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Figure S1. Time-dependent forcing of the model, adapted from Köhler and Munhoven (2020). (a) Sea level following Bintanja and van de
Wal (2008) resulting of corresponding mean ocean salinity (right y-axis). (b) North Atlantic Deep Water (NADW) formation is either in
interglacial or glacial mode, following �18O in OPD980 (55�290 N, 14�420 W) (McManus et al., 1999; Flower et al., 2000; Wright and
Flower, 2002), dotted line marks the threshold for switching between both states. (c) EDC ice core �D (EPICA-community-members, 2004;
Jouzel et al., 2007) corrected for �18Osw, from which Southern Ocean sea surface temperatures (SST) and vertical mixing (SO-x: SO
surface-to-deep ocean flux, right y-axis) is calculated. The running mean of the corrected �D and SO-x differ during terminations, since
abrupt changes in SO-x have been proposed (Köhler et al., 2005). Furthermore, a minimum for SO-x of 9 Sv is prescribed leading to small
differences between long-term forcing and SO-x around 27 kyr BP. (d) Marine biology in the Southern Ocean (SO) is either Fe-limited or
Fe-unlimited following dust fluxes in the EDC ice core (Lambert et al., 2008). The dotted line marks the threshold for switching between both
states, leading to global integrated export production of organic matter at 100 m water depth (right y-axis). (e) Different ocean temperatures
averaged within the model. SST is calculated from all ocean surface boxes, deep ocean temperature from the boxes with water depths below
1 km. The SST in the sea ice free area is relevant for air-sea gas exchange. Right y-axis: global integrated sea ice area. In subfigures b–d
original data (thin lines) and 3-kyr-running mean (bold lines) are shown. BICYCLE is forced by the running-mean data.
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Figure S2. Scatter plots between atmospheric �13CO2 and surface ocean �13CDIC (a,c,d: global area mean; b,d,f: wider tropics only) for
scenarios SEi (a,b), C1 (c,d), C1CO2 (e,f) during the last 150 kyr of the simulations. The root-mean-square-error is depicted by s.



P. Köhler and S. Mulitza: Supplementary Information to: No carbonate ion effect on orbital timescales 5

0.01 0.02 0.05 0.10

0.0

0.2

0.4

0.6

0.8

1.0

Frequency (1/kyr)

Po
we

r

SEi(a)

0.0

0.2

0.4

0.6

0.8

1.0

C
oh

er
en

ce

100 41 23 19

atm d13CO2
gms d13C
wts d13C

0.01 0.02 0.05 0.10

0.0

0.2

0.4

0.6

0.8

1.0

Frequency (1/kyr)

Po
we

r

C1CO2(b)

0.0

0.2

0.4

0.6

0.8

1.0

C
oh

er
en

ce

100 41 23 19

atm d13CO2
gms d13C
wts d13C

0.01 0.02 0.05 0.10

0.0

0.2

0.4

0.6

0.8

1.0

Frequency (1/kyr)

Po
we

r

SEi(c)

0.0

0.2

0.4

0.6

0.8

1.0

C
oh

er
en

ce

100 41 23 19
wts d13C
G. ruber

T. sacculifer

0.01 0.02 0.05 0.10

0.0

0.2

0.4

0.6

0.8

1.0

Frequency (1/kyr)

Po
we

r

C1CO2(d)

0.0

0.2

0.4

0.6

0.8

1.0

C
oh

er
en

ce

100 41 23 19

wts d13C
G. ruber

T. sacculifer

Figure S3. Frequency and coherence analysis of �13C time series from our new data stacks (c,d) and simulation scenarios (a,c) SEi and
(b,d) C1CO2. Power in frequencies is calculated (a,b) for atmospheric (atm) �13CO2, global mean surface (gms) �13C and wider tropical
surface (wts) �13C, or (c,d) for wts �13C and our new �13C stacks based on either G. ruber (�(�13Crub)) or T. sacculifer (�(�13Csac)).
The coherence (blue lines, right y-axis) is calculated (a,b) between atm �13CO2 and either gms �13C (thin line) or wts �13C (thick line), or
(c,d) between wts �13C and either �(�13Crub) (thin line) or �(�13Csac) (thick line). Main orbital frequencies of 100, 41, 23 and 19-kyr are
marked by vertical lines.
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Figure S4. Scatter plots between 150 kyr simulated �13CDIC in three different scenarios (a,b: SEi, c,d: C1; e,f: C1CO2) and our new
mono-specific stacks (left) �(�13Crub) and (right) �(�13Csac). The root-mean-square-error is depicted by s.
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Figure S5. Scatter plots between 150 kyr simulated �13CDIC in the deep Indo-Pacific in three different scenarios (a: SEi, b: C1; c: C1CO2)
and a stack of deep Pacific �13Cbenthic from Lisiecki (2014) (L2014). The root-mean-square-error is depicted by s.
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Figure S6. Scatter plots between atmospheric CO2 and surface ocean CO2�
3 (a,c: global mean; b,d: wider tropics only) in scenarios (a,b)

C1 and (c,d) C1CO2 for the last 150 kyr of the simulations. The root-mean-square-error is depicted by s.



P. Köhler and S. Mulitza: Supplementary Information to: No carbonate ion effect on orbital timescales 9

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

(
1
3
C

ru
b
)

(o
/ o

o
)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

wider tropical surf.
13

CDIC + CIErub (
o
/oo)

(a)

y=-0.09+0.45x, r
2

= 0.54, s = 0.12

150 kyr
t = 100 yr

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
(

1
3
C

sa
c)

(o
/ o

o
)

S
ce

n
a

ri
o

C
1

C
O

2

-0.4 -0.2 0.0 0.2 0.4 0.6

wider tropical surf.
13

CDIC + CIEsac (
o
/oo)

(b)

y=-0.12+0.66x, r
2

= 0.68, s = 0.10

150 kyr
t = 100 yr

Figure S7. Scatter plots between 150 kyr simulated �13CDIC in scenario C1CO2 corrected by a hypothetic CIE against our new mono-
specific stacks (a) �(�13Crub) and (b) �(�13Csac). The root-mean-square-error is depicted by s.
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Figure S8. Scatter plot of how isotope data should be recorded in planktic foraminifera if surface ocean data are corrected for the CIE.
(a) Potential �(�13Crub) (wider tropical surface ocean �13CDIC + CIE for G. ruber) versus potential �(�13Csac) (wider tropical surface
ocean �13CDIC + CIE for T. sacculifer) based on 150 kyr of simulation results of scenario C1CO2 and CIE-corrections as calculated in
Figure 8a–d. (b) Potential �(�18Orub) (mean ocean �18O + CIE for G. ruber) versus potential �(�18Osac) (mean ocean �18O + CIE for T.
sacculifer) based on global ocean �18O as calculated in Lisiecki and Stern (2016) (L2016) and CIE-corrections as calculated in Figure 8e–h.
The root-mean-square-error is depicted by s.


