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WG1, IPCC AR6

Schematic of temporal coverage of:

(a) selected instrumental climate

observations and

(b) selected paleoclimate archives. The

satellite era began in 1979 CE.

The width of the taper gives an indication of

the amount of available records.
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Cryosphere provides high-quality 

paleoclimate archives



Schematic illustration of available media over cryospheric

regions for paleo-environment reconstruction

(background picture: IPCCAR5)

tree 
rings

glacier 
ice core

lake 
sediments

Peatbog/ice wedge ice- raft Polar ice core



Ice core

Lake sediment

Tree ring

Some cases, multiple opportunities in one region  good for validation

Background, BasongLake (Tibet) 
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Global temperature evolution over the past 60 million years with future projections

Figure 2.11

(IPCC AR6,2021)

Ice core records build on our detailed knowledge 

on climate since mid-Pleistocene

evidence from ice cores

Global temperature evolution over past 60 million years with future projections
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WMO GHGs Report 

(Oct 2017) 

SSPsalkenoneLeaf stomata Boron Ice core 



2022

Thus we know exactly how much human emissions exceed natural variation



Up to Oct. 2023

Global Atmosphere Watch (GAW)
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(Hou et al., 2019)

Strong debate on ice age 

over high mountains



½ annual cycles of physical/chemical features

½ reference layers

½ cosmogenic radionuclides

½ modelling by flow law

½ orbital tuning 

½ paleo-analogy

½ multiple methods combination

½ new technologies 

Dating methods of ice core



Drilling

Cold storage

Cut plan

Procedure from field to lab 

(simplified)

Analyses



Clear annual layers on Bayi Glacier terminal, Mt. Qilian 

¸ annual cycles of physical/chemical features

Courtesy: Zheng Y.



Regular dust deposition of central Asia forms winter/spring dust 

layers in glacier, offering annual signals for ice core dating 

¸ annual cycles of physical/chemical features



Annual signals of d18O in Dye-3 ice core, 

Greenland

When physical layers are not 

visible, chemical layers are 

reliable reference for dating

¸ annual cycles of 

physical/chemical 

parameters



High resolution (sub - annual), multi - parameter, multi - disciplinary 
ITASE West Antarctic Example
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¸ reference layers: nuclear bomb tests 

Major nuclear bomb tests and nuclear 

power plant incidents release large 

amounts of radionuclides. Investigates 

beta (ɓ) activities of radionuclides from 

ice cores give a reliable reference year.

Deji et al., 2022



The injection of sulfur into the stratosphere by explosive 

volcanic eruptions eventually deposit to polar ice sheet/cap, 

serve as reference years for the last approximately 1000 

years. Large eruption events such as Tambora, Agung,

Pinatubo. 

Singular Value of non-sea-salt (nss)SO4
2- usually ²2s considered 

as indicator of volcano events

nss SO4
2- = SO4

2-
(sample - [ SO4

2-/Na+
sea water ³Na+

sample ]

There is 1-2 yearsô lag of recorded year in the ice to the 

eruption years, since there is long-distance transport to polar 

regions from low-middle latitudinal volcanic eruptions
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Li et al., 2012
¸ reference layers: Volcano eruption events 



¸ cosmogenic radionuclides

Ways of deposit into ice

1. Precipitation condensation nucleus

2. Stored in air bubbles

Origins

cosmogenic radionuclides 12S, 37Al, 14C, 10Be, 81Kr;

nuclear test 3H, 137Cs, 90Sr

others 210Pb

Mostly used are:  210Pb, 10Be, 36Cl

require large ice volume



¸ Ice flow law

CVx

C Bedrock

Ice sheet  surface

Age profile along the depths can be roughly estimated according to flow law, such as Nye law 

t = - (h/c) ln (1- y/h)

H- ice thickness c- accumulation rate y- meters above bedrock



Dating results of Bryd ice core 

(Antarctica) by combining d18O 

profile and ice flow modelling.

lh-accumulation H-ice thickness d-ice divergence



¸ Orbital tuning ( )

Orbital tuning refers to the

process of adjusting the time

scale of a geologic or climate

record so that the observed

fluctuations correspond to the

Milankovitch cycles (on time

scales of 20-100 kyr. ) in the

Earth's orbital motion.



Orbital tuning of the Dome Fuji and Vostok timescales using O 2/N 2 records

(Kenji Kawamura, 2007) 



Comparison of Antarctic parameters with insolation and obliquity around the last four terminations

(Kenji Kawamura, 2007) 



¸ paleo-analogy (ẑ Ŏ

Holocene profiles of 18O for the DYE- 3, GRIP, and NGRIP ice cores on the 
GICC05 timescale. The 8.2 ka event, the 9.3 ka event, and the 11.4 ka 
Preboreal Oscillation are indicated by shading. Vinther et al., 2006)



Comparison of aPakitsoq ice margin 18O record from 
samples taken along a horizontal profile with GISP2. 

