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=PFL A brief personal introduction

Researcher at CNRS (France) during 32 years

Specialized in past climate and greenhouse
gases (ice core analyses)

Director of the French polar Institute IPEV
between 2018 and 2022

Professor at EPFL since ~2 years ; head of
SENSE research unit

Development of sensors for aquatic
environments

B Intro to environmental engineering
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Outline of the
introduction

= 1st part
» What scientific challenges at the poles ?
* How engineering can contribute ?

= Pause of 15 min

= 2nd part
« A more detailed illustration through ice
core studies

 What future for such science and for the
icy memory of the planet ?

MOSAIC expedition: the Polarstern icebreaker

in Arctic winter. Photo: J. Stroeve

¥

J. Chappellaz






Who already saw a polar bear In its environment ?
M

- "~ Photo: Caters News Agency
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Source: NASA visualization studio.
AMSR-E and MODIS satellite imagery
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=P'L  The poles : Kingdom of the cryosphere
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= Climate: glaciers, sea ice and snow
reflect a large part of the incoming solar
radiation — Hendrik Huwald, Sept. 10th

= Atmosphere: a specific chemistry (ozone
hole, Arctic haze) — Julia Schmale, Nov. 10th

= Oceans: large impact on global ocean
circulation

= Land: lots of organic matter stored in
frozen soils

= Sea level: huge ice bodies lying on
bedrock

= Biology: endemic species, resources
= A planetary memory: ice cores

— Stay tuned ! In one hour

B Intro to environmental engineering
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Main science disciplines at the poles

Credit: IPEV

Geosciences:

= Climate science

= Glaciology

= Oceanography

= Atmospheric physics and chemistry

» Biogeochemistry (cycle of main elements)
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= Geology and resources (energy, minerals)

Credits PNRA
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£PFL Main science disciplines at the poles

Credit: IPEV

Life sciences:

= Biodiversity
= Ecology
» Dynamics of ecosystems

= Impact of acidification/pollutions
Adaptability
= Resources (fishing,...)
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B Intro to environmental engineering

Credits PNRA
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Main science disciplines at the poles

Credit: IPEV

J. Chappellaz

_ Human and social sciences:

Impact and adaptation to climate and environmental
changes

Human health

Anthropology

Economy
= Geopolitics

Wﬁﬁﬁ

Credit: IPEV

Other: Engineering, astronomy/astrophysics, biomedecine

Credits PNRA
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What future sea level ?

= Antarctica: potential for ~60 m of sea-
level increase

Antarctic ice thickness

J. Chappellaz

= «Short term»: Thwaites and Pine Island
glaciers ; potential of ~3 m in a few
centuries

= Greenland: potential of ~7 m

, _ Compared volumes of icy freshwater on Earth
= United Nations expect

~1 billion people
leaving in low-lying
coastal regions by 2050

Antarctica
30 millions de Km3

Arctic
3 millions de Km3

Other glaciers

0,1 millions de Km3
Snow

- 0,001 millions de Km3
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B Intro to environmental engineering

Source :
JB Sallée, Oceanography 2018

What future sea level ?

Change in ice thickness as measured by
satellites between 2003 and 2019

Antarctica Greenland

Warm air

Ll -

Ice shelf shrinks

Potential
of 3m

Change in ice thickness 2003-2019 (m)

Kev mechanism: Interactions between . o 3 A

the Austral ocean and floating ice shelves

Source :
Smith et al., Science 2020
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B Intro to environmental engineering

Polar oceans: Energy and carbon traps

= 90% of the excess energy in the
atmosphere/land/ocean system due to
anthropogenic activities is stored in the
oceans

= Qut of these 90%, 70% is stored in the
Austral ocean surrounding Antarctica

80°N-E == s
@

40°S#

Trapping of excess energy 1022

e TNT <
%\f - r‘,_;_-

80°S

50°E 150°E  110°W 10°W
Longitude

Source :
Frolicher et al., J. of Climate 2015

70%
Austral ocean

-

Arctic

=Y
w

J. Chappellaz



=PrL

B Intro to environmental engineering

Polar oceans: Energy and carbon traps

Trapping of excess CO, PgC

50°E 150°E 110°W  10°W
Longitude

Source :
Frélicher et al., J. of Climate 2015

40%
Austral ocean

D

10% Arctic

= About 25 to 30% of excess CO, due to
human activities are absorbed by the
oceans (a number equivalent to the
continental biosphere)

= Qut of these 25 to 30%, 40% are stored
in the Austral ocean surrounding
Antarctica

=
r

J. Chappellaz



EPFL « The day after tomorrow »:
fiction or reality ?

