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Motivation

a v/

Estimating the recent global ocean carbon uptake

* Ocean: Sink for ~30% of CO, emissions

e Sparse observations of partial pressure of CO, (pCO»):
~2% of ocean surface sampled (-2% of monthly 1° x 1° ocean cells)

* Variability of air-sea CO, flux in time + by region

» Discrepancy between ocean biogeochemical model
and observation-based pCO, product estimates

PgC yr!

* Data assimilation used to study air-sea CO5 flux
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Outline S/

 Methods: Ocean model and data assimilation

e Studies:

l. 1.
Assimilating temperature and salinity Assimilating biogeochemical observations
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Method: Model and state variables a VI
Ocean circulation model FESOM
. O

Ocean

biogeochemistry
model REcoM

Va ria b I e Nutrient uptake
. o Grazin
stoichiometry >
Aggregation
STo;py feeding

Mortality/Fecal pellets

Feeding on particles

Degradation

Remineralization

Sinking

adapted from Gurses et al., 2023 >
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Method: Set-up

* Time period 2010 - 2020
* Experiments with different observation types:

FREE e
physics

 Temperature and
salinity profiles

» Seasurface
temperature

» Seasurface
salinity
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Method: Set-up QAW

 Time period 2010 - 2020
* Experiments with different observation types:

FREE e
physics

 Temperature and
salinity profiles

» Seasurface
temperature

* Seasurface
salinity
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Method: Data assimilation S/

PDAF implementation of Ensemble Kalman Filter variant (LESTKF)

https://pdaf.awi.de/trac/wiki

useful to track a changing state over time: ocean pCO, 2010 - 2020
extendable to the most recent annual estimate

Assimilation of temperature and
salinity observations

into ocean circulation model » Variables incremented during assimilation step:

temperature, salinity, horizontal velocities,
sea surface height

Model uncertainty represented through ensemble (size 40)
with perturbations of
« initial physical state
« atmospheric forcing
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Results: Validation W.Y,V/j

 Improvement of physical model
P bRy pCO, improvement of

» Seasurface temperature and salinity: model-observation agreement
model-observation differences reduced by ~50%

+ Mixed layer: E@‘ﬁr‘
differences reduced by ~30% s §
compared to climatology '\( :
) f( \
 Mixed effect on biogeochemistry h.,\* i T
» Regional improvements and degradation e
compared to observations ? 5 : 5 ‘
(pCO,, DIC, Alk and surface chlorophyll) ﬂ — better
. . t
* not always consistent across different evaluated hatm
variables
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Results: CO, flux aW/

Local effects on air-sea CO, flux CO, flux difference

« North Atlantic Current and Subantarctic Front ASMLphysics - FREE
» Regional shifts following sea surface temperature

* Basin-scale effect in Southern Ocean:
reduced winter outgassing (-0.2 PgC yr-1)

 More stable stratification and less DIC at 0 - 200 m

* Regional shifts in balance
—> more ocean

without altering the global ocean carbon uptake e —
(-0.05 PgCyr-1) -8 -4 0 4 8

mmol C m~2 day~!

Vl'ﬂm
’Pgm
s\
2 Ad
sM
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1.
Method: Set-up Assimilating biogeochemical ocean

observations
* Experiments with different observation types:
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Method: Set-up QAW

* Experiments with different observation types:
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Method: Set-up QAW

* Experiments with different observation types:

ASML

carbs

e
« pCO,

* DIC and alkalinity

profiles
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Method: Set-up QAW

* Experiments with different observation types:

carbs carbs plus
+ pCO, * 0O, and nitrate
profiles
« DIC and alkalinity
profiles
» Surface chlorophyll
anomalies
2.7.2025 Frauke Bunsen et al.: Estimating the recent global ocean carbon uptake with data assimilation FFlteE Sns Qggtgo PDImaAA E“F:Iaartl‘l,er:
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Method: Data assimilation

a v/

Assimilation of biogeochemical (BGC)
+ | observation types

into BGC model » | 26 variables incremented during assimilation step:
« carbon, calcite, nitrogen and silicate
in plankton and detritus and / or
as dissolved (in)organic matter
« alkalinity and O,
2.7.2025 Frauke Bunsen et al.: Estimating the recent global ocean carbon uptake with data assimilation lEnltgoluSmEO M 3@'3[50 PDnaA nharallel
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Method: Model uncertainty QAW

* Perturbations of
33biogeochemical parameters — plankton dynamics
« initial state of inorganic tracer concentrations:
dissolved inorganic carbon (DIC) and nitrogen (DIN), alkalinity (Alk) and O,
»  background diffusivity coefficient