Pakitsoqdata are from Reehet al. (2002); GISP2 18O is from Grootes
and Stuiver (1997); 

Cross- section of an ice sheet, showing 
particle paths Reehet al. (2002).

A view of the sampling site from above, illustrating 
the folding in the ice at the sampling site in 2004

¸Horizontal ice dating

(Petrenkoet al., 2006)



¸ Summary:  cross-dating, using multiple methods and reference

Cross-dating can reduce errors and 

uncertainties  

upper section: physical/chemical annual signals

middle section: reference layer, gases, flow law, 

paleo- analogy

bottom section: cosmogenic radionuclides, etc
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Å The ice: 18O , 17O , 16O, 1H og 2D

Å Continental dust, volcanic ash, micrometheoritesand 

biological materiale

Å Ions: Cl-, NO3
-, SO4

2-, F-, H+, Na+, K+, NH4
+, Mg2+, Ca2+

Å Gas in air bubbles: CO2, CH4, O2, N2, SF6.

Å Radioactive isotopes: 10Be, 36Cl, 210Pb, 32Si, 14C, 137Cs, 90Sr.

Å DNA

Å Ice Properties 

Å Bore hole logging: temperature, geometry

Ice Core data 

A shopping list



Main climate parameters
proxies

Temperature d18Ŏ dD̆ melt-layers

Precipitation Accumulationrate,36Cl etc

Atmosphericcirculation Seasalts,continentaldust,etc

Environmental events

volcanoes tephră ECM̆SO4
2- etc

Solarevents 10Beetc

Seaice extent Seasalts̆ MSA, IPSO25

desertification Dustparticlesȁcontinentalcrustelements

Biomassburning LevoglucosanandSurfactantsȁsootȁblack carbonȁK+

Ice sheetelevation Total gascontent

Humanactivities metals̆ POPs̆ NH4
+ȁSO4

2-, GHGs,etc

climatic and environmental proxies in ice cores



d18Osample = 18O/ 16O)sample
18O/ 16O)SMOW *  1000

18O/ 16O)SMOW

¸Proxy of temperature (T)

ŭ18O, ŭD



Thermal Ionization Mass Spectrometer

Collector Array

Positive Ion Source

(Rhenium ribbon ~1300 C)

Sector Magnet

Lead isotope ratio determination

(Vacuum 10-6 Pa)



d

d

Dansgaard(1964) d18O ɺ

The relationship between and T: 
Theoretically, the level of the value is related to the 
condensation temperature when cloud form precipitation. 
However, it is very difficult to accurately know the 
condensation temperature in cloud. Besides, the snowfall 
process itself is very complex. But, since temperature is 
the most important factor controlling stable isotopes in 
precipitation, and it is easy for us to know the annual 
average temperature of the precipitation location, 
therefore, Dansgaard (1964) developed the empirical 

relationship between ŭ18O in precipitation and the 

annual average temperature (T).



Precipitation (accumulation rate ) at Vostok reconstructed by (a) 10Be, (b) d18O

¸Proxy of precipitation (p)



Polar circulation index (PCI) reconstructed 

through sea salts records in GISP2 ice core

¸Proxy of atmospheric circulation strength  (continental Ca, Al; marine Na, Cl)

Stronger dust load during YD/ACR than 
Holocene revealed in polar ice cores

(Mayewskiet al., 1994, Science, 263)



Large-scale Pb pollution in the Northern Hemisphere

since the Industrial Revolution

From the 1750s to 1950s:

~20 fold increase

In the 1960s: 

~100 fold increase

massive use of Pb additives

After the 1970s: 

sharp decrease

phase-out of leaded gasoline

Direct response to human 

activities

¸Proxy of human beingôs pollution 

Source: S. Hong



Bubble of glacier ice

Snow 
densification 
process, lock 
air into 
bubble

¸Direct record of ancient air 
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Distribution of ice cores in polar ice sheet
black dots finished white dots ongoing red dots planning



420,000 years of ice core data 

from Vostok, Antarctica 

research station. 

Current period is at right. From 
bottom to top: * Solar variation at 
65 N due to en:Milankovitch cycles 
(connected to 18O). * 18O isotope 
of oxygen. * Levels of methane 
(CH4). * Relative temperature. * 
Levels of carbon dioxide (CO2). 
From top to bottom: * Levels of 
carbon dioxide (CO2). * Relative 
temperature. * Levels of methane 
(CH4). * 18O isotope of oxygen. * 
Solar variation at 65N due to 
en:Milankovitch cycles (connected 
to 18O). 

Wikimedia Commons.

¸Long- term climate evolution, much more detailed than before
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¸Greenland ice core shows 
very high - resolution changes 

of climate, abrupt climate 
events (ACE) during cold 
stages are firstly revealed



ҡ ЃVostokЄ CO2

May 2021: 412PPmv

Petit et al., Nature, 1999

¸Strong evidence for GHGs history 

(evidence stage-1: glacial-interglacial cycles)

Natural global mean CO2 varies between 180~280 ppbv



410 ppmv

¸Strong evidence for GHGs history

(evidence stage-2: LGM to Holocene)