. Increased freshwater fluxes in the
Arctic (from rivers and Greenland
melting) could increase ocean
THE DAY AFTER stratification and reduce heat
TOMDODRRDW
transfer in the North Atlantic

= Regional cooling

= Models do not agree on timing
and strength of the phenomenon:
could be a reduction of 6 to 8 Sv*
in the coming centuries,
compared with a flux of ~30 Sv
today

B Intro to environmental engineering

*1 Sv (Sverdrup) = 1 million m3 of water flow / sec

Surface ocean circulation

Deep ocean circulation
b

Source : Spilhaus projection,
M. Meredith, 2019

Source : The Daily Digest
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=PFL  Carbon release from permafrost *

* Include twice the amount of carbon of the atmosphere
 Increased melting + forest wildfires

« Can generate additional greenhouse gases CO, or CH,
(depending on local hydrology)

« Even with a mean global warming of +1,5°C, one
expects 100 to 200 Gigatons* of extra CO, in the
atmosphere from this process

* Current anthropogenic emissions : ~40 Gt of CO, / year

B Intro to environmental engineering

Source : US Geological Survey

Source : Abbott et al., Front. Environ. Sci. 2022
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PFL  Climate tipping points: the poles do matter...
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Intro to environmental engineering

Pressure on biodiversity

Photo: IPEV

= Due to overuse of resources (fishing), to pollution
(air, land, water), to land use (Arctic), to climate

change

IPCC scenarios (future of Antarctic sea ice)

1950 2000 2050 2100

= Example: Many colonies of Emperor penguins

could disappear by 2100

Projection of Emperor
penguin colonies for 2100

......

O, Pacific

Source : Jenouvrier et al., Nature 2014
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Outline of the
introduction

= 1st part
» What scientific challenges at the poles ?
« How engineering can contribute ?

= Pause of 15 min

= 2nd part
« A more detailed illustration through ice
core studies

 What future for such science and for the
icy memory of the planet ?

MOSAIC expedition: the Polarstern icebreaker

in Arctic winter. Photo: J. Stroeve
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B Intro to environmental engineering

How engineering can
contribute ?

Science at the poles is largely a science
of observation

Satellites are great but not enough: one
needs ground-truthing

Sensors to document the physics,
chemistry and biology of the polar
environments

Vectors to move around the sensors

Al and machine-learning to get the
maximum out of data

Toward more citizen science (in the Arctic)

Photo: J. Chappellaz, GreenFjord expedition 2024

J. Chappellaz



=PFL  Robotics : example of Saildrone

SNAILLORONE=

Intro to environmental engineering
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=PFL  Robotics : example of Saildrone
: Saildrone Sensor Suite %

S CO, fluxes in the Austral ocean
Specifications . .
Lengt 7m over 196 days of self-navigation

Height: 4.6 m (above water line)

Depth: 2m

Weight: 545 kg, (fully loaded) : ‘ ( MR
Speed: Transit - 3 Kt, Max - 8 Kt 2
Payload Power: 30W Steady state
Payload Capacity: 100 kg

