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Figure 5. Zonal averages of biogeochemical tracers in the upper 100 m (upper 10 m for phytoplankton). Dark shaded areas: mean of

observations ± 0.1 standard deviations. Light shaded areas: mean ± one standard deviation. The light and dark grey area in the panel for

DIC denotes observed preanthropogenic DIC, the black area contemporary DIC. Small black symbols: individual observations (zooplankton,

POC and DOC only). Coloured lines with symbols: model means, with the models sampled at locations of observations.

The vast majority of the ocean area lies in regions between about 40�S and 40�N. So while the large differences of zonal345

average fluxes at high latitudes in Fig. 4 may look impressive, for the global integral small differences in subtropical and tropical

areas will become influential, especially for deeper fluxes. This is exemplified in Fig. S1, which shows smaller differences in

zonally integrated fluxes; it is also evident in Fig. 6 showing the global deviations in absolute fluxes. Although both ECCO

configurations simulate much higher vertical flux at and below 500 m in high latitudes, and only marginally less in the tropics
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upper right panel of Fig. 5

RMSE with the bias subtracted), and the variance of model quantities normalised by that of observations. However, especially

RMSE and correlation coefficient may remain inconclusive when applied to observations of a high sparsity and episodicity.435

This is also the case in the present study, which shows that for organic components the correlation of all model results to

observations is almost equally bad (between about 0 and 0.4; see Fig. S7 and Table S1), while it is very good for the inorganic

tracers (the correlation coefficient is always well above 0.9).

The normalised RMSE⇤ (RMSE divided by observed mean) of organic tracers suggests a much larger error than that of

inorganic tracers (Fig. 8, left two panels). It is largest for DOP of FOCI-CC, which, as shown above, simulates a large positive440

bias for this tracer. Being a dimensionless quantity, RMSE⇤ allows to calculate the sum of this metric
P

RMSE
⇤
(x) over all

tracers, thereby arriving at a single scalar metric, similar to that applied during optimisation of MOPS (Kriest et al., 2023).

When excluding the error for DOP (which is obviously very large in FOCI-CC), FOCI-HG still performs slightly better than

FOCI-CC with respect to this combined metric (Fig. 8). However, the range of
P

RMSE
⇤
(x) over all model simulations is only

less than 1% of the mean, i.e., this metric is not very sensitive with respect to changes in circulation model or biogeochemical445

model setup. One explanation for this low sensitivity is that this metric was already used in the original calibration of MOPS by

Kriest et al. (2023). Further, as noted above, a large fraction of the mismatch in organic tracers can be assigned to mismatches

in the pattern (the spatial correlation; see also Fig. S7 and Table S1) in all models. Kriest et al. (2023) showed that these remain

even after optimisation, and suggested that they arise from the fact that possibly no mechanistic model will exactly match

natural episodic events and fine scale physics.450
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Figure 8. Statistics of model performance. Left two panels: RMSE⇤ (RMSE divided by observed mean; see section 2.4.1). Middle two

panels: normalised absolute bias B⇤ (absolute bias divided by observed mean; ; see section 2.4.1). Right two panels: Bhattacharyya distance

BD, evaluated from KDEs (; see section 2.4.3). For each metric the colour code shows the log-transformed metric for each model and tracer

x. The symbols "+" in the right sub-panels indicate the sum over all tracers except DOP for each individual model, i.e.
8P

X=1
RMSE⇤(X),

8P
X=1

B⇤(X) and
8P

X=1
BD⇤(X)KDE (evaluated from KDEs). For BD we also indicate

8P
X=1

BD⇤(X)PDF evaluated from PDFs ; see sec-

tion 2.4.2. See Tables S1 and S2 for numerical values of various metrics, Figures S8 to S11 for PDFs and Figures S14 to S17 for KDEs.

The normalised bias B⇤ (bias divided by the observed mean) neglects any error in local patterns, and is thus less sensitive to

the sparsity and episodicity of observations. For plankton and POP it varies between ⇡ 3% (zooplankton in ECCO-I) to almost

20
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Figure 11. Sensitivity to model changes of several performance indicators for different tracers. Colour indicates the range of the metric

across all model experiments divided by the mean (as percent). Non-parametric metrics (upper 6 rows) are described in sections 2.4.2 and

2.4.3. Parametric metrics include correlation coefficient R, normalised bias B⇤, bias B, normalised RMSE⇤ and RMSE as described in section

2.4.1.

during optimisation, improves after optimisation; this improvement persists even when the optimised model is transferred to

the ESM, shows a much better performance with regard to global estimates and local observations of particle flux.

Beside standard metrics such as the RMSE, that were also applied during optimisation, a posteriori analysis of several non-

parametric metrics, such as the Bhattacharyya distance and the IQD showed that these may be much better suited to evaluate

biogeochemical models with respect to scattered data sets, that are likely to be influenced from episodic events and mesoscale685

features.

