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Cryosphere provides high-quality

paleoclimate archives

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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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

15

Global Mean
Temperature

Early Eocene

Antarctic Ice

NH lce

100 90

80 70

Millions of years ago

20 10

Years relative to 2020



Up to Oct. 2023




Content

Introduction: values of cryospheric archives

Dating is crucially important

Proxies in ice cores

Main findings of ice cores building to our knowledge
Other media of proxies in cryospheric regions

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

o ok wbdh -



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

— annual cycles of physical/chemical features
— reference layers

— cosmogenic radionuclides

— modelling by flow law

— orbital tuning

— paleo-analogy

— multiple methods combination

— 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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40° N+

reference layers: nuclear bomb tests
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power plant incidents release large
amounts of radionuclides. Investigates
beta () activities of radionuclides from
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m M= A AR <

—_ =

< =

DD(2016)

GLY(2015)

(unypdaqg

—

A)

0t
1

(B)

QT Nol(2014)

HRQ(2015)

Mt.Ortles(2012)

000T

0001

0005

00001

0005T

0000 -

p radioactivity (dph.kg")

Deji et al., 2022



o

Lietal, 2012

-3

® reference layers: Volcano eruption events

o
1886 Tarawera
1884 Krakatoa
817 Tambora

1937 Rabaul

1976 Sub Antarct.
1903 Santa Maria
861 Makjan
1848 Armagura
1836 Coseguina
824 Galunggung
1801 Fuego
770 Cotopaxi
56 Little Sunda Island

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 2
years. Large eruption events such as Tambora, Agung, i

Pinatubo. 0

1965 Agung
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Singular Value of non-sea-salt (nss)SO,% (usually > 2c) considered
as indicator of volcano events;

nss 8042_ = 8042_ (sample) ~ [ (8042_/Na+) (seawater) X Na* (sample) ]

There is 1-2 years’ 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



® cosmogenic radionuclides

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

Origins:
cosmogenic radionuclides : 125, 37Al, 14C, 10Be, 81Kr;
nuclear test: 3H, 137Cs, 90Sr
others: 210Pb

Mostly used are: 210pp, 10Be, 36C]|

(require large ice volume)




® |[ceflow 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 6180
profile and ice flow modelling.

(An-accumulation, H-ice thickness, d-ice divergence)
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® paleo-analogy (&AEM)
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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

10000 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,

paleoc-analogy

bottom section: cosmogenic radionuclides, etc
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Impurities(Z &) origin in ice cores

Processes circulation volcanic eruption precipitaion
deposition human activities mixing

Dry and wet deposition: main processes

I.Eﬁﬁ?ags SUN Earth Systems
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Antarctic events that changed the world

Recorded in the history books

44 nations engaged in Antarctic 2020

science as members of SCAR

Environmental Protocol comes 998

into force

COMNARP established 1988

Commission for the 1982

Conservation of Antarctic
Marine Living Resources

Conservation on Antarctic Seals
comes into force

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

Amundsen and Scott reach

Recorded in Antarctic ice

2016 Carbon dioxide concentrations
in Antarctica reach 400ppm,
nearly 1.5 times greater than
pre-industrial levels

Lead begins to fall in the
Antarctic following the
introduction of unleaded petrol'

Detection of DDT used as an
insecticide?

Atmospheric methane
concentration double that seen
for more than 800,000 years

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

Increase in lead due to use of
lead additives in automotive
petroleum

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

PCBs from industrial
production first detected*

Ice Core data
Ashopplng list

The ice: 180, 170, 180, 'H og ?D

Continental dust, volcanic ash, micrometheorites and
biological materiale

lons: CI, NOg, SO,%, F, H*, Na*, K*, NH,*, Mg?*, Ca?*
Gas in air bubbles: CO,, CH,, O,, N,, SF,.

Radioactive isotopes: 1°Be, 3°Cl, 219Pb, 32Sj, 14C, 137Cs, 98r.

- DNA
William Smith first landing on -
South Shetland Islands I P t
i * Ce Froperties
| James Watt’s improvement of &
the steam engine leads to the 1 %
industrial revolution ~1760 Carbor-13/C
atmospheric CO, changes asa
[ ]

Bore hole logging: temperature, geometry

British _
1/dx.doi.org/10.101 6/j.microc.2012.05.018 Antarctic Survey
ps://dx.doi.org/10.1038/srep05848

o RagerBernhard Bereiter/Scripps Institu®
" of Oceanography/EMPAUniversity of Bern

NATURAL ENVIRONMENT RESEARCH COUNCIL




climatic and environmental proxies in ice cores

Main climate parameters

proxies

Temperature

380, 8D, melt-layers

Precipitation

Accumulation rate, 36Cl etc

Atmospheric circulation

Sea salts, continental dust, etc

Environmental events

volcanoes

tephra, ECM, SO,% etc

Solar events

10Be etc

Sea ice extent

Sea salts, MSA, IPSO25

desertification

Dust particles. continental crust elements

Biomass burning

Levoglucosan and Surfactants. soot. black carbon. K+

Ice sheet elevation

Total gas content

Human activities

metals, POPs, NH,*. SO,%*, GHGs, etc




® Proxy of temperature (T)