Max deployed duration: 12 months
Longest voyage: 16,100 km

South
America

Atmospheric Measurements t\—J/)o Oceanic Surface Measurements

Wind Speed Wave Hoight & Period | 10 Dual GPS & IMU 50w
1) Anemometer @ +5.0m NSl Vectornav / KVH
Gill WindMaster 3D Ultrasonic 20Hz &= =
Wind Direction -~ i ]
3)) Sunshine Pyranometer ® +2.5m | SomatarpCO.A0H, §
= - Delta-T Devices SPN1 =
Infr s“,,’;"g"f," Dissolved Oxygen || €0, System
nfrared Radiation 3) Prrseometer <0.7m ) J PMEL ASVCO; @ -0.5m
Eppley PIR 11 Honeywell Durafet @ -0.5m
( \ Aanderaa Optode @ -0.5m
- T L
Air Temperature | Waker Tenpoatire’ Sea-Bird Scientific SBE PRAWLER @ -0.6m
4 ) Meteorlogical Probe ®+2.4m g
Rotronic HC2 - 53 with rad shield \
o Humidity Salinity H
g k: )
s i vaia ) Disital Barometer © +0.3m SE— South Pacific ) ﬂ
o) Vaisala BAROCAP® PTB210 | Magnetic Field —— 12 Magnetometer Ocean ) N
c 3 J Barrington MAG 648 )) \
£ New N
(<)) Air pCO, 6  CO, System ® +0.5m Zealand
c 2 ( | SST IR Pyrometer @ +2.2m ]
S PMEL ASVCO, | Skin Temperature 0 1 eitronics KT15 1 . Australia
S o = I -~ pmel.NOAA.gov
c ceanic Subsurface Measurements Chia .
@ L - | aaEE——— |
£ e ADCP @ -0.3m — ASVC@ CO,uptake €O, outgassing
Ocean Current Fluorometer and Backscatter @ -0.2m 2. 2up 20Utgassing
g Teledyne RDI 300 kHz Workhorse Sentinel ‘IV:DOM Concaﬂ(mllot\ ——14 Sea-Bird Scientific WET Labs Eco Triplet Aetenanen Surtoce Voo COy Jrmne
4
= Marine Mammal Passive Acoustic Recorder ® -1.3m (
c Presence Sciences Inc. | Red
(0]
e Fish Biomass | water Temperature |
ish Bi ; | water Ter o |
o ;‘,:fk':g'::,;;r”""d" ®:1:8m R ) 45 Thermosalinograph CTD ® -0.6m X
£ . —_— Teledyne RDI Citadel TS-NH Source : NOAA PMEL Carbon Program
=] Multi-beam Sonar @ -1.8m \
= Bathymetry Norbit IWBMS Salinity |-



=PFL  How to document processes below ice shelves ?

= Need for autonomous submarines with embedded sensors

Intro to environmental engineering

Which can be recovered...

J. Chappellaz



=PFL  How to document processes below ice shelves ?

Underwater vehicle gne
missing under a glacier

Published 31 January 2024 at The Faculty of Science >

¥ | The unmanned underwater vehicle Ran has gone miasingJ

I under a glacier in Antaretica.|The vehicle, owned by the
University of Gothenburg, is one of three similar in the whole

world that is used for research and has contributed to

important knowledge about the so-called Doomsday Glacier.

= Need for autonomous submarines with embedded sensors

Intro to environmental engineering

Which can be recovered...

J. Chappellaz



=PFL  Animal-bome telemetry: double-win (oceano & ecology)

J. Chappellaz

MEOP-CTD dataset : 543672 profiles, 188 deployments, 1274 tags

AUSTRALIA
BRAZIL
CANADA
CHINA
DENMARK
FRANCE
GERMANY
NORWAY
SOUTH-AFRICA

1T A

Latitude

-

° 208

s = Make profit of marine mammals and -

§ seabirds 60S 3

£ = Getimportant data in the ocean while e e oy oo o
o better understanding their behavior Longitude

Source: Harcourt et al., Frontiers in Marine Science 2019



£PFL  Animal-bome telemetry
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A typical diving day !

i - ' Antarctic
)\ ’ ‘ 2 i coast

-200

-400
L
—

-600

‘ Kerguelen

-300

mar. 0500 mar. 1000 mar. 1500 mer. 20.00 mer. 01:00 mer. 06:00 e— Y Ocean temperature
Dive 85 Roll ()

Source: CEBC/CNRS

Elephant seals

Mean Diving Depth: 500m 0 -
SN Vg
(max 2000 m) S )

Mean Diving Duration: 21 mn \ '_//:/ i

190 = A remarkable source of marine
information in the Austral ocean !

Mean Surface Interval: 2-3 mn

(w) ydep
=
<?

50

2007
, g
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B Intro to environmental engineering

Latitude

Animal-bome telemetry

90°W
Longitude

Source: MEMO Observatory, CNRS

AUSTRALIA
- BRAZIL
CHINA
FRANCE
GER-ZAF
GERMANY
NORWAY
UK

Antarctic

Ocean temperature

Source: CEBC/ CNRS
A remarkable source of marine
information in the Austral ocean !

80% of oceanographic profiles South
of 60°S

98% of oceanographic profiles under
Antarctic sea-ice !
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B Intro to environmental engineering

Animal-bome telemetry: what’s next ?

