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Radiometric dating 































Fig. 1 Cenozoic Global Reference benthic foraminifer carbon and oxygen Isotope 
Dataset (CENOGRID) from ocean drilling core sites spanning the past 66 million years.

Thomas Westerhold et al. Science 2020;369:1383-1387



Porównanie zmian średniej temperatury globu i koncentracji CO2 w atmosferze od czasów 
dinozaurów (65 milionów lat temu) do teraz z możliwym antropogenicznym globalnym 
ociepleniem (450 lat). https://websites.pmc.ucsc.edu/~jzachos/images/CENOGRID_Cartoon_withProjection_alternate.png

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


Fig. 2 Climate states of the Cenozoic.



Quasi-periodic changes and 
determinism in the global 

reference carbon cycle and 
oxygen isotope record.



https://www.ipcc.ch/report/ar6/wg1/figures/technical-summary/figure-ts-1/



Community-vetted quantitative CO2 
record.Paleo-CO2 (including 95% 
credible intervals) is superimposed on 
the GMST trend over the past 66 
million years. Age and CO2 labels 
highlight notable climate extrema and 
transitions as described in the text.



Category 1 paleo-CO2 record compared to global climate signals.The 
vertical dashed line indicates the onset of continent-wide glaciation in 
Antarctica. (A) Atmospheric CO2 estimates (symbols) and 500-kyr mean 
statistical reconstructions (median and 50 and 95% credible intervals: 
dark and light-blue shading, respectively). Major climate events are 
highlighted: K-PG, Cretaceous/Paleogene boundary; PETM, Paleocene 
Eocene Thermal Maximum; EECO, Early Eocene Climatic Optimum; 
MECO, Middle Eocene Climatic Optimum; EOT, Eocene/Oligocene 
Transition; MCO, Miocene Climatic Optimum; NHG, onset of Northern 
Hemisphere Glaciation; and MPT, Mid-Pleistocene Transition. The 2022 
annual average atmospheric CO2 of 419 ppm is indicated for reference. 
(B) Global mean surface temperatures estimated from benthic δ18O data 
following Westerhold et al. (43) (solid line, individual proxy estimates as 
symbols, and statistically reconstructed 500-kyr mean values shown as 
the continuous curve, with 50 and 95% credible intervals) and from 
surface temperature proxies (gray boxes) (45). (C) Sea level after (66) 
with gray dots displaying raw data; the solid black line reflects median sea 
level in a 1-Myr running window. High- and lowstands are defined within a 
running 400-kyr window, with lower and upper bounds of highstands 
defined by the 75th and 95th percentiles, and lower and upper bounds of 
lowstands defined by the 5th and 25th percentiles in each window. Globes 
depict select paleogeographic reconstructions and the growing presence 
of ice sheets in polar latitudes from (116). (D) Crown ages show that C4 
clades, with CCMs adapted to low CO2, initially diversified in the early 
Miocene, and then rapidly radiated in the late Miocene (117). Flora 
transition from dominantly forested and woodland to open grassland 
habitats based on fossil phytolith abundance data (96). North American 
equids typify hoofed animal adaptations to new diet and environment (103
), including increasing tooth mesowear (black line; note the inverted 
scale), hypsodonty (blue line), and body size.

https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R43
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R45
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R66
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R116
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R117
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R96
https://www.science.org/doi/10.1126/science.adi5177#core-collateral-R103


PhanDA global mean surface temperature across the last 485 million years.The gray shading corresponds to different confidence levels, and the black line 
shows the average solution. The colored bands along the top reflect the climate state, with cooler colors indicating icehouse (coolhouse and coldhouse) 
climates, warmer colors indicating greenhouse (warmhouse and hothouse) climates, and the gray representing a transitional state.



Deep ocean temperature 
in (a) the Pliocene and 
Pleistocene and (b) the 
last 800 000 years. High-
frequency variations 
(black) are five-point 
running means of the 
original data [4], whereas 
the blue curve has a 500 
kyr resolution. The deep 
ocean temperature for 
the entire Cenozoic era 
is in figure 1b.



Ice Cores and Ice Sheet Flow 





Abrupt Climate Change – przykład: PETM

The Palaeocene-Eocene Thermal Maximum as 
recorded in benthic (bottom dwelling) foraminifer 
(Nuttallides truempyi) isotopic records from sites in 
the Antarctic, south Atlantic and Pacific (see 
Zachos et al., 2003 for details). The rapid 
decrease in carbon isotope ratios in the top panel 
is indicative of a large increase in atmospheric 
greenhouse gases CO2 and CH4 that was 
coincident with an approximately 5°C global 
warming (centre panel). Using the carbon isotope 
records, numerical models show that CH4 
released by the rapid decomposition of marine 
hydrates might have been a major component 
(~2,000 GtC) of the carbon flux (Dickens and 
Owen, 1996). 

