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Figure S1 shows the deep-water oxygen distribution in a simulation with very low globally averaged oxygen concentra-
tion (111mmolO2m

�3). Figures S2 to S7 show how neglecting variation, correlation, and both variation- and correlation-
components affect the global mean tracer concentrations and flux estimates of our simulations.

The second part of this supplemental material are the instructions to reproduce the model results described in the main
article.5

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

80°S

40°S

0°

40°N

80°N

0° 60°E 120°E 180° 120°W 60°W 0°

O
2
	(mmol	m

-3
)

Figure S1. Oxygen concentration in the deep water (1240 to 5490 m) of a simulation with very low globally averaged oxygen
(111mmolO2m

�3). Purple color (< 5mmolO2m
�3) indicates the distributions of oxygen deficient zones (ODZs). This simulation is

the same one as the low nitrate OPEM simulation shown in Figure 6 of the main article.
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Figure S2. Cost values (A), and partial costs omitting variation-components (B), omitting correlation-components (C), and omitting
correlation- and variation-components (D) vs. N2 fixation in the OPEM and OPEM-H configurations. Red and blue symbols and lines
are for OPEM (triangles) and OPEM-H (circles), respectively. Solid and open symbols represent minmum-cost and trade-off simulations, re-
spectively. Vertical solid and dashed lines represent means and 95% confidence intervals of best solutions of 1000 randomly selected subsets
of 100 ensemble members. Red parabolas fit the lowest costs at different rates or tracer concentrations. Note that we only show one side of
the red parabolas here because N2 fixation rates with the minimun cost values are close to zero.
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Figure S3. Cost values (A), and partial costs omitting variation-components (B), omitting correlation-components (C), and omitting
correlation- and variation-components (D) vs. NO3

– , symbols and colors are defined identically to Figure S2.
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Figure S4. Cost values (A), and partial costs omitting the variance-components (B), omitting the correlation-components (C), and omitting
both correlation- and variance-components (D) vs. O2, symbols and colors are defined identically to Figure S2.
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Figure S5. Cost values (A), and partial costs omitting variation-components (B), omitting correlation-components (C), and omitting
correlation- and variation-components (D) vs. DIC, symbols and colors are defined identically to Figure S2.
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Figure S6. Cost values (A), and partial costs omitting variation-components (B), omitting correlation-components (C), and omitting
correlation- and variation-components (D) vs. NPP, symbols and colors are defined identically to Figure S2.

7.0

7.5

8.0

8.5

(A) (B)

0.5 1.0 1.5 2.0 2.5

7.0

7.5

8.0

8.5

(C)

0.5 1.0 1.5 2.0 2.5

(D)

NCP (Tg C yr−1 )

Lo
g1

0(
C

os
t V

al
ue

s)

Figure S7. Cost values (A), and partial costs omitting variation-components (B), omitting correlation-components (C), and omitting
correlation- and variation-components (D) vs. NCP, symbols and colors are defined identically to Figure S2.
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K�Nn�I
mpC,AQT2K b3jAmU. +�IC$a�jCRN. �N0 `383a3N,3 bCLnI�jCRNc

K�aGnc T�@IRs +@C�Ai3 +@C3N

�n<ncj e. lzlz

S b3jjCN< nU mpC,AQT2K
SYS Ta3a3\nCcCj3c
BN Ra03a jR ,RLUCI3 �N0 anN mpC,AQT2K. ~acj j@3 UaR<a�Lc #�b?. T2`H. �N0 � 7Raja�NAOz ,RLUCI3a Lncj $3 CNcj�II30Y
i@3N j@3 N3j,08 IC$a�aw �N0 Cjc 7Raja�N CNj3a8�,3 Lncj $3 ,RLUCI30 sCj@ j@3 c�L3 7Raja�N ,RLUCI3a jR $3 nc30 8Ra
mpC,AQT2KY r@3N CNcj�IICN< Ua3A,RLUCI30 N3j,08 IC$a�aC3c. L�G3 cna3 Cj s�c ,RLUCI30 sCj@ j@3 c�L3 7Raja�N
,RLUCI3a �c nc30 CN wRna cwcj3LY

SYl Q$j�CNCN< �N0 ,RLUCICN< j@3 ,R03
SY vRn ,�N R$j�CN j@3 $�c3 mpC, ,R03 8aRL ?iiT,ffrrrX+HBK�i2XmpB+X+�fKQ/2HfY bsCj,@ jR � 0Ca3,jRaw c3A