Source: University of St Andrews, Scotland

Constraints:

« Size

« Limited energy supply
 Cold environment

* Pressure

Optimization of data acquisition,

What is measured today by these tags ? processing and transfert
Biotelemetry : Argos Transmitted ! Biologging : Archived (the tag
(2-4 profiles/day), Real time needs to be recovered)
*  Depth *  Depth (1Hz)
*  Temperature *  Temperature (1Hz)
+  Salinity (1Hz) «  Salinity (1Hz)
*  (Fluorescence) *  Fluorescence, (1Hz 4/profiles per day)
»  Dissolved oxygen » Dissolved oxygen (1 Hz, 4 profiles per day)

« Light (1 Hz)
*  Accelerometer (12Hz)

J. Chappellaz



=PFL  Animal-bome telemetry: what’s next ?

J. Chappellaz

Loggers on albatross:

» Track radar signals from
unsignaled boats

* Combined with GPS, help to
localize illegal fishing

* Next: e.g., document Dimethyl
sulfide concentration in
marine boundary layer ?!

m— EEZ Boundary .

| 2004 Sample size:
Males: 4 birds
204.7 tracking days

Photo: A. Corbeau, CEBC, CNRS

B Intro to environmental engineering

Source: US National Marine Sanctuaries
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B Intro to environmental engineering

How engineering can contribute to
greening polar science ?

Examples of environmental impacts:

o ® © 6,

Carbon Black Invasive Waste Microplastics
emissions Carbon species management

9 0o O

Wildlife Noise Water Soil

disturbance Pollution consumption degradation

Source: Elshout, Chappellaz et al., European Polar Board Report
DOI: 10.5281/zenodo.7907235

« Working in polar regions is challenging and has a significant environmental impact
« Engineering needs for cleaner research stations and logistics

[
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Intro to environmental engineering

Today’s science In Antarctica

Belgrano Il
rgzei T S - » 68 operational stations
Taishan 4 .
» 40 working all-year round
L4 ®  Amundsen-Scott South Pole .
: » Population:
WAIS Divide Vostok . .
¥8yrd Surface Shackleton Glacier Camp BungedQas 5] - ~1 000 in W|nter
Siple Dome
g Concordia w”‘kms - ~5000 |n Summer

McMurdo Mid Point
D85 Skiway cam
35 y camp

Source: Secretariat of the Antarctic Treaty

29/11/2023 18:00:02 1:48,570,801
0 500 1,000 2,000 mi
Facilities (Updated 16/02/2023) e e U )
0 500 1,000 2,000 km
® Seasonal Source: Earthstar Geographics
Year-Round

COMNAP

Source: Earthstar Geographics |

[
-

J. Chappellaz



| mgm [ 3
£PFL  More sustainability : automated stations ’
Example : Halley VI winter-over station in Antarctica %

Fully automated station built by the British Antarctic Survey
Automated ozone measurements

Exhaust Outlet —i Recuperator

Compressor

Generator F Fuel Injector

Combustion Chamber

Air Bearings

Turbine —— Recuperator Housing

Space weather, atm. chemistry, meteorology, GPS stations

Containerised Capstone C30 Micro-turbine

B Intro to environmental engi

From J. Eager, COMNAP Meeting 2019
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B Intro to environmental engineering

Clean and mobile energy : A Swiss startup

)~
TWINGTEC

WIND ENERGY 20

| o -
-
| o - k]
- 5%
- -

Courtesy : Rolf Luchsinger, co-founder

w
-
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=PFL  Clean and mobile energy : A Swiss startup

1. Launch (VTOL') 2. Produce Electricity 3. Land (VTOL)

>300m

Vind Altitude

“ / Pumping
- 150m / Cycle

Ground Station
with Generator

4]

B Intro to environr

Courtesy : Rolf Luchsinger, co-founder
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Take-home messages

Science in polar regions matters a lot for
society: future climate, sea level, ocean
circulation, carbon cycle, biodiversity,
Indigenous People and knowledge

One nee_ds more observations in these
demanding environments, through smarter
sensors and vectors

One needs greener science at the poles

There is an exciting future for engineers
motivated by such extreme (and fascinating !)
environments

MOSAIC expedition: the Polarstern icebreaker

in Arctic winter. Photo: J. Stroeve
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Sclience at the poles

Anice core lllustration

undation
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Who already hes

Photo: Ricardo Selvatico
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Who aI@aw hada chgnce_io visit an]oécore lab?
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Photo: Sarah Del Ben
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Intro to environmental engineering

Earth and human history recorded in ice cores

CLIMATE

6180 and 6D of H,0,
CH,, CO,, N,O, 65N in
NO;

BIOMASS BURNING

Black Carbon, K*, organic
acids, sugars ...

