Climate System I
(Winter 2023/2024)

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

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

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
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3. Climate change - the future
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Climate change - summarizing the scientific knowledge
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1. Climate change - the past
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Climate change - the last 800,000 years
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The climate of the last 40 million years

'hothouse' to 'icehouse’  glacial-interglacial cycles  back to 'hothouse'?
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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

b °C
Global Average Temperature Change
Ending of Ice Age

Raw data: Jouzel J. et al. (EPICA Dome C ice core). NOAA/NCDC Paleoclimatology Program.
Here: data points were associated with closest 20-year intervals and averaged for 100-year moving average.
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Climate change - the last 10,000 years

Holocene Medieval
Climate Optimum Warm Period
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End of the last Glacial

Average near-surface temperatures of the northern hemispere during the past
11.000 years (after Dansgaard et al,, 1969, and Schonwiese, 1995)



Climate change - the last 1,000 years
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Climate change - the last 130 years

Global Mear\ Estimatgs based on Land and Ocean Data

o 1.5 the 10 hottest years
°_ —a— Annual Mean i _
% — | owess Smoothing M
L|?II) 10l LSAT+SST Uncertainty ] 1. 2016

o 2.2020

;: 05 3. 2019
> 4. 2017

c 5. 2015

o 0.0

b L 6. 2022

= Wl 7.2018

c ~0- 8. 2021

Q.

= NASA/GISS/GISTEMP v4 9.2014

|_

~1,%80 1900 1920 1940 1960 1980 2000 2020 10. 2010

[https://data.qiss.nasa.qov/qgistemp/graphs v4/]



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

Climate change - the last 130 years

GLOBAL SURFACE AIR TEMPERATURE ANOMALIES A\, Climate
< 3" crange service the 10 hottest years

Data: ERA5 1940-2023 « Reference period: 1991-2020 e Credit: C3S/ECMWF climate.copernicus.eu
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[https://climate.copernicus.eu/2023-track-become-warmest-year-after-record-october]



https://climate.copernicus.eu/2023-track-become-warmest-year-after-record-october
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Climate change - the last 130 years

[https://svs.qgsfc.nasa.qov/4787]



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

Melting of Greenland ice sheet

Total melt area
April-October

Cumulated melt area

. , .
(million km?) The summer melting area of
Greenland has increased by

approx. 60% since 1979!
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[https://www.eea.europa.eu/data-and-maps/figures/melting-area-197920132008-and-mass


https://www.eea.europa.eu/data-and-maps/figures/melting-area-197920132008-and-mass

Melting of Greenland ice sheet

[Jwiy xapul/Aisjjes/Aob eseu-0jsb sas//:dny]

The summer melting area of Greenland
has increased by approx. 65% since 1979!


http://svs.gsfc.nasa.gov/Gallery/index.html%5D

Decrease of Arctic sea ice

Sea-ice extent (mill. km®)

8 | ' I ' ' I l I I e Mean sea-ice extent in the

B | Arctic
1V VAN ‘ _ Arctic summer:

I y ,A‘ | the sea ice-covered area
6 "‘ 1 { Monthly 2Yerages eptember has decreased by ~25-30%
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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

Sea-ice extent (mill. km®%)

Decrease of Antarctic sea ice
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Mean sea-ice extent in the
Antarctic

Monthly averages February
—e— 1979-2022
® 2023

Trend

(-0.4+2.4) % per decade
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The sea ice-covered area
around Antarctica showed
no clear trend until 2021...
but has been at a minimum
this year!

http://svs.gsfc.nasa.gov/Gallery/index.htmil]


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
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Daily High Temperature: Dome C, Antarctica -0
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[https://berkeleyearth.org/antarctic-heatwave-rapid-attribution-review-dome-c-record/]

Temperature anomalies, March 19th 2022
compared to 1979-2000 baseline, °C
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[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

Global Mean Sea Level Change
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http://climateadaptation.hawaii.gov/sea-level-rise/




Global sea level rise since 1993

10 .
Warming of ocean waters also added water + thermal expansion
contributes significantly to global WA
8 sea level rise! 7
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% 6 & / (mostly meltwater)
.g A \> \V ./'A A
2 e
$ g global sea level
(from satellite)
2 N\
thermal expansion
O I I ‘ I

1995 2000

2005

year

2010

2015

NOAA Climate.gov
Adapted from SOTC 2018

2020

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



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

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




ast changes of CO: in the atmosphere
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Past changes of CO: in the atmosphere
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CO: increase and global warming since 1880
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[https://www.climatecentral.org/gallery/graphics/global-temperatures-and-co2-concentrations-2020]