2.7.2025 Frauke Bunsen et al.: Estimating the recent global ocean carbon uptake with data assimilation lEmt§0|5rn50 M Qg
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Method: Model uncertainty

a v/

* Uncertainty from the biogeochemical model
larger than from physics (not shown)

* Different parameters increase ensemble
spread over time

Global air-sea CO, flux FREE
I positive: ocean uptake Ensemble members
m
B
Q
&

2010 2012 2014 2016 2018 2020
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Zonal sum of air-sea CO, flux

Ensemble
members

= [FREE
= ASMLcarss

Global Carbon

Project estimates

= models
= PCO; products

60°S -

(winter)

Tropical Pacific

T T T
-0.05 0.00 0.05 0.10

Pg C yr~! (°lat)~!

OM REcoM PDAF...

Finite volumE Data Assimilation
Sea ice-Ocean Model cosystern Model Framework

Mid - high latitudes

16



Results: Evaluation &.,Y/]

* Improved agreement with pCO i bl ngss ASML cares pLus
: 2 r=018 - " r=091 - : =090 & . [uatm]
observations: |
H 3 T 600
Absolute differences (p;) reduced  simulated : ;
CcO . - 3
by more than ~50% Surrace [ Y8 N [ 1 okl 1 400
sz [T msir| [T meiii]
w= 1.3 / u= 0.6 / : u= 0.4
) L . - . . . . 0
OBSpco2 OBSpco2 OBSpco2
2
E
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Results: Evaluation

T/

Simulated

FREE

ASMLcarss

ASML carBs pLUS

-
r=0.18

n ™ T
|[_J': 0.91

|

|

L —
[_!': 0.90

|

|

T

[uatm]

=+ AN

r=0.87

* Already good agreement for S0 4o
DIC and alkalinity:
Differences reduced
by ~20 % at ~0-400 m

2.7.2025

Alk

0-20m |

r=0.94

r=0.93

R

w = 20.3
pu=.3.7

[mol kg~1]
T+ 2200

T 2000

OBSpic

OBSpic

OBSpic

1800

r=0.95

© =183

u= 538

[mol kg™*]

T 2400
T 2300

+ 2200
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Results: Evaluation &.,Y/]

Point density

FREE ASMLcarss ASML caRrBs PLUS
e = PErrranE—
| |
L 1 - 4 600
[ =087 ' =093 ' [mol kg ]
:r ] :r T 2200
r=070" - [mol kg™
- - S . s o - 30
Simulated
DIN A
0-20m
+ 10
. A.ssumed high uncertaln.ty of e e 0
nitrate and O, observations — : i : — : F ool
(otherwise degrading pCO,) ' ' '
+ 400
« Agreement with assimilated O2 |
nitrate and O, observations . >
improves despite high R m=1701  FERSERT =169 [EREEES = 1407 200
. : H= -5.1 : H= -3.8 ; b= -3.6
observation error OBSoxr OBSoxy OBSoxy
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Results: Evaluation

a v/

2.7.2025

* Chlorophyll-a:
Systematic model observation difference in timing and

extent of bloom.
Use anomalies.

Zonal mean chlorophyll at 50-60°S

el Mean 2010 - 2020:
= IE 01 == FREE
) %D -1 - ‘A e === ASMLcarespLUs
s 2 = OC CClI
g S4Ar—TT—T—"T—T—T—T—T1 Johnson et al.
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Southern Ocean
climatology:
—  MODIS
m— SeaWIFs

OM REcoM PDAF...
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a v/

ASMLcares Zonally integrated flux

-0.05 0.00 0.05 0.10 0.15
PgC yr-1(°lat)~!

J

*  Daily wind-driven flux variability

*  Oceanic uptake at mid / high latitudes
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{esults: Regional air-sea CO, fluxes (ASMLagrgs) AV

