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A. Instrumental observations
satellite era
]

Cryosphere provides high-quality
paleoclimate archives yr——r—

precipitation

Schematic of temporal coverage of: 1800 1850 1900 1950 2000
. . ear C
(a) selected  instrumental  climate e
observations and

B. Paleoclimate

ndigenous knowledge

(b) selected paleoclimate archives. The e
. . ﬂ
satellite era began in 1979 CE. A e
H 1 1 1 1 borehole temperatures
The width of the _taper gives an indication of | _ 0 0 ears I e
the amount of available records. o oog Vears e
/, years polar ice cores
100,000 10,000 1000 100 0

Years before 2000 CE

WG1, IPCC AR6

~

6= B AU EKO” ' B)U wrQ OW 6
as 'YrkwH AOAL WP



Schematic illustration of available media over cryospheric
regions for paleo-environment reconstruction
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Some cases, multiple opportunities in one region  good for validation
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Ice core records build on our detailed knowledge
on climate since mid-Pleistocene
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Thus we know exactly how much human emissions exceed natural variation

Mid-Cretaceous
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Strong debate on ice age
over high mountains
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Figure 4. The §'30 profiles of the Guliya and North Greenland Ice Core Project (GRIP) ice cores. The Guliya-Original profile is plotted on
its original chronology (Thompson et al., 1997). The Guliya-Cheng profile is the original Guliya record linearly compressed by a factor of 2,
as suggested in Cheng et al. (2012). The Guliya-New profile is the original Guliya record further compressed linearly so that the high 180

values fall within the warm Holocene.

(Hou et al., 2019)



Dating methods of ice core

2 annual cycles of physical/chemical features
Y2 reference layers

2 cosmogenic radionuclides

2> modelling by flow law

Y, orbital tuning

12 paleo-analogy

Y2 multiple methods combination

2 new technologies
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annual cycles of physical/chemical features

'”- A*30e»  visual Annual Layers

Guliya Core 2

Regular dust deposition of central Asia forms winter/spring dust
layers in glacier, offering annual signals for ice core dating
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High

resolution (sub - annual), multi - parameter, multi

- disciplinary

ITASE West Antarctic Example
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reference layers:

nuclear bomb tests
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reference layers: Volcano eruption events
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The injection of sulfur into the stratosphere by explosive

volcanic eruptions eventually deposit to polar ice sheet/cap,
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cosmogenic radionuclides

Ways of deposit into ice
1. Precipitation condensation nucleus
2. Stored in air bubbles

Origins
cosmogenic radionuclides  12S,37Al, 14C, 10Be, 81KT;
nuclear test 3H, 137Cs,°0Sr
others 210Pb

Mostly used are: 219Pb, 10Be, 36Cl

require large ice volume




Ice flow law

C Bedrock
t= - (h/c) In (1-y/h)

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

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



x10 ka BP

Dating results of Bryd ice core
(Antarctica) by combining dt8O
profile and ice flow modelling.

| ,-accumulation H-ice thickness d-ice divergence



Orbital tuning ( )
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Dome Fuji temperature daviation (K)

Dome Fuji temperature deviation (K)
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paleo-analogy (2
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Horizontal ice dating
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Summary: cross-dating, using multiple methods and reference

Frozen in Time
Ice Core Environmental Records

Three types of ‘signal’
Age  Depth are recorded in fallen snow:
(Years) (metres)

1 Contaminants - dissolved
impurities, dust, aerosols

2 Trapped gases- bubbles
of old air caughtin the ice

3 The water of the ice itself
tells us the temperature at
which the snow fell (from
its isotopic composition)

Dating a core:
Seasonal signals like

temperature, dust, sea-salt
etc. can be counted like
tree rings

1000 530 -

KRAKATOA 1883 AD
4000 1000 —l-

Big volcanic eruptions |leave
layers of acid and ash which
10 000 1120 —:- are accurate signposts

100 000+ 1200 in time!

"Chronology for DSS Cor

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 radionuclidesgetc
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Impurities( )origin in ice cores

Processes circulation volcanic eruption precipitation
o . deposition human activities mixing
Dry and wet deposition: main processes
I!gﬁgs SUN Earth Systems

1p(r)lc?))zuoed isotopes Atmosphee

marne Stratosphere
souce T T T T T T T S ez T T T . T T T T T T T T"Troposphere T 7 T T T
influences

Long-distance transportation

volcanic
souroe
influences

e T terrestrial
wet deposition oS

nfl
\drydeposition A

97 5l Anthropogench'OSphere

N O3

biomass * ssK 4 SO,
cydng ssNa 1 =0 \ I | .

