
8th lecture:
Climate Scenarios: from the past to the future

(past global temperatures, present climate change, future scenarios, CO2 reductions)

Climate System II 
(Winter 2023/2024)

Gerrit Lohmann, Martin Werner

Tuesday, 10:15-11:45

https://paleodyn.uni-bremen.de/study/climate2023_24.html

https://paleodyn.uni-bremen.de/study/climate2023_24.html


1. Climate change - the past

2. Climate change - the present

3. Climate change - the future



Climate change - summarizing the scientific knowledge

2007

2013

2001

1995
1990

2021

WGI

Climate Change 2021
The Physical Science Basis

Working Group I contribution to the
Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change



1. Climate change - the past

https://www.deutschlandfunkkultur.de/
geheimhaltung-oder-aufarbeitung-
warum-der-zugang-zu-100.html



Climate change - the last 800,000 years
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https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-of_fig3_310329375



The climate of the last 40 million years

illustration: Paul Gierz, AWI, based on various data sources
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Climate change - the last 800,000 years
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Climate change - the last 20,000 years

https://en.wikipedia.org/wiki/Deglaciation



Climate change - the last 10,000 years

80 
 

The Little Ice Age was a period of cooling that occurred after the Medieval Warm Period (Fig. 1). 
Global warming has happened repeatedly over time: periodical cooling cycles alternated with warming. 

The modern Warm Period has been occurred in the period 1880 to 2012, as can be seen from Fig. 2 
[3].  
 

 
 

Fig. 1. Holocene climate variability over the period of 11.000 years 
 

 
 

Fig. 2. Temperature change (NASA/GISS) http://www.giss.nasa.gov/research/news/20100121/ 
 
 
 



Climate change - the last 1,000 years

https://en.wikipedia.org/wiki/Hockey_stick_graph_(global_temperature)
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Climate change - the last 130 years

[https://data.giss.nasa.gov/gistemp/graphs_v4/]

the 10 hottest years 
since 1880: 

1. 2016 
2. 2020 
3. 2019 
4. 2017 
5. 2015 
6. 2022 
7. 2018 
8. 2021 
9. 2014 
10. 2010

https://data.giss.nasa.gov/gistemp/graphs_v4/


Climate change - the last 130 years

[https://climate.copernicus.eu/2023-track-become-warmest-year-after-record-october]

the 10 hottest years 
since 1880: 

1. 2016 
2. 2020 
3. 2019 
4. 2017 
5. 2015 
6. 2022 
7. 2018 
8. 2021 
9. 2014 
10. 2010

2023?

https://climate.copernicus.eu/2023-track-become-warmest-year-after-record-october


http://www.zeit.de/wissen/2009-12/
klimadebatte-storch

2. Climate change - the present



Climate change - the last 130 years

[https://svs.gsfc.nasa.gov/4787]

https://svs.gsfc.nasa.gov/4787


Melting of Greenland ice sheet

The summer melting area of 
Greenland has increased by 
approx. 60% since 1979!

[https://www.eea.europa.eu/data-and-maps/figures/melting-area-197920132008-and-mass
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Melting of Greenland ice sheet

The summer melting area of Greenland  
has increased by approx. 65% since 1979!
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http://svs.gsfc.nasa.gov/Gallery/index.html%5D


Decrease of Arctic sea ice

Arctic summer: 
the sea ice-covered area 
has decreased by ~25-30% 
in the period 1978-2015!

https://data.meereisportal.de/relaunch/extent.php?
timeline=extent&region=n&minMonth=1&maxMonth=12&submit1=display&active-
tab1=measurement&ice-type=extent&lang=en&active-tab2=extent

https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=n&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent
https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=n&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent
https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=n&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent


Decrease of Antarctic sea ice

The sea ice-covered area 
around Antarctica showed 
no clear trend until 2021… 
but has been at a minimum 
this year!

https://data.meereisportal.de/relaunch/extent.php?
timeline=extent&region=s&minMonth=1&maxMonth=12&submit1=display&active-
tab1=measurement&ice-type=extent&lang=en&active-tab2=extent-tab2=extent
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https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=s&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent
https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=s&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent
https://data.meereisportal.de/relaunch/extent.php?timeline=extent&region=s&minMonth=1&maxMonth=12&submit1=display&active-tab1=measurement&ice-type=extent&lang=en&active-tab2=extent
http://svs.gsfc.nasa.gov/Gallery/index.html%5D


Warming of Antarctic ice sheet

[https://berkeleyearth.org/antarctic-heatwave-rapid-attribution-review-dome-c-record/]

[https://www.economist.com/graphic-detail/2022/03/24/parts-of-antarctica-have-been-40degc-warmer-than-their-march-average]

https://berkeleyearth.org/antarctic-heatwave-rapid-attribution-review-dome-c-record/
https://www.economist.com/graphic-detail/2022/03/24/parts-of-antarctica-have-been-40degc-warmer-than-their-march-average


Global sea level rise since 1900

clear increase  
of the global sea level  
during the last 15 years!

http://climateadaptation.hawaii.gov/sea-level-rise/



Global sea level rise since 1993

[https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level]

