winds have likely
weakened over land. Over the oceans, near-surface winds likely strengthened over 1980–
2000, but divergent estimates lead to low confidence in the sign of change thereafter. It is 
likely that the northern stratospheric polar vortex has weakened since the 1980s and 
experienced more frequent excursions toward Eurasia. {2.3.1.4}
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Hadley Cell extent and Hadley Cell intensity
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Trends in ERA5 zonal-mean zonal wind speed
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Trends in surface wind speed
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (6)

Current Arctic sea ice coverage levels are the lowest since at least 1850 for both annual 
mean and late-summer values (high confidence) and for the past 1000 years for late-
summer values (medium confidence). Between 1979 and 2019, Arctic sea ice area has 
decreased in both summer and winter, with sea ice becoming younger, thinner and more 
dynamic (very high confidence). Decadal means for Arctic sea ice area decreased from 6.23 
million km2 in 1979–1988 to 3.76 million km2 in 2010–2019 for September and from 14.52 to 
13.42 million km2 for March. Antarctic sea ice area has experienced little net change since 
1979 (high confidence), with only minor differences between sea ice area decadal means for 
1979–1988 (2.04 million km2 for February, 15.39 million km2 for September) and 2010–2019 
(2.17 million km2 for February, 15.75 million km2 for September). {2.3.2.1}
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Changes in Arctic and Antarctic sea ice area
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Changes in Arctic and Antarctic sea ice area

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IPCC 2021, Chap. 2



73

Arctic sea ice thickness changes

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



74

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



75

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (7)

Changes across the terrestrial cryosphere are widespread, with several indicators now 
in states unprecedented in centuries to millennia (high confidence). Reductions in spring 
snow cover extent have occurred across the Northern Hemisphere since at least 1978 (very 
high confidence). With few exceptions, glaciers have retreated since the second half of the 
19th century and continued to retreat with increased rates since the 1990s (very high 
confidence); this behaviour is unprecedented in at least the last 2000 years (medium 
confidence). Greenland Ice Sheet mass loss has increased substantially since 2000 (high 
confidence). The Greenland Ice Sheet was smaller than at present during the Last Interglacial 
period (high confidence) and the mid-Holocene (high confidence). The Antarctic Ice Sheet 
(AIS) lost mass between 1992 and 2020 (very high confidence), with an increasing rate of 
mass loss over this period (medium confidence). Although permafrost persists in areas of the 
Northern Hemisphere where it was absent prior to 3000 years ago, increases in temperatures 
in the upper 30 m over the past three to four decades have been widespread (high 
confidence). {2.3.2}
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April snow cover extent for the Northern Hemisphere (1922–2018)
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Glacier advance and annual mass change
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Cumulative Antarctic Ice Sheet and Greenland Ice Sheet mass changes
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (8)

Global mean sea level (GMSL) is rising, and the rate of GMSL rise since the 20th 
century is faster than over any preceding century in at least the last three millennia 
(high confidence). Since 1901, GMSL has risen by 0.20 [0.15–0.25] m, and the rate of 
rise is accelerating. Further back in time, there is medium confidence that GMSL was within 
–3.5 to 0.5 m (very likely) of present during the mid-Holocene (6000 years ago), 5 to 10 m 
(likely) higher during the Last Interglacial (125,000 years ago), and 5 to 25 m (very likely) 
higher during the mid-Pliocene Warm Period (MPWP) (3.3 million years ago). {2.3.3.3}
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Changes in global mean sea level
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (9)

Recent ocean changes are widespread, and key ocean indicators are in states 
unprecedented for centuries to millennia (high confidence). Since 1971, it is virtually 
certain that global ocean heat content has increased for the upper (0–700 m) layer, very likely 
for the intermediate (700–2000 m) layer and likely below 2000 m, and is currently increasing 
faster than at any point since at least the last deglacial transition (18-11 thousand years ago) 
(medium confidence). It is virtually certain that large-scale near-surface salinity contrasts have 
intensified since at least 1950. The Atlantic Meridional Overturning Circulation (AMOC) was 
relatively stable during the past 8000 years (medium confidence) but declined during the 20th 
century (low confidence). Ocean pH has declined globally at the surface over the past four 
decades (virtually certain) and in all ocean basins in the ocean interior (high confidence) over 
the past 2–3 decades. Deoxygenation has occurred in most open ocean regions during the 
mid 20th to early 21st centuries (high confidence), with decadal variability (medium 
confidence). Oxygen minimum zones are expanding at many locations (high confidence). 
{2.3.3}
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Changes in ocean heat content
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Changes in ocean salinity
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Changes in ocean salinity
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Low latitude surface ocean pH over the last 65 million years

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



90

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

28.11.2022

IP
CC

 2
02

1,
 C

ha
p.