To guide future biogeochemical model development and its implementation in global, computationally demanding models,

the following strategies may be worthwhile pursuing:

– The large role of insolation for primary production, and its potential impact on parameter optimisation, can be accounted

for by forcing the light-weight optimisation model with the same insolation (model) as the ESM690

– Given circulations that are not too different, we hypothesise that export production will be similar in the two environ-

ments. With the given particle flux curve that in our study is uniform within a model configuration, biogeochemical

parameter changes have almost no effect on export production. Furthermore, as both primary production and deep par-

30

Fig. 11 (changes in DOP color shades and 
upper limit of colors key, which now 
includes one value for DOP of 229%)

Figure S6. Zonal averages of the average ratio between zooplankton and phytoplankton in FOCI-CC/pictrl (black line) and FOCI-HG/pictrl

(red line) for different vertical domains. Shaded areas depict the mean ± one standard deviation.
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Figure S7. Taylor plot showing model performance of different model experiments with respect to observed phytoplankton (0-10m), zoo-

plankton (0-100m), POP (0-200m), DOP (0-100m), nutrients (0-2000m), oxygen (0-2000m) and DIC (0-2000m). Colour indicates the relative

bias (model minus observation) as percent of observed mean. Symbols indicate model experiments. Large square: FOCI-CC/pictrl; large cir-

cle: FOCI-HG/pictrl; small square: FOCI-CC/hist; small circle: FOCI-HG/hist; large plus: ECCO-U/pictrl small plus: ECCO-I/pictrl. The

non-normalised bias and RMSE associated in with this plot are listed in Table S1, together with the numerical values of the correlation

coefficient.
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Figure S9. As Figure S8, but for FOCI-CC/hist.
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Figure S10. As Figure S8, but for FOCI-HG/pictrl.
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Figure S11. As Figure S8, but for FOCI-HG/hist.
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Figure S12. As Figure S8, but for ECCO-U.
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Figure S13. As Figure S8, but for ECCO-I.

14

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0 20 40 60 80 100

bandwidth:0.7
HD: 0.509
BD: 0.3

IQD: 1.89

Concentration (μmol P m-3)

(μ
m
ol
P
m
-3
)-1

PHY (0-10m)

0.000

0.040

0.080

0.120

0.160

0 20 40 60 80 100

bandwidth:0.44
HD: 0.312
BD: 0.102
IQD: 0.773

Concentration (μmol P m-3)

(μ
m
ol
P
m
-3
)-1

ZOO (0-100m)

0.000

0.004

0.008

0.012

0.016

0.020

0.024

0 100 200 300 400 500

bandwidth:4.6
HD: 0.259
BD: 0.0694
IQD: 1.45

Concentration (μmol P m-3)

(μ
m
ol
P
m
-3
)-1

POP (full domain)

0.000

0.001

0.002

0.003

0.004

0.005

0.006

0 200 400 600 800 1000

bandwidth:16
HD: 0.891
BD: 1.58
IQD: 274

Concentration (μmol P m-3)

(μ
m
ol
P
m
-3
)-1

DOP (0-100m)

0.000

0.200

0.400

0.600

0.800

0.0 0.8 1.6 2.4 3.2 4.0

bandwidth:5.9E-02
HD: 0.138
BD: 0.0192

IQD: 0.00528

Concentration (mmol P m-3)

(m
m
ol
P
m
-3
)-1

PO4 (0-2000m)

0.000

0.020

0.040

0.060

0.080

0 10 20 30 40 50

bandwidth:0.89
HD: 0.168
BD: 0.0288
IQD: 0.14

Concentration (mmol N m-3)

(m
m
ol
N
m
-3
)-1

NO3 (0-2000m)

0.000

0.002

0.004

0.006

0.008

0.010

0 80 160 240 320 400

bandwidth:4
HD: 0.127
BD: 0.0161
IQD: 0.238

Concentration (mmol O2 m-3)

(m
m
ol
O
2
m
-3
)-1

O2 (0-2000m)

0.000

0.001

0.002

0.003

0.004

1600 1800 2000 2200 2400 2600

bandwidth:8.4
HD: 0.124
BD: 0.0155
IQD: 1.78

Concentration (mmol C m-3)

(m
m
ol
C
2
m
-3
)-1

DIC (0-2000m)

Figure S14. Kernel density estimates (KDE) of tracer concentrations from observations (black) and simulation FOCI-CC/pictrl. KDEs of

simulated and observed tracer concentrations have been calculated as explained in section 2.4.3. Numbers in the upper right of each panel

show the L1-metric, the Hellinger distance (HD) and the Bhattacharyya distance (BD), evaluated as explained in section 2.4.2. Note that

vertical domains over which the metrics have been calculated differ for the different tracers, and are the same as in Figure S7.
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Figure S15. As Figure S14, but for FOCI-CC/hist.
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Figure S16. As Figure S14, but for FOCI-HG/pictrl.
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Figure S17. As Figure S14, but for FOCI-HG/hist.
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Figure S18. As Figure S14, but for ECCO-U.
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Figure S19. As Figure S14, but for ECCO-I.
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Table S1. Parametric statistics RMSE, bias B and correlation coefficient R of biogeochemical model tracers for FOCI-CC, FOCI-HG, ECCO-

U and ECCO-I. The the unbiased RMSE (RMSE’), correlation coefficient and bias (as percent of observed mean) are shown in Fig. S7.