Warming of ocean waters also 
contributes significantly to global 
sea level rise!

https://www.climate.gov/news-features/understanding-climate/climate-change-global-sea-level


https://www.scinexx.de/dossier/
hitzesommer-2018/

3. Climate change - the future



Past changes of CO2 in the atmosphere
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https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-of_fig3_310329375
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Past changes of CO2 in the atmosphere

280 ppm warm periods (interglacials)

180 ppm ice ages (glacials)

419 ppm in 2022

https://www.researchgate.net/figure/Ice-Core-
Data-from-the-EPICA-Dome-C-Antarctica-Ice-
Core-Showing-Concentrations-of_fig3_310329375

cold coldcold coldcold cold cold cold



CO2 increase and global warming since 1880

[https://www.climatecentral.org/gallery/graphics/global-temperatures-and-co2-concentrations-2020]

https://www.climatecentral.org/gallery/graphics/global-temperatures-and-co2-concentrations-2020
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Box SPM.1 (continued)

 

Figure SPM.4 | Future anthropogenic emissions of key drivers of climate change and warming contributions by groups of drivers for 
the five illustrative scenarios used in this report

The five scenarios are SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5.
Panel (a) Annual anthropogenic (human-caused) emissions over the 2015–2100 period. Shown are emissions trajectories for carbon dioxide 
(CO2) from all sectors (GtCO2/yr) (left graph) and for a subset of three key non-CO2 drivers considered in the scenarios: methane (CH4, MtCH4/yr, top-right 
graph); nitrous oxide (N2O, MtN2O/yr, middle-right graph); and sulphur dioxide (SO2, MtSO2/yr, bottom-right graph, contributing to anthropogenic aerosols 
in panel (b).

uture emissions cause future additional warming  with total warming 
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Future emissions of greenhouse gases

Shared Socioeconomic Pathways (SSPs): 

• scenarios of projected socioeconomic 
global changes up to 2100 (SSP1-SSP5) 

• used to derive greenhouse gas emissions 
scenarios with different climate policies 

• names of GHG scenarios consist of SSP 
combined with expected radiative forcing
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https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.4)

https://en.wikipedia.org/wiki/Shared_Socioeconomic_Pathways
https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/
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Box SPM.1 (continued)
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https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.4)

Shared Socioeconomic Pathways (SSPs): 

• scenarios of projected socioeconomic 
global changes up to 2100 (SSP1-SSP5) 

• used to derive greenhouse gas emissions 
scenarios with different climate policies 

• names of GHG scenarios consist of SSP 
combined with expected radiative forcing
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https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/
https://en.wikipedia.org/wiki/Shared_Socioeconomic_Pathways


Future global warming
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Figure SPM.8 | Selected indicators of global climate change under the five illustrative scenarios used in this Report
The projections for each of the five scenarios are shown in colour. Shades represent uncertainty ranges – more detail is provided for each panel below. The black 
curves represent the historical simulations (panels a, b, c) or the observations (panel d). Historical values are included in all graphs to provide context for the 
projected future changes. 
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https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.8)

Potential future global temperature change: 

low CO2 increase (SSP1-2.6): 1.3 – 2.4°C 

high CO2 increase (SSP5-8.5): 3.3 – 5.7°C 

https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/


Future global warming

https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.5)
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B.2.4  It is very likely that heavy precipitation events will intensify and become more frequent in most regions with additional global 
warming. At the global scale, extreme daily precipitation events are projected to intensify by about 7% for each 1°C of global 
warming (high confidence). The proportion of intense tropical cyclones (Category 4–5) and peak wind speeds of the most 
intense tropical cyclones are projected to increase at the global scale with increasing global warming (high confidence).

  {8.2, 11.4, 11.7, 11.9, Cross-Chapter Box 11.1, Box TS.6, TS.4.3.1} (Figure SPM.5, Figure SPM.6)

B.2.5  Additional warming is projected to further amplify permafrost thawing and loss of seasonal snow cover, of land ice and of 
Arctic sea ice (high confidence). The Arctic is likely to be practically sea ice-free in September31 at least once before 2050 
under the five illustrative scenarios considered in this report, with more frequent occurrences for higher warming levels. 
There is low confidence in the projected decrease of Antarctic sea ice.

   {4.3, 4.5, 7.4, 8.2, 8.4, Box 8.2, 9.3, 9.5, 12.4, Cross-Chapter Box 12.1, Atlas.5, Atlas.6, Atlas.8, Atlas.9, Atlas.11, TS.2.5} 
(Figure SPM.8)

31  Monthly average sea ice area of less than 1 million km2, which is about 15% of the average September sea ice area observed in 1979–1988.
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l a. 