818Osample (%0) = (180/160)sample_ (180/160)SMOW

(180/260)smow

radiative heat loss

g~

rrrrrr

lce sheet

Polar continent

6180, 6D
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The relationship between 6 and T-
Theoretically, the level of the 0 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 &80 in precipitation and the
annual average temperature (T).
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ARRERE, RE, BREIRASH+TIESR
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40S 4
375,
77N+ @52N

N. Greenland

® N. Atlantic coastal
+ Island stations

o Greenland

A Antarctica

-

-35 -15 5
Temperature (°C)

25




® Proxy of precipitation (p)

M (=)
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0 50 100 150 (ka BP)

Precipitation (accumulation rate ) at Vostok reconstructed by (a) 1°Be, (b) 880



® Proxy of atmospheric circulation strength (continental Ca, Al; marine Na, Cl)
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® Proxy of human being’s pollution

Measured lead concentration (PG/C)

-
300 [~

100 —

GREENLAND
Pb

0o

changes in Pb concentration in Greenland ice and snow.
From Murozimi et al (1969); Ng and Patterson (1981) and

Boutron et al (1991).

1850 o 1950 1970
Age of Greenland ice or snow (years)

Large-scale Ph pollution in the Northern Hemisphere
since the Industrial Revolution

» From the 1750s to 1950s:

~20 fold increase
» Inthe 1960s:

~100 fold increase

massive use of Ph additives
> After the 1970s:

sharp decrease

phase-out of leaded gasoline
» Direct response to human

activities

Source. S. Hong



® Direct record of ancient air

380 : '
® Mauna Loa
® Law Dome
360
? Mawson®m s
- 340 > 1750km
o . Law Busc.%avh
2
N
8 320 . : Law l)"mc..('asc_\‘
Macquarie Is ‘lMSkm
300
280

Bubble of glacier ice

densificatio
process, lock
air into
bubble
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180°W
Distribution of ice cores In polar ice sheet

(black dots: finished; white dots: ongoing; red dots: planning)



CH, (p.p.b.v.) CO, (p.p.m.v.)

Insolation J 65°N

® Long-term climate evolution, much more detailed than before

CO 2=
Depth (m) 377ppm
3.300 3.200 3.000 2,750 2,500 2,000 1,500 1.000 500 0 in2004
T T T T ¥ i T T T
280 4 /CH.=
260 '1755ppb
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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 180). = 180 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). = 180 isotope of oxygen. *
Solar variation at 65°N due to
en:Milankovitch cycles (connected
to 180).

Wikimedia Commons.




® 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

May 2021: 412PPmv |— @

(evidence stage-1: glacial-interglacial cycles)
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Natural global mean CO2 varies between 180~280 ppbv .
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® Strong evidence for GHGs history
(evidence stage-2: LGM to Holocene)

Atmospheric CO, Concentration

Last Glacial Maximum to present

¥ 410 ppmv
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Marchal et al. 1999
Indermiuhle et al. 1999

35 30 25 20 15 10 5
Thousands of years before present %@ ES
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® Strong evidence for GHGs history

(evidence stage-3: pre-industrial to industrial) T
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410 ppmv

(Etheridge et al., 1998)

High-resolution CO, concentration of last 1000 years, recorded in Law Dome ice core



® Baseline for calculating radiative
forcing of human GHGs emission

The variations of atmospheric carbon dioxide, methane
and nitrous oxide concentrations in the last 10,000 years

and since 1750 AD (insert Figures). The measured values shown

in the figure are derived from ice cores (symbols of different colors indicate
different research results) and atmospheric samples (red line),

and the corresponding radiative forcing values are
shown on the right vertical axis of the figure.
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Shallow cores provide plentiful information of
decadal\centennial\millennial changes of climate/environment

w—— Chile/Brazi

Japan

Sweden

New Zealand

ITASE (International Trans-Antarctica Scientific Expedition)
Traverse Plan



Main insight: changes in recent decades are unprecedented in the last millennia

Temperature Accumulation rate Atmospheric circulation Sea ice extent Environmental
index
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® Warming started from early 20t century
® Warming since 1961 are unprecedented over the last 2000 years
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Temperature variations composited from four Tibetan Plateau ice cores for the past 2000 years



® Precipitation shows significant spatial heterogeneity in different studies.

The regional differences in precipitation patterns between the northern and southern parts of the TP that have occurred in the last
500 years, or on even longer time scales, are the result of dominating monsoons and westerlies
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Reconstructed precipitation variations in the TP over the past 2000 years through (a)
Guliya ice core net accumulation, and (b) Dulan tree ring
(Noz‘e.' The red and blue areas represent dry and wet climates, respectively, with 1961-1990 serving as the base ,oer/'oc/)



Outline

ntroduction: values of cryospheric archives

Dating Is crucial important

Proxies In ice cores

Main findings of ice cores building on our knowledge
Other media of proxies in cryospheric regions
Gaps and prospective: e.g., MPT, TP, warming levels
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Tree ring over cold regions are valuable proxies for

cryospheric changes

Tree rings: rings of different shades of color formed as the speed of cell division activities in
the cambium of the trunk phloem varies with the seasons.
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Fic. 3. Cross section of a typical conifer stem showing: (1) pith, (2) resin duct, (3) earlywood cells (light), (4) latewood cells (dark), (5) an-
nual ring, (6) false interannular ring, (7) cambium, and (8) bark.