IPCC 2007



PLAMY NA SŁÓŃCU

I.G. Usoskin  "A History of 
Solar Activity over Millennia" 
Publication URI: 
http://www.livingreviews.org/lrsp-2008-3

http://www.livingreviews.org/lrsp-2008-3


Lato na półkuli północnej. Kiedy północna półkula 
Ziemi otrzymuje latem więcej energii (czemu 
sprzyjają dwie niezależne sytuacje – mniejsza od 
średniej odległość Ziemi od Słońca oraz większe 
nachylenie osi obrotu Ziemi), lata w Arktyce są 
cieplejsze, co prowadzi do zaniku czapy polarnej.



Fig. 7.5: The seasonal and 
latitudinal distribution of daily-
mean flux factor for four 
different values of the obliquity. 
In these plots, a circular orbit 
has been assumed. To obtain 
the daily mean energy flux 
incident on each square meter 
of the planet’s surface, one 
multiplies the flux factor by the 
solar constant. For example, if 
the solar constant is 1000W/m2 
, the incident solar flux at the 
pole during the Summer 
solstice is about 700W/m2 if 
the obliquity is 45o.  
(Pierrehumbert, „Principles of 
planetary climate”)

Problem nachylenia osi:



Wymuszenia 
orbitalne
i ich efekty 
zapisane w 
proxies.
(IPCC 2013)



Mechanizm epok 
lodowych: 
Wymuszenia 
orbitalne (D) i 
sprzężenia (D) 
skutkują zmianami w 
bilansie 
radiacyjnym (D) i dalej 
odpowiednią 
zmiennością zmiennością 
temperaturytemperatury (A).

Friedrich et al., Science 
Advances  09 Nov 2016:
Vol. 2, no. 11, e1501923
DOI: 
10.1126/sciadv.1501923 



Figure 5.18 | 
Compilation of 
selected 
paleoenvironmental 
and climate model 
data for the abrupt 
Holocene cold event 
at 8.2 ka, documenting 
temperature and 
ocean-circulation
changes around the 
event and the spatial 
extent of climate 
anomalies following 
the event (IPCC 2013)







Zrekonstruowane średnie roczne temperatury globalne dla 
pięciu różnych metod (kolorowe linie) oraz średnia (linia 
szara, pasy obrazują przedziały ufności co 5 percentyli). 
Fioletowa liniamediana rekonstrukcji PAGES 2k.  Źródło 
Kaufman i in., 2020.

Rekonstrukcja zmian średniej temperatury powierzchni Ziemi 
(niebieska linia z przedziałami ufności) oraz pomiary 
instrumentalne w serii HadCRUT5 (ciemnoniebieska linia od 
1850 r.) dla ostatnich 12 000 lat. W panelach na górze 
zrekonstruowane anomalie temperatury w różnych miejscach 
na powierzchni Ziemi odpowiednio 12 000 i 9000 lat temu. 
Anomalia temperatury względem okresu przedprzemysłowego 
1000-1850. Źródło Osman i in., 2021



Słoje drzew

Letnie anomalie temperatury

Na podstawie szerokości
i struktury słojów określa
się warunki panujące 
w poszczególnych latach.



Wielorakie rekonstrukcje: multiproxy.









Fig. 1. Carbon dioxide and climate 
through the Phanerozoic. 
(a) Latitudinal extent of continental 
ice deposits shown as blue bars 
(left axis) and atmospheric CO2 
content (red, right axis). 
(b) A close-up of the last 0.8 million 
years comparing CO2 from ice 
cores (red, right axis) with benthic 
foraminiferal oxygen isotope ratios 
(δ18O) (blue, left axis).



(a) The relationship between atmospheric CO2 concentration and global mean surface temperature (GMST) 
for five time intervals where both variables have been recently well constrained by geological data.
 (b) The relationship between radiative forcing (ΔR in W m−2) and global mean surface temperature (ΔGMST) 
relative to pre-industrial values. Contours show equilibrium climate sensitivity from 1 to 10°C per CO2 
doubling, and the blue band shows the canonical IPCC range of Equilibrium Climate Sensitivity of 1.5 to 
4.5°C per CO2 doubling. 
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