 2



 91

Sa
us

en
, K

lim
aä

nd
er

un
g 

1.
2

Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (10)

Changes in the marine biosphere are consistent with large-scale warming and changes 
in ocean geochemistry (high confidence). The ranges of many marine organisms are 
shifting towards the poles and towards greater depths (high confidence), but a minority of 
organisms are shifting in the opposite directions. This mismatch in responses across species 
means that the species composition of ecosystems is changing (medium confidence). At 
multiple locations, various phenological metrics for marine organisms have changed in the last 
50 years, with the nature of the changes varying with location and with species (high 
confidence). In the last two decades, the concentration of phytoplankton at the base of the 
marine food web, as indexed by chlorophyll concentration, has shown weak and variable 
trends in low and mid-latitudes and an increase in high latitudes (medium confidence). Global 
marine primary production decreased slightly from 1998–2018, with increasing production in 
the Arctic (medium confidence). {2.3.4.2}
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Changes in the amplitude of the seasonal cycle of CO2
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Phytoplankton dynamics in the ocean
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (11)

Changes in key global aspects of the terrestrial biosphere are consistent with large-
scale warming (high confidence). Over the last century, there have been poleward and 
upslope shifts in the distributions of many land species (very high confidence) as well as 
increases in species turnover within many ecosystems (high confidence). Over the past half 
century, climate zones have shifted poleward, accompanied by an increase in the length of the 
growing season in the Northern Hemisphere extratropics and an increase in the amplitude of 
the seasonal cycle of atmospheric CO2 above 45oN (high confidence). Since the early 1980s, 
there has been a global-scale increase in the greenness of the terrestrial surface (high 
confidence). {2.3.4.1, 2.3.4.3}

28.11.2022

IPCC 2021, Chap. 2
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Phenological indicators of changes in growing season
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Satellite-based trends in Fraction of Absorbed Photosynthetically 
Active Radiation (per decade) for 1998–2019
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (12)

During the Mid-Pliocene warm period (MPWP, 3.3–3.0 million years ago) slowly 
changing large-scale indicators reflect a world that was warmer than present, with CO2
similar to current levels. CO2 levels during the MPWP were similar to present for a sustained 
period, within a range of 360–420 ppm (medium confidence). Relative to the present, GMST, 
GMSL and precipitation rate were all higher, the Northern Hemisphere latitudinal temperature 
gradient was lower, and major terrestrial biomes were shifted northward (very high 
confidence). There is high confidence that cryospheric indicators were diminished and medium 
confidence that the Pacific longitudinal temperature gradient weakened and monsoon systems 
strengthened. {2.3, Cross-Chapter Box 2.4, 9.6.2}
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Selected large-scale climate indicators during paleoclimate and recent 
reference periods of the Cenozoic Era
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Statements in the Executive Summary 
Changes in Key Indicators of Global Climate Change (13)

Inferences from past climate states based on proxy records can be compared with 
climate projections over coming centuries to place the range of possible futures into a 
longer-term context. There is medium confidence in the following mappings between 
selected paleo periods and future projections: During the Last Interglacial, GMST is estimated 
to have been 0.5oC–1.5oC warmer than the 1850–1900 reference for a sustained period, which 
overlaps the low end of the range of warming projected under SSP1-2.6, including its 
negative-emissions extension to the end of the 23rd century [1.0–2.2] oC. During the mid-
Pliocene Warm Period, the GMST estimate [2.5-4.0] oC is similar to the range projected under 
SSP2-4.5 for the end of the 23rd century [2.3-4.6] oC. GMST estimates for the Miocene 
Climatic Optimum [5–10] oC and 20 Early Eocene Climatic Optimum [10–18] oC, about 15 and 
50 million years ago, respectively, overlap with the range projected for the end of the 23rd 
century under SSP5-8.5 [6.6–14.1] oC. {Cross-Chapter Box 2.1, 22 2.3.1, 4.3.1.1, 4.7.1.1}
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Climate indicators of the mid-Pliocene Warm Period (3.3–3.0 Ma)
from models and proxy data
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Statements in the Executive Summary 
Changes in Modes of Variability

Since the late 19th century, major modes of climate variability show no sustained 
trends but do exhibit fluctuations in frequency and magnitude at inter-decadal time 
scales, with the notable exception of the Southern Annular Mode, which has become 
systematically more positive (high confidence). There is high confidence that these 
modes of variability have existed for millennia or longer, but low confidence in detailed 
reconstructions of most modes prior to direct instrumental records. Both polar annular 
modes have exhibited strong positive trends toward increased zonality of midlatitude 
circulation over multi-decadal periods, but these trends have not been sustained for the 
Northern Annular Mode since the early 1990s (high confidence). For tropical ocean modes, a 
sustained shift beyond multi-centennial variability has not been observed for El Niño–Southern 
Oscillation (medium confidence), but there is low evidence and low agreement about the long-
term behaviour of other tropical ocean modes. Modes of decadal and multi- decadal variability 
over the Pacific and Atlantic oceans exhibit no significant trends over the period of 
observational records (high confidence). {2.4}
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Southern Annular Mode (SAM) reconstruction over the last millennium
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defined as the difference in the zonal mean 
sea level pressure at 40°S (mid-latitudes) 
and 65°S (Antarctica)
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Reconstructed and historical variance ratio
of El Niño–Southern Oscillation (ENSO)
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