INDUSTRIAL
POLLUTION

$0,%, NO; trace metals,
radioactivity, S-N-O isotopes

CONTINENTAL DUST,
DRY EVENTS

Dust, ions, trace metals ...

VOLCANISM

SO,%, pH, particles,
A%3S & A0 in SO

BACTERIA ?
VIRUS ?
OTHER ?

'S
S
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=PFL  How polar glaclers record past temperature changes ?

Intro to environmental engineering

90°
Global water cycle:

= QOcean evaporation followed by atmospheric
transport

= The colder the air, the less water vapor content

» Progressive depletion of heavy isotopologues
(H,'0, HD'®0) during consecutive precipitation
events (phase change)

= This so-called “Rayleigh distillation” leads to a
linear relationship between the snow/ice isotopic
composition and surface air temperature

. : Antarctica _ _
Temperature [(°C) Temperature (SC)
- -50 -4 -3 =20 -0 L] -l -50 =4l =30 -2 -10
o r
HD'60 $8{m H,180

4 -200

I (el

4 300

1 =i
¥=6.34x - 62,71

R =091

= <500

8180 values

Source: Pekar and Lear, USGS Report, 2007

(%)

Source: Masson-Delmotte et al., Journal of Climate, 2008

~
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Intro to environmental engineering

« Air molecules diffuse through
the porous snow and firn

« Get trapped into bubbles when
firn transforms into ice

- 1 kg of ice contains ~100 cm?
of air

recorder of past atmospheres

Atmosphere

Depth

Surface —

0.1m —

|
(open porous)

irn

Ice with

air bubbles

Recent
A

sSnow

PURIL Y

recent air
A}
' .
. Ice is several
hundred to

thousands of
years old

Ice Source: J. Aagaard, 2015

Tt

s b
& a

y o , »
"5, Photo: Peter Neff
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Goingbackin tini ;

- Glaciers are made of
consecutive snow falls

+ Ice flow is zero at domes: only
vertical component (thinning)

« Thick glacier + small annual
N snow accumulation rate

— Ancient ice

+ Oldest ice core drilled so far:
European drilling EPICA at
Concordia station (Antarctica):

— 800°000 years

Ice core site
Thicker

annual
layers

Annual layers
thinned

Source: Ruddiman, 2001

-~

Photo: Rob Mulvaney
B ‘ »

»
=
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20 years of deep drilling operations in Antarctica and Greenland

o5 oomane

g

A
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\
(4%
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Source: Johnson et al.,
The Cryosphere, 2021
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500000

Source: Nagler et al.,
Remote Sensing, 2015
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Photo: Todd Sowers

Hole No. 4G .

3 R Hole No. 5G
B No.4G L ﬂ ﬂ
TELGA-14M TELGA-14M TELGA-14M
2m 20ma o 120m
167m) 279 m
R S
752m

Source: Johnson et al.,
The Cryosphere, 2021

-2500000 -2000000 -1500000 -1000000

-3000000

20 years of deep drilling operations in Antarctica and Greenland

Camp Century

NEEM

@ EastGRIP

NorthGRIP

GISP2

GRIP

Surface velocity [ma™]

500000

Source: Nagler et al.,
Remote Sensing, 2015
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European Project for Ice Coring in Antarctica (EPICA)

J. Chappellaz

T S L

Concordia Station - Dome C
75°06°S 123°23°E
1999/2000 : tubage 112m=—=) 3233 m of altitude
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EPFL  Greenhouse gases: Swiss and French analytical breakthrough in the 1980s
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ANTARCTICA

®South Pole

[
o o
o o

CH, (ppbv)
o
S

400

Intro to environmental engineering

Age (années)

EPICA project : 800,000 years of greenhouse gas history

L Antarctic temperature
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Jouzel et al., Science 2007
Liithi et al., Nature 2008
Loulergue et al., Nature 2008
Schilt et al., EPSL 2010

3200 m
of depth
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Ice cores + climate models: deciphering past climate dynamics

Quaternary climate change:

= Solar radiation redistribution with seasons and latitudes (pacemaker at high northern latitudes)
» +2.6 * 0.5 W/m? between glacial and interglacial periods from the combined effect of CO,, CH, and N,O

=  +3.5+ 1 W/m? from the albedo effect (snow, ice and vegetation)

=  +0.5+1 W/m?2from dust and aerosols

Eccentricity

Obliquity

Eccentricity
Precession index
T ] T '[ T
200 400
Time [ka]

19

I 1 I 1 l 1 I 1 I [ 1 I i I 1 I L l I 1 l 1 I 1 1 I
: - L G
W 8

0 004 008
Frequency [1/kyr]

Source:
https://www.cyclostratigraphy.org
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An important contribution to IPCC reports since 1990

CLIMATE CHANGE

CLIMATE CHAN ; l fl-
The Science of Climate
J @ Contribution g

s CLIMATE CHANGE 2001

Intergovernmental

INTERGOVERNMENTAL PANEL On ClimaTe change

WORLD METEOROLOGICAL ORGANG = _" % 9 .
INTERGOVERNMENT. e — : & § e Ipcc

Climate Change 2021
The Physical Science Basis

@») Working Group I Contribution to th¢
- Report of the Intergovernmental Panel:

Summary for Policymakers, Technical Summary ¢

B |

be
YARN P
\lt;," ;J\; \‘f " v WORKING GROUP | CONTRIBUTION TO THE

N W\ e y ASSESSMENT REPORT OF THE

s ‘L = ey £ RETH 5 o Working Group | contribution to the
wMo UNEP INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE ixth Assessment Report of the

Intergovernmental Panel on Climate Change
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EPFL  Some engineering work: improving sample throughput and precision
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2 ice samples / day

Photos: J. Chappellaz

1995 (&= _" Ll
7 ice samples / day . #
g Y 'l*lﬁ' iflf',)»}'; 3 0f

it

2001
11 to 22 ice samples /day
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EPFL  Rapld climate change and atmospheric methane : a time resolution problem

5[ [ : [
Greenland climate
8 19
2
m5 -40
o
-45
A Strong convey.or.b\e/:/t .B;Neak conveyor belt 700 AtmOSpheriC CH4
armer Cooler
. >
Source: Rahmstorf, Nature 2002 '8_ 600}
Q
T i
e T 500
2 = CH, covaries with Greenland temperature 400¢
£ swings during the last glaciation 300
§ = What amplitude ? 10 20 30 40 50 60 70
= .. .
5 = What timing with respect to Greenland T°? 10,000 Age [ ka b2k, converted to GICCO5 80,000
g = What speed of change ? years years
= ago Source: Wolff, Chappellaz et al., ago

Quaternary Science Reviews 2010

J. Chappellaz
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EPFL New technological approach : laser spectroscopy + membrane extraction

J. Chappellaz

. Optical Feedback Cavity Enhanced Absorption
Spectroscopy (OF-CEAS)

=, | PDsignal . Sensitivity of ~¥10° per cm !

. Small optical cavity (~ 10 cm3), small sample size

. Custom-made interface to continuously extract
air bubbles from a 32x32 mm ice slice

current ramp

Variable
translatio
attenuator

DFB diode laser

Source: Morville et al., Patent 2005

2% of absorption em

L =385 000 km

Intro to environmental engineering




EPFL New technological approach : laser spectroscopy + membrane extraction

J. Chappellaz

. Optical Feedback Cavity Enhanced Absorption
. Spectroscopy (OF-CEAS)
=, | PDsignal . Sensitivity of ~¥10° per cm !
. Small optical cavity (~ 10 cm3), small sample size
LD current ramp . Custom-made interface to continuously extract

I o_ air bubbles from a 32x32 mm ice slice
@

Variable
attenuator translatio
% DFB diode laser

P D Source: Morville et al., Patent 2005
ref

F (2 () EE
loop L6
Nafion

peristaltic pump with
Source: Chappellaz et al., CP 2013 E) pump rate x in ml min! pressure / flow controller @ vacuum pump

Intro to environmental engineering



EPFL Laser spectroscopy applied to CH, measurementsin ice
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Source: Chappellaz et al., CP 2013

Intro to environmental engineering

= June-July 2010 at the NEEM camp : One million data points over 900 m of freshly drilled ice core !
= Sensitivity of the CH, cycle: 5 to 18 ppb increase of CH, per °C
= Rate of change up to 2.5 ppb per year (~ direct atmospheric observations between 2000 and 2005)



L

PF

B Intro to environmental engineering

L

Outline of the
introduction

= 1st part
» What scientific challenges at the poles ?
* How engineering can contribute ?