FREE ASMLcarss Zonally integrated flux Difference ASMLcargs — FREE Zon.-integrated diff.
Air-sea - Flux z
CO, flux difference
30 10
i T
15 & 5 =
el °
o £ o £
o ©
-15 g -5 g
£ E
-30 -10 - - T T T
—0.05 0.00 005 010 015 —-0.02 0.00 002 004
PgC yr-1(°lat)~! PgC yr~1(°lat)~*
' MayJun Ju IAug
. Apr 2010 Sep
Maximum uptake (—) var oct
. . Febjan De’c\‘ov
during winter
in each hemisphere
—— FREE
—— ASML
2.7.2025
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{esults: Regional air-sea CO, fluxes (ASMLagrgs) AV

i FREE ASMLcarss Zonally integrated flux Difference ASMLcargs — FREE Zon.-integrated diff.
Air-sea S - - S Flux — .
CO, flux 3 = difference
30 10
i T
15 & 5 =
el °
o £ o £
(&} o
-15 2 5 @
= £
£ £ 9
-30 -10 - - - - T T T
-0.05 0.00 0.05 010 0.15 -0.02 0.00 0.02 0.04
PgC yr-1(°lat)~! PgC yr~1(°lat)~*
' MayJun JuIAug
. . Apr 2010 Sep
Daily observation Mar oct
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locations
* pCO;
O
Alk
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a v/

Differences in ASMLcargs

* Lessuptakein North Atlanticin DJF

i FREE ASMLcarss Zonally integrated flux Difference ASMLcargs — FREE Zon.-integrated diff.
Air-sea S - - - S - - - Flux : .

difference
10

10 : . : ; i : . :
—0.05 0.00 005 010 015 —-0.02 0.00 002 004
PgC yr(°lat)~* PgC yr-1(°lat)t

Jun  Jul

May Aug
Apr Sep
Mar 20 1 0 Oct

Feb, Nov

Jan  Dec
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a v/

Differences in ASMLcargs

Less uptake in North Atlantici

n DJF

More uptake in Southern Ocean in SON

) FREE ASMLcarss Zonally integrated flux
Air-sea - - - - - - -

-0.05 0.00 0.05 0.10 0.15
PgC yr-1(°lat)~!
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esults: Regional air-sea CO, fluxes (ASMLcargs) AV

Southern Ocean spring (SON): North Atlantic winter (DJF):
more uptake less uptake
Air-sea CO, flux differences ASMLcrps - FREE mmol C m~2 day~*
SON DJF positive1 .
ocean uptake 4
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esults: Regional air-sea CO, fluxes (ASMLcargs) AV

Southern Ocean spring (SON): North Atlantic winter (DJF):
more uptake less uptake

mmol C m~2 day !

Air-sea CO, flux differences ASMLargs - FREE

SON DJ F positive:
ocean uptake 4

FESOM REcOM PDAFu. -
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Results: Global ocean carbon uptake QAW

positive: oceanuptake  GlOD @I Air-Sea CO; flux

1 3.25 4
- models

200 s EREE
2:75

2.50
e

2.00 H ’ {
e \L\/
175

150 -

2.25 A

PgC yr—*

T T T T T
1995 2000 2005 2010 2015 2020
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Results: Global ocean carbon uptake QAW

positive: oceanuptake  GlOD @I Air-Sea CO,; flux

I 3.25 H
= models
3.00
pCO; products
2.75 7 river-adjusted
250 - = FREE
>
Y, 225 -
.
2.00 -
12755
1:50:%7]
1 1 1 1 1
1995 2000 2005 2010 2015 2020
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Results: Global ocean carbon uptake QAW

positive: oceanuptake  GlOD Al Air-Sea CO; flux

I 3.25 H 4
models
3.00
pCO; products
2.75 7 river-adjusted
250 - FREE
>
Y 225 4 ASMLphysics
.
2.00 -
12755
1:50:%7]
1 1 1 1 1
1995 2000 2005 2010 2015 2020
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Results: Global ocean carbon uptake QAW

*  ASMLcargs

» Less global ocean uptake positive: oceanuptake - O10DAI Air-Sea CO; flux
. 3.25 S
and similar trend 1300 ~—— models
compared to FREE - pCO; products
. ASML 2.75 river-adjusted
CARBS PLl:(S 250 — FREE
° >
Less uptake Z., . e ASM LPhysics
2.00 = ASMLcares
1.75 = ASMLCARBS. PLUS
1.50 -

T T T T T
1995 2000 2005 2010 2015 2020
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Results: Global ocean carbon uptake QAW

*  ASMLcargs

« Less global ocean uptake positive:oceanuptake  GlODAI Air-Sea CO» flux
.. 3.25
and similar trend 1300 s
compared to FREE : pCO> products
« ASML 2.75 river-adjusted
CARBS PLl:(S 1 sh FREE
° >
Less uptake 9 225 mes - ASMLphysics
[*
2.00 w==_ ASMLcaRBS
1.75 = ASMLcARBS.PLUS
150 -
|| 1 1 1 1
1995 2000 2005 2010 2015 2020

» Difference after ~1-2 years: Vertical gradients of DIC and alkalinity and the ocean reservoir of natural
carbon adjusting to strength of vertical transport (biological pumps) in model
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Discussion: Model response to tracer updates

T/

Difference ASMLCARBS.PLUS — FREE 0-100 m
Differences of globally integrated mass

2.7.2025

DIC
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DICO - 100 m smaller ({) in ASML
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PgC yr~!