Figure SPM.5 | Changes in annual mean surface temperature, precipitation, and soil moisture
Panel (a) Comparison of observed and simulated annual mean surface temperature change. The left map shows the observed changes in annual 
mean surface temperature in the period 1850–2020 per °C of global warming (°C). The local (i.e., grid point) observed annual mean surface temperature changes 
are linearly regressed against the global surface temperature in the period 1850–2020. Observed temperature data are from Berkeley Earth, the dataset with 
the largest coverage and highest horizontal resolution. Linear regression is applied to all years for which data at the corresponding grid point is available. The 
regression method was used to take into account the complete observational time series and thereby reduce the role of internal variability at the grid point level. 
White indicates areas where time coverage was 100 years or less and thereby too short to calculate a reliable linear regression. The right map is based on model 
simulations and shows change in annual multi-model mean simulated temperatures at a global warming level of 1°C (20-year mean global surface temperature 
change relative to 1850–1900). The triangles at each end of the colour bar indicate out-of-bound values, that is, values above or below the given limits.
Panel (b) Simulated annual mean temperature change (°C), panel (c) precipitation change (%), and panel (d) total column soil moisture change 
(standard deviation of interannual variability) at global warming levels of 1.5°C, 2°C and 4°C (20-year mean global surface temperature change relative 
to 1850–1900). Simulated changes correspond to Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model mean change (median change for soil 
moisture) at the corresponding global warming level, that is, the same method as for the right map in panel (a). 
In panel (c), high positive percentage changes in dry regions may correspond to small absolute changes. In panel (d), the unit is the standard deviation 
of interannual variability in soil moisture during 1850–1900. Standard deviation is a widely used metric in characterizing drought severity. A projected 
reduction in mean soil moisture by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once every six years 
during 1850–1900. In panel (d), large changes in dry regions with little interannual variability in the baseline conditions can correspond to small absolute 
change. The triangles at each end of the colour bars indicate out-of-bound values, that is, values above or below the given limits. Results from all models 
reaching the corresponding warming level in any of the five illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are averaged. 
Maps of annual mean temperature and precipitation changes at a global warming level of 3°C are available in Figure 4.31 and Figure 4.32 in Section 4.6. 
Corresponding maps of panels (b), (c) and (d), including hatching to indicate the level of model agreement at grid-cell level, are found in Figures 4.31, 4.32 and 
11.19, respectively; as highlighted in Cross-Chapter Box Atlas.1, grid-cell level hatching is not informative for larger spatial scales (e.g., over AR6 reference regions) 
where the aggregated signals are less affected by small-scale variability, leading to an increase in robustness.
{Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box Atlas.1, TS.1.3.2, Figures TS.3 and TS.5}
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l a. 

Figure SPM.5 | Changes in annual mean surface temperature, precipitation, and soil moisture
Panel (a) Comparison of observed and simulated annual mean surface temperature change. The left map shows the observed changes in annual 
mean surface temperature in the period 1850–2020 per °C of global warming (°C). The local (i.e., grid point) observed annual mean surface temperature changes 
are linearly regressed against the global surface temperature in the period 1850–2020. Observed temperature data are from Berkeley Earth, the dataset with 
the largest coverage and highest horizontal resolution. Linear regression is applied to all years for which data at the corresponding grid point is available. The 
regression method was used to take into account the complete observational time series and thereby reduce the role of internal variability at the grid point level. 
White indicates areas where time coverage was 100 years or less and thereby too short to calculate a reliable linear regression. The right map is based on model 
simulations and shows change in annual multi-model mean simulated temperatures at a global warming level of 1°C (20-year mean global surface temperature 
change relative to 1850–1900). The triangles at each end of the colour bar indicate out-of-bound values, that is, values above or below the given limits.
Panel (b) Simulated annual mean temperature change (°C), panel (c) precipitation change (%), and panel (d) total column soil moisture change 
(standard deviation of interannual variability) at global warming levels of 1.5°C, 2°C and 4°C (20-year mean global surface temperature change relative 
to 1850–1900). Simulated changes correspond to Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model mean change (median change for soil 
moisture) at the corresponding global warming level, that is, the same method as for the right map in panel (a). 
In panel (c), high positive percentage changes in dry regions may correspond to small absolute changes. In panel (d), the unit is the standard deviation 
of interannual variability in soil moisture during 1850–1900. Standard deviation is a widely used metric in characterizing drought severity. A projected 
reduction in mean soil moisture by one standard deviation corresponds to soil moisture conditions typical of droughts that occurred about once every six years 
during 1850–1900. In panel (d), large changes in dry regions with little interannual variability in the baseline conditions can correspond to small absolute 
change. The triangles at each end of the colour bars indicate out-of-bound values, that is, values above or below the given limits. Results from all models 
reaching the corresponding warming level in any of the five illustrative scenarios (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5) are averaged. 
Maps of annual mean temperature and precipitation changes at a global warming level of 3°C are available in Figure 4.31 and Figure 4.32 in Section 4.6. 
Corresponding maps of panels (b), (c) and (d), including hatching to indicate the level of model agreement at grid-cell level, are found in Figures 4.31, 4.32 and 
11.19, respectively; as highlighted in Cross-Chapter Box Atlas.1, grid-cell level hatching is not informative for larger spatial scales (e.g., over AR6 reference regions) 
where the aggregated signals are less affected by small-scale variability, leading to an increase in robustness.
{Figure 1.14, 4.6.1, Cross-Chapter Box 11.1, Cross-Chapter Box Atlas.1, TS.1.3.2, Figures TS.3 and TS.5}
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B.2.4  It is very likely that heavy precipitation events will intensify and become more frequent in most regions with additional global 
warming. At the global scale, extreme daily precipitation events are projected to intensify by about 7% for each 1°C of global 
warming (high confidence). The proportion of intense tropical cyclones (Category 4–5) and peak wind speeds of the most 
intense tropical cyclones are projected to increase at the global scale with increasing global warming (high confidence).