Experiment Phy Zoo POP DOP PO4 NO3 O2 DIC

RMSE

FOCI-CC / pictrl 0.013 0.010 0.044 0.413
::::
0.377 0.260 5.119 37.091 39.211

FOCI-HG / pictrl 0.012 0.010 0.046 0.224
::::
0.116 0.286 5.241 34.636 43.937

FOCI-CC / hist 0.013 0.010 0.044 0.416
::::
0.378 0.259 5.059 37.738 39.545

FOCI-HG / hist 0.012 0.010 0.046 0.224
::::
0.116 0.284 5.165 34.381 44.762

ECCO-U 0.013 0.010 0.045 0.221
::::
0.112 0.295 4.790 30.943 51.647

ECCO-I 0.013 0.010 0.045 0.228
::::
0.124 0.265 4.762 31.624 54.472

Bias

FOCI-CC / pictrl 0.004 0.002 -0.013 0.349
::::
0.362 -0.117 -3.527 -13.377 -20.444

FOCI-HG / pictrl 0.003 -0.001 -0.015 0.059
::::
0.070 -0.126 -3.515 -6.506 -25.902

FOCI-HG
:::::::
FOCI-CC

:
/ hist 0.004 0.002 -0.013 0.353

::::
0.364 -0.112 -3.406 -15.818 -22.889

FOCI-HG / hist 0.003 -0.001 -0.016 0.061
::::
0.071 -0.121 -3.393 -8.796 -28.312

ECCO-U 0.003 -0.000 -0.014 0.066 -0.176 -3.085 -10.680 -48.614

ECCO-I 0.004 0.000 -0.013 0.085 -0.139 -3.106 -9.854 -51.702

R

FOCI-CC / pictrl 0.345 0.095 0.413 0.075
::::
0.220 0.973 0.954 0.924 0.965

FOCI-HG / pictrl 0.322 0.095 0.373 0.016
::::
0.109 0.968 0.948 0.942 0.960

FOCI-CC / hist 0.348 0.097 0.417 0.073
::::
0.221 0.973 0.954 0.922 0.952

FOCI-HG / hist 0.334 0.099 0.375 0.016
::::
0.108 0.968 0.948 0.941 0.946

ECCO-U 0.347 0.115 0.398 0.032
::::
0.088 0.970 0.959 0.939 0.970

ECCO-I 0.339 0.111 0.398 0.024
::::
0.063 0.974 0.958 0.935 0.969

1

Table S2. Parametric statistics IQD, HD and BD calculated from KDEs of biogeochemical model tracers for FOCI-CC, FOCI-HG, ECCO-U

and ECCO-I. See also section 2.4.3 for calculation.

Experiment Phy Zoo POP DOP PO4 NO3 O2 DIC

IQD

FOCI-CC / pictrl 1.886 0.773 1.449 258.100
:::::

274.100
:

0.005 0.140 0.238 1.781

FOCI-HG / pictrl 0.988 0.131 2.374 28.760
::::

25.030
:

0.005 0.107 0.310 1.854

FOCI-CC / hist 1.833 0.714 1.459 264.200
:::::

276.700
:

0.005 0.128 0.276 2.615

FOCI-HG / hist 0.927 0.131 2.393 31.340
::::

26.160
:

0.004 0.097 0.183 2.793

ECCO-U 0.793 0.657 1.704 38.710
::::

23.510
:

0.013 0.116 0.072 3.417

ECCO-I 1.104 0.671 1.318 50.760
::::

35.240
:

0.007 0.087 0.091 4.200

HD

FOCI-CC / pictrl 0.509 0.312 0.259 0.829
::::

0.891 0.138 0.168 0.127 0.124

FOCI-HG / pictrl 0.386 0.179 0.270 0.475
::::

0.443 0.151 0.153 0.139 0.123

FOCI-CC / hist 0.519 0.301 0.255 0.835
::::

0.891 0.145 0.165 0.116 0.155

FOCI-HG / hist 0.389 0.172 0.268 0.492
::::

0.451 0.154 0.149 0.124 0.156

ECCO-U 0.278 0.260 0.247 0.568
::::

0.472 0.168 0.110 0.081 0.180

ECCO-I 0.313 0.270 0.233 0.614
::::

0.533 0.147 0.120 0.088 0.193

BD

FOCI-CC / pictrl 0.300 0.102 0.069 1.165
::::

1.580 0.019 0.029 0.016 0.016

FOCI-HG / pictrl 0.161 0.033 0.075 0.256
::::

0.219 0.023 0.024 0.019 0.015

FOCI-HG
:::::::
FOCI-CC

:
/ hist 0.314 0.095 0.067 1.195

::::
1.582 0.021 0.028 0.014 0.024

FOCI-HG / hist 0.164 0.030 0.075 0.277
::::

0.228 0.024 0.022 0.015 0.025

ECCO-U 0.081 0.070 0.063 0.389
::::

0.252 0.029 0.012 0.007 0.033

ECCO-I 0.103 0.076 0.056 0.474
::::

0.335 0.022 0.015 0.008 0.038

2

Changes (blue) to Table S1 Changes (blue) to Table S2