Discussion: Model response to tracer updates

T/

Difference ASMLCARBS.PLUS — FREE 0-100 m H
Differences of globally integrated mass DIC 0 - 100 m Sma"er ( 1’ ) In ASML

e Assimilation increment of DIC: DIC T

DIC

Differences of rate-of-change terms

W Assimilation step Il BGC transformations HElll Transport Bl Air-sea flux

047

0.2 -l

0.0
—0.2
0.4
-06 +——

DIC

2.7.2025

Finite volumE
Sea ice-Ocean Model cosystem Model
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PgC yr~!

Discussion: Model response to tracer updates

T/

0.2 -
0.0 -
-0.2

—-0.4

Difference ASMLCARBS.PLUS — FREE 0-100 m
Differences of globally integrated mass

DIC

Differences of rate-of-change terms

W Assimilation step Il BGC transformations HElll Transport Bl Air-sea flux
0.47

—0.6 t—0—

2.7.2025

DIC
Differences of net BGC fluxes
0 05 1
1 1
DIC Biomass
1.69

] ] ]
-1 -05 0
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DICO - 100 m smaller ({) in ASML

Assimilation increment of DIC: DIC T

Response of biogeochemical model:

e Net flux* from DIC to biomass

is smaller in ASML (DICT)

* = sum of photosynthesis, respiration, ...
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Discussion: Model response to tracer updates QAW

Difference ASMLCARBS.PLUS — FREE 0-100 m H
Differences of globally integrated mass DIC 0 - 100 m Sma"er ( 1’ ) In ASML

e Assimilation increment of DIC: DIC T

» Response of biogeochemical model:

DIC

, * Net flux* from DIC to biomass
Differences of rate-of-change terms

W Assimilation step Il BGC transformations HElll Transport Bl Air-sea flux IS Smal Ier In ASM L (DIC T )
a7 * = sum of photosynthesis, respiration, ...
0.4 - .
o - e Net flux* from Detritus+DOC to DIC
5% o0 A is also smaller (DIC{) but to a lesser extent
[¢] . S
& _o02 4 *=sum of remineralization, ...
—0.4 -
—0.6 t—0—
DIC
Differences of net BGC fluxes
0 0i5 } 0 OIS ZIL
Det+DOC DIC DIC Biomass Det+DOC | DIC
-1.32 -1.69 -1.32
—Il —(;.5 5 -1 -05 0
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Discussion: Model response to tracer updates QAW

Difference ASMLCARBS.PLUS — FREE 0-100 m

Differences of globally integrated mass DIC 0 - 100 m Sma"er ( 1‘ ) in ASML

Assimilation increment of DIC: DIC T

Response of biogeochemical model:

, * Net flux* from DIC to biomass
Differences of rate-of-change terms

W Assimilation step lE BGC transformations HEl Transport Bl Air-sea flux IS ?mal Ier In ASML (DIC T )
W " = sum of photosynthesis, respiration, ...
0.4 3 A
o l_l +Net flux* from Detritus+DOC to DIC
5 o0- is also smaller (DIC{) but to a lesser extent
& —0.2 - * = sum of remineralization, ...
4 * Insum, biogeochemical model reinforces increment
—-0.6 -
bic (DICT)
Differences of net BGC fluxes
0 05 1 0 05 1
Det+DOC DIC DIC Biomass Det+DOC | DIC
1.32 -1.69 -1.32
-1 -05 0 -1 -05 0
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Discussion: Model response to tracer updates QAW

Difference ASMLCARBS.PLUS — FREE 0-100 m

Differences of globally integrated mass DIC 0 - 100 m Sma"er ( 1’ ) in ASML

Differences of rate-of-change terms

W Assimilation step Il BGC transformations HElll Transport Bl Air-sea flux

0.47
0.4 - 0.37

. 0.2
.
> 0.0
Q
o
o —-0.2 9

—0.4 - °

06 - 0.51

DIC
Differences of net BGC fluxes
0 0.5 1 0 0.5 1
1 1 1 1 L
Det+DOC DIC DIC Biomass Det+DOC | DIC
-1.32 -1.69 -1.32
1 1 1
-1 -05 0 -1 -05 0
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Assimilation increment of DIC: DIC T
Response of biogeochemical model:

e Net flux* from DIC to biomass
is smaller in ASML (DICT)
* = sum of photosynthesis, respiration, ...
e Net flux* from Detritus+DOC to DIC
is also smaller (DIC{) but to a lesser extent

*=sum of remineralization, ...