  {8.2, 11.4, 11.7, 11.9, Cross-Chapter Box 11.1, Box TS.6, TS.4.3.1} (Figure SPM.5, Figure SPM.6)

B.2.5  Additional warming is projected to further amplify permafrost thawing and loss of seasonal snow cover, of land ice and of 
Arctic sea ice (high confidence). The Arctic is likely to be practically sea ice-free in September31 at least once before 2050 
under the five illustrative scenarios considered in this report, with more frequent occurrences for higher warming levels. 
There is low confidence in the projected decrease of Antarctic sea ice.

   {4.3, 4.5, 7.4, 8.2, 8.4, Box 8.2, 9.3, 9.5, 12.4, Cross-Chapter Box 12.1, Atlas.5, Atlas.6, Atlas.8, Atlas.9, Atlas.11, TS.2.5} 
(Figure SPM.8)

31  Monthly average sea ice area of less than 1 million km2, which is about 15% of the average September sea ice area observed in 1979–1988.
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Do we get an ice-free North Pole by 2050?

[IPCC, AR6, 2021, Fig. 4.2]
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With respect to seasonal changes in the sea ice cover, the winter sea 
ice loss causes a decrease in the average sea ice age and fraction of 
multi-year ice, as assessed by SROCC (very high confidence), and also 
of the ocean area covered intermittently by sea ice (Bliss et al., 2019). 
In contrast, the seasonal ice zone (covered by sea ice in winter but not 
in summer) has expanded regionally (Bliss et al., 2019) and over the 
whole Arctic (Steele and Ermold, 2015), because the loss of summer 
sea ice area is larger than the loss of winter sea ice area. Arctic sea 
ice retreat includes an earlier onset of surface melt in spring and 
a  later freeze up in autumn, lengthening the open water season in 
the seasonal sea ice zone (Stroeve and Notz, 2018). However, there is 
low agreement in quantification of regional trends of melt and freeze 
onset between different observational products (Bliss et al., 2017; 
Smith and Jahn, 2019).

Reconstructions of Arctic sea ice coverage put the satellite period 
changes into centennial context. Direct observational data coverage 
(Walsh et al., 2017) and model reconstructions (Brennan et al., 2020) 
warrant high confidence that the low Arctic sea ice area of summer 
2012 is unprecedented since 1850, and that the summer sea ice loss is 
significant in all Arctic regions except for the Central Arctic (Cai et al., 
2021). Direct winter observational data coverage before 1953 is too 
sparse to reliably assess Arctic sea ice area. Since 1953, the years 
2015 to 2018 had the four lowest values of maximum Arctic sea ice 
area, which usually occurs in March (high confidence) (Figure 2.20). 
Reconstructions of Arctic sea ice area before 1850 remain sparse, 
and as in SROCC, there remains medium confidence that the current 
sea ice levels in late summer are unique during the past 1 kyr 
(Section 2.3.2.1.1; Kinnard et al., 2011; De Vernal et al., 2013b).

The observed fluctuations and trends of the Arctic sea ice cover 
arise from a combination of changes in natural external forcing and 
anthropogenic forcing, internal variability and internal feedbacks 
(e.g., Notz and Stroeve, 2018; Halloran et al., 2020). New paleo-proxy 
techniques indicate regional sea ice changes over epochs and 
millennia and allow possible drivers to be assessed. Biomarker IP25 
(Belt et  al., 2007) together with other sedimentary biomarkers 
(Belt, 2018) provide local temporal information on seasonal sea 
ice coverage, permanent sea ice coverage and ice-free waters, with 
occasional ambiguous contrasting results (Belt, 2019). These records 
and other proposed paleo proxies, including bromine in ice cores 
(Spolaor et al., 2016), dinocyst assemblages (e.g., De Vernal et al., 
2013b) and driftwood (e.g., Funder et al., 2011), provide evidence of 
sea ice fluctuations that exceed internal variability (high confidence).

