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S1 Additional information on biogeochemical
models

We chose a set of Earth system models featuring biogeochemical components of
comparable complexity to investigate the diversity of causal relationships linking
atmospheric dynamics to net primary productivity. The selected biogeochemi-
cal models incorporate a minimum of 2 phytoplankton functional types (PFT)
along with model-specific representations of PFT interactions and nutrient con-
straints on phytoplankton growth. To avoid redundancy, we ensured that each
ocean-biogeochemistry coupling was represented only once, resulting in the final
selection of 5 Earth System Models detailed in Table S1. Despite this approach,
some overlap remains in our ensemble, with 3 ESMs utilizing the same oceanic
component (NEMO-OPA 3.6).
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Table S1: Overview of the 5 Earth System Models used in this study, showing
their oceanic and atmospheric components with corresponding grid resolutions,
along with their associated biogeochemical models and primary references.

ESM
model

Oceanic
model

Oceanic grid
Atmospheric
model

Atmospheric
grid

Biogeochemical
model

ESM refer-
ence

IPSL-
CM6A-LR

NEMO-
OPA
3.6

1° × 1° with
75 levels

LMDZ
1.3° × 2.5°
with 79 lev-
els

PISCES-v2
Boucher
et al. (2020)

CESM2 POP2
1° × 1.125°
with 60 levels

CAM6
0.9° × 1.25°
with 32 lev-
els

MARBL
Danabasoglu
et al. (2020)

CMCC-
ESM2

NEMO-
OPA
3.6

1° × 1° with
50 levels

CAM5.3
0.9° × 1.25°
with 30 lev-
els

BFM5.1
Lovato et al.
(2022)

CanESM5-
CanOE

CanNEMO
3.4.1

1° × 1° with
45 levels

CanAM5

isotropic tri-
angular 2.8°
grid with 49
levels

CanOE

Swart et al.
(2019);
Christian
et al. (2021)

UKESM1-
0-LL

NEMO-
OPA
3.6

1° × 1° with
75 levels

MetUM-
HadGEM3-
GA7.1

1.25° × 1.88°
with 85 lev-
els

MEDUSA-2.0
Sellar et al.
(2019); Yool
et al. (2021)
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S2 Supplementary Figures
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Figure S1: Mean causal graph (over the 35 last sliding windows) according
to each scenario for IPSL-CM6A-LR. The colorbar indicates the intensity of
the strength of the link. Only links with a strength above 0.31 (the average
minimum significant strength) are displayed. Grey color indicates a link that
existed in pre-industrial simulation and disappeared under SSP scenario. The
statistical significance of changes is assessed using both the Cramer-von Mises
test (Anderson, 1962) for distributional changes and t-tests (Kim, 2015) for
shifts in mean values. MLD: Mixed layer Depth ; StratiDiff: Stratification ;
dFe: Iron ; intpp: NPP ; Gyre: Gyre index; TrspDFe: Iron Transport

4



Figure S2: Similar to Fig S1 but for CMCC-ESM2.
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Figure S3: Similar to Fig S1 but for CESM2.
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Figure S4: Similar to Fig S1 but for UKESM1-0-LL.
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Figure S5: Normalized trends by variable and scenario for IPSL-CM6A-LR.
The colorbar displays standardized trend coefficients for the variables stud-
ied in the main article across three SSP scenarios (SSP126, SSP245, SSP585).
Color intensity represents the intensity of normalized trends, with red indicating
positive trends, blue indicating negative trends, and white indicating minimal
change. Significant trend values are shown in bold, while non-significant trends
are marked as ”p-val > 0.05”. Variables include: StratiDiff (stratification),
mlotstmax (winter mixed layer depth), intpp (NPP), no3 (nitrate), dfe (dis-
solved iron), si (silicate), po4 (phosphate), Trsp DFE (iron transport), Trsp si
(silicate transport), Trsp no3 (nitrate transport), Trsp po4 (phosphate trans-
port), Index NAO (North Atlantic Oscillation index), and Index Gyre (gyre
circulation index).
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Figure S6: Similar to Fig S5 but for CMCC-ESM2
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Figure S7: Similar to Fig S5 but for CESM2.
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Figure S8: Similar to Fig S5 but for UKESM1-0-LL.
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Figure S9: Similar to Fig S5 but for CanESM5-CanOE.
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J., Musat, I., Ottlé, C., Peylin, P., Planton, Y., Polcher, J., Rio, C., Rochetin,
N., Rousset, C., Sepulchre, P., Sima, A., Swingedouw, D., Thiéblemont,
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