In sum, biogeochemical model reinforces increment
(DICT)

Response of circulation model*: DIC{
= transport across 100 m depth
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Discussion: Model response to tracer updates QAW

Difference ASMLCARBS.PLUS — FREE 0-100 m H
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Assimilation increment of DIC: DIC T

» Response of biogeochemical model:
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& _02 A * = sum of remineralization, ...
0.4 0.33 . . . .
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[l p% » Response of circulation model*: DIC{
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Discussion: Model response to tracer updates

T/

Difference ASMLcarss.pLus — FREE 0-100 m
Differences of globally integrated mass
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lobal average concentration
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Main effect 2012-20
Time mean 2012-20

To large extent, E oo
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Discussion: Incremental carbon increase

a v/

e Assimilation increment:

* Ocean carbon content shifted regionally
* Net global decrease of biomass and increase of DIC

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcares pLus
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Discussion: Incremental carbon increase QY AVAY/)

Cumulative increments of global ocean carbon content
in ASMLcarps pLus 2010-2020
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* Net global increase of total carbon 21
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Discussion: Incremental carbon increase QY AVAY/)

Cumulative increments of global ocean carbon content
in ASMLcarps pLus 2010-2020

102 RPaCa=L
= gy

10 55 Rt
g - - Biomass 0.69 PgCyr!
== Det+DOC Ml
6 =
B 47
* Net global increase of total carbon 21
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2.7.2025 Frauke Bunsen et al.: Estimating the recent global ocean carbon uptake with data assimilation !I:nltgoéio M QE CO M PDDaﬁsan:gtaﬂ 43
Sea ice-Ocean Model cosystern Model Framework




Discussion: Incremental carbon increase QY AVAY/)

Cumulative increments of global ocean carbon content
in ASMLcarps pLus 2010-2020
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Discussion: Incremental carbon increase

T/

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

Correction of natural ocean carbon
content towards observed state

H H ASML
Compensation for a counteracting model  \ycrement MQE-

. . . . . MISSED
Compensation for deficiencies in surface oy

flux without correcting the surface flux
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Discussion: Incremental carbon increase

T/

2.7.2025

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

Correction of natural ocean carbon
content towards observed state

i H ASML
Compensation for a counteracting model  \ycrement MQE-
response

. . . . . MISSED
Compensation for deficiencies in surface out

FLUX

flux without correcting the surface flux

RIVER

Replacement for a missing term: rivers?
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Discussion: Incremental carbon increase QO AVAY/)

Cumulative increments of global ocean carbon content
in ASMLcarps pLus 2010-2020
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Discussion: Incremental carbon increase

a v/

2.7.2025

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

e Correction of natural ocean carbon
content towards observed state

* Compensation for a counteracting model
response

MISSED

« Compensation for deficiencies in surface (o

flux without correcting the surface flux

* Replacement for a missing term: rivers?
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Discussion: Incremental carbon increase
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2.7.2025

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

e Correction of natural ocean carbon
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* Compensation for a counteracting model
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« Compensation for deficiencies in surface (o

flux without correcting the surface flux
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Discussion: Incremental carbon increase
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2.7.2025

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

e Correction of natural ocean carbon
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* Compensation for a counteracting model
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flux without correcting the surface flux
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Discussion: Incremental carbon increase
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2.7.2025

* Net global increase of total carbon
0.2 Pg Cyr1in ASMLcargs and 0.7 ASMLcargs pLus

e Correction of natural ocean carbon
content towards observed state

* Compensation for a counteracting model
response
. . . . . MISSED
« Compensation for deficiencies in surface oy
flux without correcting the surface flux
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Conclusions

a v/

* ASMLcagsspius

* Peculiar: Effect of additional
observations

*  ASMLcpgss

» Higher confidence as
pCO,, DIC, alkalinity and sea
surface temperature are
directly affected

positive: ocean uptake Global Air-Sea C02 flux
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Take-home

Estimates of global ocean CO,uptake (2010 - 2020)

1.

3.

2.7.2025

Data assimilation of physical ocean observations:
Regional shifts in air-sea CO, fluxes

Simulation tailored to agree with the observed ocean carbonate

system by adding pCO,, DIC and alkalinity observations:

Less global CO, uptake

Adding further biogeochemical ocean observations
raises questions

Thank you!
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