The inferred sea ice fluctuations over millennia can be related 
to Northern Hemisphere temperature evolution and give rise to 
Arctic-wide fluctuations in sea ice coverage in the paleorecord 
(Section 2.3.2.1.1). On a regional scale, fluctuations include decreased 
sea ice cover during the Allerød warm period (14.7–12.9 ka) in the 
Laptev (Hörner et al., 2016) and Bering Seas (Méheust et al., 2018); 
an extensive sea ice cover during the Younger Dryas (around 12 ka) 
in the Bering (Méheust et  al., 2018), Kara (Hörner et  al., 2018), 
Laptev (Hörner et al., 2016) and Barents (Belt et al., 2015) Seas, and 
at the Yermak Plateau (Kremer et al., 2018); little sea ice during the 
early Holocene, when Northern Hemisphere summer insolation was 
higher than today (8000 to 9000 years before present), in the North 
Icelandic Shelf area (Cabedo-Sanz et al., 2016; Xiao et al., 2017), Sea 
of Okhotsk (Lo et al., 2018), Canadian Arctic (Spolaor et al., 2016), 

Arctic sea-ice historical records and CMIP6 projections
Anomaly time series, maps of seasonal sea-ice concentration and changes, and projected sea-ice metrics in SSP2-4.5

Figure  9.13 | Arctic sea ice historical records and Coupled Model Intercomparison Project Phase 6 (CMIP6) projections. (Left) Absolute anomaly of 
monthly-mean Arctic sea ice area during the period 1979 to 2019 relative to the average monthly-mean Arctic sea ice area during the period 1979 to 2008. (Right) Sea ice 
concentration in the Arctic for March and September, which usually are the months of maximum and minimum sea ice area, respectively. First column: Satellite-retrieved 
mean sea ice concentration during the decade 1979–1988. Second column: Satellite-retrieved mean sea ice concentration during the decade 2010–2019. Third column: 
Absolute change in sea ice concentration between these two decades, with grid lines indicating non-significant differences. Fourth column: Number of available CMIP6 models 
that simulate a mean sea ice concentration above 15 % for the decade 2045–2054. The average observational record of sea ice area is derived from the UHH sea ice area 
product (Doerr et al., 2021), based on the average sea ice concentration of OSISAF/CCI (OSI-450 for 1979–2015, OSI-430b for 2016–2019) (Lavergne et al., 2019), NASA 
Team (version 1, 1979–2019) (Cavalieri et al., 1996) and Bootstrap (version 3, 1979–2019) (Comiso, 2017) that is also used for the figure panels showing observed sea ice 
concentration. Further details on data sources and processing are available in the chapter data table (Table 9.SM.9).
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Arctic sea-ice historical records and CMIP6 projections
Anomaly time series, maps of seasonal sea-ice concentration and changes, and projected sea-ice metrics in SSP2-4.5

Figure  9.13 | Arctic sea ice historical records and Coupled Model Intercomparison Project Phase 6 (CMIP6) projections. (Left) Absolute anomaly of 
monthly-mean Arctic sea ice area during the period 1979 to 2019 relative to the average monthly-mean Arctic sea ice area during the period 1979 to 2008. (Right) Sea ice 
concentration in the Arctic for March and September, which usually are the months of maximum and minimum sea ice area, respectively. First column: Satellite-retrieved 
mean sea ice concentration during the decade 1979–1988. Second column: Satellite-retrieved mean sea ice concentration during the decade 2010–2019. Third column: 
Absolute change in sea ice concentration between these two decades, with grid lines indicating non-significant differences. Fourth column: Number of available CMIP6 models 
that simulate a mean sea ice concentration above 15 % for the decade 2045–2054. The average observational record of sea ice area is derived from the UHH sea ice area 
product (Doerr et al., 2021), based on the average sea ice concentration of OSISAF/CCI (OSI-450 for 1979–2015, OSI-430b for 2016–2019) (Lavergne et al., 2019), NASA 
Team (version 1, 1979–2019) (Cavalieri et al., 1996) and Bootstrap (version 3, 1979–2019) (Comiso, 2017) that is also used for the figure panels showing observed sea ice 
concentration. Further details on data sources and processing are available in the chapter data table (Table 9.SM.9).
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4.3.1 Atmosphere

4.3.1.1 Surface Air Temperature

The AR5 assessed from CMIP5 simulations and other lines of 
evidence that GSAT will continue to rise over the 21st  century if 
greenhouse gas (GHG) concentrations continue increasing (Collins 
et al., 2013). The AR5 concluded that GSAT for 2081–2100, relative to 
1986–2005 will likely be in the 5–95% range of 0.3°C–1.7°C under 
RCP2.6 and 2.6°C–4.8°C under RCP8.5. The corresponding ranges for 
the intermediate emissions scenarios with emissions peaking around 
2040 (RCP4.5) and 2060 (RCP6.0) are 1.1°C–2.6°C and 1.4°C–3.1°C, 
respectively. The AR5 further assessed that GSAT averaged over 
the period 2081–2100 are projected to likely exceed 1.5°C above 

1850–1900 for RCP4.5, RCP6.0 and RCP8.5 (high  confidence) and 
are likely to exceed 2°C above 1850–1900 for RCP6.0 and RCP8.5 
(high confidence). Global surface temperature changes above 2°C 
under RCP2.6 were deemed unlikely (medium confidence).

