08:30-09:00
)9:00-09:30
)9:30-10:00
10:00-10:30
10:30-11:00
11:00-11:30
11:30-12:00
12:00-12:30
12:30-13:00
13:00-13:30
13:30-14:00
14:00-14:30
14:30-15:00
15:00-15:30
15:30-16:00
16:00-16:30
16:30-17:00
17:00-17:30
17:30-18:00
18:00-18:30

DAY 1
Monday, July 22nd

DAY 2
Tuesday, July 23rd

DAY 3
Wednesday, July 24th

DAY 4
Thursday, July 25th

DAY 5
Friday, July 26th

DAY 6
Saturday, July 27th

Welcome

Polar hydrography and circulation

Observations (Waterman)

Atmosphere-ice-ocean interactions

Sea ice (Bitz/Smith)

Ocean-ice sheet interactions

Biogeochemical processes

(Waterman/Chidichimo) (Kushner/Bracegirdle) (Myers/Colleoni) (Frenger/Tedesco)
Break Break Break Break Break Break
Polar hydrography and circulation _ : : Atmosphere-ice-ocean interactions : . _ Ocean-ice sheet interactions Biogeochemical processes
(Waterman/Chidichimo) w2 Ll (Kushner/Bracegirdle) EEaluEll SRz (Myers/Colleoni) (Frenger/Tedesco)
Discussion Discussion Discussion Discussion Discussion Discussion
Lunch Lunch Lunch Lunch Lunch Lunch
EMODnet and data
management
Research projects Social activity (snorkeling and Research projects
Research projects boat tour in the marine reserve Research projects
area)
Research projects
Posters and drinks Posters and drinks

Dinner?

Dinner?

———
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The ocean’s role
In mitigating
climate change




https://en.wikipedia.org/wiki/South-up_map_orientation



Hamburg, #@Tmany

https://en.wikipedia.org/wiki/South-up_map_orientation
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> “Diplom” (Bachelor/Master): Meteorology, Hamburg University
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Hamburg, #@Tmany
"Diplom” (Bachelor/Master): Meteorology, Hamburg University
hy, Dalhousie University, Hallfa)g, Canada
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Zurich, Svwa#2erland
> PhD: Oceanogrophy, Marine Biogeochemistry, ETHZ
> Southern @tean, mesoscale eddies,

cruise: A13.5, insights in situ observations
o

Al

Depth (Pressure) [m]

i T https://en.wikipedia.org/wiki/South-up_map_orientation
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> Postdoc: Oceanography, Mar/ne B/ogeochem/stry
> Modellin
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» Postdoc, research scientist on soft money :’/

A The ocean’s role
In mitigating
climate change
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Bilogeochemical processes
and their physical drivers part |




Marine biogeochemistry

What is it concerned about:

Processes, that drive element cycling in the ocean
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BACKGROUND

> elements of interest
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BACKGROUND

Processes:
zInterface ocean-atmosphere (source/sink)
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BACKGROUND

Processes:
zInterface ocean-atmosphere (source/sink)

>Interface ocean-bottom (source/sink)
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BACKGROUND

Processes:
7Interface ocean-atmosphere (source/sink)

>Interface ocean-bottom (source/sink)
#interior ocean (source/sink)
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BACKGROUND

Processes:
7Interface ocean-atmosphere (source/sink)

2>Iinterface ocean-bottom (source/sink)
< i | #interior ocean (source/sink)
11 . “nterior ocean (transports, mixing)
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Marine biogeochemistry

Why do we care



BACKGROUND

2 carbon cycle -> climate
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BACKGROUND

2carbon cycle -> climate
>nutrients, oxygen -> marine life; coupling to carbon -> climate
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BACKGROUND

> “complex”
> a few aspects here
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Have you worked with biogeochemical variables before?
Analyzed, interpreted eftc, such as ...

> carbon

> plankton
> ...

7






BACKGROUND

> plankton, primary production
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phytoplankton produces organic carbon ...

Inorganic C
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phytoplankton produces organic carbon ...
transferred to the ocean interior ...

Photosynthesis

o
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phytoplankton produces organic carbon ...
transferred to the ocean interior ...
respired/remineralized back to inorganic carbon ...

