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Earth’s temperature depends on energy balance: absorption of Solar energy ΔQS 
and emission of energy to space ΔQC

Planetary temperature increases when ΔQS>ΔQC

Planetary temperature decreases when ΔQS<ΔQC



Electromagnetic 
radiation (shortwave – 
solar and logwave – 
far infrared) in the 
atmosphere. 
Transmission and 
scattering by various 
factors,.



Greenhouse effect – a principle



Manabe and Wetherald (1967) Thermal equilibrium of the atmosphere with a given distribution of relative humidity, Journal of the atmospheric sciences, Vol. 24, Nr 3, May.



Fig. 3.

Zonal-mean annual long-term average meridional transports in PW for 2000–16. (left) Those inferred from TOA radiation (black), within 
the atmosphere from ERA-I (red), and the residual for the oceans (blue). (right) The breakdown for the oceans for the Atlantic (purple), 
Pacific (red), and Indian (green) and combined for the Southern Ocean south of 35°S (blue) in PW. (bottom) The domains used and the 
standard errors are 1σ. The ITF transport is not included here.        
https://doi.org/10.1175/JCLI-D-18-0872.1



Averaged energy budget of the climate system in W/m2. 
https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-2/



Hypothetic average mean energy budget of the Earth without considerations of 
cloud effects.

https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-2/



Energy fluxes in Warsaw - examples



https://science.larc.nasa.gov/gewex-srb/



Forcings and feedbacks in climate system.

Climate forcings are the initial drivers of a climate shift.



Forcings and feedbacks in climate system.

Climate feedbacks are processes that result from forcings, and 
cause additional climate change.

 



https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-10/



Orbital forcing (A) and system feedbacks (A) lead to remarkable radiative 
forcings (D) and consecutive temperature variationstemperature variations (A) which explains 
mechanism of  ice ages.

Friedrich et al., 
Science Advances  
09 Nov 2016:
Vol. 2, no. 11, 
e1501923
DOI: 
10.1126/sciadv.150
1923 
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 concentration: once feedback, today forcing 

https://keelingcurve.ucsd.edu/
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https://www.ipcc.ch/report/ar6/wg1/figures/chapter-1

 Another anthropogenic forcing: aerosols

https://www.ipcc.ch/report/ar6/wg1/figures/chapter-1


Change in global 
surface temperature 
(annual average) as 
observed and
simulated using human 
& natural and only 
natural factors (both 
1850-2020)

IPCC 2021



 



 
https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-6/



Schmidt GA, et al., 2023, CERESMIP: 
a climate modeling protocol to 
investigate recent trends in the 
Earth's Energy Imbalance. Front. 
Clim. 5:1202161. 
https://doi.org/10.3389/fclim.2023.12
02161

Energy imbalance increases ...

https://doi.org/10.3389/fclim.2023.1202161
https://doi.org/10.3389/fclim.2023.1202161


https://wmo.int/news/media-centre/wmo-confirms-2024-warmest-year-record-about-155degc-
above-pre-industrial-level

... and surface temperature increases.











https://pulse.climate.copernicus.eu/





https://pulse.climate.copernicus.eu/



Number of aerosol particles 
which act as cloud 
condensation nuclei in given 
thermodynamic and dynamic 
conditions influences droplet 
sizes and droplet number 
concentration. 

Two effects:
- albedo
- lifetime.









https://www.ipcc.ch/report/ar6/wg1/figures/chapter-7/figure-7-9/







Here, we use 24 Earth System Models from the Coupled Model Intercomparison Project 
Phase 6 (CMIP6) to demonstrate that these temperature anomalies cannot robustly 
reconstruct the AMOC. Instead, we find that air-sea heat flux anomalies north of any 
given latitude in the North Atlantic between 26.5°N and 50°N are tightly linked to the 
AMOC anomaly at that latitude on decadal and centennial timescales. On these 
timescales, air-sea heat flux anomalies are strongly linked to AMOC-driven northward 
heat flux anomalies through the conservation of energy. On annual timescales, 
however, air-sea heat flux anomalies are mostly altered by atmospheric variability and 
less by AMOC anomalies.

Based on the here identified relationship and observation-based estimates of 
the past air-sea heat flux in the North Atlantic from reanalysis products, the 
decadal averaged AMOC at 26.5°N has not weakened from 1963 to 2017 
although substantial variability exists at all latitudes.



Global warming 
threshold estimates 
for global core and 
regional impact 
climate tipping 
elements.



Changes resulting from forcings and feedbacks, if pass tipping 
points, may lead to new feedbacks and cascade effects. 

Lenton, T. M., H. Held, E. Kriegler, J. W. Hall, W. Lucht, S. 
Rahmstorf, and H. J. Schellnhuber, Tipping elements in 
the Earth’s climate system, Proc. Natl. Acad. Sci. U.S.A. 
105, 1786–1793 (2008).

Ghil, M., V. Lucarini, The physics of climate variability 
and climate change,  Rev. Mod. Phys. 92, 035002 
(2020).

IPCC 2021 WG1

e.g. glacial-interglacial

e.g. planetary threshold



Stability landscape showing the pathway of the Earth System out of the Holocene and thus, out 
of the glacial–interglacial limit cycle to its present position in the hotter Anthropocene. 

Will Steffen et al. PNAS 2018;115:33:8252-8259

©2018 by National Academy of Sciences



Global mean temperatures in Cenozoic era and climate projections.

https://websites.pmc.ucsc.edu/~jzachos/images/CENOGRID_Cartoon_withProjection_alternate.png

https://websites.pmc.ucsc.edu/~jzachos/images/CENOGRID_Cartoon_withProjection_alternate.png


Cascading global climate failure. 

This is a causal loop diagram, in 
which a complete line represents a 
positive polarity (e.g., amplifying 
feed-back; not necessarily positive 
in a normative sense) 
and a dotted line denotes a 
negative polarity (meaning a 
dampening feedback).



“Thus human beings are now carrying out a large scale geophysical 
experiment of a kind that could not have happened in the past nor be 
reproduced in the future. Within a few centuries we are returning to the 
atmosphere and oceans the concentrated organic carbon stored in 
sedimentary rocks over hundreds of millions of years….”

Can we control this experiment any more?
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