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

Future emissions of greenhouse gases

Socio-economic challenges

for mitigation

% SSP 5 * SSP 3
(Mitigation challenges dominate) (High challenges)
Fossil-fueled Regional rivalry
development ARocky Road
Taking the Highway
% SSP 2

(Intermediate challenges)

Middle of the road

(Low challenges) (Adaptation challenges dominate)
Sustainability Inequality
Taking the GreenRoad A Road Divided

Socio-economic challenges
for adaptation

Shared Socioeconomic Pathways (SSPs):

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

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

e names of GHG scenarios consist of SSP
combined with expected radiative forcing

(a) Future annual emissions of CO,

Carbon dioxide (GtCO,/yr)

140

120

100

30

60

40

20

-20
2015 2050

SSP3-7.0

SSP1-2.6

SSP1-1.9

2100


https://en.wikipedia.org/wiki/Shared_Socioeconomic_Pathways
https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/

Future emissions of greenhouse gases

A
% SSP 5 % SSP 3

(Mitigation challenges dominate) (High challenges)
Fossil-fueled Regional rivalry L. . . ) . .
development N (a) Future annual emissions of CO, (left) and of a subset of key non-CO, drivers (right), across five illustrative scenarios
Taking the Highway

% SSP 2 Carbon dioxide (GtCO,/yr) Selected contributors to non-CO, GHGs
(Intermediate challenges)
Middle of the road 140 '\é'gg‘a”e (MECH./yr)

L SSP3-7.0
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* SSP 1 * SSP 4 T SSP5-8.5 —

(Low challenges) (Adaptation challenges dominate) 120 400 SSP5-8.5
Sustainability Inequality
Taking the GreenRoad A Road Divided 200

Socio-economic challenges
for mitigation

SSP1-2.6
. 100 0 SSP1-1.9
. . 2015 2050 2100
Socio-economic challenges P30
for adaptation 80 | Nitrous oxide (MtN,O/yr)
20 SSP3-7.0
40 /\ SSP5-8.5
: : 10
Shared Socioeconomic Pathways (SSPs): 55p1-2.6
Z .
40 0
e scenarios of projected socioeconomic 2015 2050 2100
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* used to derive greenhouse gas emissions 0 o 120
scenarios with different climate policies o SSP1-1.9 80 T P30
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_ _ 2015 2050 2100 3op5.g -
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combined with expected radiative forcing 2015 2050 2100


https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/
https://en.wikipedia.org/wiki/Shared_Socioeconomic_Pathways

Future global warming

(a) Global surface temperature change relative to 1850-1900

°C

2 Potential future global temperature change: SSP5-8.5

4 low CO: increase (SSP1-2.6): 1.3 — 2.4°C SSP3-7.0

3 high CO: increase (SSP5-8.5): 3.3 - 5.7°C

2 — SSP1-2.6
— SSP1-1.9

1 \//v‘/-/\/\/-’-’/

o |

1950 2000 2015 2050 2100


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

With every increment of global warming, changes get larger

Future O lobal warmi ng in regional mean temperature, precipitation and soil moisture

(b) Annual mean temperature change (°C) ﬁgggiisavr\:ilrg]ri?agrlcilyceals\;vfrr:g r?]rsfes ;’;llg:thzci';i t?casn ocean areas, and the (c) Annual mean precipitation change (%) Precipitation is projected to increase over high latitudes, the equatorial
relative to 1850-1900 pICS. relative to 1850-1900 Pacific qnd part.s of the monsoon regions, .but decrease over parts of the
subtropics and in limited areas of the tropics.
. o . . ° . . o .
SITLIEEe] EnEEe 8l §-21C gelel BRmiline SITLIEIEe] GiENEE 81 os1S B8l R SITUIENEe EiEnEe 81sc S BIeiel Wi Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming

Relatively small absolute changes -

may appear as large % changes in - _40 -30 -20 -10 0 10 20 30 40 >
O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 ---> regions with dry baseline conditions. ] .
Change (°C) ——— Drier Change (%) Wetter
Warmer
(d) Annual mean total column soil Across warming levels, changes in soil moisture largely follow changes in

precipitation but also show some differences due to the influence of

moisture change (standard deviation) evapotranspiration

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming

Relatively small absolute changes

may appear large when expressed ¢--- _15 1.0 05 0 05 1.0 15 --->
in units of standard deviation in dry L

regions with little interannual £i | variabil
variability in baseline conditions. Drier of interannual variability) Wetter



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

Future regional warming

Climate simulations reveal strongest warming in the polar regions
(main reason: temperature - ice albedo feedback)

(b) Annual mean temperature change (°C) Across warming levels, land areas warm more than ocean areas, and the
relative to 1850-1900 Arctic and Antarctica warm more than the tropics.
Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming

O 05 1 15 2 25 3 35 4 45 5 55 6 65 7 ---
Change (°C) >

Warmer

https://www.ipcc.ch/report/ar6/wg1/chapter/summary-for-policymakers/ (Fig. SPM.5)



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

million km?