Here, for continuity’s sake, we assess the CMIP6 simulations of GSAT 
in a fashion similar to the AR5 assessment of the CMIP5 simulations. 
From these, we compute anomalies relative to 1995–2014 and display 
the evolution of ensemble means and 5–95% ranges (Figure 4.2). 
We also use the ensemble mean GSAT difference between 1850–1900 
and 1995–2014, 0.82°C, to provide an estimate of the changes since 
1850–1900 (Figure 4.2, right axis). Finally, we tabulate the ensemble 
mean changes between 1995–2014 and 2021–2040, 2041–2060, 
and 2081–2100 respectively (Figure 4.2).
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Figure 4.2 | Selected indicators of global climate change from CMIP6 historical and scenario simulations. (a) Global surface air temperature changes relative 
to the 1995–2014 average (left axis) and relative to the 1850–1900 average (right axis; offset by 0.82°C, which is the multi-model mean and close to observed best estimate, 
Cross-Chapter Box 2.1, Table 1). (b) Global land precipitation changes relative to the 1995–2014 average. (c) September Arctic sea ice area. (d) Global mean sea level (GMSL) 
change relative to the 1995–2014 average. (a), (b) and (d) are annual averages, (c) are September averages. In (a–c), the curves show averages over the CMIP6 simulations, 
the shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges, and the numbers near the top show the number of model simulations used. Results are derived 
from concentration-driven simulations. In (d), the barystatic contribution to GMSL (i.e., the contribution from land-ice melt) has been added offline to the CMIP6 simulated 
contributions from thermal expansion (thermosteric). The shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges. The dashed curve is the low confidence and 
low likelihood outcome at the high end of SSP5-8.5 and reflects deep uncertainties arising from potential ice-sheet and ice-cliff instabilities. This curve at year 2100 indicates 
1.7 m of GMSL rise relative to 1995–2014. More information on the calculation of GMSL is available in Chapter 9, and further regional details are provided in the Atlas. 
Further details on data sources and processing are available in the chapter data table (Table 4.SM.1).
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Figure 4.2 | Selected indicators of global climate change from CMIP6 historical and scenario simulations. (a) Global surface air temperature changes relative 
to the 1995–2014 average (left axis) and relative to the 1850–1900 average (right axis; offset by 0.82°C, which is the multi-model mean and close to observed best estimate, 
Cross-Chapter Box 2.1, Table 1). (b) Global land precipitation changes relative to the 1995–2014 average. (c) September Arctic sea ice area. (d) Global mean sea level (GMSL) 
change relative to the 1995–2014 average. (a), (b) and (d) are annual averages, (c) are September averages. In (a–c), the curves show averages over the CMIP6 simulations, 
the shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges, and the numbers near the top show the number of model simulations used. Results are derived 
from concentration-driven simulations. In (d), the barystatic contribution to GMSL (i.e., the contribution from land-ice melt) has been added offline to the CMIP6 simulated 
contributions from thermal expansion (thermosteric). The shadings around the SSP1-2.6 and SSP3-7.0 curves show 5–95% ranges. The dashed curve is the low confidence and 
low likelihood outcome at the high end of SSP5-8.5 and reflects deep uncertainties arising from potential ice-sheet and ice-cliff instabilities. This curve at year 2100 indicates 
1.7 m of GMSL rise relative to 1995–2014. More information on the calculation of GMSL is available in Chapter 9, and further regional details are provided in the Atlas. 
Further details on data sources and processing are available in the chapter data table (Table 4.SM.1).
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Climate change - future sea level change

[Deutsches Klima-Konsortium (DKK) und Konsortium Deutsche Meeresforschung (KDM): Zukunft der Meeresspiegel, 2019]

16 Meeresspiegelanstieg in der Zukunft

Wie stark und wie schnell die Meeresspiegel steigen werden, hängt vor allem von den Änderungen 

der kontinentalen Eisschilde in Grönland und der Antarktis ab – sie sind ein noch nicht sehr gut in 

Klimamodellen repräsentierter, aber sehr einfl ussreicher Faktor. So wird daran gearbeitet, die kom-

plizierten dynamischen Prozesse innerhalb der Eisschilde wie auch ihre Wechselwirkung mit den 

Ozeanen besser zu verstehen und in den Klimamodellen zu berücksichtigen – was sowohl für glo-

bale als auch für regionale Projektionen von großer Bedeutung ist. Sollte eine bestimmte globale 

Erwärmung überschritten werden, deren Wert heute allerdings noch nicht genau bestimmt werden 

kann, besteht das Risiko, dass die Eisschilde über die Jahrtausende komplett abschmelzen, selbst 

wenn die Menschen keine Treibhausgase mehr ausstoßen. Dann wäre ein sogenannter irreversibler 

Kipp-Punkt des Klimas überschritten. Dabei würde die Eismasse von Grönland die Meeresspiegel 

im globalen Mittel um etwa sieben Meter steigen lassen. Das Abschmelzen der Eismasse der Ant-

arktis hat sogar das Potenzial, den globalen Meeresspiegel um etwa 60 Meter zu erhöhen. 

Dies zu verhindern war für die Weltgemeinschaft einer der Gründe, sich im Pariser Klimaabkom-
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dem vorindustriellen Wert zu begrenzen und alle Anstrengungen zu unternehmen, die globale 

Erwärmung auf 1,5 Grad Celsius zu limitieren. Die Dringlichkeit für konsequentes Handeln wird 

deutlich, wenn wir uns vor Augen führen, dass die globale Erwärmung bereits ein Grad Celsius 

beträgt.