Pahlow et al, 2020

Photosynth‘eSis

o
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BACKGROUND i\ w 7 ; -

> phytoplankton produces organic carbon ...
> transferred to the ocean interior ...
» respired/remineralized back to inorganic carbon ...
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BACKGROUND b R ; ,

> phytoplankton produces organic carbon ...

> transferred to the ocean interior ...

> respired/remineralized back to inorganic carbon ...
> brought back to surface and exchange to atmosphere with circulation/mixing ...
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BACKGROUND ‘. ;

> phytoplankton produces organic carbon ...

> transferred to the ocean interior ...

> respired/remineralized back to inorganic carbon ...
> brought back to surface and exchange to atmosphere with circulation/mixing ... %
> Interest in carbon stored in the ocean interior? -> Aflux vs Areservoir
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BACKGROUND L s ;

> phytoplankton produces organic carbon ...

> transferred to the ocean interior ...

> respired/remineralized back to inorganic carbon ...

> brought back to surface and exchange to atmosphere with circulation/mixing ...
> Interest in carbon stored in the ocean interior? -> Aflux vs Areservoir; carbon chemistry

phytoplankton 5 T
*’:é Small g Lo
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>hisholm et al, 2000 Biology Physio-chemical



“History-one-liner’:
Marine biogeochemistry “lags” physics/dynamics



Earth system model development
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BACKGROUND

“History-one-liner’:

Marine biogeochemistry “lags” physics/dynamics
» Modeling

» Observations, e.q., Argo




Background
Characteristics
Global relevance

Anthropogenic climate change



CHARACTERISTICS

Differences. e.q.,
2 Arctic: ocean enclosed by land
» Antarctic: land enclosed by ocean

Similarities, e.q.,
> Sea ice ...

https://www.ipcc.ch/srocc/chapter/chapter-3-2/



CHARACTERISTICS

Polar oceans
2 phytoplankton

Chlorophyll Concentration

(mg/n’)

[
C.01 .15 20
July 2002

https://earthobservatory.nasa.gov



CHARACTERISTICS

Polar oceans
2 phytoplankton:
seasonality, blooms

0.01 0.15 https://earthobservatory.nasa.gov



What does phytoplankton need to grow?
(“‘growth” or “limiting” factors)

In polar oceans?



CHARACTERISTICS

Polar oceans

2 phytoplankton:
seasonality, blooms

> what does phytoplankton
need to grow? (“growth”
or “limiting” factors)?
In polar oceans?

Temperature

|
| |
|
|
|
|

R

Phytoplankton \ Nutrients
o (NO5, PO,*, Si(OH),, Fe)
Modified from Basu & Mackey, 2018

\-

e Y

Chlorophyll Concentration

(mg/m)
0.01 0.15 20

July 2002

https://earthobservatory.nasa.gov




CHARACTERISTICS

Polar oceans

2 primary production:
seasonality, blooms

2 “growth” or “limiting” factors:
light;
Arctic: nitrate

Surface nitrate (umol kg™)

®F ®2Zn @B,
0 ® Mn Co ®Si

Browning et al, 2023




CHARACTERISTICS

Polar oceans

2 primary production: Pre-bloom Post-bloom
seasonality, blooms 180°W

» “growth” or “limiting” factors: :
light;

Arctic: nitrate

0° . T 0° ‘
0 2 4 6 8 1012 14 16 18 20
Nitrate (uUM) Juranek, 2022




CHARACTERISTICS

Polar oceans
2 primary production:
seasonality, blooms
2 “growth” or “limiting” factors:
light;
Arctic: nitrate, Antarctic: plenty of nitrate

Surface nitrate (umol kg™)

®Fe @FP ®Zn @B,
ON ® Mn Co O Si

o

Browning et al, 2023



CHARACTERISTICS

Polar oceans

2 primary production:
seasonality, blooms

2 “growth” or “limiting” factors:

light;

Arctic: nitrate, Antarctic: plenty of nitrate
b Latitude (°S)
O

ra
« B

29 20 15

NO, (pumol ke

Q
Berin
. O Strait

Bering
Strait

NADW

ATLANTIC

Thermocline water
SAMW Subantarctic Mode Water
AAIW Antarctic Intermediate Water
NPIW North Pacific Intermediate Water
IDW  Indian Deep Water
PDW Pacific Deep Water
NADW North Atlantic Deep Water
AABW Antarctic Bottom Water