= Pause of 15 min

= 2nd part
« A more detailed illustration through ice
core studies

 What future for such science and for
the icy memory of the planet ?

MOSAIC expedition: the Polarstern icebreaker

in Arctic winter. Photo: J. Stroeve

¥

J. Chappellaz
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Intro to environmental engineering

New tracers of physical, chemical and biological processes on land, ocean, atmosphere
Recent example: CF, in air bubbles could be a tracer of global continental weathering

Access to isotopic fingerprint for source/sink appointment: question of sensitivity

Example: 17O of carbon monoxide may track changes of the oxidative capacity of the
atmosphere (its self-cleansing ability). But today, need for 100s of kg of ice !

Photo: T. Vergoz

(-3
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Intro to environmental engineering

An example' Krypton 81 and Ice core datmg

Krypton-81 is produced by cosmic rays in the upper atmosphere

It is incorporated in air bubbles in ice together with other Krypton isotopes

Radioactive (Beta decay). Half-life of Krypton-81: 229,000 years — good dating
potential in the 50,000 to 1,500,000 year range

Krypton concentration in the atmosphere: 1 ppm (parts per million)
Krypton-81 abundance: 5.10-13 of the 1 ppm ! — counting Krypton atoms !
1988: 10 tons of ice for one measurement

Today : Atom Trace Trap Analysis ATTA brings sample size down to 50 kg !

Photo: Argonne
National Labs

(-3
N
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Intro to environmental engineering

New tracers of physical, chemical and biological processes on land, ocean, atmosphere

Recent example: CF, in air bubbles could be a tracer of global continental weathering

Access to isotopic fingerprint for source/sink appointment: question of sensitivity

Example: 7O of carbon monoxide may track changes of the oxidative capacity of the
atmosphere (its self-cleansing ability). But today, need for 100s of kg of ice !

There is ample work for engineering development !

Photo: T. Vergoz
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EPFL But the library is buming... ,
T 1865 Adolphe Braun - © ETH Library / ociazione Ma OMICro - onthetmiloﬂheglacié*om“ ::%

Aletsch Glacier

Switzerland

Intro to environmental engineering
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Intro to environmental engineering

Low Latitudes (16) &
Southern Andes (17)

Low Latitudes (16):

A. Tropical Andes
B. Mexico

C. East Africa

D. New Guinea

SAEE
(

But the library is buming...

Arctic (3-9)

Antarctic and < .
Subantarctic (19): 5 North Asia (10):
A.  West and peninsula . m : O A. Altay and D. Bulunsky
B. South Georgia Glaciers 100 1,000 10,000 Sayan E. Cherskiy and
" and Central Islands  (mini “ta 1@ =08 =08 03 0.0 03 08 Glacierized area (km?)  B. Ural " Suntar Khayata
C,E. East (rinivoee) Mesin elevation changoirate C. North Siberia F. Kamchatka Krai
D Kerguelen and for 2000-2019 (m yr™)
Heard Islands Source: Hugonnet et al., Nature, 2021

Altitude loss of glaciers between 2000 and 2019

J. Chappellaz



=P*L  Mountain glaciers are important for regional information

J. Chappellaz

Log scale... lllustration with atmospheric
lead (Pb) in the Alps:
Colle Gnifetti (Monte Rosa,
Switzerland) ice core record
over the last 2000 years
0 A
- |
5" }. | 1 | "\ ‘”\ lﬁ M ‘ f
e Al L w
2 g g || ‘v‘\ N‘ \’”\‘ ST ui H‘ ‘“ U\ W w ” '} HW \\ ’ ‘
g g :“;L x‘, \ \J VUL (il w WK ‘,\4, ‘\ JMM h |
2 s 1 \
Poe ‘s N l\' 1
= WiE Beginning
g ] g;:l?ament
.é 0 Black Death pandemic —»‘“
% 10 ] 1349-1353 C.E.
é 1 1(I)O 2‘00 3(;0 4(l)0 5(])0 630 7(I)D 880 9&0 10]00 1 1100 1200 1 3]00 14100 1 S|00 16l00 1 7]00 1 EIOO 1900 201)0
Year (C.E.)