Abbildung 8: Die Meeresspiegel steigen, das zeigen Projektionen bis Ende des Jahrhunderts. Das tatsächliche Aus-
maß hängt davon ab, wie viele Treibhausgase die Menschheit noch ausstoßen wird. Die beiden Weltkarten zeigen 
zwei Möglichkeiten: a) das Paris-Szenario und das b) „Weiter so“-Szenario – sowie die regionalen Abweichungen.

Wenn wir uns an die Folgen des zukünftigen Meeresspiegelanstiegs anpassen wollen, spielen 

regionale Abweichungen vom globalen Mittel (Abbildung 8) eine wichtige Rolle. Die Forschung zu 

dieser Frage zeigt, dass die größten Anstiege von mehr als zwei Metern in den niedrigen Breiten 

und in Teilen der mittleren Breiten zu erwarten sind. Davon betroffen wären zum Beispiel der 

Inselstaat Mikronesien im westlichen Pazifi k, aber auch US-amerikanische Metropolen wie Miami 

oder New York. Weiterhin ist in den globalen Projektionen die Absenkung der Landfl ächen durch 

exzessive Grundwasserentnahme nicht berücksichtigt, wie es in vielen asiatischen Megastädten 

der Fall ist. Diese ist – wie in Kapitel 2.3 erläutert – ein wichtiger zusätzlicher Aspekt für die Gefähr-

dung der Küstengesellschaften und die Entwicklung von Anpassungsoptionen.
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Figure SPM.8 | Selected indicators of global climate change under the five illustrative scenarios used in this Report
The projections for each of the five scenarios are shown in colour. Shades represent uncertainty ranges – more detail is provided for each panel below. The black 
curves represent the historical simulations (panels a, b, c) or the observations (panel d). Historical values are included in all graphs to provide context for the 
projected future changes. 
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Figure 9:  Weighted aggregated climatic hotspots of the six climate indicators for the middle 
and end of the century; absolute and change values 

 
Left (absolute values): regions that could be affected by a particularly large number of climatic extremes; right (change values): regions that 
could be affected by particularly high changes in climate parameters. 100 percent means maximum applicability, i.e. exceeding the thresh-
old values for all climatic parameters considered. The climate parameters high average annual temperature, number of hot days, number 
of tropical nights, low annual precipitation, number of dry days, days with heavy rain as well as the significance that these climate parame-
ters have for all investigated climate effects were taken into account. Data basis: 85th percentile of the prepared DWD reference ensemble 
(Brienen et al. 2020) for the RCP8.5 scenario of the IPCC AR5 (IPCC 2013). 
Source: Eurac Research 
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2.7  Has Climate Variability, or have Climate Extremes, 
Changed?

2.7.1  Background 

Changes in climate variability and extremes of weather and
climate events have received increased attention in the last few
years. Understanding changes in climate variability and
climate extremes is made difficult by interactions between the
changes in the mean and variability (Meehl et al., 2000). Such
interactions vary from variable to variable depending on their
statistical distribution. For example, the distribution of
temperatures often resembles a normal distribution where
non-stationarity of the distribution implies changes in the
mean or variance. In such a distribution, an increase in the

mean leads to new record high temperatures (Figure 2.32a),
but a change in the mean does not imply any change in
variability. For example, in Figure 2.32a, the range between
the hottest and coldest temperatures does not change. An
increase in variability without a change in the mean implies an
increase in the probability of both hot and cold extremes as
well as the absolute value of the extremes (Figure 2.32b).
Increases in both the mean and the variability are also possible
(Figure 2.32c), which affects (in this example) the probability
of hot and cold extremes, with more frequent hot events with
more extreme high temperatures and fewer cold events. Other
combinations of changes in both mean and variability would
lead to different results.

Consequently, even when changes in extremes can be
documented, unless a specific analysis has been completed, it
is often uncertain whether the changes are caused by a change
in the mean, variance, or both. In addition, uncertainties in the
rate of change of the mean confound interpretation of changes
in variance since all variance statistics are dependent on a
reference level, i.e., the mean. 

For variables that are not well approximated by normal
distributions, like precipitation, the situation is even more
complex, especially for dry climates. For precipitation, for
example, changes in the mean total precipitation can be
accompanied by other changes like the frequency of precipi-
tation or the shape of the distribution including its variability.
All these changes can affect the various aspects of precipita-
tion extremes including the intensity of precipitation (amount
per unit time). 

This section considers the changes in variability and
extremes simultaneously for two variables, temperature and
precipitation. We include new analyses and additional data
compiled since the SAR which provide new insights. We also
assess new information related to changes in extreme weather
and climate phenomena, e.g., tropical cyclones, tornadoes,
etc. In these analyses, the primary focus is on assessing the
stationarity (e.g., the null hypothesis of no change) of these
events, given numerous inhomogeneities in monitoring. 