I3,j30 8Ra wRna mpC,AQT2K CNcj�II�jCRN. nNj�a j@3 $�c3 mpC, ,R03 j@3a3. �N0 ,@�N<3 jR j@3 0Ca3,jRaw j@nc
,a3�j30Y BN j@3 8RIIRsCN<. j@Cc 0Ca3,jRaw sCII $3 a383aa30 jR �c I#�b2=Y

lY +@�N<3 jR j@3 mT/�i2b 8RI03aY

kY /RsNIR�0 j@3 QT2K qSYS ,R03 8aRL ?iiTb,ff/tX/QBXQ`;fRyXjk3NfaqnRnkyky �N0 nNU�,G Cj CNcC03 j@3
mT/�i2b 8RI03a

:Y +a3�j3 �NRj@3a 0Ca3,jRaw. I`mM= CN j@3 8RIIRsCN<. Ua383a�$Iw RnjcC03 R8 I#�b2=. ,@�N<3 jR j@3a3. �N0 ,a3�j3
jsR cn$A8RI03ac. I`mM=fQ`B; �N0 I`mM=fPS1JY

9Y +RUw KFXBMnQ`B; jR I`mM=fQ`B;fKFXBM �N0 KFXBMnPS1J jR I`mM=fPS1JfKFXBMY

fY QU3N I`mM=fQ`B;fKFXBM sCj@ � j3uj 30CjRa �N0 a3UI�,3 I#�b2= RN ICN3 9 sCj@ j@3 �,jn�I U�j@Y

eY BN Ra03a jR R$j�CN j@3 QaC<CN�I mpC, 3u3,nj�$I3. ,@�N<3 jR I`mM=fQ`B; �N0 Cccn3 j@3 ,RLL�N0 I#�b2=fKF @2
jR ,RLUCI3 j@3 ,R03Y i@Cc c@RnI0 <3N3a�j3 j@3 3u3,nj�$I3 I`mM=fQ`B;floB+n1a*J VcU3,C~30 jRs�a0c j@3 3N0
R8 I`mM=fQ`B;fKFXBM �c 1t2+mi�#H2n6BH2WY B8 j@3 ,RLUCI�jCRN 8�CI30. 3u�LCN3 j@3 ~I3 I`mM=fQ`B;fKFXHQ;
8Ra 3aaRa L3cc�<3cY

4Y 7Ra j@3 QT2K 3u3,nj�$I3 Vj@Cc Cc j@3 c�L3 8Ra $Rj@ j@3 QT2K �N0 QT2KA? ,RN~<na�jCRNcW. a3U3�j j@3 Ua3A
qCRnc cj3U 8Ra I`mM=fPS1JY

l `383a3N,3 Vja�03AR{W cCLnI�jCRNc
7Ra j@3 a383a3N,3 Vja�03AR{W cCLnI�jCRNc. ,a3�j3 j@a33 N3s 8RI03ac. 3Y<Y. I`mM=f`27nQ`B;. I`mM=f`27nPS1J �N0
I`mM=f`27nPS1J@>. �N0 ,RUw j@3 3u3,nj�$I3c �N0 0�j� 8RI03ac j@3a3 Vj@3w �a3 j@3 c�L3 8Ra QT2K �N0 QT2KA?WY
+RUw I#�b2=fmT/�i2bfQT2Kf`2bi�`ibf`2bi�`in XM+Y i@3 UI�,3 j@3 +QMi`QHXBMnQ`B;. +QMi`QHXBMnPS1J �N0
+QMi`QHXBMnPS1J@> j@3a3 �c s3IIY �ccnLCN< wRn 0RsIR�030 j@3 +QMi`QHXBMn ~I3c jR I`mM=-