Fritts, 1976



Cross -dating and extending time series
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Tree ring measurements in lab

Primary dating




Procedure of isotope ratio analysis of tree ring samples

Cellulose lsotopes
sampling dating cutting (nitrocellulose)
extraction measure

o13C, 880, &D



® Examples of tree ring reconstruction for cryospheric changes

1) glacier mass balance

Mass balance (m w.e.)
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Mass balance (m w.e.)
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Mass balance year
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White bars: winter balance (byy); grey bars: summer balance (bg);
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Mass balance year

black bars: net balance (by); black lines: 5-yr running mean.

Cumulative mass balance (m w.e.)
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Cumulative mass balance of Storglaci&en
glacier through tree ring density. Annual

mass balance (left), cumulative (right)

(Linderholm et al., 2007)



® Examples of tree ring reconstruction for cryospheric changes

2) SNnow cover
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Snow water equivanient (SWE) over Gunnison basin in West USA, reconstructed through tree
ring, indicating obvious SWE decrease since 20t century (Pederson et al., 2011).



® Examples of tree ring reconstruction for cryospheric changes
3) Active layer depth of permafrost

16 TEM -2
.y —— 11 yr smoothing (TEM)
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Tree growth over northeast China Is sensitive to frozen ground temperature, a case
study (above) show that tree ring width can be an indicator of active layer depth of
permafrost (Zhang et al., 2011)
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Unit 1, Active layer
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® manure deposits (multiple indicative elements) in a lake core of Antarctic
Peninsular show penguin population changes in the last 3000 yrs
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During 1800 to 2300aBP, roughly the
minimum temperature of the New Ice Age, the
number of penguins decreased sharply.
Between 1400 and 1800aBP, when the climate
was relatively cool, there were more penguins.
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Outline

ntroduction: values of cryospheric archives

Dating 1s crucially important

Proxies In ice cores

Main findings of ice cores building on our knowledge
Other media of proxies in cryospheric regions

Gaps and prospective: e.g., MPT, TP, warming levels
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1. MPT(Mid-Pleistocene Transition):

Age (kyr

need longer records exceed 1Ma BP
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discontinuous records back to 2Ma, Allan Hills

Antarctic Yan, Yetal, 2019

/ MPT in deep ocean records:
1. 100 thousand cycle Milankovitch theory of last 1Ma

2. 40 thousand cycle during 2.8~1.2Ma

Ice core ‘ evidence for CO, concentration
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2. Tipping point of Earth system: paleo-records are key reference for
future

5 == Stabilizing effects
?spva:tl:,l,.s:ia::) © Tipping Element == Destabilizing effects
© Nonlinear Earth system == Competing effects/Unclear
component
© Tipping element including
Global Feedback on GMT
Nonlinear Earth system

component including
Global Feedback on GMT

N. Wunderling et al.: Climate tipping point interactions and cascades: a review

=== Very limited evidence
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3. Future warming levels (therefore emission) : determine global ice
volume and sea level

b) Committed sea level rise by warming level and timescale
Paleo ranges.
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Warming level of Eemian period (MIS-5e) and its clue for our future
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NEEM ice core indicate:
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bevel change in 2300

IPCC AR5, 2013 &) Global mean sea

relative to 1900
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Summary

® Cryospheric archives provides multiple proxies to climatic and environmental
changes in history

® Dating is critical before explaining

® The present is the key to the past (James Hutton, 1785) : present processes
study is crucial (Zhang Yulan’s talk soon)

® Gaps remain: further information are needed to meet nowadays’ challenges

In science frontier, such as MPT, tipping point, warming level, etc.
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Storyline (§{ZFE%k) :

A way of making sense of a situation or a series of events through the construction of a set of explanatory
elements. Usually, it is built on logical or causal reasoning. In climate research, the term storyline is used both In
connection to scenarios as related to a future trajectory of the climate and human systems or to a

weather or climate event. In this context, storylines can be used to describe plural, conditional possible futures or
explanations of a current situation, in contrast to single, definitive futures or explanations.

Physical climate storyline

A self-consistent and plausible unfolding of a physical trajectory of the climate system, or a weather or climate
event, on time scales from hours to multiple decades (Shepherd et al., 2018). Through this, storylines explore,
Illustrate and communicate uncertainties in the climate system response to forcing and in internal variability.

Scenario storyline

A narrative description of a scenario (or family of scenarios), highlighting the main scenario characteristics,
relationships between key driving forces and the dynamics of their evolution.

IPCC AR6 Glossary