Climate change - future sea ice extent

Do we get an ice-free North Pole by 20507

(c) September Arctic sea ice area

10
13619 21 24 19 22
near mid long
8 (number of model simulations) term term term
0
- Historical
\ SSP1-2.6
] >
W SSP3-7.0
2 X A ) SSP5-8.5
Practically seaicefree = "% WAL, A
O I I I I | I I I I | I I I I |
1950 2000 2050 2100

[IPCC, ARG, 2021, Fig. 4.2]

Observations SSP245

1979-1988

l ’\-

2010-2019 2045-2054

L 52 R
‘e

Arctic
September

. ____
0 20 40 60 80 100 0 6 12 18 24 30
Sea-ice concentration (%) Number of models
above 15% sea-ice

concentration

[ based on: IPCC, ARG, 2021, Fig. 9.13]




Climate change - future sea level change

(d) Global mean sea level change relative to 1900 §
m =
2 2
S
1.5 — —— :
Low-likelihood, high-impact storyline, S
including ice-sheet instability 5
1 processes, under SSP5-8.5——— .-~ Sops.g 5 3
g 7.0 5 . o no g o o

45 Warming 1.5°-2°C Warming 4°-5°C
2.6 ©
0.5 -9 =

e 5 a) b)

0
S
1950 2000 2020 2050 2100 §

Where Most People Are
Affected by Rising Sea Levels

Number of people per country living on land expected
to be under sea level by 2100"

B 10-50 million w
M 1-9 million :

W 500,000-999,000 .
100,000-499,000

™ <100,000
No data

90°E  180° 90°W 0° 90°E 180° 90°W 0°

<l L - (M)
0,0 0,2 0,4 0,6 0,8

mean regional change of sea level

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

* assuming a rise in sea levels of 50-70 cm (2° C temperature increase/not taking
into account ice sheet instability)

Source: Scott A. Kulp & Benjamin H. Strauss: New elevation data triple estimates of

global vulnerability to sea-level rise and coastal flooding, Nature Communications

[https://www.statista.com/chart/19884/number-of-people-affected-by-rising-sea-levels-per-country/]


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

Temperature anomaly [K]

Future climate change in Germany

Temperature anomaly
Germany year

1881 - 2022
reference periode 1961 - 1990

CLIMATE CHANGE

O &

2 Climate Impact and Risk
Assessment 2021 for
N - Germany
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1890 1920 1950 1980 2010
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(https://www.dwd.de/EN/ourservices/zeitreihen/zeitreihen.html?nn=519080) ' Bundesamt



https://www.dwd.de/EN/ourservices/zeitreihen/zeitreihen.html?nn=519080

uture climate change in Germany
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Weighted aggregated climatic hotspots of the six climate indicators for the middle
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Repgions with hydrological
and coastal risks

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



Climate change - increase of extreme events

heat waves in Europe:
« 2003

« 2010 (Russia)

« 2015

« 2017

« 2018

« 2019

« 2022

25 July 2019
Land Surface Temperature
.

0 degree Celsius

[https://www.scinexx.de/fotos/hitzewelle-ueber-europal]



https://www.scinexx.de/fotos/hitzewelle-ueber-europa/

Climate change - increase of extreme events

Increase in variance
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Climate change - increase of extreme events

Projected changes in extremes are larger in frequency and intensity with
every additional increment of global warming
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Climate change - increase of extreme events

... forest burning ...dry soils

...dry rivers ...more crop failures

WRN

W
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> 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

1 Cllmate change the past
o T

R e ’.:::“2 Cllmate change -the present
.,“;"xﬁ”ﬁ:,,i’“ﬁnﬂ{ﬁ"ﬂ T, P e A

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




CO:2 reduction in the future

Data: SSP database (IIASA)/GCP/Riahi et al 2017/Rogelj et al 2018
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[https://www.globalcarbonproject.org/carbonbudget/archive/2018/GCP_CarbonBudget 2018.pdf]



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

CO. emissions in the last 60 years
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[https://www.globalcarbonproject.org/carbonbudget/22/presentation.htm]
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CO2 emissions in the last 60 years and remaining for the future

Global Fossil CO, Emissions
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Hoch much are 37.5 gigatonnes (Gt) of CO.?
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Climate System I
(Winter 2023/2024)

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

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

End of lecture.

Slides available at:
https://paleodyn.uni-bremen.de/study/climate2023 24.html
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