S
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+/ I`mM=
KF/B` `27nQ`B;
KF/B` `27nPS1J
KF/B` `27nPS1J@>
+T @T` I`mM=fQ`B;f&loB+n1a*J-/�i�' `27nQ`B;f
+T @T` I`mM=fPS1Jf&loB+n1a*J-/�i�' `27nPS1Jf
+T @T` I`mM=fPS1Jf&loB+n1a*J-/�i�' `27nPS1J@>f
+T @T7 I#�b2=fmT/�i2bfQT2Kf`2bi�`ibf`2bi�`inQ`B;XM+ I`mM=f`27nQ`B;f/�i�f`2bi�`iXM+
+T @T7 I#�b2=fmT/�i2bfQT2Kf`2bi�`ibf`2bi�`inPS1JXM+ I`mM=f`27nPS1Jf/�i�f`2bi�`iXM+
+T @T7 I#�b2=fmT/�i2bfQT2Kf`2bi�`ibf`2bi�`inPS1J@>XM+ I`mM=f`27nPS1J@>f/�i�f`2bi�`iXM+
+T @T +QMi`QHXBMnQ`B; `27nQ`B;f+QMi`QHXBM
+T @T +QMi`QHXBMnPS1J `27nPS1Jf+QMi`QHXBM
+T @T +QMi`QHXBMnPS1J@> `27nPS1J@>f+QMi`QHXBM

i@3 wRn ,�N R$j�CN j@3 SAw3�a a383a3N,3 cCLnI�jCRN 8Ra j@3 RaC<CN�I mpC, sCj@

+/ I`mM=f`27nQ`B;
loB+n1a*J = HQ;

�N0 �N�IR<RncIw 8Ra QT2K �N0 QT2KA?Y MRj3 j@�j j@3c3 cCLnI�jCRNc �ccnL3 j@�j j@3 w3�a @�c kfz 0�wcY i@nc.
j@3 jCL3 CNj3<a�Ic Lnc $3 LnIjCUIC30 sCj@ ������� jR R$j�CN �NNn�I a�j3cY

k +�IC$a�jCRN cCLnI�jCRNc 8Ra QT2K �N0 QT2KA?
kYS +RLUCI3 mpC,o2b+K
i@3 ,�IC$a�jCRN cCLnI�jCRNc ,�N $3 c3j nU sCj@ j@3 ~I3c CN I#�b2=fmT/�i2bfQT2Kf+�HB#`�iBQMY 7Ra j@3c3 cCLnI�A
jCRNc s3 nc30 kf9A0�w w3�ac. cR j@3 mpC,oQT2K Lncj $3 a3,RLUCI30 sCj@ � 0C{3a3Nj KFXBM-

+/ I`mM=
KF/B` +�HB#
+T @T I#�b2=fmT/�i2bfQT2Kf&KFXBM-+�HB#`�iBQMf ' +�HB#f

MRs. �<�CN. 30Cj +�HB#fKFXBM. a3UI�,CN< I#�b2= sCj@ Cjc �,jn�I U�j@. �N0 ,RLUCI3-

+/ +�HB#
I#�b2=fKF @2

kYl +a3�jCN< U�a�L3j3a ~I3c
BNcC03 j@3 ,�IC$a�jCRN 8RI03a VI`mM=f+�HB#W ,a3�j3 jsR N3s 8RI03ac. PS1J �N0 PS1J@> �N0 ,a3�j3 j@3 :zz +QMi`QHn XBMXBM
~I3c CN 3�,@ R8 j@3L-

KF/B` PS1J
KF/B` PS1J@>
+/ PS1J
XXfr`Bi2n+QMi`QH XXf+QMi`QHXBMXPS1J
+/ XXfPS1J@>
XXfr`Bi2n+QMi`QH XXf+QMi`QHXBMXPS1J@>

i@3 c,aCUj r`Bi2n+QMi`QH cn$cjCjnj3c j@3 :zz U�a�L3j3a ,RL$CN�jCRNc CN j@3 ~I3 T�`�K2i2`Xiti CN j@3 ,RNjaRIYCNY!
j3LUI�j3cY i@3 +QMi`QHn XBMXBM ~I3c �a3 c3j nU 8Ra Szz.zzzAw3�a cCLnI�jCRNc CN cj3Uc R8 Szzz w3�acY BN Ra03a jR
0R j@3c3 cCLnI�jCRNc. c3j nU :zz 8RI03ac. ,RUw j@3 I`mM=f+�HB#floB+n1a*J �N0 I`mM=f+�HB#f/�i� j@3a3. �N0 0CcA
jaC$nj3 j@3 +QMi`QHn XBMXBM ~I3c jR I`mM=f+�HB#f&PS1J-PS1J@>'f f+QMi`QHXBMY

l