Source: More et al., GeoHealth, 2017
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EPFL Ice Memory objective:
Collect ice cores from 20 endangered glaciers in 20 years

J. Chappellaz

ICEM\
MEMORY

ueirenies Foundation

Drilling at Nevado
Illimani, Bolivia

6300 m of altitude

Intro to environmental engineering

Photo: Sarah del Ben




=PFL Ice Memory objective:
Create a dedicated sanctuary in Antarctica for generations to come

W

J. Chappellaz

MEMORY

Sreterds Foundation The best
natural freezer
in the world !

Intro to environmental engineering

Photos: Rocco Ascione
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ICE
MEMORY

ueirenies Foundation

Intro to environmental engineering

Ice Memory: success so fa
ICE MEMO ERFORMED DRILLING OPERATIONS

Col du Déme, Alps
France
2016

Colle del Lys, Alps
Italy
2023

Grand Combin, Alps
Switzerland
2020 unachieved

Ilimani, Andes
Bolivia
2017

ANTARCTICA el

ndters Doman

r, but more to come

Holtedahifonna
Svalbard, Norway
2023

Belukha, Altai
Russia
2018

Elbrus, Caucasus
Russia
2018

Colle Gnifetti, Alps
Switzerland
2021

Kilimanjaro
Tanzania
2022 unachieved

<+

Antarctica

Natural long-term storage
of heritage ice cores for future generations
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=P7L  Take-home messages
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» Glaciers are a memory book of our planet

* Those in polar regions provide fundamental
information about natural climate changes
and their mechanisms on long time scales

* Those from mountains ‘s.horterti_me scale)
complement the regional information, in
particular for tracers having a short
atmospheric lifetime: key to constrain, e.g., the
amplitude of anthropogenic pollutions

» Glaciers (includin? at the poles) are under
threat and we will loose forever this unique
environmental memory book

* We need a new generation of scientists and
engineers to develop the analytical Photo: British Antarctic Survey
methodologies of tomorrow

B Intro to environmental engineering






=L IIE/ALPOLE and Antarclica

CRYOS (Michi Lehning) :

mass balance

« SNOWPACK model coupled to climate models

ECEO (Devis Tuia) :

Location of Antarctic blue ice areas

Multi-sensor satellite observations and deep
learning algorithm

Intro to environmental engineering
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prediction values
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=L IIE/ALPOLE and Antarclica

EERL (Julia Schmale) :
« Atmospheric physical and chemical processes
* ACE circum-Antarctic expedition 2016-2017

* ORACLES project (2023-2028) Swiss NSF : role
of cloud particles on Antarctic surface
temperature warming

RIVER (Tom Battin) :

Organic carbon storage under the Antarctic ice
sheet and its loss through glacier calving

Intro to environmental engineering
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=rrL [IE/ALPOLE and Antarctica

J. Chappellaz

MACE (lanina Altshuler) :

* Microbial communities of Antarctic
nunataks, as analogs of past environmental
conditions on Mars

SENSE (Jérome Chappellaz) :

Ice Memory initiative to safeguard ice cores in
Antarctica, from vanishing glaciers worldwide
(endorsed by UNESCO)

Intro to environmental engineering

MCEN\O RY
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=L ENAC/ IIE and Antarctica

LTE (Alexis Berne) :

* ERC Synergy Grant AWACA (2021-2026) :
Antarctic precipitation

* Autonomous stations inland for in-situ
observations

Additional insights from satellites

ﬁ‘ WP3 Cloud and Precipitation
P N characterization through
Remote Sensing

layer processes

Intro to environmental engineering

WP1 Innovative instrumentation
adapted to Antarctica

WP3 Interplay between isotopes;
precipitation and boundary

WP4 Atmospheric model development

“" LMDZ -M{AR 4 v“ —

PRESENT

WP2 Original instrumented
coast-to-Plateau transect

WP4 Circulation and

climate reconstruction

WP4 Scenario ensemble
and SMB prediction
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=
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Intro to environmental engineering

LAPI (Athanasios Nenes) :

* Ice crystal nucleation in summer clouds along
the Antarctic coast :

* Flights in the Weddell Sea

* Measurements of alkylamines from seawater
and in the atmosphere along the Antarctic
peninsula

Average total N- |
esmalyte (M)
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