J Lithosphere
Climate Proxy

NH

dynamics Antarctica ssG nssK vo nssK

. ssMg nss :
nutient 58 H El q Hydrosphee
anthropogenic MSA e —
influences v C

ice sheets/gladers ocean coras lake tree peat

ArCh IVES sediments sediments nngs

(Modified from Oeschger



Antarctic events that changed the world

Recorded in the history books Recorded in Antarctic ice I Ce ‘ O re d ata

44 nations engaged in Antarctic 2020
science as members of SCAR

ks - e - 2016 Carbon dioxide concentrations E ;
N SIS 2 in Antarctica reach 400ppm, O I n I S
Environmental Protocol comes 1998 e () nearly 1.5 times greater than
i\ SRR AR @
PO WG =

into force pre-industrial levels

COMNARP established 1988

Commission for the 1982
Conservation of Antarctic

Marine Living Resources RO \Y o Lead begins to fall in the
LW Antarctic following the

introduction of unleaded petrol'

vy R Detection of DDT used as an .
Conservation on Antarctic Seals AN i) _. : resticde? A T he ICe : 180 ] 170 y 160 ] 1H Og 2D

comes into force

Atmospheric methane
concentration double that seen

for more than 800,000 years 8

Concentration of copper
increased by factor of two,as a
result of copper smelting,
particularly in South America®

T — biological materiale

lead additives in automotive
petroleum

Continental dust, volcanic ashmicrometheoritesand

Antarctic Treaty signed

Scientific Committee on
Antarctic Research (SCAR)

International Geophysical Year
sees beginning of modern
research in Antarctica

Caroline Mikkelsen becomes
first woman to set foot in
Antarctica

lons: CI', NO5, SO, F, H*, Na+, K*, NH,*, Mg2*, Ca2*

Radioactive by-products from
‘above-ground nuclear bomb
tests

PCBs from industrial
production first detected*

Gas in air bubbles: CO,, CH,, O,, N,, SF;.

Amundsen and Scott reach

Radioactive isotopesi®Be,3¢Cl, 219Pb, 32Sij, 14C, 137Cs, °0Sr,

DNA

William Smith first landing on
South Shetland Islands

Ice Properties

| James Watt’s improvement of
the steam engine leads to the
industrial revolution

~1760 Carbon-13/C )
atmospheric CO, changes asa

Do Po Do Do Do I»

Bore hole logging: temperature, geometry

British %
ldx.doi.org!10.101 6/jmicroc.2012.05.018 Antarctic Survey MMiagerBemhard Bereiter/Scripps Institil

ps:/ldx.doi.org/10.1038/srep05848 NATURAL ENVIRONMENT RESEARCH COUNCIL of Oceanographyl[EMPA/University of Bern




climatic and environmental proxies in ice cores

Main climate parameters

proxies

Temperature

di8O0 dD meltlayers

Precipitation

Accumulationrate,36Cl etc

Atmosphericcirculation

Seasalts,continentaldust,etc

Environmental events

volcanoes

tephra ECM  SO,% etc

Solarevents

10Be etc

Seaice extent

Seasalts MSA, IPSQ25

desertification

Dustparticles continentalcrustelements

Biomassburning

LevoglucosamndSurfactanta soot black carbora K+

Ice sheetelevation

Total gascontent

Humanactivities

metals POPS NH,*a SO,>, GHGs,etc




Proxy of temperature (T)
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Lead isotope ratio determination
Sector Magnet

(Vacuum 106 Pa)

Positive lon Source
(Rhenium ribbon ~1300 C)




18 — = 13N
The relationship between and T: P SRR AR = i
Theoretically, the level of the value is related to the 27 77N 4. @52N
condensation temperature when cloud form precipitation. i
However, it is very difficult to accurately know the ® 55N
condensation temperature in cloud. Besides, the snowfall -15 -
process itself is very complex. But, since temperature is

25 -

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 G0 in precipitation and the -35 -
annual average temperature (T).
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Proxy of precipitation (p)
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Precipitation (accumulation rate ) at Vostok reconstructed by (a) 1°Be, (b) d'®O



Proxy of atmospheric circulation strength (continental Ca, Al; marine Na, Cl)
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, Proxy of human Dbeingo6s polluti on

Pb

GREENLAND I _
From the 1750s to 1950s:

~20 fold increase

In the 1960s:

~100 fold increase

massive use of Pb additives

After the 1970s:

sharp decrease

phaseout of leaded gasoline

Direct response to human

activities

0o

.

Measured lead concentration (PG/C)
8
1

5000 _ 3000 ~ 1750 1850 . 1950 1970
BP Age of Greenland ice or snow (years)

changes in Pb concentration in Greenland ice and snow.

From Murozimi et al (1969); Ng and Patterson (1981) and
Boutron et al (1991).

Largescale Pb pollution in the Northern Hemisphere source. 5. Hong
since the Industrial Revolution




Direct record of ancient air

5
380 ; '
® Mauna Loa
® Law Dome
360
? Mawsonl Is
E 340 > 1750Kkm
(o) ) Law Busc.%avh
2
N
8 320 . . Law l)"mc..('asc_\‘

Macquarie Is ‘lMSkm

300

280

Bubble of glacier ice

densificatior
process, logk
air into
bubble




Outline

ntroduction: values ofcryosphericarchives

Dating Is crucially important

Proxies in ice cores

Main findings of ice cores building on our knowledge
. Other media of proxies incryosphericregions

Gaps and prospective: e.g., MPT, TP, warming levels

OOk wWNhE



180°W
Distribution of ice cores In polar ice sheet
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CH, (p.p.b.v.) CO, (p.p.m.v.)

Insolation J 65°N

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
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Strong evidence for GHGs history
(evidence stage-1: glacial-interglacial cycles)
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Petit et al., Nature, 1999



Strong evidence for GHGs history
(evidence stage-2: LGM to Holocene)
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