Talley et al, 2013



CHARACTERISTICS

Polar oceans

2 primary production:
seasonality, blooms

2 “growth” or “limiting” factors:
light;
Arctic: nitrate, Antarctic: iron

Surface nitrate (umol kg™)

@ @®F ®Zn @B,
® Mn Co O Si

Browning et al, 2023

o




Polar oceans

> primary production:
seasonality, blooms

> “growth” or “limiting” factors:

PREDATORS

light;
Arctic: nitrate, Antarctic: iron
. . S W
Role of higher trophic levels for element cycling: AT WO
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ABUNDANCE

2 primary production:

seasonality, blooms
2 “growth” or “limiting” factors: ,
light; e FeH

Arctic: nitrate, Antarctic: iron

R
Role of higher trophic levels for element cycling?

Polar oceans ‘ *( PREDATORS
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CHARACTERISTICS

» E.qg,. Antarctic: krill central, “macrozooplankton”, feeds on phytoplankton

Antarctic

Antarctic Food Web

~ _
{ B toothed __
A whales

Penguins \
J

Baleen whale Sperm

, whales
Leopard -
A\

- Elephant

Carnivorous

zooplankton / herbivorous
zooplankton

Ciliates Flégellates Bacteria Phytoplankton Humans

McBride, 2014



Chlorophyll, austral summer SeaWiFs data Nov—Jan

20
0.8 60°N
2; 30° N
] I ] . 0'5 o - h- r
» E.q,. Antarctic: krill central Observations 0a 07 INEEE
g; 30°S
0.1 60° S e

120°E 180° 120°W 60°wW  OQ° 60° E



Chlorophyll, austral summer SeaWiFs data Nov—Jan
20
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> E.q,. Antarctic: krill central Observations
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Model without
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Chlorophyll, austral summer SeaWiFs data Nov—Jan
20
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> E.q,. Antarctic: krill central Observations
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CHARACTERISTICS

2 Food webs differ

Antarctic

Antarctic Food Web

Smaller __
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Water mass properties:

Antarctic:
» upwelling of
low oxygen, high nitrate, high carbon waters
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AAIW Antarctic Intermediate Water
NPIW North Pacific Intermediate Water
IDW  Indian Deep Water
PDW Pacific Deep Water
NADW North Atlantic Deep Water
AABW Antarctic Bottom Water
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Water mass properties:

Antarctic:
» upwelling of
low oxygen, high nitrate, high carbon waters
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Water mass properties:

Antarctic:
2 upwelling of

low oxygen, high nitrate, high carbon waters
» subduction of

oxygenated waters, with nitrate and carbon

NADW

cooled,
not fully equilibrated  ATLANTIC
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air-sea exchange l
not used up
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AABW Antarctic Bottom Water



b) O ,fluxes

ingassing outgassing
FTT T T T TTIT1 ____.__.___._______I
O
O_
= aw&n
= _ >
— QOv|0® O@
/o
{1 %
. 1% o@%
||||||||||||||||||||||||||||||||||||||||||||||||||| h, Q
S 0.
- c1 7%
H .a|dl‘0«\\,/
|- 21 Vo
I -_— 0 o
“, Y
||||||||||||||||||||||||||||||||||||||||||||||||| z\Q
| %
H lO@/z/
o
I { %,
H |0® 0&@1
o | Y. ¥
- =1
H -m|0®0\
(T
e 4. 7o,
—_ H 1& S
o LELLELELEELELLLEFEEETY LEEL LR ELLLEERLELLEELEEL N
S | - AN
H — N
=2 K
T 3 - 1S
(b m i I\V‘Q V4
O —| e 4 9
o o - T o014
2 = i A
S O — | = 24 o
| H AAu.\v\v 4
___________________ ___________.__.____I muO
o %
m m m m \.U.\V\
N ~ A/jow | N} A

» Reflected in air-sea fluxes



» Reflected in air-sea fluxes
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a) Natural CO, fluxes
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> Reflected in air-sea fluxes ]
» Sidenote: uncertain -
(Antarctic & Arctic) P
[
S
35-1
OC\I
O
-2

| | | | | |
60°S 40°S 20°S  Equator  20°N 40°N  60°N
— 2014-2017, weighted with BGC-float data (Bushinsky et al., 2019)
— 2014-2017, based on ship-board data (Landschutzer et al., 2016)
= = = 1982-2017, based on ship-board data (Landschutzer et al., 2016)
= = = 1970-2007, based on ship-board data (Takahashi et al., 2009)
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» Ventilation of thermocline waters . . .
Relationship of subtropical

(d) and tropical oxygen
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GLOBAL IMPORTANCE

2z Ventilation of thermocline waters
2 Nutrient supply to lower latitudes

Atlantic Nitrate (umol/kg)
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Griffieths et al, 2013



Fractional contribution of Southern Ocean nutrient supply
to export production
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Fractional contribution of Southern Ocean nutrient supply
to export production
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Anthropogenic climate change



Primary production
> Increase projected.