2.7.2  Is There Evidence for Changes in Variability or 
Extremes?

The issues involved in measuring and assessing changes in
extremes have recently been comprehensively reviewed by
Trenberth and Owen (1999), Nicholls and Murray (1999), and
Folland et al. (1999b). Despite some progress described
below, there remains a lack of accessible daily climate data
sets which can be intercompared over large regions (Folland et
al., 2000). Extremes are a key aspect of climate change.
Changes in the frequency of many extremes (increases or
decreases) can be surprisingly large for seemingly modest
mean changes in climate (Katz, 1999) and are often the most
sensitive aspects of climate change for ecosystem and societal
responses. Moreover, changes in extremes are often most
sensitive to inhomogeneous climate monitoring practices,
making assessment of change more difficult than assessing the
change in the mean.
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Figure 2.32: Schematic showing the effect on extreme temperatures
when (a) the mean temperature increases, (b) the variance increases,
and (c) when both the mean and variance increase for a normal distri-
bution of temperature.
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Figure 2.32: Schematic showing the effect on extreme temperatures
when (a) the mean temperature increases, (b) the variance increases,
and (c) when both the mean and variance increase for a normal distri-
bution of temperature.
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Figure SPM.6 | Projected changes in the intensity and frequency of hot temperature extremes over land, extreme precipitation over land, 
and agricultural and ecological droughts in drying regions
Projected changes are shown at global warming levels of 1°C, 1.5°C, 2°C, and 4°C and are relative to 1850–1900,9 representing a climate without human 
influence. The figure depicts frequencies and increases in intensity of 10- or 50-year extreme events from the base period (1850–1900) under different global 
warming levels.
Hot temperature extremes are defined as the daily maximum temperatures over land that were exceeded on average once in a decade (10-year event) or once 
in 50 years (50-year event) during the 1850–1900 reference period. Extreme precipitation events are defined as the daily precipitation amount over land that 
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Figure SPM.6 | Projected changes in the intensity and frequency of hot temperature extremes over land, extreme precipitation over land, 
and agricultural and ecological droughts in drying regions
Projected changes are shown at global warming levels of 1°C, 1.5°C, 2°C, and 4°C and are relative to 1850–1900,9 representing a climate without human 
influence. The figure depicts frequencies and increases in intensity of 10- or 50-year extreme events from the base period (1850–1900) under different global 
warming levels.
Hot temperature extremes are defined as the daily maximum temperatures over land that were exceeded on average once in a decade (10-year event) or once 
in 50 years (50-year event) during the 1850–1900 reference period. Extreme precipitation events are defined as the daily precipitation amount over land that 
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Figure SPM.6 | Projected changes in the intensity and frequency of hot temperature extremes over land, extreme precipitation over land, 
and agricultural and ecological droughts in drying regions
Projected changes are shown at global warming levels of 1°C, 1.5°C, 2°C, and 4°C and are relative to 1850–1900,9 representing a climate without human 
influence. The figure depicts frequencies and increases in intensity of 10- or 50-year extreme events from the base period (1850–1900) under different global 
warming levels.
Hot temperature extremes are defined as the daily maximum temperatures over land that were exceeded on average once in a decade (10-year event) or once 
in 50 years (50-year event) during the 1850–1900 reference period. Extreme precipitation events are defined as the daily precipitation amount over land that 
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https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.6)

https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/


Climate change - increase of extreme events

… forest burning …dry soils

…dry rivers …more crop failures

https://www.spiegel.de/wissenschaft/natur/hitze-sommer-weist-hoechste-temperaturanomalie-seit-1881-auf-a-1221615.html#fotostrecke-b8abb0db-0001-0002-0000-000000162748

https://www.br.de/nachrichten/bayern/folgen-der-hitzesommer-trockenheit-in-der-tiefe,RoDCLHj



1. Climate change - the past

2. Climate change - the present

3. Climate change - the future

‣ present climate change is ongoing and unparalleled compared to the past   

‣ decisions made today will determine the climate of the future 

‣ the less we take action now, the more we will have to adapt in the future

‣ to keep future climate change at a low level, we need to 
drastically reduce the emission of CO2 and other GHGs 



CO2 reduction in the future

[https://www.globalcarbonproject.org/carbonbudget/archive/2018/GCP_CarbonBudget_2018.pdf]

https://www.globalcarbonproject.org/carbonbudget/archive/2018/GCP_CarbonBudget_2018.pdf


CO2 emissions in the last 60 years

[https://www.globalcarbonproject.org/carbonbudget/22/presentation.htm]

https://www.globalcarbonproject.org/carbonbudget/22/presentation.htm


CO2 emissions in the last 60 years and remaining for the future

[https://www.globalcarbonproject.org/carbonbudget/21/presentation.htm; https://robbieandrew.github.io/GCB2021/]



Hoch much are 37.5 gigatonnes (Gt) of CO2?



8th lecture:
Climate Scenarios: from the past to the future

(past global temperatures, present climate change, future scenarios, CO2 reductions)

Climate System II 
(Winter 2023/2024)

End of lecture.

Slides available at:
https://paleodyn.uni-bremen.de/study/climate2023_24.html

https://paleodyn.uni-bremen.de/study/climate2023_24.html