PP (mol C m~2 yr
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What stimulates more production?

» Warming, sea-ice retreat

2 Arctic. more upward mixing of
nitrate with storms over ice-free
areas?
Antarctic: Shoaling of mixed
layers?
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ANTHROPOGENIC CLIMATE CHANGE

Primary production

> Increase projected.
» Antarctic: Nutrient “robbing”?

Upward Organic

Present day
Westerly Strong lateral export
of inorganic nutrients transport/ matter
mixing export
|

Seaice e to low latitudes
O,
. 00O
/ > (/[
I, 7, //

—
4

|
: NO, and PO,

1 1
60°S 45°S Equator
Southern Ocean Low latitudes

ANTARCTICA

Laufkoetter and Gruber, 2018, discussing Moore et al, 2018

Future (2300)
outhward shift gﬂv%rifable Reduced Reduced
of westerly wind light lateral export primary
to low latitudes production

Warming

Reduced
[\

QO

Nutrient

Nutrient EAKaneed depletion Reduced
trapping orgahic’'matter | organic’/
export matter
export

|
! NO,and PO,

ANTARCTICA
Equator

|
45°S
Low latitudes

60°S
Southern Ocean



ANTHROPOGENIC CLIMATE CHANGE

Primary production

2 Increase projected.

2 Antarctic:

Nutrient “robbing”? Trophic amplification?
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Xue et al, unpublished



ANTHROPO GENIC CLIMA TE CHA NGE Simulation with consideration of phytoplankton effect on

shortwave radiation versus not

Primary production A
» Increase projected. T sfc (ECO.on—ECO.off)
2 Antarctic: .

Nutrient “robbing”? Trophic amplification?

2 Arctic:
Feedback phytoplankton - climate?

-1.2 —=0.9 -0.6 -0.3 0.3 0.6 09 12

*C]

Park et al, 2015



ANTHROPOGENIC CLIMATE CHANGE

Anthropogenic carbon uptake

Talley et al, 2016
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ANTHROPOGENIC CLIMATE CHANGE

Anthropogenic carbon uptake
» Southern Ocean more important than Arctic.
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Anthropogenic carbon uptake
> Southern Ocean more important than Arctic.
> At the cost of acidification

Climate models, end of century Observed, contemporary SACCE OF  GAF ST
aragonite undersaturation 0
(b) 210
b, 475 { -0.005
RCP85 B W
— 750 -0.01
a
A
1050 -0.015
-0.02
1500 pH trend
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Anthropogenic carbon uptake
> Southern Ocean more important than Arctic.
> At the cost of acidification

> Loss of oxygen

Climate models, end of century Observed, contemporary SACCE OF  GAF ST
aragonite undersaturation 0
(b) 210
b, 475 { -0.005
RCP85 B W
— 750 -0.01
a
A
1050 -0.015
-0.02
1500 pH trend
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Anthropogenic carbon uptake
» Southern Ocean more important than Arctic.
> At the cost of acidification

» Changes of biogeochemical divide?

a Southem Ocean
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CO, emissions
net-positive
0 net-negative

Year 2100 2300

Beyond increasing COZ2 emissions




ANTHROPOGENIC CLIMATE CHANGE

CO, emissions
net-positive
0 net-negative

Year 2100 2300

Beyond increasing COZ2 emissions

» How to get there: carbon dioxide removal (CDR)
Example Antarctic Engineering biology: Iron fertilization

Marine biomass
for bioenergy
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Bach et al, 2023

Boettcher et al, 2021



Beyond increasing COZ2 emissions

> How to get there: carbon dioxide removal (CDR)
Example Antarctic

Under net-negative COZ2 emissions:

- how Is carbon retained in the ocean, or lost from
the ocean?

(d) regenerated carbon storage due to climate change
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-> up next: sea-ice biogeochemistry



